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Photoluminescence from Au ion-implanted nanoporous single-crystal 12CaO·7Al2O3
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Implantation of Au+ ions into a single crystalline 12CaO·7Al2O3 �C12A7� was performed at high tempera-
tures with fluences from 1�1014 to 3�1016 cm−2. This material is composed of positively charged sub-
nanometer-sized cages compensated by extra-framework negatively charged species. The depth profile of
concentrations of Au species was analyzed using Rutherford backscattering spectrometry. The measured optical
spectra and ab initio embedded cluster calculations show that the implanted Au species are stabilized in the
form of negative Au− ions below the fluences of �1�1016 cm−2 �Au volume concentration of �2�1021

cm−3�. These ions are trapped in the cages and exhibit photoluminescence �PL� bands peaking at 3.05 and
2.34 eV at temperatures below 150 K. At fluences exceeding �3�1016 cm−2, the implanted Au atoms form
nano-sized clusters. This is manifested in quenching of the PL bands and creation of an optical absorption band
at 2.43 eV due to the surface plasmon of free carriers in the cluster. The PL bands are attributed to the charge
transfer transitions�Au0+e−→Au−� due to recombination of photo-excited electrons �e−�, transiently trans-
ferred by ultraviolet excitation into a nearby cages, with Au0 atoms.

DOI: 10.1103/PhysRevB.73.205108 PACS number�s�: 78.55.�m, 78.20.Bh
I. INTRODUCTION

It has been recently demonstrated that a nano-porous
complex oxide 12CaO·7Al2O3 �C12A7� is capable of ac-
commodating monovalent active anion species, such as H−,
O−, and even electrons, at high concentrations unreachable at
many conventional conditions.1–3 The formation of these in-
terstitial anions in C12A7 results from its characteristic crys-
tal structure.4 C12A7 consists of a positively charged lattice
framework ��Ca24Al28O64�4+�, involving 12 cages per cubic
unit cell and two extra-framework oxygen ions O2− �called
free oxygen ions hereafter�, which occupy two different
cages to compensate the positive charge of the framework.
Using an appropriate chemical treatment one can replace the
free oxygen ions with monovalent anions whose ionic sizes
are smaller than the inner space of the cage ��0.4 nm�. In
addition to the chemical processes, we have found that the
irradiation of C12A7 with energetic inert gas ions, such as
Ar+ and Xe+, at high temperatures can kick the free O2− ions
out of the lattice, leaving trapped electrons behind. This pro-
cess neither destroys the lattice framework structure nor cre-
ates noticeable defects in the lattice, which may act as emis-
sion centers, for irradiation dose as high as 500 dpa.5

Therefore, we expect that heavymetal ions �M−� with ionic
sizes comparable to the cage space can also be formed in the
C12A7 cages by hot implantation of M+ ions in the presence
of an electron source. This would correspond to the reac-
tion 2M++O2−�cage�+2e−�earth�→2M−�cage�+1/2O2�gas�,
where two M− ions occupy two different cages. This process
could form a large amount of heavy metal anions at the sur-

face and/or inside the bulk of C12A7, which would provide a
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new insight into the entrapped state of anions in C12A7 as
well as an opportunity for applications of heavy metal anions
to emerging technological fields such as low temperature
oxidation of methane.6,7

In this study we selected Au+ ions for hot implantation
due to several reasons: �i� We expect that this may lead to
formation of Au− ions in C12A7 cages because the size of
Au− �0.366 nm�8 is comparable to that of the cage; �ii� Au−

