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When Eu,O5 powder compact and film are irradiated with ultraviolet (UV) laser light in a vacuum,
their photoluminescence (PL) spectra change from a red sharp-line structure to a white broad band,
which can be clearly seen with the naked eye. After removing the UV laser light, the white PL
continues for more than several months at room temperature under room light, in spite of any
changes of atmosphere. By irradiating with the same UV laser light at room temperature under O,
gas atmosphere, the original red PL state reappears. Such a reversible phenomenon may well yield
materials for white-light-emitting devices and erasable optical storage. © 2001 American Institute

of Physics. [DOI: 10.1063/1.1425064]

Recently, considerable attention has been devoted to re-
search for new materials to be used for erasable optical stor-
age and for laser media for tunable wide-band lasers. The
interest in photoluminescent materials showing photoinduced
reversible spectral change at room temperature has signifi-
cantly grown, because a combination of such reversible phe-
nomenon and the near-field optical microscope' is very
promising when applied to high-density optical storage with
nanometer resolution. It is a hope that we can find white
photoluminescence (PL) material, which is useful for the
wide-band tunable-laser medium. Hitherto, X-ray- and
photoinduced spectral change of rare-earth ions has been ob-
served mainly on Eu-doped ionic crystals and glasses.>”®
However, there is a limitation to dopant concentration. The
storage density of such doped crystals cannot, in principle,
prevail against that of rare-earth metal compounds (for ex-
ample, Eu,05 and Sm,0;3). We have observed recently the
reversible photoinduced phenomenon and white PL state in
Eu,05 powder compact and film. In this letter, we report the
experimental results in detail.

Powder compact specimens are prepared by pressing
Eu,05; powder 99.98% in purity under a pressure of 0.2 GPa
for 1 h at room temperature. They are then sintered at 1273
K in air for 24 h. X-ray diffraction analysis of every compact
shows that they are cubic-phase Eu,O;.” Eu,O; films are
grown on a silica glass substrate in a planar diode of the
radio-frequency-excited sputter deposition system. X-ray dif-
fraction analysis of the films shows that they are the
hexagonal-phase Eu,0;.” Irradiation is carried out with a
continuous wave (cw) of He—Cd laser line (A =325nm)
with power densities between 31 and 840 kW/m?. The illu-
mination optics area is between 2.54X107® and 1.13
X 1078 m? The same He—Cd laser line excites lumines-
cence. Emitted light is dispersed and detected using a grating
spectrograph equipped with a multichannel photodetection
system. Excitation spectra are recorded in an apparatus con-
sisting of a 150 W xenon lamp, a mechanical light chopper,
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two grating monochromators and a synchronous light detec-
tion system. The PL and excitation spectra are corrected,
respectively, for the response of the optical measurement
systems and the emission intensity spectrum of the light
source. The values of the PL intensity are given in arbitrary
units. In the film measurements, the sensitivity of the detec-
tions was twice that in the powder compact measurements.
Figures 1(a), 1(b), and 1(c) show the reversible spectral
change of the Eu,05 powder compact sintered at 1273 K in
air. Measurements are carried out in alphabetical order:
(a)—(b)—(c). Irradiation is carried out with a 325 nm laser
line at room temperature. Irradiation time ¢;, under a given
atmosphere and kind of atmosphere are indicated by each
spectrum. The spectrum shown in Fig. 1(a) corresponds to
that of the as sintered Eu,05 specimen, which is measured in
0, gas of 1.01X 10° Pa. Clear red emission can be seen with
the naked eye. The specimen chamber is then evacuated be-
low 1.33X 10~ % Pa under UV light irradiation. With increas-
ing ;,, all the Eu*" [°Dy—"F, (J=0,1,2,3,4)] emission
lines become weak, while a very broad emission band ap-
pears and spreads all over the visible light region, as seen in
the spectrum shown in Fig. 1(b) as observed at 90 min later
after the evacuation. At this stage, the bright white PL can be
seen with the naked eye. Oxygen gas is again introduced in
the chamber. The change from white PL emission to red
emission can be seen with the naked eye. The spectrum as
shown in Fig. 1(c) is obtained 150 min later after introducing
the O, gas. It is found through many successive experiments
that the spectral changes as shown in Figs. 1(b) and 1(c) are
reversible. Similar experiments were carried out by changing
the wavelength of the irradiating laser light. For example, a
cw He—Cd laser (A=442nm), a cw Ar" laser (\=528.7,
514.5, 501.7, 496.5, 488.0, 476.5, 472.2, 465.8, and 457.9
nm), and a pulsed Nd>":YAG laser (A=266, 354.7, 532, and
1064 nm) were used. No spectral change was observed with
these lasers, which indicates that the cw UV light of the
wavelength 325 nm is required to induce the spectral change.
The speed of the change accelerates by increasing the power
density of the activating light. The change to the white PL
emission can also be observed at low temperatures down to 7
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FIG. 1. Reversible photoinduced PL spectral change in Eu,O; powder com-
pact at room temperature. The powder compact was sintered at 1273 K in
air. The atmosphere and irradiation time ¢;, at 325 nm are indicated in the
plots. Experiments were carried out in alphabetical order: (a)—(b)—(c).

K, which indicates that the phenomenon does not arise from
a phonon assisted process and that it is a purely electronic
mechanism. In spite of the changing atmosphere (for ex-
ample, O, gas and air exposures), the white PL state lasts for
more than several months at room temperature after the re-
moval of the laser light under room light, and the red PL
state reappears only by irradiating with the same UV laser
light under O, gas atmosphere.

Figures 2(a), 2(b), and 2(c) show the reversible spectral
change of the Eu,0; film under 325 nm irradiation at room
temperature. Measurements are carried out in alphabetical
order: (a)—(b)—(c). The results are quite similar to those of
the powder compact specimen obtained both at room tem-
perature and 7 K. The wavelength, however, at the intensity
peak for the film specimen is at about 550 nm which is
blueshifted by about 60 nm from that observed for the pow-
der compact specimen. The observed spectral structure for
the 5D ,— ' F, emission, incidentally, differs from that for the
powder compact specimen (C phase Eu,0s3) in which each
Eu" ion is surrounded by six oxygen ions. Seven coordinate
Eu’" jons account for the spectral difference.®

The excitation (PL yield) spectra of the Eu,0; powder
compact and film were measured at room temperature for the
SDy—F, emission and the white emission band. The results
show that the 325 nm laser photons are slightly absorbed by
the "Fo—°>L, transitions.” The excitation spectrum for the
white band does not show any yield peak due to intra-4f
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FIG. 2. Reversible photoinduced spectral change in Eu,O; film at room
temperature. The film was produced by the rf-sputtering method. The atmo-
sphere and irradiation time #;, at 325 nm are indicated in the plots. Experi-
ments were carried out in alphabetical order: (a)—(b)—(c).

3+

transitions from the excited °D, level of Eu’" ions. The

yield at the CT band is depressed considerably which is due
to decreased number of Eu®" ions. Excitation spectra quite
similar to the powder compact are also observed in the film
specimen.

The present experimental results of the Eu,O3; powder
compact and film specimens may be summarized as follows:

(1) Photoinduced reversible spectral change between red
and white PL can be observed at different temperatures from
7 K to room temperature. The change is induced only by a
325 nm cw laser line. The 325 nm corresponds to transition
onset wavelength for the charge transfer excitation and for
excitation of the Fy—7L; transitions. After removing the
UV laser light irradiation, each PL state continues for more
than several months at room temperature under room light,
in spite of any change of atmospheres (1.01X 10° Pa O, gas
and air).

(2) The change to white PL occurs only as a result of the
325 nm cw laser light irradiation under vacuum, while we
have not observed under any other reducing atmosphere; for
example, Ar—H, mixture gas.

(3) The change to the white PL is accompanied by re-
duction of the 5D0—>7FJ (J=0,1,2,3,4) emissions of Eu’*
ions.

The result (1) indicates that the observed photoinduced
spectral changes are purely electronic phenomena and are not
phonon assisted. The result (2) indicates that the phenom-
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enon is a photoinduced associative detachment of O, near the
specimen surface.

The results above summarize how spectral change arises
naturally from photoactivated oxidation and reduction. The
reduction is accompanied both by a valence-number change
of europium ions (Eu*"—Eu’>") and by oxygen defect for-
mation. Broadband emission is connected with Eu®* ions
and local structural changes arising from oxygen defects. It
should be noted that EuO shows an absorption edge at about
1 eV and a photoluminescence band centered at 1.19 eV.%!°
These energies are far away from those of the observed white
luminescence. Therefore, the photogenerated Eu>* ions and
oxygen defects do not form any structure based on EuO crys-
tal. Then, we examine other types of Eu?* luminescent cen-
ter as follows. First, we assume that the Eu?" ions in Eu,Os
constitute different types of luminescent cluster with sur-
rounding ions. The broad white PL band indicates that the
energies of emitting centers are slightly different from each
other, which may arise from the diversity of the cluster size,
shape, and structure. Such diversity may also give the differ-
ence (about 60 nm) of the white PL intensity peak wave-
length between the powder (cubic crystal structure) and the
film (hexagonal one) specimens. Second, we assume that the
Eu’" ions are well isolated from each other in Eu,0;. They
can be luminescent centers and also give rise to the broad PL.
band. The 4f%5d—4f” transition gives a PL band at wave-
lengths from 400 to 520 nm, which has been observed in
Eu”"-doped crystals.''"!* The oxygen vacancies are also re-
sponsible for the broad PL band of metal oxides.'* Further
studies, for example, the measurements on the electronic and
crystal structures of Eu,O; surface, are required in order to
ascertain the validity of the cluster model and in order to
clarify which mechanism is responsible for the observed
broad white PL. Now, we will return to discussion of the
result (2). Since the UV light (325 nm) cannot dissociate
directly free O, as atmospheric gas, the photoinduced oxida-
tion indicates that the photodissociation energy of O, is con-
siderably decreased at the specimen surface by the interac-
tions between O, and Eu,03, as known since 1932 as
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dissociative adsorption of molecules on a metal surface.'

The result (2) indicates that the UV light with shorter wave-
length is needed for photoreduction in H, gas atmosphere.
Incidentally, the photodissociation energy of free H, is about
two times that of free O,.'°

To clarify the mechanism of the observed spectral
change in detail, simultaneous measurements of the Raman
scattering and PL spectra of Eu,05; during UV light irradia-
tion, together with the studies on surface electronic states,
are now in progress.
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Abstract

Agl powder is gradually evaporated in vacuum onto a substrate whose temperature is higher than the superionic
transition point T¢. During the evaporation, the optical absorption spectrum of the film is measured as a function of
time-elapsed after the beginning of evaporation. By increasing the time (i.e., with increasing film thickness), the shifts of
the absorption edge and exciton energy are observed, which are due to exciton or carrier confinement effects in the
averaged structure of a-Agl. Information as to the electronic structure of the averaged structure is deduced from
analyzing the observed spectra. After stopping evaporation, the film is gradually cooled down to 131 K. Through the
cooling process, the absorption spectrum is also measured as a function of temperature. New exciton absorption bands
(H;, H, and H3) appear, together with the Z, ; and Z; excitons in the y-Agl. The H,, H, and H; excitons are assigned to
a metastable disordered polytype structure of B-Agl, in the light of the X-ray diffraction data. © 2001 Elsevier Science

B.V. All rights reserved.

Keywords: Polytypism; Averaged structures; Excitons; Superionic conductor

1. Introduction

Silver iodide Agl is well known as a solid electrolyte
and has three phases designated as o,  and y at normal
pressure in the order of decreasing temperature with the
following properties [1]. At superionic transition point
Tc (419K), the superionic conductor a-phase trans-
forms into semiconductor B-phase (wurtzite lattice). The
a-phase has a body-centered cubic arrangement of 1™
ion with highly mobile Ag™ ions randomly distributed
through the equivalent interstices, which has been
known as the averaged structure. Extensive attention
has been paid to the mechanisms of the superionic
motion and to the electron—phonon interactions in the
averaged structure for many years [2,3]. However, an in
situ optical study on the electron states of a-Agl is
limited in number and many basic problems remain to
be solved. Moreover, the interest in Agl-based super-
ionic conducting glasses and Agl:metal oxide compo-
sites has significantly grown and extreme conductivity
enhancement has been observed at room temperature
[4]. For this reason, also, it is necessary to clarify the

*Tel.: +81-3-5317-9733 ; fax: +81-3-5317-9771.
E-mail address: motizuki@physics.chs.nihon-u.ac.jp
(S. Mochizuki).

electronic and ionic structures of a-Agl. At 408 K, the -
phase transforms mostly into the second semiconductor
v-phase (zinc blende lattice) with a small amount of the
B-phase [5]. However, at temperatures lower than T,
the effects of stacking faults and metastable structures
need to be pointed out [6]. It is said that, if annealed
and aged, the structures may convert into the wurtzite
lattice. Therefore, in order to clarify the details of such a
transition between the wurtzite and zinc blende struc-
tures, any measurement must be carried out in situ. The
exciton absorption spectrum of Agl is very sensitive to
such a crystal modification and local structural change
[7,8]. While high-temperature a-Agl is cooled down to
low temperature, it is useful to measure spectral
transition in the exciton absorption.

