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ABSTRACT

We report a metallic state in a nanostructured porous crystal 12Ca0 +TAI,03 by incorporating electrons in the inherent subnanometer-sized
cages, in which a three-dimensionally closely packed cage structure acts as an electronic conduction path. High-density electron doping ( ~2
x 102 ¢cm—3), which was achieved by a thermal treatment in Ti metal vapor at ~1100 °C, induces homogenization of the cage geometry to a
symmetric state, resulting in an insulator ~ —metal transition with a sharp enhancement of the electron drift mobility from ~01to4cm2V-tsL
The results provide an approach for the realization of electroactive functions in materials composed only of environmentally benign elements

by utilizing the appropriate nanostructures.

Nanostructured porous materials such as zeolites are attracsubnanometer-sized cages and two extraframewérkdds
tive for versatile applications in chemistry and electronics. (“free oxygen iorf$ in a unit cell (Figure 1) The cages
However, the expectation for electroactive functions has beenare three-dimensionally connected through a monomolecular-
limited to specific porous materials such as the carbon thick cage wall. Two out of the 12 cages are occupied by
nanotubes because a highly conductive state is missing infree oxygen ions, while the other ten cages are empty. The
other porous materials. Therefore, nanostructured porousfree oxygen ions may be replaced with electrons by reducing
materials constituted of a three-dimensionally periodic array processes such as Ca vapor treatment. The complete replace-
of subnanometer-sized cages are attractive because this cagment leads to the formation of [@#l,50e4*(4€7), which
array would give rise to a metallic state if an electron is is regarded as a new type of inorganic electride. Theoretical
successfully doped to the cage to form a quantum dot. analyses and experimental approaches have revealed that the
The nanoporous crystal 12C&f@\l,0; (C12A7), which cages in C12A7 form an additional conduction band called
is a light metal oxide composed only of typical electronic “cage conduction ban@CCB)".”~® The CCB is located 12
insulators, lime, and alumina. Although this material is eV below the bottom of ffamework conduction barid
known as a constituent of alumina cement, no electroactive which is primarily composed of Ca 5s orbitals. At low
function had been reported. C12A7 has a cubic lattice ( electron concentrations, the electrons induce a large lattice
1.199 nm) with a unit cell composed of a positively charged deformation due to the Coulomb attractive force between
lattice framework, [CaAl26064%". This framework has 12  the entrapped electron and the two*Cé#ns on the cage
wall, causing electron localization. Consequently, the con-
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Figure 1. Crystal structure of C12A7, [GaAl 26064]47(20%7). (a)

Structure of the cage framework. Free oxygen ions are neglected b )

for simplicity. The black box shows a cubic unit cell with twelve Ti Treatment

cages. Two of the 12 cages encage a free oxygen ion in each cagt . -
in the stoichiometric state. When each free oxygen ion is replaced Metal Ti Vac;mm C12AT:0
by two electrons, electron occupancy in the cage is 4/12. The cage ~ 10~ torr

has a large free space witf0.4 nm inner diameter. If a cage does

not contain an ion, the cage forms a free-electron-like s orbital, as

illustrated by the large spheres. (b) Expanded image showing three . - . S

cages extracted from (a). A cage has a free oxygen ion (illustrated
as a light blue sphere). Six Ca ions (green spheres) form a part of
the cage wall and two Ca ions coordinate to a free oxygen ion or
to an empty cage center. Upon incorporating a free oxygen ion,
lattice relaxation is induced as indicated by the arrows: i.e., the
ion-encaging cage shrinks, while the empty cages slightly expand.

Figure 2. Conversion of insulating C12A7 to metallic C12A7. (a)
Nominally undoped C12A7 is transparent with an orange tint due
to the trace of Ir impurity incorporated from the Ir crucible during
the CZ process. The sample is an insulator with a conductivity less
than our detection limit¢1071° Scn?). (b) Free oxygen ions in

) C12A7 are extracted by annealing with metal Ti powders at-900
show that the complete replacement of the free oxygen ions1100°C (Ti-treatment). (c) Ti-treatment turns the sample dark green
by electrons in C12A7 results in a metallic conduction with and simultaneously increases electrical conductivity up to 1500

a sharp enhancement of the mobility fror0.1 to 4 cnd Scnr* at 300 K.