ions substituting anions in alkali halides9–11 are known to
exhibit an efficient photoluminescence �PL� associated with
the 6s16p1→6s2 intra-ionic transition and it would be inter-
esting to see whether an additional luminescence channel
could be observed in C12A7 due to its complex structure of
the conduction band; �iii� gold anion species �Au− or �Aun�−�
supported on oxide surfaces are expected to exhibit unique
catalytic activities for oxidation reactions,12–18 in particular a
catalytic role in the formation of CO2 from CO at low
temperatures.17,19 As we show below, using the optimized
conditions we have succeeded in incorporating Au− ions in
the cages of C12A7 by the implantation of Au+ ions. When
irradiated with 3.8 eV photons, Au− ions exhibit a character-
istic PL at low temperatures, which we assign to the charge
transfer transition of Au0+e−→Au− with the aid of the ab
initio calculations. This PL channel is excited at much lower
photon energies than, for example, intra-ionic Au− lumines-
cence in alkali halides due to a more complex electronic
structure of C12A7 where the cage conduction band states
are located below the excited 6s16p1 state of Au−. The exci-
tation and PL energies associated with intra-atomic Au− tran-
sitions, which could be observed at higher excitation ener-

gies, are also predicted.
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II. EXPERIMENTAL PROCEDURES AND
THEORETICAL ANALYSIS

C12A7 single crystals, grown by a floating zone meth-
od,20 were sliced into �1 mm thick plates and both surfaces
were mirror-polished mechanically. The specimen was then
heated to 600 °C and Au+ ions were implanted with an ac-
celeration voltage of 300 kV. The fluence was varied from
1�1014 to 3�1016 cm−2 with a constant dose rate of �3
�1012 cm−2 s−1 ��0.5 �A cm−2�. The depth concentrations
of Au in the implanted samples were measured by the Ruth-
erford backscattering spectrometry �RBS� using 1.8 MeV
He+ ions. Optical absorption spectra were obtained by a con-
ventional visible-ultraviolet �VIS/UV� and a Fourier trans-
form infrared �IR� spectrophotometers at room temperature
�RT�. PL spectra were taken in the temperature range 6 K to
RT using a He-Cd laser �325 nm� as an excitation source. PL
lifetimes were measured at 20 K by a streak camera using a
Nd-YAG laser �4� :266 nm, �2 ns� or a Ti:sapphire laser
�3� :266 nm, �100 fs� as an excitation source.

The electronic structure of incorporated Au− ions and
their stability with respect to other possible extra-framework
species were calculated using an embedded cluster approach
implemented in the computer code GUESS.21 In this method
the C12A7 was represented with a large nano-cluster �NC�
containing �7500 atoms. A “region of interest” including a
defect and surrounding lattice atoms at the center of the NC
was described quantum-mechanically �QM cluster� using the
density functional theory �DFT� and the B3LYP density
functional as implemented in the GAUSSIAN98 package.22 The
remaining part of the system and its interaction with the QM
cluster were described using classical inter-atomic poten-
tials.23 The total energy of the system was minimized with
respect to the coordinates of �500 quantum and classical
atoms located within 12 Å from the center of the NC. This
method allows us to account self-consistently for the defect-
induced lattice relaxation and for the effect of this relaxation
on the defect properties.24 A more detailed description of the
method is given elsewhere.25 Two types of QM clusters con-
taining, respectively, one and two adjacent framework cages
were used in this work. Standard 6-31G basis set for
quantum-mechanical O atoms was used, while Ca, Al, and
Au atoms were represented using corresponding LANL2DZ
basis sets. To investigate the stability of Au species in C12A7
we have calculated the total energies of the QM clusters
containing several different extra-framework species, includ-
ing Au+, Au0, Au−, and also O2−, O−, and e− were calculated.
The optical absorption energies for Au0 andAu− have been
calculated using time-dependent DFT approach.22 For com-
parison, we also calculated the excitation and the PL energies
for Au− in NaCl using the same embedded cluster approach
and a cubic Na13Cl14 QM cluster.