2. Experimental

Vacuum evaporation experiments are carried out
under a base pressure of 10~*Pa. Optically flat-plates
of silica glass, sapphire (R-cut) and MgO (1 00) are used
as substrates. The surface temperature of the substrate is
monitored with an alumel-chromel thermocouple. A
platinum crucible containing nominally pure Agl

0921-4526/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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powder was gradually heated indirectly in an alumina
crucible on which a tungsten-wire heater was wound.
The thickness of Agl film on the substrate increases with
time. During film deposition, the substrate temperature
was maintained above T¢. The optical density spectrum
of the film was measured as a function of the time #4
elapsed after the beginning of the evaporation with an
optical multichannel analyzer system. The experimental
procedure is almost the same as the experiments for
microcrystals, except for introducing noble gas stream,
which has been already reported [9]. After stopping the
evaporation, the film is gradually cooled down to 131 K.
Through the cooling process, the absorption spectrum
of the film was also measured as a function of
temperature.

3. Results and discussion
3.1. Optical absorption of o-Agl film

Fig. 1 shows the time evolution of the optical density
spectrum of a-Agl. The substrate temperature is 453 K.
Although one time-resolved spectrum consists of suc-
cessive sixty-four spectra in this figure, only eight spectra
are selected and presented in order to show clearly the
time evolution. The time ¢4 is indicated in the plots. The
final thickness of the film was about 300nm. At the
initial stage of the evaporation, a kink and an
absorption edge appear at about 2.8eV and at about
2.6¢eV, respectively. With the progressing evaporation,
the absorptions increase and the kink and the edge shift
to lower energies, together with the growth of an
absorption tail below 2.5¢V. In order to observe the

o-Agl (T = 453 K)

o1 t,=158.12s T
t,=123.63s
0.12 |
t,=103.50s  t,=69.00s
>
-‘§ 0.10 ti= 86.255 /t=48.88s 1
D
= ty=28.75s
® 0.08 |
o
=3 ‘s t= 5.75s
o

Photon energy (eV)

Fig. 1. Time evolution of the optical density spectrum of a-Agl
film on a silica glass at 453 K during vacuum evaporation.

detail, as shown in Fig. 2, we compared the spectrum
measured at 7 = 48.88 s (curve A) with that measured at
tq = 123.63s (curve B), by scaling the curve A, so that
the optical density at 3 eV coincides with that of curve B.
The curve C obtained by such scaling coincides with the
curve B not only at the energy region between 3 and
4¢V, but also at the lowest photon energy (1.549¢V).
The result shows that, with progressing evaporation,
namely, the increasing film thickness, the steepness of
the optical density curve in the neighborhood of the
absorption edge decreases and the absorption-edge shifts
from 2.57e¢V to a lower energy 2.52eV. The red shift
nature observed arises from a decrease in the quantum
confinement of carriers or excitons in o-Agl film. We
investigated the absorption tail below 2.5¢V by repla-
cing the silica glass substrate with a MgO (100) plate
and a R-cut sapphire plate, and changing the evapora-
tion speed. The results can be summarized as follows:

(1) With the increasing evaporation speed, the fabri-
cated films become somewhat cloudy.

(2) Films on the MgO- and sapphire single-crystal
substrates do not show a prominent tail below
2.5eV.

Therefore, the absorption tail observed below 2.5eV is
closely connected with surface roughness, and with
crystalline defects at the film/substrate interface.

3.2. Optical absorption of Agl film below T¢

After stopping the evaporation, the specimen was
gradually cooled to 131 K with an average cooling rate

0.06 i + + t } + 1 H
Il
t\-ii a-Agl (T=453K)
W |
n
zi\l
)
0.04 4 " +
oy H
-CT'] 17
c L
& |
o
g U —— Aity= 48.88s
= | Cty= 48
S — B: t,=123.635
0.02 + f C: scaled A 4
0.00 4 " }

3.0 28 26 24 22 2.0 18 1.6
Photon energy (eV)

Fig. 2. Comparison of the optical density spectra of Agl film
between the early and middle stages of the vacuum evaporation.
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of 0.03K/s. During the cooling process, the optical
density spectrum was measured as a function of
temperature, at temperature intervals of 5K. Only the
four spectra are presented in order to show clearly the
temperature dependence. The result is shown in Fig. 3.
During cooling from 453 to 398 K, the optical density
spectrum is almost independent of temperature. Urbach
rule does not hold in a-Agl. This indicates that the
contribution from the electron—phonon interaction
characteristic of the a-phase counterbalances that from
the temperature-shift of the band gap energy due to
thermal contraction of a-Agl. No remarkable spectral
change was observed near T¢. This is due to the
hysteresis of the superionic conduction transition [8]. At
393K, several weak exciton absorption peaks and a
shoulder appear faintly at 2.934, 2.975 (shoulder), 3.058,
3.110, 3.766 and 3.977¢V. On further cooling, these
absorption peaks become prominent. In order to show
the detailed spectral structure, the spectrum measured at
131 K is shown, together with that measured at 453 K, in
Fig. 4. The X-ray diffraction (XRD) pattern of the Agl
film was measured at room temperature. The XRD
result shows a considerable amount of y-Agl and the
broadening of the (h01) diffraction lines of B-Agl. The
broadening arises from the stacking disorder in B-Agl
hexagonal stacking sequence (ababab...), as pointed out
by Lee et al. [10]. Taking into account the X-ray
diffraction data, as indicated in the figure, the peaks, the
absorption peaks and the shoulder observed at 2.934,
2.975 (shoulder) and 3.766eV are assigned to the Z;-,
Z,- and Z3- exciton absorptions of y-Agl [7,8], while the
peaks observed at 3.058, 3.110 and 3.977 eV are assigned
to the H;-, H,- and Hj-exciton absorptions of some

0.20 fAT T T T T =

“‘,‘ _ Agl film

Optical density

Photon energy (eV)

Fig. 3. Optical density spectra of Agl film on a silica glass at
different temperatures during cooling process.
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Fig. 4. Optical density spectra of Agl film at 131 and 453 K.

stacking-disorder-induced polytype structure of Agl.
Quite a similar exciton absorption due to the polytype
structure was found in Cul film evaporated onto a
room-temperature substrate [7].

3.3. Miscellaneous

In Fig. 5, the absorption intensity peak energy and
photoluminescence intensity peak energy of Agl film at
9K are plotted as a function of the substrate tempera-
ture during vacuum evaporation. The observed absorp-
tion and photoluminescence (PL) peaks are due to the
Z,, exciton. The PL intensity peak appears several tens
of meV lower than the absorption one, which indicates
the existence of shallow exciton traps due to electron—
phonon interactions or defects. With the increasing
substrate temperature above about 450K, the redshift
becomes prominent. Silica glass substrate, which has an
extremely small thermal expansion coefficient, gives a
larger shift than that of sapphire. The results are
qualitatively explained by the asymmetric stress at the
interface coming from thermal shrinking with different
thermal expansion coefficients between Agl and sub-
strate material. The stress affects the electronic structure
of Agl and induces an additional shift of the Z, , exciton
energy. This thermal stress may be one of the candidates
for the cause of polytype structure formation. Our
experiments show that the H;, H, and Hj absorptions
are not observed in thick Agl films which were produced
by the vacuum evaporation with a small evaporation
rate. Thinner sample tends to be influenced by the
thermal stress and, therefore, the H;, H, and Hj
absorptions become more prominent. In addition to
this stress effect, the effect of the deviation from
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Fig. 5. Substrate temperature dependence of the absorption
intensity peak and PL intensity peak energies at 9K for the
silica glass and sapphire substrates.

stoichiometry, Ag;I;_,, should also be considered at a
high temperture for further discussion.

Effect of the stacking disorder observed in film
specimens appears frequently even in the absorption
spectra of nanocrystal specimens. Nanocrystals both on
a substrate [11] and in a matrix [12] show faint
absorption bands between 3.0 and 3.2¢V, which are in
the H;- and H, exciton energy region. This indicates
that Agl nanocrystals contain a stacking disorder
induced by some reconstruction of surface atoms and

by the stress at the nanocrystal/matrix interface similar
to Cul nanocrystals [13].
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Abstract

Under irradiating with a CW UV laser light (4 =325nm) at room temperature in vacuum and oxygen gas
atmosphere, the film, microcrystals and powder compacts of Eu,03 exhibit a reversible photoluminescence (PL)
spectral change between a red sharp-line structure and a white broad one. After stopping the UV irradiation, the ability
of the white PL lasts for more than several months at room temperature under room light, in spite of changes of
atmosphere. The reversible phenomena to be observed are interpreted as the results of both the valence-number change
of europium ions (Eu®" - Eu?") and the oxygen vacancy formation. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Defect structures; Valence change; White-light emission

1. Introduction

Eu,0; is stable in air and has five phases designated
by X, H, A, B and C at atmospheric pressure in order of
decreasing temperature as follows [1]. At about 2553 K,
the X phase transforms into the H phase which
transforms to the A phase at 2413 K. At 2313K, the A
phase (hexagonal structure: space group Dsq) trans-
forms into the B phase (monoclinic structure: space
group C3,). In the A phase, the europium atoms are
seven-coordinate with four oxygen atoms closer than the
other three, while, in the B phase, the europium atoms
are six- and seven-coordinate. At about 1373K, the B
phase transforms into the C phase (cubic structure:
space group T{) in which the europium atoms are six-
coordinate. At room temperature, the present authors
have recently observed the reversible UV-laser-light-
induced spectral transitions between the red- and white-
luminescence states in Eu,Osz-powder compacts and
—films produced by the radio-frequency sputtering

*Corresponding author. Tel.: +81-3-5317-9733; fax: +81-3-
5317-9771.

E-mail address: motizuki@physics.chs.nihon-u.ac.jp
(S. Mochizuki).

method [2,3]. The interest in photoluminescent materials
showing such photo-induced reversible spectral change
at room temperature has significantly grown, because a
combination of the reversible phenomenon and the near-
field optical microscope [4] is very promising when
applied to high-density optical storage with nanometer
resolution. It is also the hope that we can find white PL
material, which is useful for the wide-band tunable-laser
medium. Very recently, we have also observed the
similar photoinduced spectral transition in Eu,Oj; films
produced by the pulsed laser ablation method in vacuum
and Eu,0; microcrystal films produced by the laser
ablation in low-pressure oxygen gas atmosphere.

In this paper, an overview of our results obtained in
the past three years will be given, together with a
phenomenal model of the photoinduced spectral transi-
tion.

2. Experimental

All specimens were made from Eu,Oz; powder of
99.98% purity. Powder compact specimens were pre-
pared by pressing the Eu,O3; powder under a pressure of
0.2GPa for 1h at room temperature. They were then

0921-4526/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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sintered at 1273 K in air for 24 h. First types of Eu,O;
films were grown on a silica glass substrate by the radio-
frequency sputtering (RFS) method. They are named
RFS films. Second-type of Eu,Oj3 films were grown on a
silica glass substrate by the pulsed laser ablation (PLA)
method in vacuum of 1.33 x 10~*Pa. They are named
PLA-films. Eu,O3; microcrystal-accumulated films were
grown on a silica glass substrate by the PLA method in
oxygen gas of the pressure lower than 100 Pa. They are
named PLA-MC film. They are characterized by the X-
ray diffraction (XRD) method and the scanning electron
microscopy (SEM). Irradiations were carried out with a
CW He-Cd laser line (4 = 325 nm) with power densities
between 31438 and 840000 W/m?. The same He—Cd laser
line excites luminescence. Emitted light is dispersed and
detected using a grating spectrograph equipped with a
multichannel photodetection system.

3. Results and discussion

The XRD analysis of the produced specimens
indicates that the powder compact, RFS film, PLA film,
and PLA-MC film are respectively, the C phase, the H
phase [1], a mixture of predominantly C phase with a
little B phase, and a mixture of predominantly B phase
with a little C phase of Eu,O;. The specimens were also
examined by the SEM. The powder compacts consist of
randomly oriented and connected rectangular-parallele-
piped grains, as shown in Fig. 1(a). The RFS-films and
the PLA ones have smooth surfaces and are optically
transparent. The PLA-MC films consist of a lot of small
particles whose sizes is approximately several hundred
nanometers and little aggregates whose sizes can be
several thousand nanometers, as shown in Fig. 1(b).

Figs. 2-5 show the photoinduced spectral changes at
room temperature of the Eu,Os-powder compact,

Eu,O5-RFS film, Eu,O;-PLA film and Eu,O;-PLA-
MC film, respectively. In the measurements of the
powder compact, the RFS films, the PLA films and the
PLA-MC films, their relative sensitivities of the detec-
tions are 1, 8, 170 and 34, respectively. Experiments were
carried out in alphabetical order: (a) - (b) - (c). Irradia-
tion time #; under a given atmosphere and the kind of

1o |LPowder compact 5DO-;F2 SD=1
~— L]
é 08 - s a (= 0 min: Op)
.,_3 3 :: b (t;= 90 min: vac.)
o .. ***® (=150 min: Oy)
S o6l o
. L) 5. 7
a . : D()_ F4
,0:3 04 W
.8
= 02 R %

50 550 600 650 700
Wavelength (nm)

Fig. 2. Reversible spectral change of Eu,O3; powder compact.

