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Superconductivity in an Inorganic Electride 12CaO  -7Al,03:e™
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Representative metal oxides, such agAland SiQ, are widely
used as ingredients of architectural materials and optical components
because they and their mixed compounds are most abundant i
resource and are environmentally benign. However, almost no active
electronic functions are possible to implement in these materials
due mostly to difficulty in efficient carrier doping. Recently, high-
electron-carrier doping to 12CatAl,03 (C12A7) crystal has been
realized by a chemical reduction treatment, in which oxygen ions
in sub-nanometer-sized crystallographic cages are extracted seleg PR
tively.>2 Since the doped electron nominally occupies the former : 1 electron / 3 cages
oxygen ion site and acts as an anion, the resultant compound ma
be. regarded as a type of “?leclmde”' which is composed of the Figure 1. Crystal structure of the C12A7 electride [GAl26064]* (€7 )4
anionic electron and the cationic framewdrk. (left) and an extracted cage structure (right). Red, yellow, and blue balls

As a precursor of the electride, the C12A7 crystal is a compound represent oxygen, calcium, and aluminum atoms, respectively. Electrons
in the system Ca®©Al,04 and is used widely as a constituent of in the cages are neglected for simplicity. The green box shows a cubic unit
aluminous cemenfsThe C12A7 exhibits totally different physical Eﬂlﬁ%’gg?'ﬁgﬁf figgess‘; ;ldvsi?ﬁ g:] t|?1$1 ;’f‘g;srﬁztgﬁefmt%ﬁgéﬂ'gnc"'°r'
and chemical properties from the other compounds in this system. gccupancy of the cage is 4/12.

This is due mostly to its unique crystal structure (Figuré The

unit cell containing two molecules of C12A7 is represented as
[CapsAl 26064 #+(0%),. The first part denotes a positively charged
framework constructed by 12 crystallographic cages with an inner
diameter of~0.4 nm, and the second part represents two extra
framework oxygen ions entrapped in two different cages as
counteranions (i.e., the remaining 10 cages are empty). They can
be replaced with other anions such as Oknd F.” Further
electrons can substitute totally and partially for them to formyjCa

Al 26064 %" 2[(1—X)O?~ + 2x(e7)], in which the maximum electron
concentration (2.% 10?1 cm3), corresponding ta = 1, is limited

by the total positive charge of the framework.

In the preceding papér,we reported that metainsulator
transition occurs in this material by doping electrons-tbx 10
cm~3, and its mechanism which is evidenced by detailed structural
analysis is rather different from that reported in conventional

semiconductors. Our n_ext |nter(_e_st for this material is to examine of C12A7(001)|| YAG(001) and C12A7[100]| YAG[100]. The
whether superconducting transition occurs or not. No supercon- A
whole area of the film on the YAG substrate was not completely

ducting transition has been observed for representative metal oxides._ . . ; o . )
. . oriented but contained a few domains with different orientations.
as well as electrides to date. In this study, we have measured

: ST : e C12A7:e films with different thicknesses 0f245 (sample C) and
electrical resistivity with and without an external magnetic field as

well as magnetic susceptibility for both single crystals and thin ~150 nm (D) were employed for further measurements. Both
fil h Ili i ith31 1
films of the C12A7 electride (C12A7:¢ down to 85 mK, finding Ims showed metallic conduction with 310 anc-560 Scm * at

that ducting t itioi.d has b learlv ob df 300 K, respectively. The carrier concentrations in the films
at superconducting transitiof J as been ciearly observed 1or o, a1yated by Hall voltage measurements wefie6 x 10?1 cm—3
all of the samples. The value ®f varies in the range of 0.140.4

. i T for sample C and-~2.0 x 10?* cm3 for sample D. The averaged
K with the concentration of anionic electronsy. P * P g