III. RESULTS AND DISCUSSION

A. Formation of isolated Au− ions and Au nano-clusters

Figure 1 shows depth profiles of concentrations of im-
planted Au obtained by RBS. The Au species has a peak at

the depth of �80 nm from the top surface and the position of
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this peak shifts deeper inside the sample as the fluence in-
creases. Further, the peak height increases with the fluence,
accompanied by broadening of the full width at the half
maximum �FWHM�. The peak positions, FWHM, and total
Au concentrations as a function of fluence are summarized in
Table I. Provided that each free oxygen ion can be replaced
by two Au− ions, the theoretical maximum concentration of
monovalent anions accommodated in the C12A7 cages
should be 2.33�1021 cm−3. As one can see in Table I, this
concentration is provided by the Au+ implantation fluence of
�1�1016 cm−2. It turns out that Au− ions can be formed in
C12A7 for the fluence, at least, below �1�1016 cm−2.

Figure 2 shows the change in the optical absorption due to
the Au+-implantation of C12A7 crystals at fluences of 1
�1015, 1�1016, and 3�1016 cm−2. At low fluences �1
�1015 cm−2� only a low-intensity absorption appears above
�3 eV. As the fluence increases to 1�1016 cm−2, a broad
featureless absorption band develops above �2 eV. We also
note that no noticeable absorption peaks attributable to Au
clusters27 were detected at these fluences. Finally, at higher
fluence yet �3�1016 cm−2� the intensity of this broad band
increases dramatically and a distinct absorption peak at
2.43 eV becomes obvious. The optical absorption due to RT-
stable color centers �defects�, i.e., Al-oxygen hole centers,26

which were often induced by ion bombardments into alumi-
nate crystals, is not observed in the hot implanted samples.
Even if small amounts of the defects, hard to detect by the
optical absorption, were induced, they do not exhibit PL.
Further, when C12A7 was implanted with 300 kV Ar+ at
600° C to 1�1016 to 1�1017 cm−2, no PL was observed
under the similar implanted condition.

FIG. 1. Depth profiles of Au concentration in the C12A7 single
crystals implanted with Au+ ion at various fluences.

TABLE I. Peak position, full width at half-maximum �FWHM�,
and total Au concentration in the C12A7 single crystals with vari-
ous fluences of Au+ ion.

Fluence Peak position FWHM Concentration

�cm−2� �nm� �nm� Area �cm−2� Volume �cm−3�

1�1015 — — �2.8�1015� �2.8�1020�
5�1015 78 77 1.3�1016 1.7�1021

1�1016 80 83 2.5�1016 3.0�1021

3�1016 89 100 7.4�1016 7.4�1021
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In order to understand the nature of these changes we
considered the stability of different extra-framework species
formed during the implantation. For that we calculated theo-
retically the enthalpy differences for the following reactions
that are expected to take place during the implantation pro-
cess in the limit of low concentration of Au species so ag-
glomerates of gold atoms are not formed.

Au+�cage 1� + e−�cage 2� → Au0�cage 1� + empty�cage 2�
�1�

Au0�cage 1� + e−�cage 2� → Au−�cage 1� + empty�cage 2�
�2�

Au0�cage 1� + O2−�cage 2� → Au−�cage 1� + O−�cage 2�
�3�

Au0�cage 1� + Au0�cage 2� + O2−�cage 3�

→Au−�cage 1� + Au−�cage 2�

+ empty�cage 3� + 1/2O2�gas� . �4�

The implantation of Au+ ions inevitably leads to forma-
tion of electron-hole pairs. Since the sample holder is kept at

FIG. 2. Differences in optical absorption spectra of C12A7 crys-
tals before and after Au+-implantation at various fluences.