[ RFS film 5.7

1.0 Do-\F, SD=8

g s g (ty= 0 min: O,)
5 08 ~——— b (1= 90min: vac)
o AR (s 90min: O,)
& o6
2
‘a
g 04
E
=02

0

500

Wavelength (nm)

Fig. 3. Reversible spectral change of Eu,Oj; film produce by the
RF-sputtering method.

Fig. 1. SEM photographs of the Eu,Os-powder compact (a) and Eu,O3-PLA-microcrystal film (b).
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atmosphere are indicated in each plot, together with the
relative sensitivity of the detection, SD. First, these as-
produced Eu,Os3 specimens are irradiated with a 325 nm
laser line at room temperature under oxygen atmosphere
of a pressure 1.01 x 10°Pa. Under 325nm excitation,
these specimens show the red sharp °Dy—’F,
(J=0,1,2,3,4) emissions [5,6]. Depending on the
crystal structure of the specimens, the detailed spectral
structure of the *Dy— 'F, emission differs each other
[7,8]. Next, the specimen chamber is evacuated to
1.33 x 107*Pa. Under 325nm irradiation in this va-
cuum, quite similar photoinduced spectral changes were
observed in all the specimens. Namely, with increasing
tir, the CDy—"F; (J = 0, 1,2, 3,4)) emission intensity of
Eu’" ions becomes weak, while a very broad emission
band appears and spreads all over the visible light
region. The wavelength of the intensity peak of the white
PL band observed in all the specimens is between 540
and 620 nm. Especially, the relative intensity decreases
of the Dy —'F, emission of the powder compact, RFS
film, PLA film and PLA-MC film are 75.3%, 15.6%,
34.5% and 15.4%, respectively. The intensity decrease
indicates the decrease of number of Eu®" ion, which is

Lo [ PLATim SD=170
w3 (1= 0 min: O,)

08 b (t,= 55 mim: vac.)
***" c(4,=72min O,)

PL intensity (arb. units)
o
o
T

°Dy-F,
04 !
o
— 1 1) C
> soveae, SDOFI:‘?’I?; Z(:;;% 5D0'7F3 SDo-j-]: 4
P AL X P | L T 30252008 sapenent
500 550 600 650 700

Wavelength (nm)

Fig. 4. Reversible spectral change of Eu,Oj; film produced by
the laser ablation method in vacuum.

Lo [PLAMC film D, F, Sb=34
@ s g (= 0 min: 0,,)
g 08l b (t;= 30 min: vac.)
e ®®ee c(t=30 min 0,
& 06
a\ 2
g 5y 7 ; 4
5 04 D Fy,
k= b
= 02 jﬁ%
[ 2
0 i R ey -
500 550 600 650 700
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Fig. 5. Reversible spectral change of Eu,O; microcrystal film
by the laser ablation method in low-pressure oxygen gas
atmosphere.

due to photoreduction (Eu’" - Eu?"). At this stage,
the bright white PL can be seen with the naked eye. The
whitening speed of the PLA film specimen was the
highest among all specimens. In addition, the wave-
length of their intensity maximum of the white PL band
is specimen-dependent. The spectral structures to be
observed in the °Dy— 'F, emission in the RFS film, PLA
film and PLA-MC film, incidentally, differ from that for
the powder compact specimen (C-phase Eu,03) in which
each Eu®* ion is surrounded by six oxygen ions. Seven-
coordinate Eu® " ions account for the spectral difference
[2,3,7,8].

Oxygen gas is again introduced into the chamber. The
change from white PL emission to red emission can be
seen with the naked eye. It is found through many
successive experiments that the spectral changes as
shown in these figures are reversible. Similar experi-
ments were carried out by changing the wavelength of
the irradiating laser light. For example, a CW He-Cd
laser (2 =442nm), a CW Ar" laser (1 = 528.7, 514.5,
501.7, 496.5, 488.0, 476.5, 472.2, 465.8, and 457.9 nm),
and a pulsed Nd*" : YAG laser (1 = 266, 354.7, 532,
and 1064nm) were used. No spectral change was
observed with these lasers, which indicates that the
CW UV laser light of the wavelength 325 nm is required
to induce the spectral change. The speed of the spectral
change is accelerated by increasing the power density of
the activating light. The change to the white PL emission
can also be observed at low temperatures down to 7K,
which indicates that the phenomenon does not arise
from a phonon-assisted process and that it is a purely
electronic mechanism. In spite of the changing atmo-
sphere (for example, O, gas and air exposures), the white
PL state lasts for more than several months at room
temperature after the removal of the laser light under
room light, and the red PL state re-appears only by
irradiating with the same UV laser light under O, gas
atmosphere of a pressure 1.01 x 10° Pa.

Finally, we turn to the observed photoinduced
spectral change between the red- and white PL. Noting
the result that the 325 nm photons are essential to induce
the spectral change. The 325 nm irradiation in vacuum
produces both valence change (Eu’" —Eu?") and
oxygen vacancies. They then induce local structural
relaxation (distortion) around photoexcited ions to form
a metastable state. A simplified scheme is drawn in
Fig. 6, omitting the detailed structure of the 4f electronic
states of Eu’" ions. The "Fy, MS and X represent the
ground state of Eu®" jons, the metastable state, and one
of some 4f excited energy level of Eu®" ions or charge-
transfer state, respectively. The coordinate Q expresses
some local structural change due to both the valence
number change of Eu®" ions and the oxygen vacancy
formation. The potential barrier of the height AE
separates the metastable state from the ground state.
In oxidizing atmosphere, the 325 nm radiation produces
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>0
Fig. 6. Schematic energy diagram of the photoinduced rever-
sible spectral change of Eu,Os.

the localized excitation of Eu®" ions and the deexcita-
tion of the photoexcited Eu®" ions provides the red
luminescence due to the Dy—’F, transitions, via the
nonradiative transitions (NR) to the °Ls, °Dy,
(J=3,2,1,0) states. When the photoexcitation is
carried out in vacuum, the excited state is relaxed
through both a radiative recombination and the local
structural relaxation to the metastable state. The 325 nm
excitation of the metastable state induces both the
backward transition and the transition to the localized
electronic state (LES) originating from the Eu®" and
oxygen vacancy formations. Since the photoproduced
metastable state is extremely stable even at room
temperature in oxygen, air and vacuum atmospheres
after stopping 325 nm irradiation as described above, the
potential barrier separating the ground state ("F,) from
the MS must be high enough to suppress the thermal-
forward and -backward transitions between the 'F,, state
and MS. The LES is a luminescence center strongly
coupled with lattice vibrations and, therefore, gives a
broadband luminescence as observed. Our PL-excitation
spectra measurements on all the specimens show that the
laser wavelength 325nm corresponds the lower-energy

edge of the charge-transfer (CT) absorption band
(Eu’" +0* > Eu’* +0'") and the transition energy
to higher excited states of Eu’" ions; for example,
"Fy—°L, transitions. Therefore, the CT and L, states
are candidates for the origin of the X state. However, the
observed spectral change is thought to be a surface
phenomenon. The detailed surface electronic structure
should be clarified for further discussion.
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Raman and optical absorption studies of the antiferromagnetic insulator MnO were performed at
several temperatures under high pressure. In Raman scattering at 2 K, it was observed that the
two-magnon peak shifts to higher energy with increasing pressure and then disappears at around
20 GPa. This suggests that a change in spin arrangement occurs at that pressure. At 77 K the
peak-vanishing pressure increases to 25 GPa. At room temperature, a jump of the Raman peak
position was observed at 30 GPa and the peak vanishes at 89 GPa. These results are consistent
with previous X-ray diffraction studies which showed phase transitions at 30 and 90 GPa. The
vanishing of the Raman peak suggests a metallization transition. The pressure dependence of the
Mn?* d—d transition observed in optical absorptions was consistent with the crystal field theory up
to around 25 GPa at room temperature.

Introduction MnO is well known as a Mott insulator and has antiferromagnetic char-
acter at temperatures lower than 7y = 118 K. It has type-II spin structure in which
ferromagnetically ordered (111) sheets are stacked antiferromagnetically in the [111]
direction. This causes the rock-salt (B1) structure to undergo a small trigonal lattice
distortion below Ty, contracting along a [111] direction. Recently new phase boundaries
have been observed at 30, 90 and 120 GPa by X-ray diffraction performed at room
temperature [1] and theoretical works about the phase transitions have been reported
[2]. There have been few experimental studies of the magnetic properties at low tem-
perature and high pressure [3-5] and the highest reported value of applied pressure is
only 3.3 GPa [4]. It is difficult to study aniferromagnetic materials by conventional
magnetization measurement under high pressure, both because the magnetization signal
is very weak on account of the anti-parallel spin configuration in antiferromagnetic
materials and because of the small sample volume needed in the pressure cell. On the
other hand, only 1078 cm? of crystal is required for accurate Raman detection, which
enables us to use a diamond anvil cell (DAC). Furthermore, the Raman shift due to the
antiferromagnetic magnon is larger than that of a ferromagnetic one [6]. Since the posi-

1) Corresponding author; Tel.: +81-6-6850-6417; Fax: +81-6-6845-4632;
e-mail: mita@mp.es.osaka-u.ac.jp
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tion and intensity of the magnon Raman peak are strongly affected by the spin con-
figuration, drastic changes of the magnon Raman peak indicate changes in the spin
arrangement. Thus magnon Raman scattering is one of the best ways to study magnetic
phase transitions of antiferromagnetic materials under high pressure [7].

The localized d-states of Mn?" ions are split into de and dy states by the octahedral
crystal field created by surrounding O?~ ions. The validity of this crystal field model
can be investigated from the effect of pressure on the d—d transition energy [8, 9]. In
this paper we report studies of magnetic phase transitions and Mn?** d—d transition of
MnO under very high pressure by Raman scattering and absorption measurements.

Experiment Raman and absorption measurements were performed. The Raman study
was carried out in back scattering geometry on single crystals of MnO in the pressure
range 0-90 GPa at 2, 77 and 300 K. Samples were pressurized using a DAC. Liquid
helium or a methanol-ethanol (4:1) solution was used as a pressure medium as occa-
sion demands. For pressure calibration, the standard ruby fluorescence method was
used. The excitation source was the 514.5 nm line of an argon ion laser. Scattered light
was detected by a Jobin-Yvon triple monochromator T64000 and a Jobin-Yvon Spex
Spectrum-one CCD (charge coupled device) system. Visible and near-infrared (IR) ab-
sorption measurements were also performed up to 80 GPa on powdered samples at
room temperature. No pressure medium was used. Jobin-Yvon types H20 and H20IR
monochromators were used in visible and near-infrared regions, respectively.

Results and Discussion Figure 1 shows pressure dependence of the Raman spectrum
measured at 2 K. In the spectrum obtained at 1 GPa, two peaks are observed clearly
around 500 and 550 cm~!. These are a two-magnon (2M) and a two-TO phonon Ra-
man peak, respectively [10, 11]. With increasing pressure, the 2M and 2TO peaks shift
toward higher energy. The 2M peak
becomes weak and disappears around

T‘—:2Kl A 19 GPa. A relation between applied
19.0Gpg  Pressure and the peak position is
' illustrated in Fig. 2, here open circles
M 170 and full squares represent 2M and
1 . 2TO Raman peaks, respectively. Up to
m 20 GPa, pressure coefficients of 2M
5 ! 13.2 and 2TO are 1.1 and 2.4 cm '/GPa,
o
A W 10.3
=
7]
o)
j=i }
7 5.2
Fig. 1. Raman spectra of MnO under sev-
1 eral pressures obtained at 2 K. A two-mag-
T 1.0 non (2M) and a 2TO phonon peak are
2M 2TO seen. With increasing pressure, the former
o 2 becomes weak and vanishes around 19 GPa

300 400 500 600 700
Raman Shift (cm™)
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Fig. 2. Pressure dependence of Raman
peak positions at 2 K. Full squares and
open circles represent 2TO phonon and
two-magnon (2M) Raman peaks, re-
spectively. At around 20 GPa, the 2M
peak vanishes and a change in pressure
coefficient of the 2TO peak occurs
from 2.4 to 1.3 em~'/GPa

respectively. Above 20 GPa, the 2M peak disappears and the pressure coefficient of
the 2TO peak becomes 1.3 cm~!/GPa. These results suggest that the antiferromagnetic
spin configuration exists up to 20 GPa and a change in spin arrangement (magnetic
phase transition) occurs around 20 GPa. However, we are unable to determine the
precise spin arrangement in the higher pressure region. At 77 K, the 2M Raman peak
disappears around 25 GPa. At room temperature, only the 2TO peak is observed, be-
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65
59
52

48
44

A
;“’””/m/\\:,,,w
A Ny
W
W

Intensity (arb.units)

29

22
16

3.1

300 400 500 600 700 800
Raman Shift (cm™)

cause the temperature is higher than
Tn (Fig.3). A small peak around
670 cm~! is attributed to scattering
associated with electronic excitation
of impurities [10]. The 2TO peak
vanishes at 89 GPa and we observed
that the sample becomes highly re-
flective around the pressure. The
metallic nature around 90 GPa has
observed previously by Kondo et al.
[1]. The pressure dependence of the
2TO peak position is illustrated in
Fig. 4. A slight jump of the peak to-
ward lower energy is seen around

Fig. 3. Raman spectra at room tempera-
ture. The peak disappears at 89 GPa.
Vanishing of the Raman peak suggests
metallization of the sample
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680 [T~ - r Fig. 4. Relation between Raman peak posi-
660 | 300K tion and applied pressure at room tempera-
—~ 640 F ture. A jump of the Raman peak toward
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30 GPa. These changes around 30 and 90 GPa may be due to the phase transition
observed by X-ray diffraction [1].

