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The heat capacity of the single crystalline electride of �CaO�12�Al2O3�7 :e− �C12A7:e−� with Tc=0.2 K was
larger than that of electron-undoped C12A7 in the temperature range 0.085–5 K, reflecting the metallic nature
of the electride. A superconducting transition was detected as a heat capacity jump �Cp=3.4 mJ mol−1 K−1,
and the profile and magnitude of �Cp agreed well with those expected from the BCS theory. The electron-
phonon coupling constant ���0.46� and Debye temperature ��D�630 K� were much larger than those for
alkali metals having s-like conduction electrons as in the present electride, suggesting that electrides having a
rigid structure will be a class of BCS superconductors.
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Electrides are a family of ionic crystals in which electrons
serve as anions.1 These electrides have attracted much atten-
tion from material scientists because of their exotic nature
and expectation for unique properties. The main drawbacks
delaying investigations into the properties and applications
of these materials concern the thermal and chemical insta-
bilities. This obstacle was resolved by utilizing an inorganic
nanoporous crystal, �CaO�12�Al2O3�7 �C12A7�, as the com-
plex forming material for electrons instead of organic
compounds.2 We previously explored the functionalities of
C12A7 electrides �C12A7:e−� and reported that they exhibit
metal-insulator transitions3 and have a very low intrinsic
work function �2.4 eV� comparable to potassium metal, irre-
spective of being chemically inert in an ambient
atmosphere.4 Recently, a superconducting transition was
found at 0.2–0.4 K for C12A7:e− doped with anionic elec-
trons to 2�1021 cm−3.5 The anionic electrons, which are
loosely accommodated in the subnanometer-sized cages of
C12A7, are in an s-like state in the ground state, as clarified
in the previous papers.6,7 Thus, the electronic state of
C12A7:e− is similar to that of s-band metals such as alkali
metals. It is a well-known fact that s-band metals do not
show a superconducting transition at an ambient pressure.8–10

In this Brief Report, we examine the mechanism of the su-
perconducting transition in C12A7:e− by measuring the low
temperature heat capacity and clarifying the difference be-
tween C12A7:e− and alkali metals �as a typical s-band
metal� in terms of physical parameters extracted from the
analysis of low temperature heat capacity data.

First, the unique features of C12A7:e− are explained on
the basis of crystal structure. C12A7 is a nanoporous crystal
with cubic symmetry �lattice constant=1.199 nm� and has
two chemical formulas in the unit cell.11,12 This lattice frame-
work having a chemical formula �Ca24Al28O64�4+ consists of
12 subnanometer-sized cages. Each cage has an inner diam-
eter of �0.4 nm and is connected to eight neighboring cages
via open mouths with a monomolecular layer thick wall to
form a three-dimensional structure �Fig. 1�a��. The extra-
framework O2− ions �“free oxygen ions”� occupy 2 of the 12

cages to maintain charge neutrality, and the chemical for-
mula of the C12A7 unit cell is thus represented as
�Ca24Al28O64�4+�2O2−�. The free oxygen ions can be replaced
by other anions such as F−,13 Cl−,13 OH−,14 and even elec-
trons �e−�.2 The electride C12A7:e− is obtained by substitut-
ing the free oxygen ion with two electrons, and the unit cell
is described as �Ca24Al28O64�4+�4e−�. Calculations based on
an embedded-cluster model,6 and experimental approaches
employing photoemission spectroscopy,4 revealed that the
three-dimensional connection of the empty cages gives rise
to an additional conduction band named the “cage conduc-
tion band �CCB�.” This CCB is located �2 eV below the
bottom of the “framework conduction band,” as shown in
Fig. 1�b�,3,4,7 and is partially occupied by the anionic elec-
trons having an s-like nature, as shown in Fig. 1�a�.6,7 There-
fore, the s-like CCB plays a decisive role in the metallic
behavior and superconductivity of C12A7:e−.3,4,7 Since such
an s-like band is unfavorable for the emergence of supercon-
ductivity as evidenced by the cases of alkali metals, it is
interesting to investigate the mechanism for the supercon-
ductivity in C12A7:e− in comparison with alkali metals. In
this work, we measured the heat capacity and magnetic field
dependence for C12A7:e− single crystals. The superconduct-
ing phase transition was detected as a heat capacity jump in
a single crystalline C12A7:e− sample with the highest con-
centration of anionic electrons, and the mechanism of the
superconductivity was discussed on the basis of the results
obtained.