TABLE II. Maxima of optical absorption and e
Au− ions in alkali-halides. Energies taken from R
intra-ionic transitions and charge transfer transitions
given in eV units.

s2Û

Experimental

NaCl KCl

S→T �absorption� 4.23 4.07

T→S �emission� 4.1 3.95

S→S �absorption� 5.61 5.43

S→S �emission� 4.95 5.05
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the earth potential during the entire experiment, we presume
that the holes leave the sample through it. The electrons re-
main in the system; they relax to occupy the lowest C12A7
conduction band formed by s-like states associated with
cages unoccupied by atomic species �cage conduction band�.
These electrons readily combine with implanted Au+ ions to
form Au0 atoms according to the reaction �1� with the en-
thalpy difference of −4.6 eV. Then, the Au0 atoms can be
converted to Au− ions either via recombination with other
electrons coming from the electron-hole pairs, as in reaction
�2�, or via charge-transfer, as in reaction �3�, with the calcu-
lated enthalpy differences of −3.5 and −3.2 eV, respectively.
Alternatively, Au0 atoms can be converted to Au− ions with
simultaneous release of O2 gas, as in reaction �4�, with the
enthalpy difference of −3.0 eV.

Other possible references for the relative energies of Au−

species could be solid and gas-phase gold:

O2−�cage 1� + empty�cage 2� + 2Au�solid�

→ Au−�cage 1� + Au−�cage 2� + 1/2O2�gas� �5�

O2−�cage 1� + empty�cage 2� + 2Au�gas�

→ Au−�cage 1� + Au−�cage 2� + 1/2O2�gas� . �6�

The calculated enthalpy for reaction �5�, which is a simple
exchange process between Au atoms in solid gold and O2− in
the cage to form the Au− in the cage, is estimated to be
+2.4 eV. Positive enthalpy value makes the formation of Au−

through the reaction �5� unfavorable. However, similar reac-
tion becomes favorable with respect to the gas-phase Au, as
shown in reaction �6�, with the estimated enthalpy change of
−4.0 eV, which indicates that a significant amount of iso-
lated Au species can be incorporated in C12A7.

The negative enthalpies of reactions �1�–�4� suggest that
at low Au+ fluence �1�1015 cm−2� both Au− and O− species
are stable in C12A7. The experimental data28 and theoretical
calculations predict that extra-framework O− species induce
weak optical absorption at �3.0 eV and above, which corre-
sponds to the electronic transitions from the top of the va-
lence band �VB� to the unoccupied 2p level of O−. Further-
more, our calculations show �see Table II� that Au− can be
photo-ionized by photons of 3.9–4.0 eV. Both findings are
consistent with the observed weak absorption band shown in

on bands assigned to s− p electronic transitions of
9 and 10 are experimental ones. Calculated s− p
u− in C12A7 and NaCl are also shown. Energies are

ansition Au−ÛAu0+e−

Calculation

NaCl C1247 C12A7

4.5 4.2 3.9

4.1 3.8 2.0

5.5 4.9–5.1 4.0

5.1 4.7
missi
efs.
of A

sp tr

KBr

4.00

3.89

5.27

4.9
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Fig. 2. Moreover, the stability of the negatively charged Au−

ions is consistent with the positively charged framework.29

At higher fluences �1�1016 cm−2�, when the bulk Au
concentration ��3�1021 cm−3, see Table I� is larger than the
maximum possible concentration of monovalent anions but
still smaller than the concentration of cages ��7
�1021 cm−3�, formation of isolated Au0 atoms becomes pos-
sible. Our calculations suggest that neutral Au0 atoms induce
additional optical absorption at 1.9 eV and above, which cor-
responds to the transitions from C12A7 VB to the unoccu-
pied level of Au atom 6s state �see also Fig. 2�. In addition,
coexistence of Au0 and Au− gives rise to a charge transfer
transition between these species at 0.6 eV.