Figure 5 shows typical absorption spectra at room temperature under three different
pressures. The observed peak, marked by arrows, is ascribed to the 3d crystal field
splitting transition from the ground state °A; to the excited state *T; [12]. With increas-
ing pressure, the peak shifts to lower energy which can be explained by the increase of
the crystal field formed by O?~ ions. According to the crystal field theory [8], the
crystal field splitting 10Dg is proportional to a=>, where a is the lattice constant, and
the SA; — *T| transition energy (E) normalized to the Racah parameter B is given by
E/B = 32.5, which is a constant. Figure 6 shows the relation between E and (a/ag),
where ag is the lattice parameter at ambient pressure, and the values of a were ob-
tained from a pressure—volume relation obtained by X-ray analysis [1]. The highest
pressure of the data point corresponds to 78 GPa. The slanting line in the figure is
calculated by crystal field theory [8]. Up to (a/ag)™> = 1.24 (26.1 GPa), the agreement
between theory and experimental result is good. However, the experimental data begin

78.0 GPa

{

30.8 GPa

(arb.units)

0.D
%
fp)
BT

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Photon Energy (eV)

Fig. 5. Absorption spectra at room temperature under three different pressures
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2 Fig. 6. Relation between (a/ap)~> and 3d transition
_\ (°A; — *T)) energies of the Mn?* ion
1.9 )
®
1.8
()
1.7
~ L]
>
S 16
w [ J
1.5
[ ]
1.4 to deviate from the theoretical line with in-
creasing pressure. This deviation suggests that
13 ¢ o Mn?* ions are no longer behaving as isolated
12 impurities and the effect of formation of an

1T 1.1 12 1.3 1.4 1.5 1.6 1.7 energy band is no longer ignorable.
(a/a)® ] '
Conclusions Raman scattering and absorp-
tion measurements of MnO were performed
under high pressure. In Raman scattering at 2 K, it was observed that the two-magnon
peak shifts toward higher energy with increasing pressure and disappears around
20 GPa. This suggests that a change in spin arrangement occurs at that pressure. At
room temperature, a phase transition around 30 GPa is observed, as has previously
been reported by X-ray diffraction experiments. Furthermore, vanishing of the 2TO Ra-
man peak is observed around 90 GPa. It seems to correspond to the metallization tran-
sition reported previously. From absorption measurements, it appears that the crystal
field theory which treats the Mn?* ions as isolated impurities is valid up to around
25 GPa.
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The photoluminescence (PL) and PL excitation (PLE) spectra of superionic conducting Agl-yAl,O, com-
posites have been measured at different temperatures between 7 K and room temperature. The X-ray dif-
fraction patterns of these composites have also been measured at room temperature. The PL intensity peak
observed at 426 nm is closely connected with radiative decay of free excitons in Agl, while other emis-
sion bands are connected with shallow excited states in Agl and deep excited states at the Agl/yAlLO; in-
terface. With increasing excitation light intensity, the PL efficiencies of several emission bands become
saturated, except for the free exciton band. These results may give important information about the origins
of the high ionic motion in these composites.

1. Introduction Recently, there has been growing interest in fast ion conduction in composites and
glasses because these may yield new solid electrolytes. They are also useful materials for studying coop-
erative phenomena between mobile ions and electrons in solids. Moreover, it is hoped that transparent
electrical conductors can be found, which are useful for optoelectronic devices. Shahi and Wagner first
reported the extremely high absolute values of electrical conductivity in Agl-yAl,O; composites [1].
Hitherto, considerable work to clarify the mechanism of high ionic conductivity in the Agl—-yAl,O; sys-
tem has been carried out by many workers [2, 3]. Many models to explain the high ionic conductivity
have been proposed by noting the high ionic conductivity at the Agl/yAl,O, boundary. However, a basic
problem arises. What is the atomic structure of the Agl/yAl,O; interface?

The Agl constituent material shows clear optical spectra due to excitons in the bulk [4], film [5-7]
and microcrystals [8]. The exciton behavior is sensitive to the environment in which the excitons are
moving, and, therefore, the optical spectra due to excitons may provide useful information about the
Agl/yAlLO; interface. In this paper, we report in detail on the optical and structural studies that we have
conducted on Agl-yAl,O; composites and propose an atomic structural model.

2. Experimental Agl-yAl,O, composites were prepared by mixing Agl and wet yAl,O; of particle
size 60 nm, heating the mixture at about 873 K for 12 h in air and annealing at 373 K for 12 h. The
atomic structural data of the composites were gathered using an X-ray diffraction (XRD) system with
Cu Ka,, radiation. Photoluminescence (PL) spectra were measured using an optical multichannel ana-

lyzer. AN, laser (wavelength A=337.1 nm, pulse width <1 ns), a Nd*:YAG laser (1 =355 nm, pulse
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width <5 ns) and a monochromatic light source consisting of a 150 W xenon lamp and a grating mono-
chromator were used as the excitation source. PL excitation (PLE) spectra were recorded using an appa-
ratus consisting of the same monochromatic light source described above, a grating monochromator and
a synchronous light detection system.

3. Results and discussion The XRD patterns of different (Agl).(yYAl,O;),_, composites were measured
at room temperature and the results for x = 0, 0.20, 0.23, 0.57, 0.73, 0.87 and 0.93 are shown in Fig. 1.
With increasing x, some broadening of the peaks and weakening of the (%01) peaks of BAgl become
pronounced at 260 = 25.4°, 32.8°, 42.6°, 47.2°, 52.0° and 66.5°. However, new diffraction lines can be
observed near reduced (h01) peaks, as reported by Lee et al. [2]. They can be referred to a new stacking
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sequence of the close-packed planes in the wurtzite structure of Agl. They also explain the XRD features
of Agl-yAlL O, composites by taking account of seven-hexagonal-layer polytype Agl (7H-Agl) with the
stacking sequence ABCBCAC [2, 9, 10]. The new diffraction lines at 24.5°, 25.8°, 30.7°, 34.8°, 41.5°,
43.9°, 58.2° and 60.2° seem to correspond to the (103), (104), (106), (108), (1010), (1011), (2010) and
(2011) peaks of the polytype structure, respectively. On further increasing x, the XRD pattern becomes
close to that of the Type II Agl specimen [9], which has the 7H structure.
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The PL spectra obtained for (Agl),(yAl,O5),_,
with different compositions at 10 K are compared
in Fig. 2. The PL was excited by the 337.1 nm
laser line of the N, laser. Pure yAl,O, shows a
broad PL band centered at about 448 nm. Addi-
tion of a small amount of Agl, x = 0.2, leads to a
decrease of the PL intensity at shorter wave-
lengths than about 425 nm which corresponds to
the Z,, exciton energy of pristine Agl. The light
absorption by environmental Agl may decrease
the intensity of light emitted from yAl,O; parti-
cles. A very broad PL band centered at 720 nm
appears, which may arise from the Agl/yAl,O,
interface. This broad band may be assigned to
radiative decay of Agl excitons trapped by a deep
potential at the Agl/yAl,O; interface. On further
increasing x, the PL intensity of the very broad
band decreases and several PL bands around 440
nm become prominent. Since the Z, , free-exciton
energy is 2.915 eV (= 425 nm), the bands around
440 nm may be assigned to radiative decay of
Agl excitons trapped by a shallow potential in-
side Agl domains in the Agl-yAl,O; composite.
At the higher x region (x > 0.87), the 425 nm
emission due to free excitons in Agl appears
clearly.

Figure 3a shows the temperature dependence
of the PL spectrum of (Agl),(yALOy),, for x =
0.87. With increasing temperature, free-exciton
emission prevails against the shallow- and deep-
level emissions. In Fig. 3b the PL spectra ob-
served at 9 and 148 K are compared, which may
be due to thermal activations from shallow and
deep excited states to the free-exciton state. Fig-
ure 3¢ shows the PL and PLE spectra at 9 K. This

Fig.3 PL spectra for (Agl),s,(YALO,),,5: a, b) tem-
perature dependence; ¢) PL and PLE spectra; d) excita-
tion light intensity dependence.
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indicates that the shallow and deep levels are below 0.16 and 0.56 eV from the bottom of the free-
exciton band, respectively. The PLE peak at 413 nm is assigned to free-exciton absorption in polytype-
structured Agl [7].

The excitation light intensity (/.,) dependence of the PL spectrum was also studied. The results are
summarized as follows. The free-exciton emission increases with I, while the shallow and deep level
emissions have higher yields than that of the free exciton, but they become saturated under intense exci-
tation. These saturations arise from the finite number of shallow and deep level PL centers. In Fig. 3d the
PL spectra under intense I, and weak 0.03/, (peak power I, = 200 kW) excitations at 9 K are typically
compared.

Finally, on the basis of the results described above, we propose a structural model for Agl-yAl,O,
composites as follows. yAl,O; particles are enveloped with the hexagonal-layer polytype Agl, which has
high ionic conductivity. Both the interface and the polytype structure of Agl may play important roles in
fast ion conduction. Through this interface, the mobile Ag*—Ag* ion exchange responsible for fast ion
conduction may occur. Free excitons are trapped by a shallow potential inside Agl domains and a deep
potential at the Agl/yAl,O; interface. Since the mean free path of free excitons is finite, the effects of the
interface on PL become obscured by the contribution from shallowly trapped excitons inside Agl do-
mains with increasing Agl content (i.e. Agl domain size), as shown in Fig. 2.
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The photoluminescence (PL), time-resolved photoluminescence (TRPL) and PL-excitation (PLE) spectra
of superionic conductor glass (Agl),(Ag,WO,), s have been measured at different temperatures between
8 K and room temperature. The PL intensity peak is observed at 426 nm which corresponds to free exci-
ton wavelength of pristine Agl. There are also different PL bands well related to the internal and interface
states of mesoscopic Agl particles in Ag,WO, glass matrix. This may give important information about
the origins of superionic conduction. With increasing excitation light intensity, the PL efficiencies of sev-
eral emission bands become saturated, except for the free exciton band.

1. Introduction In recent years, a growing interest has arisen in the study of highly ion-conducting
glasses because the glasses may yield new solid electrolytes and are useful specimens for studying the
interactions between mobile ions and electrons in solids. Progress in this research field on the high ionic
conductor has been mainly achieved by studying the electrical and thermal properties [1, 2]. However,
several fundamental problems arise. What are the atomic structures of glasses? What delocalizes some
of the ions in glasses to exhibit fast ion conductions? In order to elucidate these problems,
(AgD),(Ag,WO,),_, glasses are chosen for the present study because they have high ionic conductivity
due to Ag” ions. The Agl which is a constituent material shows clear optical spectra due to excitons in
the bulk [3], film [4-6] and microcrystals [7]. The exciton behavior is sensitive to the environment in
which excitons are moving, and therefore the optical spectra may provide useful information about glass
structure. In the present paper, we report on the experimental results of the optical studies on
(AgD)oss(AgaWO,)0.15 glasses in detail, and we deduce the glass structure by comparing the optical data
with the XRD patterns.

2. Experiments (Agl),(Ag;WO,),_, glasses were prepared by mixing Agl, Ag,0O, and WOs in air, by
heating the mixture at about 873 K for 12 h and by cooling rapidly down to room temperature with a
twin-roller. The glass structural data were gathered by a XRD system using Cu Ka, line.

The PL and TRPL spectra were measured by an optical multichannel analyzer system. A N,-laser
(wavelength A = 337.1 nm, pulse width <1 ns), a Nd**: YAG laser (A =355 nm, pulse width <5 ns) and a
monochromatic light source consisting of a 150 W xenon lamp and a grating monochromator were used
as the excitation source. The PLE spectra were recorded in an apparatus consisting of the same mono-
chromatic light source, a grating monochromator and a synchronous light detection system.