Emploved | inall inal ) and internal transmission in the visible light region (46800 nm) of
_=mployed samples were nominally pure sing e‘”ﬁ . ) and sample C (245 nijis ~59%, and accordingly, the film looks brown
thin-film C12A7:e . The contamination of paramagnetic impurities

but transparent. This good transparency results from specific
electronic naturé of the C12A7:€, that is, the lowNe (1—2 x

in the samples was carefully avoided because these ions may induce
a Kondo effecf The sc-C12A7:e was prepared by a reduction
treatment using Ti metdlAfter the reduction treatments, sample
surfaces were mechanically polished to remove the Ti-related
compounds. It was confirmed by X-ray diffraction that neither
metallic Ti nor Ti suboxide layers remain on the sample surface.
Further, the crystal framework structure remains unchanged by this
treatment. The bulk sc-C12A7:elooked black and exhibited
metallic conduction with a conductivity of~810 (sample A,
dimension~4 x 15 x 2 mn®) and~770 Scm (sample B,~2

x 6x1 mn?) at 300 K. The thin films of C12A7:ewere fabricated

by a reduction of a C12A7 film on Als01, (YAG) substrate
through a two-step C12A7 film deposition procé3sA cross-
sectional image of a transmission electron microscopy and an
electron diffraction pattern of the electride film showed that the
film was oriented to the substrate with an orientation relationship
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arising from larger sample dimension. The onset temperature in
Figure 2. Electrical and magnetic properties of C12A7 electride single the p—T curve is slightly lower than that in the-T curve, which
crystals and thin films. (a) Temperature dependence of the electrical js attributed to Joule heat unavoidably generated in the electrical
;e_sfftc'n'rtge(g)aflfowieﬂ‘npgéfafu?ggoféigze?ilg‘;itgl?ji S%"nglelé)'lg"z%t’ '255’ resistivity measurement that induced possible temperature gradient
and 30 mT. (bjo—T curves of sample B at low temperatures for magnetic Petween the sample and the temperature-monitoring point. The
fields from 0 to 30 mT. The poor S/N resolution for the bulk samples is critical magnetic fieldH(0) is estimated to be-19 mT for the
due to experimental limitation; that is, a small current is needed to suppresshulk and ~33 mT for the thin film using a relation ofi(T) =
Jo_ule_heating, leading to the shift ®f. (c) p—T curves for C12A7 electride H(O)[1 — (T/To)3.
thin films on YAG substrate (samples C and D) at low temperatures. In summary, zero resistivity, magnetic field-dependent resistance
(d) p—T curves of sample C for several external magnetic fields from 0 to ! : AR " !
30 mT. and perfect diamagnetism indicate that the representative metal
oxide based C12A7:eis a superconductor with & of ~0.4 K,

The electrical resistivity measurement was performed by a which depends on the anionic electron concentration. Most carrier
standard four-probe method using Pt electrodes. Figure 2a showselectrons are populated in the free space inside the crystal lattice.
temperatureT) dependence of the electrical resistivipy 6f sample Such a situation is a striking difference from that in other
A. The inset of Figure 2a represents expanged curves (for superconductors/metals. Thus, the present finding of the supercon-
sample A) below 0.25 K for various external magnetic fields. A ductivity in the C12A7:e implies that the “electride” is a promising
sharp drop of the resistivity is observed with an onset temperature material category for realizing an exotic superconductor.
of ~0.2 K, and the resistivity becomes an immeasurably small value ) ) ) ) )
below 0.17 K. It also confirms for sample B (Figure 2b). Further, ~ SuPporting Information Available: Experimental details, TEM,
the onset temperature decreases with the application of magneti(,and optical data. This material is available free of charge via the Internet
field. These observations strongly suggest that sc-C12Ai.@ at http://pubs.acs.org.
superconductor below & of ~0.2 K, and the superconductivity
is destroyed by the magnetic field above a critical magnetic field
of 30 mT.

A similar sharp drop inp—T curves was observed with the onset
temperature 0f~0.16 K in sample C, and the drop in sample D
took place in three steps with onset temperatures@#, ~0.32,
and ~0.22 K (Figure 2c). The drop in sample C shifts to lower
temperature with the magnetic field (Figure 2d). Thus, the sharp
drops in the thin-film samples are attributed to the transition from
normal to superconductive state as in the bulk samples. The three-
step drop in sample D suggests tiiatdepends on thl,, and the
film is nonuniform with respect to thie. Since the average carrier
concentration of sample D (2.8 10?* cm=3) is higher than that
of sample C (1.6x 10% cm™3), it appears thal, increases with
the Ne.
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