Finally, at higher fluences yet �3�1016 cm−2�, the bulk
Au concentration exceeds the concentration of framework
cages. As a result, Au clusters �solid gold� become more
stable than isolated Au atoms or ions. Indeed, with an in-
crease in the fluence, a distinct absorption band peaking at
�2.43 eV appears �see Fig. 2� at the fluence of 3
�1016 cm−2, which may be attributed to Au clusters. When a
radius of a metal cluster �R� is less than the mean free path of
free electrons in bulk metal, R is related to the plasmon ab-
sorption bandwidth at the half-maximum ���1/2� by the fol-
lowing equation:30

R = v f/��1/2. �7�

Using the bulk value of Fermi velocity �v f� of Au �1.39
�108 cm s−1�, and the observed value for ��1/2 �0.46 eV�, R
is estimated to be �4 nm for the fluence of 3�1016 cm−2.
Further, the volume concentration of Au species in this
sample is �7.4�1021 cm−3, which exceeds the total cage
concentration �6.99�1021 cm−3� in the C12A7. Based on
these facts, it is reasonable to consider that the absorption
band at 2.43 eV is due to the surface plasmon absorption and
that the Au clusters start to form at the fluence of 3
�1016 cm−2. Additionally, we observe that the differential
absorbance above the peak energy increases approximately
proportionally to the photon energy, suggesting that the ab-
sorption and/or transmission loss in this region is caused by
the Mie scattering due to the Au particles that increases in-
versely proportional to the wavelength.31 The transmission
loss due to the Mie scattering is reduced with a decrease in
the fluence, supporting our assertion that the Au clusters con-
tribute to the Mie scattering.

Therefore, we conclude that the final state of the im-
planted Au+ ion in C12A7 varies depending on the implanted
dose: Isolated Au− ions are formed in the cages at low Au
concentrations. At medium Au concentrations, where the
concentration of Au exceeds the maximum concentration of
monovalent ions �four ions in a unit cell� but is still less than
the total cage number �12 cages in a unit cell�, both Au− and
Au0 can coexist. In the higher concentration region, Au starts
to form clusters at the volume concentration of �7
�1021 cm−3, which corresponds to the total cage concentra-
tion in the framework. The cluster formation is likely to be
accompanied by a local damage of the C12A7 lattice frame-
work, although the details of the Au cluster structure are

unclear.
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B. Photoluminescence

The measured PL spectra and PL lifetimes of the C12A7
implanted at the fluence of 1�1015 cm−2, where the incor-
porated Au species are isolated, further confirm the forma-
tion of Au− ions in C12A7. Irradiation of these samples with
3.8 eV photons induce an intense emission band peaking at
3.05 eV �A band� and a weak emission band at 2.34 eV �B
band� readily observed at temperatures below 150 K, as
shown in Fig. 3�a�. With increasing the temperature, the PL
intensity of the A band decreased, while that of the B band
increased. The PL lifetimes were respectively �0.5 ns for
the A band and �130 ns for the B band at 20 K.32 The PL
intensity depends strongly on the Au concentration, exhibit-
ing a sharp maximum at the fluence of 1�1015 cm−2 as
shown in Fig. 3�b�, which strongly suggests that the PL
bands are associated with the Au−, and the abrupt drop of the
PL intensity with further increase in the fluence is explained

FIG. 3. Photoluminescence �PL� of Au− ion in C12A7. �a� PL
spectra of C12A7 single crystal implanted with Au+ ions at a flu-
ence of �1015 cm−2 at temperatures from 6 to 150 K. �b� PL inten-
sity of the 3.05 eV band at 10 K as a function of the Au+ ion
fluence.
tentatively by the onset of concentration quenching. At
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higher implanted fluences, the formation of Au0 atoms and
Au clusters, which may result in the reduction of Au− num-
ber and the energy transfer from the excited Au− to surface
plasmon of the cluster, becomes a dominant factor for the PL
intensity reduction.