The single crystals of C12A7 were grown by the floating-
zone �FZ� method15 or by the Czochralski �CZ� method.16

The FZ single crystals were transparent and colorless, while
the CZ single crystals were transparent with a slight orange
coloration due to a trace impurity ��5�1017 cm−3� of Ir4+

ions which were unintentionally incorporated from an Ir cru-
cible used in the CZ process. A specimen obtained by heating
an FZ-grown single crystal, C12A7, with Ti metal at
1100 °C for 24 h in an evacuated silica tube is named as
sample A, and that obtained by heating a CZ-grown crystal is
named as sample B. The concentrations of anionic electrons
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in samples A and B were evaluated as �2�1021 cm−3 from
optical reflectance measurements.17 Sample C was obtained
by heating an FZ single crystal sample at 700 °C for 5 days
in the presence of calcium metal in a silica glass tube, and
the anionic electron concentration was estimated as �8
�1020 cm−3.17 Superconductivity was found only for sample
A from electrical resistance and magnetic susceptibility mea-
surements down to 0.085 K.5

The heat capacity of the samples was measured with a
homemade relaxation-type calorimeter using a 3He / 4He di-
lution refrigerator in the temperature range 0.085–5 K. The
amounts of samples used for the heat capacity measurements
were 60–90 mg. The experimental apparatus and procedure
used were the same as those used for the previous heat ca-
pacity measurements performed on the mother compound,
C12A7.18

The inset of Fig. 2 shows the CpT−1 versus T2 plot of the
three samples A, B, and C together with the data of C12A7.18

Each of the three samples having anionic electrons has a
larger heat capacity than the electron-undoped C12A7
sample in the whole temperature region. The plots of data on
the three samples apparently lie on the straight lines, indicat-
ing that the heat capacity can be fitted to a well-known equa-
tion Cp=�T3+�T like a normal metal. The �T3 term denotes
the lattice contribution and �T is the electronic heat capacity
that is observed in systems with itinerant electrons. If the
anionic electrons are localized as F+-like centers in
C12A7:e−, the T-linear term ��T� should not be observed in
Cp in this temperature range. Therefore, the present results
substantiate the delocalized nature of anionic electrons in
C12A7:e−. On the other hand, the data of C12A7 do not fit
with a straight line passing through the origin. The nonzero