* Corresponding author: e-mail: motizuki@physics.chs.nihon-u.ac.jp, Phone/Fax: +81-3-5317-9771
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Fig. 1 X-ray diffraction patterns of different
(AgI)O.SS(Ag2WO4)U.15 glasses'
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Type-a glass 3. Results and discussion Depending on
the cooling speed of the melt, two different
types of specimen were obtained. As shown in
Fig. 1, under rapid cooling condition, glass
predominantly showing the XRD pattern of
aAgl phase (Type-o. glass) was obtained,
while under less rapid cooling condition, glass
predominantly exhibiting the XRD pattern of
low-temperature Agl phases (Type- glass)
was obtained. It has been elsewhere reported
that Agl precipitated in glass are particles
whose sizes are several ten nanometers [8].
20° 300 40° 500 60° Figure 2 shows the PL and PLE spectra of
20 the type-a glass at 9 K. The spectra are nor-
malized in intensity. We have found that the
PL for the type-a glass cannot be excited with
any ultraviolet light, but with green light. The PL has very broad bandwidth and the intensity peak of the
PLE spectra appears near the absorption edge wavelength (483 nm) [6] of aAgl. This indicates that the
observed PL is due to excitons of aAgl particles precipitated in glass matrix. The PL spectrum is shifted
by about 0.6 eV from the intensity peak of the PLE spectra. The shift may arise from deeply trapped
exciton states due to strong electron—phonon interaction in acAgl particle or deeply trapping potential at
aAgl/matrix glass interface. The observation wavelength dependence of PLE spectra may arise from
different trapped states due to different shapes and sizes of the aAgl particles.

Figure 3 shows the PL spectrum of the type-p glass at different temperatures. The intensity peak at
about 425 nm is assigned to radiative decay of free excitons in Agl particles [4, 5, 7], while the sideband
at about 436 nm is assigned to radiative decay of excitons trapped by lattice defects and impurities. The
broadband peak at about 484 nm is assigned to radiative decay of excitons trapped at 3 or aAgl/matrix
glass interface. The TRPL measurements show that the PL decay times of the free exciton and board
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bands are shorter than 10 ns, that is about 25 ns. As shown in the inset, the PL except for free excitons
are weakened and only free exciton PL becomes prominent with increasing temperature, which may be
due to a thermally activated reverse process from trapped states to free exciton state.

Figure 4 shows the excitation-light-intensity dependence of the PL spectrum of the type-B glass at
10 K. With increasing laser fluence (peak power I, = 200 kW), the intensity of PL due to free excitons
increases linearly, while the intensity of PL due to trapped excitons increases and then becomes saturated
at higher fluences. In the inset figure, the spectra for intense and weak-excitation limits are compared,
which correspond to curves S and W, respectively. This excitation-light-intensity dependence shows that
the PL centers due to trapped excitons have higher quantum yields than free excitons, but the number of
the PL center is limited.

Finally, we apply the results of the present optical study to the ion conduction. Since the chemical
potentials of Ag* in Agl and Ag,WO, glass differ, a transition layer is formed at the interface between
Agl particle and Ag,WO, glass matrix. Many crystalline defects may be also contained at the interface,
which gives rise to deep trap for free exciton and enhances ionic conductivity. The deeply trapped exci-
ton states can be connected to the transition layer. Through this layer, the mobile Ag*—Ag" ion exchange
responsible for high ionic conduction occurs in the type-a and type-3 glasses.
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Fig. 4 Excitation-light-intensity ~ depend-
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The photoluminescence (PL)-, time-resolved PL (TRPL)- and PL-excitation (PLE) spectra of
(AgD),(AgPO;), _, glasses and Eu’t ion-doped (Agl)(AgPO;);_, glasses have been
measured at different temperatures between 7K and room temperature. The X-ray
diffraction (XRD) data have been also obtained. Comparing the obtained optical spectra
with the XRD patterns of these glasses, the local structure and fast Ag"* ion conduction of
(Agh),(AgPO3), _ glasses are discussed.

Kevwords: Photoluminescence; Glass structure; Super ionic conductor; Exciton

1 INTRODUCTION

Agl-based glasses attract much attention because the glasses may yield new
solid electrolyte and present useful specimens for studying cooperative
phenomena between mobile ions and electrons in solid. Progress in this
research field on the high ionic conductor has been mainly achieved by
studying the electrical and thermal properties [1]. However, there arise
some fundamental problems. What are the atomic structures of Agl dis-
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solved in a glass matrix? How does Agl doping delocalize some of Ag™
ions in glasses to exhibit fast ion conductions? In order to elucidate these
problems, (Agl)(AgPO;),_, glasses are chosen for the present study
because they can be easily prepared over large composition ranges and
have been widely investigated. Moreover, Agl shows clear optical spectra
due to excitons in the bulk [2], films [3-5] and microcrystal [6]. The exci-
ton behavior is sensitive to the environment in which excitons are moving
and therefore the optical spectra may provide useful information about
glass structure. In the present paper, we report upon the optical studies
on (Agl),(AgPO,), _, glasses and we arrive at a view on the glass structure
by comparing the optical data with XRD patterns.

2 EXPERIMENTS

(Agl),(AgPOs), _, glasses were prepared by mixing Agl, AgNO; and
NH4H,PO, in air, by heating the mixture at about 873 K for 12h and by
cooling rapidly down to room temperature with a twin-roller. By adding
Eu,05 to the mixtures, Eu’" ion-doped (Agl)(AgPOs), _, glasses were
produced with the same procedure. The glass structural data were gathered
by a XRD system using Cu Ko, line.

The PL and TRPL spectra were acquired by an optical multichannel ana-
lyzer (OMA) system. A N,-laser (wavelength 4 =337.1 nm, pulse width
<1ns), a Nd&>* YAG laser (A=2355nm, pulse width <5 ns) and a mono-
chromatic light source consisting of a Xe lamp and a grating monochroma-
tor were used as the excitation source. The PLE spectra were recorded in an
apparatus consisting of the same monochromatic light source, a grating
monochromator and a synchronous light detection system.

3 RESULTS AND DISCUSSION

We have measured XRD patterns of different (Agl),(AgPO3), —, glasses at
room temperature for x=0, 0.2, 0.4, 0.6 and 0.8 shown in Figure 1(a). The
glass scattering of the AgPO; host glass at about 31 degrees is not greatly
changed by the introduction of Agl. This indicates that the Agl dopant does
not greatly alter the short-range covalent bonding of the phosphorous—oxy-
gen network but is primarily introduced into voids of the host phosphate
glass structure. This structure within the glass also gives rise to the prepeak
at about 12 degrees. With increasing x, the prepeak shifts toward smaller
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angle side. This indicates that the structure of the intermediate range order
varies with Agl doping [7). The present experiment shows that the glass
consists of interpenetrating silver phosphate and silver iodide regions
with length scales of order 1nm. For x> 0.4, the diffraction pattern
shows a superpesition of the glass scattering and Bragg powder diffraction
of stacking-fault-contained fAgl [8] which precipitate in AgPO; glass
matrix.

Figure 1(b) shows the PL spectra of (Agl),(AgPOs), _, glasses at 10 K.
Pure AgPO; glass shows a very broad PL band centered at 516 nm. The PL
band is Stokes-shifted by about 1.1 eV from absorption threshold and PLE
one. Doping a small amount of Agl to this glass weakens considerably the
516 nm-PL band and new broad PL bands appear at about 700 nm and
526 nm. The attenuation of the 516 nm band is mainly due to absorption
of doped Agl. Although Agl doping induces this longer wavelength
band, the structure of Agl resolved into the glass is not clear at present.
With further Agl doping (x > 0.4), the intensity of the 700 nm band
decreases, together with growing a sharp PL band appears at about
429 nm. This 429nm band arises from the radiative decay of excitons
trapped by shallow level in Agl. It shows that some precipitation of Agl
crystallite occurs in (Agl),(AgPO3),_. glasses, which agrees with the
XRD data. The exciton band is accompanied by a shoulder band at
about 442 nm. The radiative decay of exciton trapped by defects gives
rise to the shoulder band. The 526 nm band has a long decay time is con-
nected to the radiative decay of excitons trapped deeply at the Agl crystal-
lite/matrix glass interface. Since the precipitation of Agl in AgPO; glass
accompanies ionic conductivity increase, the Ag'-Ag" ion exchange
through such Agl crystallite/matrix glass interface is thought to be easier at
higher x region. The electron of free exciton in Agl crystallite is electrically
attracted and trapped by mobile Ag™" ions at the interface as observed in
the present experiments.

Figure 2 shows the PL and PLE spectra of Eu’" ion-doped AgPO;,
-(Agl)o.1(AgP03)o0 and -(Agl)y,(AgPO;)os glasses. The spectra consist
of a series of resolved bands peaking at 570-700 nm, which are assigned
to *Do—"F; (j=0,1,2,3,4) transitions of the Eu’" ions [9]. No difference
was observed in the Eu’* PL properties of the glasses with different
amounts of Agl. In Figure 3, the PL spectra of the Eu’" ions, subtracted
by the background PL due to glass and then normalized in each PL inten-
sity maximum, are plotted. Since the PL spectra are almost the same, it is
considered that the glass structure is not changed by doping with Agl. The
most striking result of the present study is the spectral feature of the
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FIGURE 2 PL and PLE spectra of Eu’*-doped AgPO; glass and two different Eu’* ion-
doped (Agl)(AgPO3), _, glasses at 10K.

Do—"F ', transitions of the Eu* jon, which are revealed by the local envir-
onment of the Eu’* jons. Among the *Dy— 7Fj transitions, the *Dy— 'F,
band at 612nm is an electric dipole transition and sensitive to chemical
bonds in the vicinity of the Eu’" jon. On the other hand, the *Dy—F,
band at 592 nm is a magnetic dipole one and hardly varies with the crystal
field strength around the Eu’* ion. Therefore, the PL intensity ratio of
Di=s ’F, to ’Dy—'F | transitions, called the asymmetry ratio, gives a mea-
sure of the degree of distortion from the inversion symmetry of the local
environment of the Eu’" jons in matrix. The asymmetry ratio of the
glass is calculated as 1.49, which lies well within the range of values
usually found in oxide glasses, indicating that the Eu’* ions occupy
high-symmetry sites. It is apparent that the asymmetry ratio is not changed
with increasing Agl, suggesting that the random glass-network structure
around the Eu’" jons is not changed by doping with Agl. This agrees
with the result which the density of (Agl)(AgPO;),_, glass decreases
with increasing x without altering the short-range covalent bonding of the
phosphorous—-oxygen network, with introducing into voids of the phosphate
glass structure [10].
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FIGURE 3 PL spectra due to the’Dy— "Fj transitions in Eu®* ion-doped AgPO, glass with
Eu’t ion-doped (Agl)o ;(AgPO3)oo glass at 10K.
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We have investigated the optical absorption (OA) and photoluminescence (PL) spectra of
Co/porous-glass (PG) composite at room temperature, comparing with C,o-solution and
Cyo film. The composite shows remarkably enhanced PL. The PL spectrum of C,y/PG
composite is accompanied by several molecular-vibronic side bands of isolated Cs
molecule. From the time-resolved photoluminescence (TRPL) spectra of the C,4/PG
composite, the spectral distribution and lifetime show two different relaxation processes.
The obtained results are analyzed by taking into account the thermally-activated delayed
fluorescence. The long lifetime component of the PL may arise from interactions between
C5o molecules and porous wall of PG. This interaction is responsible for the observed PL
enhancement.

Keywords: Fullerene; Porous glass; Photoluminescence

1 INTRODUCTION

The broadband photoluminescence (PL) of C;, fullerene has drawn much
interest in recent years. The fullerene powder is easily evaporated to pro-
duce homogeneous films on various kinds of substrate and therefore it
may well yield materials for light-emitting optical devices. However, the
fullerene films exhibit very weak PL at room temperature. Therefore, it
is desirable to improve the PL efficiency of C,o. Recently, we have
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produced C;0/PG composites by embedding C,o into the pores of
nanometer size in PG, and observed a considerable enhancement of the
PL efficiency of C7 at room temperature [1]. In this paper, we report in
detail four types of measurements: the steady-state, the time-resolved, the
excitation-light chopping frequency-resolved PL measurements and optical
absorption (OA) measurement of C;o/PG composite and propose a PL
enhancement model.

2 EXPERIMENTAL DETAILS

Nominally pure C7o powders (>99.5%) were used without further purifica-
tion. Corning porous glass (Vycor 7930) with an average pore size of 4 nm
was rinsed with acetone and with distilled water, and heated in air at 823 K
for several weeks. After immersing the heat-treated porous glass in the
9.5 x 107*M Cyo/toluene solutions for a week at room temperature, the
C-o-contained PG was heated at 523K in vacuum for 24 hours to remove
residual solvent. We examined thus produced C,o/PG composite by an
atom-forced microscope with the 10nm resolution, but could not detect
any aggregation of C;, molecules. The C;o film with a thickness of
about 1 um was grown on a silica glass substrate by thermal evaporation
in a vacuum of 10~ Pa.

PL spectra were acquired by an optical multichannel analyzer (OMA)
consisting of a grating monochromator and an image-intensified charge
coupled device (ICCD) system. A Nd’*:YAG laser (4=355nm, pulse
width <5 ns) was used as the excitation source. To avoid photo-polymeri-
zation of C5o molecules, the excitation power density used was sufficiently
weak. The emitted light was led to the same OMA through an optical fiber.
Time-resolved photo luminescence (TRPL) spectra were also measured by
using the same Nd’ *:YAG laser, the same OMA and two delay pulse gen-
erators. PL spectra were also measured as a function of excitation-light
chopping frequency (f4) by an apparatus consisting of a monochromatic
continuous-wave (cw) light source, a mechanical light chopper, a grating
monochromator and a synchronous light detection system. Optical
absorption spectra were recorded by using a double beam spectrophot-
ometer. All optical measurements were performed at room temperature.