Vs,
We have developed several processes that enable the free Figure 3a shows the Arrhenius plot of the electrical
oxygen ions to be replaced with electrdifg? %4 Among conductivities ¢) for the Ti-treated single crystals with

them, thermal annealing of C12A7 single crystals in Ca metal different electron concentrationdld). The Ne values were
vapor at 700°C led to the highest electrical conductivity of evaluated from the optical reflection spectra of the single
~80 Scmt at 300 K at that moment. However, the Ca crystals (see Supporting Information). The Arrhenius plot
treatment needs a long duration (10 days for a 0.4 mm thick has a negative slope when the electron concentration is low,
sample) to extract the free oxygen ions because the annealingndicating that a thermally activated mechanism such as
temperature is limited to 70€C. Further, the replacement hopping controls the migration of the electrons. On the other
may be incomplete due to the formation of a surface CaO hand, the temperature dependence vanishég at 9.7 x
layer that acts as a diffusion barriérin this work, these 10%° cm2 (Ny,), demonstrating that the electron conduction
drawbacks have been overcome by employing a Ti treatmentis degenerated, and finally, the slope becomes positive around
because Ti forms stable nonstoichiometric oxides over a wideroom temperature at large¥. values. The conductivity
chemical composition range & x < 2 in TiO,—y) and the extrapolatedd 0 K (ook) as a function ofNe (Figure 3b)
out-diffusion of the free oxygen ions from C12A7 is not shows this systematic change more clearbyik starts to
blocked even if a thick titanium oxide layer completely increase from zero to a finite value ldf = Ny, confirming
covers the sample surface. In addition, higher annealingan IM transition, anduox superlinearly increases witNe,
temperatures up t6:1300°C can be used because Ti does showing a sharp increase in the drift mobility (fron®.1 to
not react with C12A7 up to this temperature. Because an4 cn? V-1 s for Ne > Ny (inset of Figure 3b).
increase in the temperature from 700 to 12@enhances The resistivity p)—T curve of sample (d) (Figure 3c)
the diffusion of the free oxygen ions in C12A7 by several reveals the electrenelectron interaction governs(n ~ 2
orders of magnitud&,*6the treatment time can be drastically in p — po O AT") in the temperature range belowl00 K
shortened. and the phonon scattering contrgign ~ 1 in p — po O
Czochralski (CZ)-grown C12A7 single crystélsvere AT") at higher temperatures. The temperature-independent
subjected to the Ti treatment to dope electrons (Figure 2b). residual resistivity o) is evidently observed at temperatures
The crystal was transparent, but had an orange tint (Figurelower than~10 K, which is likely due to imperfections of
2a) due to trace Ir ions (concentratiorb x 10 cm3) the crystal, including the impurity Ir ions and residual free
unintentionally incorporated from the Ir crucible used in the oxygen ions.
CZ process. The Ti treatment changed the sample color from  Furthermore, the addition of a magnetic ion invokes a
the transparent orange tint to dark green (Figure 2c), which Kondo-like anomaly in the—T curve. Here, we intentionally
simultaneously enhanced the electrical conductivity. doped Ir ions to large-grained (typical grain size8 mm)
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Figure 3. Electrical properties of electron-doped C12A7 single crystals and intentionally Ir-doped polycrystals. (a) Temperature dependence
of conductivity @) for C12A7 single crystals Ti treated for (a) 760G, 24 h, (b) 90C°C, 24 h, (c) 1000°C, 72 h, and (d) 1100C, 24 h.

The values in the figure denote electron concentrationiscreases as the treatment temperature and duration increase. The most resistive
sample (a) shows a thermally activated behavior, while the conduction type changes to degeneMationNat ~1 x 10?* cm™3, and

finally to metallic at higheNe. (b) Insulator-metal transition. Electrical conductivities extrapolatedtK (ook) are zero alNe < Ny, but

sharply increase as the carrier concentration increases at Mgg€lectron mobilities at 300 K are low1 cn? V-1 st at Ne < Ny, but

sharply increase at high&. (c) Electrical resistivity §) of the sample (d) increases as the temperature increases and follows-the

O T law with n ~ 2 at low temperatures, which is typical of metals. (d) Temperature dependence of electrical resistivity for Ir-doped
polycrystalline [CasAl 6064]*"(4€7). The nominal Ir concentrations are denoted in the figure. The resistivity of the single-crystal sample
(d) in Figure 3a (the analyzed Ir concentration is 307 cm~3) is shown for comparison. Temperature dependence of electrical resistivity
for the Ir-free polycrystalline [GaAl 26064 %" (4€7) (e) is similar to that of the sample (d), although the resistivity is larger due to the grain
boundary scattering. The—T curves have a minimum for Ir concentrationd x 108 cm™3. The minimum temperatures estimated from

the [Ir]¥> law ([Ir] is the Ir concentration) are indicated by vertical arrows, which show a reasonable agreement with the qbs@&rved
curves.