The larger band intensity and the shorter lifetime of the A
band than those of the B band suggest that the A band is
associated with an allowed transition, while the B band is
with a forbidden one. This situation is similar to that of the
Au− centers in alkali-halides, where two emission bands are
caused by the allowed singlet-singlet �S-S� and forbidden
triplet-singlet �T-S� transitions of intra-atomic 6s16p1→6s2,
respectively. However, the observed PL energies in C12A7
are significantly smaller than those in alkali halides �see
Table II�. Further, our theoretical calculations indicate that
the PL energies excited by the intra-ionic transitions of Au−

in C12A7 should be close to those in alkali halides, i.e., are
much larger than the observed ones. �For comparison in
Table II we also report the intra-ionic transition energies for
Au− in NaCl calculated the same embedded cluster ap-
proach.� Therefore, other possible transitions responsible for
the observed PL bands in the Au implanted C12A7 have to
be considered.

Figure 4�a� shows the local atomic structure of an Au− ion
in a C12A7 cage calculated using the embedded cluster ap-
proach. Since the size of an Au− ion is comparable to the
cage inner space, the cage wall deforms slightly and expands
so as the distance between two Ca ions along the cage S4 axis
�DS4� increases by approximately 0.007 nm ��1.2% of the
cage inner size� with respect to the empty cage, resulting in
0.568 nm. The deformation is much smaller than those
caused by the free O2− ions �DS4=0.442 nm�33 and electrons
�DS4=0.499 nm�.24

The one-electron energy levels of Au− in C12A7, calcu-
lated using the two-cage QM cluster by taking the deforma-
tion into consideration, are shown in the left side of Fig.
4�b�. The 6s2 state of Au− ion is located in the band gap
approximately 1.4 eV above the valence band and �4.5 eV
below the lowest unoccupied state, which also provides a
distinct confirmation for the stability of the Au− in the cage.
The interaction between one-electron states associated with
unoccupied cages gives rise to the cage conduction band
�CCB�.25,34 Formation of such a band is unique for C12A7 in
which each sub-nanometer-sized cage is connected to eight
nearest-neighbor cages to form a three-dimensional network
structure. The 6p states of Au− are just below the higher
conduction band originating from the states of the frame-
work cations �framework conduction band�.

The calculated values of the excitation energies of intra-
atomic 6s2→6s16p1 singlet-singlet �S-S� and singlet-triplet
�S-T� transitions calculated using TDDFT are �4.8–5.1 eV
and �4.1–4.3 eV, respectively �see also Table II�. Thus,
these transitions cannot be excited using the He-Cd laser
light ��3.8 eV�. However, this laser can induce the charge-
transfer transition Au−+h�→Au0+e−, in which Au− ion is
effectively photo-ionized and the photo-ionized electron is
promoted to the cage conduction band and forms a polaron
state.24,34 The polaron is then relaxed so as the excited elec-

tron localizes in a nearby cage either in the singlet or triplet

205108
state depending on the direction of the spin moment of the
electron, as shown in the right side of Fig. 4�b�. The calcu-
lated values of the photo-ionization energies for the S-S and
S-T transitions, also calculated using TDDFT, are 4.0 and
3.9 eV, respectively.

Then, the relaxation of the triplet excited state was con-
sidered in detail to estimate the PL energy: It involves
mainly the cage occupied by the electron where the DS4 de-
creases from 0.554 nm to �0.5 nm. The energy of the T-S
luminescent transition Au0+e−→Au−, calculated as the dif-
ference of the triplet and singlet states for this configuration
is �2.0 eV, which is good agreement with the observed PL
energy for B band, suggesting that B band is due to the T-S
charge-transfer transition. We note that the Stokes shift for B
band is significantly smaller than, for example, in the case of
the photo-ionization of H− in C12A725 because the large Au
atom partially constrains the relaxation of the framework.
Although the theoretical assignment of the A band remains
unclear, the slightly higher energy and the much shorter PL
life time of A band than those of B band strongly suggest that
A band is assigned as the inter-cage S-S transition. This
model also explains the temperature dependences of the PL
intensities of A and B bands: The thermal relaxation from the