intercept for the electron-undoped C12A7 is attributed to the
disordered nature of a free oxygen ion in the cage, as re-
ported previously.18
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FIG. 1. �Color online� �a� Crystal structure overlapped with the isosurface of the electron density occupying the cage conduction band
�CCB�. Red, yellow, and blue spheres represent Al, Ca, and O atoms, respectively. The gray frame indicates the cubic unit cell containing
twelve cages, and the lattice constant �cubic symmetry� is �1.2 nm. One of the cages has a free space with an inner diameter of �0.4 nm.
The isosurface, colored light green, was obtained by ab initio density functional theory calculations using the VASP code �Ref. 33�. The Fermi
level is located in CCB and is primarily composed of s-like electrons trapped in the empty cage. �b� Electronic structure. There are two types
of conduction bands. One conduction band is constituted of a cage framework and another �CCB� is composed of three-dimensionally
connected empty cages. The band gap between the valence band and framework conduction band is �7.5 eV, and the cage conduction band
is located �2 eV below the frame conduction band �Ref. 4�.
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FIG. 2. Heat capacities of sample A under zero magnetic field
�solid circles� and under the magnetic field of 0.1 T �open circles�.
The broken line is given by Cp=�T3+�T, as discussed in the text.
The solid curve is the theoretical curve associated with the BCS
theory, as reported in Ref. 24. The inset shows Cp versus T2 plots of
samples A �solid circles�, B �open squares�, C �solid triangles�, and
C12A7 �crosses, Ref. 18�. The lines were obtained by least squares
fitting of the data between 0.3 and 3 K to Cp=�T3+�T.
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The parameters for each sample are determined from
the slopes and intercepts in the inset of Fig. 2: �
=0.46�0.02 mJ mol−1 K−4, �=14.2�0.3 mJ mol−1 K−2 for
sample A, �=0.49�0.02 mJ mol−1 K−4, �=12.4�0.3
mJ mol−1 K−2 for sample B, and �=0.47�0.02
mJ mol−1 K−4, �=5.4�0.3 mJ mol−1 K−2 for sample C. It is
worth noting that sample A showing superconductivity has
the highest value of � among the three samples. In degener-
ate semiconductors, the value of � increases monotonically
with the increase of electron concentration.19 Therefore, it is
consistent with the fact that sample A has the highest con-
centration of anionic electrons. The coefficient � is directly
related to the density of states at the Fermi level, N��0�,

� =
1

3
�2kB

2N��0� , �1�

where kB is the Boltzmann constant. The values of N��0�
are obtained as �7.0�0.1��1021, �6.1�0.1��1021, and
�2.6�0.1��1021 eV−1 cm−3 for samples A, B, and C, re-
spectively. These values are �1 /2 to 1 /5 of alkali metals
�Li:32.5�1021 eV−1 cm−3 �Ref. 20�; Na:15.5�1021

eV−1 cm−3 �Ref. 21�; K:12.4�1021 eV−1 cm−3 �Ref. 22�;
Rb:11.7�1021 eV−1 cm−3 �Ref. 22��.

The coefficient � represents the lattice contribution relat-
ing to the Debye temperature �D and is given by

�D = �12�4Rr

5�
�1/3

, �2�

where r is the number of atoms in the chemical formula and
R is the gas constant. The �D of samples A, B, and C are
calculated as 628�9, 616�9, and 622�9 K, respectively.
It is interesting to note that the �D of C12A7:e− is very
close to that �604 K� of electron-undoped C12A7,18 which is
quite different from the case of conventional semiconductors.
For example, for heavily boron-doped diamond exhibiting a
superconducting transition, the �D is lower by 23% than that
of undoped diamond.23 The conventional carrier doping in
semiconductors is attained by the atomic replacement with
impurity in the rigid lattice framework. Consequently, the
high density carrier doping leads to a weakening of the
bonds constituting the rigid lattice framework and thus the
decrease of �D. On the other hand, the carrier doping of
C12A7:e− is attained by the exchange of the extra-
framework oxygen ions accommodated in the cage with an-
ionic electrons. Therefore, the carrier doping does not affect
the rigid lattice framework, and thus the value of �D remains
unchanged.

The main panel of Fig. 2 shows the low temperature heat
capacity of sample A under magnetic fields of H=0 T and
H=0.1 T. The superconducting transition temperature Tc de-
fined as the midpoint of the jump was 0.195�0.02 K and the
jump disappeared under a magnetic field of 0.1 T. Both of
these results agree well with those of the previous report.5