3 RESULTS AND DISCUSSION

Figure 1 shows the PL spectra (solid lines) of (a) C9/PG composite and (b)
Co in toluene and (c) C;o film measured at room temperature with the
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spectra at room temperature: (a) C,9/PG composite; (b) Cq in toluene solution; (¢) Cyo film.
Each PL spectrum is corrected for the absorbed light-power.
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He-Cd laser line (442nm). The OA spectra (broken lines) of the same
C70/PG composite, Cq solution and C5 film are also shown. The PL spec-
trum exhibits some vibronic structures at 1.878, 1.807, 1.741, and 1.945eV.
At the lower energy side, two weak emissions are observed at 1.564 and
1.544 eV. These vibronic structures are similar to those of C,, solution
(Fig. 1(b)), except for the blue shift of about 25 meV. Any Csg-concentra-
tion dependence of the peak-energy shift was not observed in the present
study. Since the 1.878 eV PL peak of C;o/PG composite is close to the
first absorption peak at 1.887eV, we attribute the 1.878 eV band to the
0-0 transition. The 1.878, 1.807, 1.741 and 1.947 eV bands are assigned
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to be the vibronic transitions from the excited singlet state S; to the ground
singlet state Sp. The transitions are induced by the borrowing-intensity
mechanism as proposed by Herzberg and Teller (HT) [4,5]. The weak PL
bands at 1.544 eV accompanied by the 1.564eV band are also attributed
to the HT-type vibronic transitions from the excited triplet state T, to the
singlet state So which cannot clearly be observed in C4, solution shown
in Figure 1(b). At the higher energy side of those PL bands, a tail of the
white broad PL band is observed. The tail is due to surface coupling
between C;¢ molecule and porous wall, since such tail cannot be observed
in pristine porous glass. The white PL band shows the reversible photo-
induced spectral changes by irradiation of two different laser-light wave-
lengths, which will be reported elsewhere. Under cw excitation, C¢/PG
composite shows strong red-light emissions which can be clearly seen
with the naked eye. The PL efficiency of C,,/PG composite is about 8
times as large as that of C;, solution and 86 times as large as that of C,
film. The PL spectrum of C,,/PG composite similar to that of C4, solution
suggests that C5, molecules in the PG are well isolated from each other,
though the environment of C;y molecules differ considerably. An average
number of C;o molecules per pore of size 4 nm is estimated to be c.a.
0.05 from the observed OA intensity.

Figure 2(a) shows the time-resolved PL spectra of the C;,/PG composite
for different delay times #,. The sharp spike at 1.747 eV (twice of 355 nm)
is due to the stray scattering of the excitation laser pulse of (355 nm). The
PL spectrum at 7, = 0 resembles to the steady-state PL one shown in Figure
1(a). The HT-type vibronic PL bands around the 1.878, 1.810, and 1.732eV
(closed circles) are observed even at f,= 57 ms. These decay profiles con-
sist of two exponential components, whereas the 1.769 eV emission (closed
triangle) decays with a single exponential. The decay constant of the short
component is 7; =23 £ 3 ms and that of the long component 7, > 100 ms.
Because 1) is close to the lifetime of 24.5 3= 2 ms reported by Bachilo et al.
[5], we have attributed 7, to the thermally activated-delayed fluorescence
(TDF) due to the reverse S;—T, intersystem crossing. The contribution of
the long component was clearly observed as a fluorescence persisting
over several seconds with the naked eye.

To study the long-lifetime component in more detail, PL spectrum was
measured at different temperatures from 10K to 300K as a function of
the chopping frequency f;, of the excitation light. The results obtained at
room temperature are shown in Figure 2(b). We have subtracted a back-
ground PL band due to PG from the raw spectra for different f, to extract
the C;p-related emission. It is obvious that the PL intensity of 0-0 transition
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decreases with increasing f;,. Note that f, is related to both the light irra-
diation time 7; (i.e., Tiy=1/2fsn ) and the time window for PL measure-
ment. Under 30 Hz, this long 1, mainly contributes to the PL, especially
at the steady-state PL corresponding to the zero-f, limit, it plays a signifi-
cant role to the observed enhanced PL. In addition, with decreasing tem-
perature, the PL intensity decreases considerably. This indicates that the
transitions responsible for the PL enhancement are assisted by molecular
vibrations, that is, both 7, and 7, may be due to TDF. The difference in
their lifetime is due to the difference in C5; molecular environment.

In conclusion, we infer that the following two mechanisms mainly con-
tribute to the longer lifetime of PL in our experiment. (1) The coupling
between C,¢ molecule and the OH group at PG pore inner-surface affects
the C,o molecular vibration and suppresses the transition probability of
the vibronically allowed S;-S, transition. (2) The restricted-orientation,
-vibration and -collision of Cyy molecules by the interaction with glass-
pore wall should also reduce the radiationless transition. These reduced
radiative H-T type vibronic S,-S, transitions and restricted molecular
motion and collision in PG give rise to the cbserved long lifetime. The
PL enhancement for integration of the long decay component is expected
to be a characteristic of C;, molecules inside pore of PG.
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Pressure dependence of magnon Raman scattering was studied at 1.8 K up to 4 and 60 GPa for
solid oxygen and MnO, respectively. In both cases, magnon peaks shift to the higher energy side
with increasing pressure. In solid oxygen, the pressure coefficients and intensity of magnon Raman
peak are observed to change simultaneously around 0.1 GPa and the peak vanishes at 2.9 GPa. In
MnO, the two-magnon Raman peak vanishes around 20 GPa. These results mean that changes in
spin configurations (i.e. magnetic phase transitions) occur at these pressures.

1. Introduction It is difficult to study aniferromagnetic materials by conventional mag-
netization measurement under high pressure, both because the magnetization signal is
very weak on account of anti-parallel spin configuration in antiferromagnetic materials
and because of the small sample volume possible to be loaded in a pressure cell. On
the other hand, only 10~% or 10~ cm?® of sample volume is required for the accurate
Raman detection, which enables us to use a diamond anvil cell (DAC). Furthermore,
the Raman shift due to the antiferromagnetic magnon is larger than that of a ferromag-
netic one [1]. Since the position and intensity of magnon Raman peak is strongly af-
fected by spin configuration, drastic changes of magnon Raman peak indicate changes
in spin arrangement. Thus, magnon Raman scattering is one of the best ways to study
magnetic phase transition of antiferromagnetic materials under high pressure. We ap-
plied the method to detect magnetic phase transitions of two important materials (solid
oxygen and MnQO) under high pressure.

Solid oxygen is one of the most interesting molecular crystals because of its behavior
as a magnetic material. From many magnetic experiments, it is clarified that the lowest
temperature phase (o-phase) is antiferromagnetic with 7x (Néel temperature) = 24 K
[2]. However, the highest pressure at which magnetization measurements have been
performed is only 0.6 GPa [3]. On the other hand, MnO exhibits antiferromagnetism at
temperatures lower than 7x = 118 K. It has type II spin structure in which ferromagne-
tically ordered (111) sheets are stacked antiferromagnetically in the [111] direction.

) Corresponding author; Tel.: +81-6-6850-6417; Fax: +81-6-6845-4632;
e-mail: mita@mp.es.osaka-u.ac.jp
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This causes the rock-salt (B1) structure to accompany a small trigonal lattice distortion
below Ty, contracting along a [111] direction. No magnetization measurement under
low temperature and high pressure conditions has been reported previously.

2. Experiments Raman scattering measurements were performed in backscattering geo-
metry at 1.8 K in solid oxygen and MnO in the pressure range of 0—4 and 0-60 GPa,
respectively. Samples were pressurized using a DAC. Solid oxygen was compressed di-
rectly and liquid helium was used as a pressure medium for MnO. For pressure calibra-
tion, the standard ruby fluorescence method was used. The excitation source was a
514.5 nm line of argon ion laser. Scattered light was detected by a Jobin-Yvon triple
monochromator T64000 and a Jobin-Yvon Spex Spectrum-one CCD (charge coupled
device) system. In solid oxygen, the measurements were performed at both librational
(0-300 cm™") and vibrational (1500-1600 cm™!) regions.

3. Results and Discussion Figure 1 shows the Raman spectra in librational region un-
der various pressures. Besides two strong libron peaks, a peak due to the one-magnon
scattering [4] is also seen around 30—-40 cm~! marked by arrows. The relations between
applied pressure and Raman peak positions of the vibron (V), librons (L1, L2) and
magnon (M) are illustrated in Fig. 2. The pressure coefficients of the L1, L2 and M
peaks change around 0.1-0.2 GPa, on the other hand, in vibron (V), the change occurs
around 0.4 GPa and the influence remains up to 0.6 GPa. Until now the reason of this
discrepancy is unknown. Furthermore, the change in pressure coefficient of vibron is
observed also at 2.3 GPa. The pressure dependences of the magnon peak position
(open circles) and its peak intensity normalized by L2 (solid circles) are shown in
Fig. 3. With increasing pressure the intensity decreases drastically around 0.1 GPa and
the change in the pressure coefficient of
peak position occurs at nearly the same
pressure. The peak intensity decreases with
increasing pressure and disappears around
2.9 GPa. The fact that change in magnon
peak position and intensity occurs nearly at
the same pressure (at 0.1-0.2 GPa) indi-
cates that the change in spin arrangement
(i.e. magnetic phase transition) occurs
around there. On the other hand, jump in
magnon peak energy at 0.1 GPa is not large
and the peak shows nearly continuous high

Intensity (arb.units)

Fig. 1. Raman spectra of solid oxygen at 1.8K
A P PPN SPEIE SPR under various pressures
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Fig. 2. Pressure dependence of Raman
peak positions of the vibron (V), librons
(L1 and L2) and magnon (M) in solid
oxygen. Lines seen in the upper figure
are guides for eye

energy shift with pressure. There-
fore, it is deduced that the antiferro-
magnetic character basically con-
tinues at least up to 2.9 GPa and
phase transition at 0.1 GPa may be
due to a slight change in spin ar-
rangements in the antiferromagnetic
phase. Since one-magnon Raman
signal reflects the long-range mag-
netic order (k = 0), vanishing of the
magnon peak at 2.9 GPa probably
means that rhis antiferromagnetic
spin order becomes short range.
However, it must be emphasized
that the phase starts from 2.9 GPa
does not necessarily mean that the
phase is no more antiferromagnetic.
It is also possible the spins align in
different type of an antiferromag-
netic order.

Figure 4 shows the pressure de-
pendence of Raman spectrum of
MnO. In the spectrum obtained at
1 GPa, two peaks are observed
clearly around 500 and 540 cm™'.
These are a two-magnon (2M) and

Fig. 3. Relative intensity (solid circles)
and peak position (open circles) of mag-
non Raman peak at various pressures in
solid oxygen
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Fig. 4. Raman spectra of MnO at 1.8 K
under several pressures

a 2-TO phonon Raman peaks, re-
spectively [5, 6]. With increasing
pressure, the 2M and 2TO peaks
shift toward higher energy. The 2M
peak becomes weak and disappears
around 20 GPa. Therefore, the anti-
ferromagnetic spin configuration ex-
ists up to 20 GPa and a change in
spin arrangement (magnetic phase
transition) occurs around 20 GPa.
No further phase transition is de-
tected in the pressure region up to
60 GPa.

4. Conclusions Magnetic phase
transitions were detected by mag-
non Raman scattering under high
pressure at 1.8 K. In solid oxygen,
change in peak intensity and jump

of peak position of antiferromagnetic magnon are observed around 0.1 GPa and
vanishes at 2.9 GPa. In MnO also, the two-magnon peak shifts toward higher energy
with increasing pressure and disappears around 20 GPa. These facts reflect the change
in spin arrangements which occurs around the corresponding pressures.
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Structural and optical studies on mesoscopic defect structure
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Abstract

The electrical conductivity of (x)Agl—(1—x)ZnO (0< x< 1) composites at room temperature increases with increasing
Agl content and reaches a maximum at about 50% Agl. The results obtained by the scanning electron microscopy,
X-ray diffractometry and photoluminescence spectroscopy have clarified high-ionic-conduction pathways related to
mesoscopic defect structure at Agl/ZnO interfaces and mesoscopically disordered structure in Agl domain. We have
observed also new optical phenomenon, which may arise from excitation energy transfer between Agl-exciton and
photoinduced oxygen vacancy at the Agl/ZnO interface.

© 2003 Elsevier B.V. All rights reserved.