polycrystalline [CasAl 26064 %" (4€7) (See Supporting Infor- These observations demonstrate that the insulating C12A7
mation) up to a level of x 10'° cm~3 (Figure 3d).p in the is converted to a metal by replacing more than half of the
nominally pure polycrystalline samples are larger than that free oxygen ions by electrons. This IM transition ac-
of the single crystal at all of the temperatures, which suggestscompanies a sharp increase in the drift mobiljty) (from

that the grain-boundary scattering increases the resistivity~0.1 to 4 cmd V™! s71 asNe increases. It should be noted
to this extent. With increasing the Ir contepthecomes even  that the doping and conduction mechanisms in C12A7 are
larger, especially at low temperatures, and consequently, themuch different from those in conventional semiconduéfors
p—T curves exhibit the minimum afy, as indicated by  due to the unique crystal and electronic structures of C12A7.
arrows. The results reasonably follow the relation of the In typical semiconductors such as phosphorus-dopé# Si,
Kondo effect® T,, O [Ir] ¥5, indicating that the interaction  the IM transition occurs due to the percolative overlap of
of the conduction electron with the electron spin moment of the donor wave functions, as explained by Mott in terms of
the Ir ion is more dominant than the other carrier-scattering the critical donor concentratioh.,?* which follows the
mechanisms. The observation of the Kondo effect suggestsempirical relationN."*R. ~ 0.25 R denotes the radius of
that the [CasAl50s4*"(4€") is like a typical metal. the electron orbitaly? When thelNy, value of~1 x 10?tcm 3
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a P . evidence that the D-encaging cage shrinks largely from

}, N {_" the empty cage. On the other hand, the map in Figure 4c
_.‘5 N -" indicates the cage structure of [GAl,s0s4]**(4€7) clearly
\_ o\ A /n differs from that of stoichiometric C12A7. Each atom has a
X o % spherical electron density, indicating that the local structural
?b' T)\ ../J deformation is removed in [GaAl ,6064** (4€"). That is, all
a2 O Al 12 cages are homogenized and.R. (5.64 A) becomes
Insulator c Metal close to that of the empty cage, suggesting the electrons are
[CazaAlgOpal** (202 [Caz4Alog06a]** (4€) distributed uniformly over the 12 cages within an accuracy

of the MEM/Rietveld analysis.

Figure 5 shows relaxed lattice structures calculated by DFT
with the isosurfaces of the wave functiop(|?) of the 2p
level of the free oxygen ions (Figure 5a) and those of CCB
bottom (isosurface state density) (Figure 5b) for (i) stoichio-
metric C12A7, (ii) [CasAl28064*(0?7)+(2€7), and (iii)
metallic C12A7. The DFT results are summarized in Figure
5c as a schematic energy level diagram. Figure 5a(i)
demonstrates that two free oxygen ions respectively occupy
Ca-Ca: 4.2240A Ca-Ca: 5.6467A the cages at the center and the corners of the unit cell and

Figure 4. MEM electron density maps of C12A7. (a) An empty the other cages are empty in the sFoichiomet_ric ClZA?._The
cage structure extracted from Figure 1a. The positions of the ions Calculated Raca of the G~-encaging cage is 4.27 A, in
corresponds to those in parts (b) and (c). (b) MEM electron density good agreement with the observed value of 4.22 A. Further,
map at the (001) plane of insulating [GAl 2604 **(2077) at 90 each empty cage has an s-like state, and the connection of
K. The electron densities of deformed@encaging) and unde-  tpege states forms the CCB even in the stoichiometric C12A7

formed (empty) cages are superimposed in the map, giving the ,_. . .
dumbbell shaped densities of the Ca ions. The-Ca distance in (Figure 5b(i)). On the other hand, the”Gencaging cage

the & -encaging cage is shown at the bottom, which is a measure has no such CCB state because of the entrapping®of O
of the cage deformation. (c) MEM electron density map of metallic whose 2p energy level is located slightly above the valence