The height of the heat capacity jump at Tc, �Cp, was
3.4 mJ mol−1 K−1, and the normalized value of �Cp /�Tc was
1.22. In the present system, the heat capacity peak is some-
what broadened due presumably to the residual free oxygen
ions, which give rise to the slight decrease of �Cp /�Tc. Tak-

ing into account this decrease, we may conclude that the
value of �Cp /�Tc agrees with the well-known value in the
weak-coupling BCS prediction ��Cp /�Tc=1.43�. In addi-
tion, the temperature profile of the jump in Cp is in good
agreement with that derived from the weak-coupling BCS
theory, as shown in Fig. 2.24 On the basis of these agree-
ments, we conclude that the superconductivity of C12A7:e−

is categorized into a weak-coupling BCS superconductor.
In BCS superconductors, once �D and Tc are known, one

may estimate the electron-phonon coupling constant �, fol-
lowing McMillan’s formula,25

Tc = � �D

1.45
�exp�−

1.04�1 + ��
� − 	*�1 + 0.62��	 , �3�

where 	* is the Coulomb pseudopotential. Assuming a value
of 	*=0.20�0.05, which is reported in the low density sys-
tems �Li metal,26 Si clathrate compound,27,28 alkali-metal-
doped fullerene,29 and so on�, the value of �=0.46�0.08 is
obtained from the experimental evaluated values of �D
=628�9 K and Tc=0.195 K. The magnitude of �, which is
in the weak-coupling regime, is in agreement with the analy-
sis of �Cp, as described above. In Eq. �3�, the superconduct-
ing transition temperature Tc increases with increasing �. � is
expressed by �=N��0�V, where V is the pairing interaction,
and N��0� directly affects the value of Tc. In the present
study, the superconducting transition was observed in only
sample A with the highest N��0� among the three samples. In
addition, the increase in anionic electron concentration leads
to an increase of Tc in the C12A7:e− film samples via an
increase in N��0�.5 Therefore, the variation of Tc in
C12A7:e− with respect to the carrier concentration may be
explained by Eq. �3�.

Finally, we would like to consider how the crystal struc-
ture affects the emergence of a superconducting transition in
comparison with alkali metals. Like alkali metals, the Fermi
level located in the conduction band �CCB� of C12A7:e− is
composed of s electrons.7 It is well known that the experi-
mental absence of a superconducting transition for alkali
metals at ambient pressure is understandable within the
framework of the BCS theory.8–10 Electron-phonon interac-
tions �Li, �=0.38 �Ref. 30�; Na, �=0.20 �Ref. 31�; K, �
=0.14 �Ref. 31�; Rb, �=0.14 �Ref. 31�� and values of �D
�Li, �D=420 K �Ref. 32�; Na, �D=150 K �Ref. 32�; K,
�D=100 K �Ref. 32�� are rather smaller than those ��
=0.46, �D=628 K� of C12A7:e−. The high value of �D is
due to the rigid lattice framework of C12A7:e−, which is
primarily composed of strong bonding between the tetrahe-
dral Al3+ and oxygen ions. On the other hand, the relatively
high � for C12A7:e− may be responsible for the three-
dimensionally connected subnanometer-sized cages which
work as electron pathways. This implies that the itinerant
electrons primarily populated in the nanospace are favorable
over the case that electrons are populated in the s orbitals of
constituting atoms. Following this simple guideline, we may
expect that electrides with a rigid framework structure will
be a class of BCS superconductors.

In summary, we measured the heat capacity of the elec-
tride C12A7:e− with various anionic electron concentrations
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of �0.8–2��1021 cm−3 in the temperature range 0.085–5 K.
The T-linear term ��T� in the heat capacity originating from
the metallic nature of the electride was observed. In the
sample having the highest density of state �sample A�, the
superconducting transition was observed as a heat capacity
jump �Cp=3.4 mJ mol−1 K−1 at Tc=0.195 K, which disap-
peared in the presence of a weak magnetic field of 0.1 T. The
height of the heat capacity jump and the temperature depen-
dence of heat capacity below Tc revealed that the supercon-
ductivity of C12A7:e− is categorized into a weak-coupling

BCS type. The C12A7 electride is discriminated from alkali
metals with respect to the strong electron-phonon interaction
and high Debye temperature.
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