PACS: 72.80.Tm; 61.72.Nn; 68.35.Fx; 71.35.Cc; 78.55.Hx

Keywords: Defects in oxides; Defects at/near surfaces and interfaces

1. Introduction

The ionic conduction in a composite consisting
of Agl and oxide fine particles has received much
attention as a model material for searching new
solid electrolyte [1,2]. In the composites, electrical
conductivity ¢ was enhanced by a few orders of
magnitude higher than that of pristine Agl. Such ¢
variation is initially explained by taking into
account a space charge layer around nucleophilic
surface [3]. However, several basic problems were
raised about Agl-based composites. How does Agl
attach to oxide fine particles? What are the atomic
and electronic structures of the Agl/oxide fine

*Corresponding author. Tel./fax: +81-3-5317-9771.
E-mail address: fumito@phys.chs.nihon-u.ac.jp
(F. Fujishiro).

particle interface? Why oxide fine particles en-
hance conductivity? Constituent material Agl
shows clear optical spectra due to excitons in the
bulk [4], films [5,6] and microcrystals [7]. Besides
Agl, most oxides also show exciton spectra.
Generally, exciton spectra are very sensitive to
the environment in which excitons are moving
and, therefore, the optical spectra due to excitons
may provide useful information about the Agl/
oxide fine particle interfaces. Recently, we have
reported the structural, electrical and optical
properties of Agl-anatase composites [8]. Very
recently, we have fabricated also (x)Agl-
(1-x)Zn0O (0<x<1) composites and observed ¢
enhancement. Besides this, we have found new
photofunction in the composites. In this paper, we
report the structural, electrical and optical
studies of Agl-ZnO composites and discuss the

0921-4526/$ - see front matter © 2003 Elsevier B.V. All rights reserved.

doi:10.1016/j.physb.2003.09.025
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effects of defects at Agl/ZnO interface in these
composites.

2. Experimental

Agl-ZnO composites were prepared by mixing
Agl powder and ZnO fine particles (with an
average diameter of 20nm), heating the mixture
at 873K for 12h and then annealing at 373 K for
12h to remove the stress introduced at the phase
transition point of Agl, 420K. For the o
measurements, the composite powder was uniaxi-
ally compressed into pellets under 0.2 GPa for
30min at room temperature. To avoid the so-
called memory effect [9], the pellets were heat-
treated at 473 K in air for 12h and then annealed
at 373K for 12h, in a lidded crucible. After
evaporating silver onto both sides of the pellet, the
¢ measurements were performed by the impedance
method. The composites were characterized by
X-ray diffraction (XRD) analysis with Cu Ko,
radiation. The morphologies and distributions of
Ag, I, Zn and O atoms in the composites were
studied by a scanning electron microscope (SEM)
(Shimadzu SSX-550). A pulsed Nd*":YAG laser
(wavelength 1 = 355nm) was used as the excita-
tion source. The photoluminescence (PL) spectra
were measured by an optical multichannel analy-
zer (OMA) consisting of a grating monochromator
and an intensified diode-array detector.

Photoinduced-spectral-change experiments were
carried out with a continuous wave of He—Cd laser
line (A=325nm) with a power density of 5.4
kW/m?. The same He-Cd laser line was used to
excite luminescence. Emitted light is measured as a
function of irradiation time ¢, with the same
OMA.

3. Results and discussion

The SEM observations and atom-distribution
maps indicate that ZnO particles less than 1 pum
in size are densely dispersed in Agl matrix and
the surroundings of ZnO particles are silver rich.
Fig. 1 shows the XRD patterns of (x)Agl-
(1—x)ZnO composites at 300 K. All XRD patterns
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Fig. 1. The XRD patterns of (x)Agl—(1—x)ZnO composites (at
300 K).

in this figure are normalized at the peak intensity.
With increasing x, some diffraction lines related to
Agl become pronounced and all diffraction lines
can be almost assigned to vy-Agl (zincblende
structure), B-Agl (wurtzite structure) and ZnO
(wurtzite structure), as shown in Fig. 1. The
intensity ratio of the B-Agl (002) line, which
coincides with the y-Agl (11 1) peak, to the B-Agl
(100) line tends to increase from about 4 to about
8 while increasing x from 0.1 to 1.0. Such an
increase may be explained by either a preferred
orientation of B-Agl crystallites or an increase of
v-Agl component in the composites, accompanied
by stacking disorder in hexagonal B-Agl. How-
ever, it is noted that the B-Agl (101), B-Agl (102)
and B-Agl (103) lines become weak in the large x
region (x>0.5), which may be connected to
stacking disorder in B-Agl lattice [8,10]. Referring
to the known result that a silver-deficient Agl
solution crystallizes in the y phase and silver-rich
Agl solutions do so in the B phase, this is
interpreted as follows. Preferential Ag™ ion
adsorption on ZnO surfaces (silver-rich) induces
a concentration gradient of Ag " ions in the Agl
domain and oxygen vacancies on ZnO particle
surfaces. The gradient produces then vy-Agl
crystallites and B-Agl ones in the Agl domain.
The degree of the gradient is dependent on the
ZnO contents and, therefore, the diffraction
intensity ratio of the y-Agl line to the B-Agl line
varies with x.
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The ¢ at 1kHz for (x)Agl-(1—x)ZnO compo-
sites at 300K is plotted against x in Fig. 2. No
frequency dependence of ¢ was observed between
42Hz and 100 kHz. As seen in this figure, o
increase is abrupt against x. On further increasing
x, o reaches a maximum (about 2.3 x 107 S/m) at
x = 0.5. Since the ¢ for a pristine Agl specimen
prepared in the same way is 4.5 x 107> S/m, the ¢
is enhanced by about 50 times. In the x region
larger than 0.5, ¢ falls gradually toward the g of
pristine Agl. In the light of the porosity data
shown in the inset of Fig. 2, the ¢ variation in the
small x region may be mainly caused by insulating
pore effect. On the other hand, the ¢ enhancement
observed in the intermediate region of x may arise
from some composite effects, since the starting
materials, pristine Agl and ZnO, have low ¢. The
composite effects may arise from highly ionic-
conductive regions at the Agl/ZnO interfaces. The
v-Agl and B-Agl crystallites may act as Ag " ion
donor and acceptor, respectively. Thus, we can
anticipate high Ag" ion conductivity not only at
the Agl/ZnO interface but also at the y-Agl/B-Agl
interface. With decreasing x from 1 to 0.5,
dispersed ZnO particles approach each other and
then the space charge effect spreads over the Agl
domain to display a maximum in the o—x curve.

We have measured the PL spectra of (x)Agl—
(1-x)ZnO composites at different temperatures
between 9 and 288 K. Of them, the PL spectra
obtained by 355nm laser excitation at 9K are
compared in Fig. 3. All PL spectra in this figure
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Fig. 3. The PL spectra of different (x)Agl—(1—x)ZnO compo-
sites at 9 K.

are normalized at the peak intensity. Pristine ZnO
shows broad PL band ranging from 400 to 700 nm.
The PL has been fully studied by many workers and
has been attributed to oxygen vacancies [11-13]. The
addition of small amount of Agl, x = 0.2, leads to a
considerable decrease of this ZnO-related PL and
gives a sharp PL band at 428 nm and a broad PL
band centered at 440 nm. The addition of Agl to
ZnO particle may produce oxygen vacancies at the
Agl/ZnO interfaces. This may act on the oxygen
vacancies to decrease luminescence related to
pristine ZnO and may give pathway of Ag™ ions
to enhance ¢. Since Agl domain size is small
compared with mean free path of free exciton in
the small x region, free excitons tend to be trapped
at the Agl/ZnO interface. The excitation-laser-
light absorption by added Agl should be also
taken into account for the decreased luminescence.
These PL bands at 428 nm, centered at 440 nm are
thus assigned to radiative decay of bound exciton
in Agl domain and bound exciton trapped at the
Agl/ZnO interface, respectively. Up to the x = 0.5,
the broad PL band centered at 440 nm increases
with increasing x. On further increasing x, from
0.5 to 0.9, the broad PL band centered at the
440 nm comes to disappear and three bands grow
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at about 422, 427 and 433 nm. These 422, 427 and
433 nm bands are attributed to radiative decay of
free exciton of Agl, bound exciton in Agl domain
and another type bound exciton, respectively.
Since Agl domain size increases with increasing
x, free excitons move with larger mean free path.
Some of such excitons are trapped inside Agl
domain and then radiatively decayed to increase
luminescence intensity, before reaching at the Agl/
ZnO interface.

We have found also a reversible photoinduced
PL spectral change in the present (0.5)Agl—
(0.5ZnO composite at room temperature, as
shown in Fig. 4(a). The arrows indicate the order
of the experiments. After fully irradiating with
325nm laser light in an evacuated specimen
chamber for 30 min, the specimen shows a broad
PL band centered at 520nm due to trapped
excitons of ZnO at oxygen vacancies, as indicated
by curve 1. Oxygen gas is then introduced into the
specimen chamber and, with increasing ¢, the
broad PL band decreases in intensity and a sharp
PL due to Agl-excitons appears at 426 nm, as
indicated by curve 2. Oxygen gas is then evacuated
from the specimen chamber and, with increasing
tir, the broad PL band becomes prominent, while a
sharp PL band due to Agl-excitons degrades as
indicated by curve 3. Through many successive

(a)
(0.5)Agl-(0.5)ZnO
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Fig. 4. The photoinduced spectral changes at 300K in (a)
(0.5)Agl—(0.5)Zn0O and (b) in pristine ZnO.

experiments, it is found that such spectral changes
(curve 2<>curve 3) appear repeatedly. The ob-
served spectral changes may originate from
excitation energy transfer between excitons in
Agl domain and photoinduced oxygen vacancies
at the surface of ZnO particle. The same experi-
ment is also carried out for pristine ZnO. The
results are given in Fig. 4(b). The PL intensity
change by replacing atmosphere is very similar to
that for (0.5)Agl—(0.5)ZnO. In the present experi-
ments, the 325 nm laser light irradiation in vacuum
and in oxygen gas may correspond to photoreduc-
tion and photooxidation, respectively. Therefore,
the PL intensity increase under laser light irradia-
tion in vacuum is thought to be due to the increase
in number of oxygen vacancies. The PL band
centered at 480 nm and the PL band tail shorter
than 410nm have been assigned to trapped
excitons at oxygen vacancies and neutral donor
bound excitons, respectively [11-13]. The present
photoreduction experiments indicate that both so-
called near-ultraviolet PL band and green one of
ZnO closely relate to oxygen vacancies.
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Reversible photoinduced spectral transition in Eu,Os;—)Al,O5
composites at room temperature
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Abstract

The photoluminescence (PL) intensity of Eu,O3;—yAl,O3 composite has been found to decrease at room temperature
with 325nm laser light irradiation in vacuum, without any accompanying white luminescence. Then, under the same
laser light irradiation in oxygen gas atmosphere, the PL intensity recovers. Through many successive experiments, it is
found that the spectral change is nearly reversible. In spite of the changing atmosphere (for example, oxygen gas and air
exposures), each PL state is stored for a long time at room temperature after the removal of the laser light under room
light. This phenomenon is interpreted as results of photoinduced valence-number change of europium ions, the oxygen
vacancy formation and some excitation energy transfer. Such a reversible phenomenon may well yield materials for

erasable optical storage and oxygen sensor.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Defects in oxides; Defects at/near surfaces and interfaces

PACS: 73.20.H; 82.50.F; 42.79.V; 78.55

1. Introduction

There has been a great deal of interest in the
study of materials displaying photoinduced rever-
sible spectral change at room temperature [1],
because a combination of such reversible phenom-
enon and the near-field optical microscope [2] is
very promising when applied to a high-density
optical storage with nanometer resolution. Re-
cently, we have observed a new-type erasable
optical memory effects accompanied by intense
white light emission in Eu,O; [3,4], at room
temperature under 325nm laser light irradiation.
Such optical memory effects arise from photo-

*Corresponding author. Tel./fax: +81-3-5317-9771.
E-mail address: motizuki@physics.chs.nihon-u.ac.jp
(S. Mochizuki).

induced valence-number change, photoinduced
oxygen vacancies or both. It is a hope that we
can find new materials having a photomemory
function by combining Eu,O3 and a photocatalyst
oxide (for example, anatase and yAl,O3). Very
recently, we have fabricated Eu,O3;—yAl,O3 com-
posites and found an erasable photomemory
phenomenon without any accompanying white
band emission. In this paper, we report the
experiments obtained for the (0.2)Eu,O3;—
(0.8)yAl,O53 composite, as a typical example.

2. Experimental

Eu,03-yAl,O3 composite powder was prepared
by mixing Eu,03; with particle size less than

0921-4526/$ - see front matter © 2003 Elsevier B.V. All rights reserved.

doi:10.1016/j.physb.2003.09.204



914 S. Mochizuki, H. Araki | Physica B 340-342 (2003) 913-917

5000nm and 7yAl1,05; fine particles (with an
average diameter of 60nm) in air, by heating the
mixture in the lidded crucible at 873 K for 69 h in
air. Powder compact specimens are prepared by
compressing the powder mixture under a pressure
of 0.2GPa for 2h at room temperature. Micro-
wave (frequency =2450 MHz, power=500W) ir-
radiation was carried out for 50min. Such
microwave treatment not only removes some
strain induced by compaction but also induces
effective sintering at low temperature [5]. If the
microwave power and frequency are set appro-
priately, sintering may proceed at low temperature
without any particle grain growth and, therefore,
without losing surface activity of yA1,0;5 fine
particles.