FIG. 4. �Color� Crystallographic cage structure and schematic
energy diagram in Au− ion accommodated C12A7. �a� Local atomic
structure of an Au− ion incorporated cage in C12A7 as calculated
using the two-cage QM cluster. The Ca-Ca distance along the cage
S4 axis �DS4� is a measure for the cage wall distortion induced by
the extra-framework species. �b� The left side shows energy levels
of Au− incorporated C12A7 calculated using the two-cage QM clus-
ter �see text for details�. The right side shows a diagram of the
charge transfer transition responsible for the photoluminescence,
where the 3.05 and 2.34 eV bands are, respectively, assigned to the
Au0+e−→Au− transitions from the singlet and triplet states to the
ground state. The hexagon represents a crystallographic cage in
C12A7.
singlet to triplet states is enhanced with increase of tempera-
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ture, resulting in the increase in B band, and the correspond-
ing decrease in A band with temperature. Further, faster life-
times of both A and B bands than those of the PL bands of
Au− in alkali halides are likely attributed to the migration of
the excited electrons to other cages �the electron drift in the
cage conduction band�. The decrease of the PL intensity at
fluences higher than �1015 cm−2 is due to the formation of
an additional photo-excitation channel, which corresponds to
the electron transfer from Au− to an Au0, thus bypassing the
CCB states. To summarize, the assignment of the PL bands
as due to the charge transfer transitions of Au0+e−→Au−,
provides solid evidence that Au− ions are incorporated in the
cages of C12A7 by the hot Au+ ion implantation at fluences
of�1015 cm−2.

The formation of a negative valence state of Au is likely
to be due to a combined effect of the presence of the nano-
sized cage structure and positively charged framework in
C12A7. Indeed, PL bands attributable to Au− ions were not
detected in a compound 5CaO·3Al2O3 �C5A3�, which has a
similar chemical composition with C12A7 but no nano-
porous structure. Further, PL bands were detected neither in
an Au+-implanted MgO single crystal, yttria-stabilized ZrO2
single crystal, nor SiO2 glass at the same fluence of �1
�1015 cm−2. SiO2 glass is known to have small voids, in
which neutral species such as H2O and O2 molecules, can
accommodate up to �1021 cm−3,35 but it does not have posi-
tively charged lattice capable of stabilizing negatively
charged species or anions.

Finally, we should note that Au− is the only encaged anion
in C12A7 that exhibits photoluminescence among all en-
caged anions so far discovered. This may result from much
smaller nonradiative relaxation probability than those of
other anions entrapped in the cage that can exhibit PL when
doped in other host. The ionic radius of the Au− ion is very
close to that of the cage, which reduces the distortion of the

cage, leading to the decrease in the electron phonon �e-p�
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interaction between the Au− ion and the cage framework. For
example, O2

− ion which exhibits superradiance emission in
alkali halides,36 does not emit at all in C12A7 presumably
because of the strong e-p interaction of the O2

− ion in
C12A7,37 which induces a rapid depopulation of the excited
state through the nonradiative relaxation process.

IV. CONCLUSIONS

We have successfully accommodated Au− ions in the
C12A7 cages by Au+ ion implantation at 600 °C with a flu-
ence of �1�1015 cm−2. The Au− ion exhibits the photolu-
minescence bands at �3.05 and �2.34 eV at temperatures
�150 K. These bands are attributed to the charge-transfer
transition of Au0+e−→Au−. At higher fluences, implanted
Au+ ions form Au nano-particles with a diameter of �4 nm
at high fluence implantation. These nano-particles show a
plasmon absorption band peaking at �2.43 eV. The C12A7
crystal containing Au− ions, Au0 atoms and/or Au nano-
particles, with their concentrations controllable by the im-
plantation fluence, provides a unique platform to investigate
electronic and structural states of large anions encaged in
nano-porous materials as well as to cultivate emerging appli-
cations specific to heavy metal anions such as catalyst.
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