[CapsAl 26064 **(4€7) at 90 K. The CaCa distance in the cage is  band maximum of the cage framework (Figure 5¢(i)) Thus,
shown at the bottom. stoichiometric C12A7 has no electron in the CCB and is a

is put into this relation, the obtaind®} value is~0.26 nm, band insulator. N e
which is close to the radius of the crystallographic cage '€ DFT result for [CaAl2e0e]*"(0%7)-(2€7), where a

embedded in C12A7~0.25 nm). Thus, it is feasible that free oxygen ion is extracted frqm a cage and two electrons
the IM transition in C12A7 occurs via the percolation of the ©CCUPY two of the other cages in the unit cell, demonstrates
“donor” orbitals. However, this view is not directly applicable 1@t Dea-ca (5.57 A) of the electron-encaging cage becomes
to C12A7 because even an “undoped” stoichiometric C12A7 larger compared to that of the?Gencaging cage (4.27 A),
crystal has a “donor wavefunction” in each empty cage as a Put it is still smaller than that of the empty cage (5.77 A)
component of the CCB. Although the “donor wavefunction” 1he wave function at the CCB minimum (Figure 5h(ii))
intrinsically exists, the electrons doped to the CCB do not IMPlies that the electron is still localized in a specific cage,
contribute to the band conduction & < Ny at low  forming anF*-like center (Figure Sc(i).
temperatures because the electron is localized in a cage Figure 5b(iii) is the relaxed lattice structure with
forming anF*-like cente? due to the lattice relaxation as the isosurface state density at the CCB minimum of
described above. However, a high electron doping may [Ca4Al260sd*"(4€"), revealing that Ra-ca (5.63 A) of the
average out the deformations of the cage geometry through-€lectron-encaging cage further expands from that of
out the crystal and it converts the localizEt-like state to  [CaesAl26064*"(0*7)+(2€7) and it becomes very close to that
a delocalized state, invoking an IM transition. of the empty cage. It also indicates the isosurface state density
This model for the IM transition is validated by MEM/ in each cage is equivalent, indicating that the electrons are
Rietveld analys&24and ab initio density functional theory ~ delocalized over the cages and consequently the cage
(DFT) calculation® (see Supporting Information). Parts b conduction band has a rather large dispersion~@f eV
and c of Figure 4 display the electron density maps in the (Figure 5c(iii)).
(001) plane of (b) stoichiometric C12A7 and (c) metallic ~ Thus, the DFT calculation, consistent with the MEM/
C12A7 obtained by the MEM/Rietveld analysis. The electron Rietveld analysis, qualitatively explains why the C12A7
densities of the Ca ions on the cage wall of stoichiometric  shows the IM transition upon the electron doping. That is,
C12A7 have long tails like a dumbbell shape, indicating that the successive reduction of deformation of the electron-
the map is a superposition of the two deformed-@ncaging encaging cage with increasing the electron concentration
cages and the 10 undeformed empty cages. The distancesxduces the IM transition, which accompanies the sharp
between the Cd ions (Dcaca) in the deformed and empty  increase in the electron mobility. It is noteworthy that simple
cages obtained by the Rietveld analysis are 4.22 and 5.650nic oxides such as MgO have not exhibited such a high
A, respectively. Thus, the map in Figure 4b provides a solid conductive state, although thH&/F*-like centers can be

0 1 2 (electrons A% 1A 0 1 -z(eledmns & 1A
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Column (i) Column (ii) Column (iii)
[CazaAlogOpa]**(20%)  [CagsAlagOpal**(0%)(2e7)  [CansAlagOsasl*t(4e’)

a. Isosurface state density at O 2p level
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Figure 5. Relaxed lattice structures and electronic structures of C12A7 having three different electron concentrations: (i) stoichiometric
[CapsAl 26064 41(20C%), (ii) [CazsAl 26064)*(0?7)-(2€7), and (iii) [CasAl 26064t (4€7). (a,b) DFT isosurface state density of (a) the HOMO

levels of the free oxygen ions and (b) the CCB bottom levels. Each box represents the unit cell. The blue and green color denotes the
electron density maps for 2p electron of the free oxygen ions and the CCB electrons, respectively. The gray color denotes the s-like density
of states in empty cages. The values of the isosurfaces arelG-3e~/A3 for (a(i)), (a(ii)), (b(i)), and (b(ii)), and 2.5« 10-3e /A3 for

(b(iii)). (c) Schematic energy structures. Blue and green show the occupied levels of free oxygen ions and electrons in the cages, respectively.

incorporated at high concentrations similar to the presentcrystal, which may lead to cultivation of electroactive
case€?®?” Thus, the three-dimensionally connected sub- functions using only abundant materials such as light metal
nanometer-sized cage structure in C12A7 plays an essentiabxides that have not been regarded as a source of functional
role in the appearance of the metallic state. materials.

In summary, an IM transition is observed for the first time
in a light metal oxide. The keys to realizing metallic C12A7  Acknowledgment. This work was supported by a Grant-
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