The composites were characterized at 300 K by
X-ray diffraction (XRD) analysis with CuKo;
radiation. The composite morphology was ana-
lyzed by a scanning electron microscope and an
optical microscope with a charge-coupled device
camera system.

Irradiation is carried out with a continuous
wave (CW) of He-Cd laser line (wavelength
2=325nm) with a power density of 318 W/m?,
which is less than 1% of that for previous works in
pristine Eu,Oj3 [3,4]. The same He—Cd laser line
excites luminescence. Emitted light is dispersed
and detected by using a grating spectrograph
equipped with a multichannel photodetection
system. PLE spectra were recorded by varying
the excitation-light wavelength A, with an appa-
ratus consisting of a monochromatic light source
and detecting the emission light intensity at the
fixed observation-light wavelength A,, as a func-
tion of A with a grating monochromator and a
synchronous light detection system. All the mea-
surements were carried out at room temperature.

3. Results and discussion

The apparent density of the (0.2)Eu,Os—
(0.8)yAl,O; composite is 1780kg/m> and the
porosity is 59% at room temperature. The X-ray
analysis indicates that the fabricated powder
compact is a mere mixture of the C-type (cubic)
EUQO3 [6] and '))A1203

Figs. 1(a) and (b) show the photoinduced PL
spectral changes of (0.2)Eu,05;—(0.8)yAl,O; com-
posite under CW 325nm laser light irradiation.
The experiments are carried out in numerical
order: 1 »2—3—4. The irradiation time ¢;,. under
given atmosphere and the kind of atmosphere
are given on each curve. When (0.2)Eu,O;—
(0.8)yAl,O53 composite is irradiated with 325nm
laser light at room temperature in vacuum of
about 1 x 107*Pa, the PL intensity decreases with
increasing f;,. The PL spectrum of the composite
shows red Eu®" emission (curve 1) due to the
Dy—'F, (J=0, 1, 2, 3, 4) transitions [7]. The
pristine yAl,Os displays a broad PL band, as
shown in the inset of Fig. 1(a), and pristine Eu,O3
displays both sharp PL line and a broad PL band
[4], while the broad PL bands due to pristine
yAlLO; and Eu,0O3 disappear in (0.2)Eu,Os—
(0.8)yAl,O3 composite. This indicates that there
are many nonradiative traps (NRT) for photo-
excited oxygen vacancies at yAl,O3;/Eu,Oj3 inter-
faces. The specimen chamber is then filled with
oxygen gas of about 0.1 MPa under the same
325nm laser light irradiation. With increasing ¢,
PL intensities due to the *Dy— 'F,; (J=0, 1, 2, 4)
transitions increases. This change is not accom-
panied by white light emission, which may be
simple materials for photomemory and optoelec-
tronic in comparison with pristine Eu,0O3 [3.4].
Oxygen gas is again evacuated from the chamber.
The red emission becomes weak. The spectral
change observed for (0.2)Eu,05—(0.8)yAl,O3 com-
posite appears reversible for replacing kind of
atmosphere. In Fig. 1(c), the PL intensity of the
line due to the *Dy— 'F, transition is plotted as a
function of ¢, for each specimen atmosphere. It is
also noted that the spectral change becomes more
prominent for more specimen-atmosphere change.
After removing the 325nm laser light, both the
intense- and weak-red emission states are stored
for a long time at room temperature in air.

Figs. 2(a) and (b) show the PLE spectra of
(0.2)Eu,03—0.8)yAl,03 composite and pristine
Eu,O5; powder compact. Fig. 2(c) shows the PLE
spectrum (solid curve) and PL one (broken curve)
of pristine yAl,O3 powder compact. In the PLE
spectrum of pristine yAl,O3 powder compact, two
broad absorption bands named X and Y are seen
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Fig. 1. Reversible photoinduced spectral change of (0.2)Eu,03—(0.8)yAl,O5; composite by replacing specimen atmosphere at room
temperature: (a) in vacuum, (b) in oxygen gas, (c) irradiation time dependence of the PL due to *Dy— "F, transition. In the inset of (a),
the PL spectrum of pristine yAl,O5 is compared with that of (0.2)Eu,O3—(0.8)yAl,O3.

at 210nm (=5.90eV) and 370nm (=3.35¢eV),
respectively, and a shoulder band named S band is
seen at 261 nm (=4.74¢V). The full-width at half-
maximum (FWHM) of the X and Y bands are 1.24
and 0.57 eV, respectively. The Y band centered at
3.35¢eV corresponds to deep electronic levels in the
energy gap (8.7¢V) of solid yAl,O;. The PL
spectrum is shifted toward longer wavelength to
display quasi-mirror relation with the PLE one.
Similar relation has been frequently observed for
deeply trapped and spacially localized electrons
around oxygen vacancies in metal oxide crystals
and in imperfect ionic crystals. We name such
localized electronic states due to oxygen vacancies
LESOV. In such case, the magnitude of the
FWHM depends on the electron—phonon interac-
tions and defect structure. Surely, the PL intensity

of the X and Y bands in the pristine yAl,Oj3
powder compact has been found in the present
experiments to increase with increasing ¢, under
325nm light irradiation in vacuum. Since the
325nm laser light irradiation in vacuum corre-
sponds to photoinduced associative detachment of
O, molecules near the specimen surfaces [4], the X
and Y bands are assigned to oxygen vacancies at
7A1,05 surfaces. The energy diagram of Eu® ™ ions
is thought to be insensitive to oxygen defects, since
the extent of 4f-electron wave functions is ex-
tremely small. We note especially the following
three of the obtained results.

(1) Eu,O3 attachment to yAl,O; creates nonra-
diative traps to annihilate the broad PL band
due to yAl,O3 and the white PL due to Eu,Os,



916

S. Mochizuki, H. Araki | Physica B 340-342 (2003) 913-917

(0.2)Eu,0; - (0.8)yALO, Agp=612m @
o~
(3
=
2
o
g
2
wa
<
3
g
.
2

pristine YALO, PLE PL (©)

A gy = 460 nm T
S
LA L R L A L L
200 250 300 350 400 450 500 550
Wavelength (nm)

Fig. 2. PLE spectra at room temperature: (a) (0.2)Eu,03—(0.8)yAl,O3 composite, (b) pristine Eu,Os, (c) pristine yA1,03. The PL

spectrum of the pristine yAl,Oj3 is shown in the inset of (c).

(2) 325nm laser light irradiation in vacuum
decreases the PL intensity of Eu,Oj;, while
the same laser light irradiation in oxygen gas
recovers the PL intensity of Eu,Os3,

After removing the 325nm laser light, both
the intense- and weak-red emission states are
stored for a long time at room temperature in
air.

3)

On the basis of present PL and PLE spectra for
pristine pAl,Oj3, pristine Eu,O3 and (0.2)Eu,O3—
(0.8)yAl,O5; composite, we have drawn an energy
diagram to explain the spectral transitions ob-
served for Eu,05—Al,O; composite in Fig. 3.
Solid arrows and dotted arrows indicate radiative
transitions and non-radiative ones, respectively.
The 325nm (=3.81eV) laser light wavelength
corresponds to the onset wavelength for the
charge-transfer (CT) excitation, the wavelength
for the "Fy—°L;, excitation and oxygen defect
excitation at Eu,O; surfaces. Gathering up these

excitations, they are indicated as a transition from
"F, to Z. Also, the LESOV in both yAl,O3 and
Eu,0O;5 can absorb incident 325 nm light and decay
nonradiatively to the NRT at yAl,O3/Eu,03
interfaces. Under CW 325nm laser light irradia-
tion in vacuum, some of Eu®" ions are excited to
higher-energy Z state and others transform to
Eu?" ions with creating oxygen vacancies at
Eu,0; particle surfaces. In the energy diagram,
the electronic states of Eu?" ion, the higher energy
levels of Eu’" ion and the LESOV in Eu,Os
particle surfaces are not shown for simplicity. The
CW 325nm laser light creates also oxygen
vacancies at yAl,O3- and Eu,Os-particle surfaces
in vacuum atmosphere. The valence-number
change (Eu’" - Eu’?") depresses the *Dy—'F,
emission and the excitation energy of Eu,Os is
also transferred to unphotoexcited oxygen vacan-
cies at 7yAl,O; surfaces, which depress the
’Dy—'F, emission of Eu’" ions. Since the
oxygen-vacancy-related PL has not been observed
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Fig. 3. Energy diagram of Eu,O3;—yAl,O3 composite.

for the present composite, the deexcitation of the
oxygen vacancies is accomplished with nonradia-
tive trapping (LESOV —» NRT). Under CW 325nm
laser light irradiation in oxygen gas atmosphere,
some of Eu?" ions transform to Eu’" ions with
annihilating oxygen vacancies at Eu,O; particle
surfaces. Simultaneously, at yAl,O5 particle sur-

faces, the annihilation of oxygen vacancies occurs
to decrease the number of oxygen vacancies. In the
result, the °Dy—’F, emission of Eu®" ions
recovers in oxygen atmosphere.
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Abstract

When Sm,03-powder compact and -microcrystal films are irradiated with 325 nm laser light at room temperature in
an evacuated chamber, their photoluminescence (PL) intensities are enhanced enormously. Then, introducing oxygen
gas into the specimen chamber, the intense PL state returns to the original weak one under the same laser light
irradiation. Through many successive experiments, it is found that the spectral change is reversible under 325 nm laser
light irradiation. After removing the 325nm laser light irradiation, each PL-state is stored for a long time at room
temperature under room light, in spite of any change of atmosphere. The PL excitation spectra indicate that the
observed phenomenon may arise from photoinduced valence-number change of samarium ions and photoinduced

oxygen defects.
© 2003 Elsevier B.V. All rights reserved.

PACS: 73.20.H; 82.50.F; 42.79.V; 78.55

Keywords: Defects in oxides; Defects at/near surfaces; White luminescence

1. Introduction

A purpose of the present work is finding new
materials which display persistent optical spectral
changes at room temperature by laser light
irradiation under specific atmospheres (this corre-
sponds to optical recording of information) and
then returns to the original optical spectra by laser
light irradiation under a different atmosphere (this
corresponds to optical erasing of the recorded
information). Recently, we have found the rever-
sible change in the photoluminescence (PL) spectra
and intense white PL in different Eu,Os-powder

*Tel./fax: +81-3-5317-9771.
E-mail address: motizuki@physics.chs.nihon-u.ac.jp
(S. Mochizuki).

compacts, -films and -microcrystals at room
temperature by changing the specimen atmosphere
under 325nm laser light irradiation [1,2]. The
spectral change is closely related to the photo-
oxidation and photoreduction, which induces the
valence number change of europium ions and
oxygen defects. Very recently, we have also found
similar photoinduced PL spectral change and
intense white PL in Sm,Os-powder compact and
-microcrystals.

Sm,05 is stable in air and has five phases
designated by X, H, A, B and C at atmospheric
pressure in order of decreasing temperature [3].
At room temperature, the C type (T} space
group) is thought to be the most stable phase.
However, the B type appears also frequently
as a metastable phase. The stability of the B-type

0921-4526/$ - see front matter © 2003 Elsevier B.V. All rights reserved.

doi:10.1016/j.physb.2003.09.253
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(C3, space group) phase may arise from slight
nonstoichiometries and other defects. Owing to
this quasi-bistability of the C and B types, we
can anticipate some photoinduced-structural
and -valence changes in Sm»,O; under light
irradiation. In the present paper, we report the
reversible photoinduced spectral change (PISC) of
Sm,03 microcrystals, together with that of Sm,Oj3
powder compact, in detail.

2. Experimental

Sm,03 powder compact (PC-Sm,03) was pre-
pared by compressing Sm,O3 powder of 99.9%
purity under a pressure of 0.2 GPa for 1h at room
temperature and they were then sintered at 1273 K
in air for 24 h. The laser ablation target was the
same PC-Sm,0; pellet. Sm,O3; microcrystal film
(ucF-Sm,0;) production and deposition on a silica
glass substrate (Toshiba Ceramics Co., T-1030)
were carried out in oxygen gas of different
pressures between 0 and 4Pa, with pulsed
Nd®>*:YAG laser (wavelength A= 355nm). The
PISC experiments were carried out with a con-
tinuous wave (CW) of He-Cd laser line
(A = 325nm) with a power density of 5.4 kW/m?.
The same He—Cd laser line excites luminescence.
Emitted light is dispersed and detected using a
grating spectrograph equipped with a multichan-
nel photodetection system. The PL excitation
(PLE) spectra were recorded by varying the
excitation-light wavelength A, with an apparatus
consisting of a monochromatic light source and
detecting the emission light intensity at the fixed
observation-light wavelength 4., as a function of
Aex With a grating monochromator and a synchro-
nous light detection system. All the experiments
were carried out at room temperature. Vacuum of
about 10~*Pa and oxygen gas of about 0.1 MPa
were used for the atmosphere around the speci-
men. Evacuation was carried out by a turbo-
molecular pump (oil free) system.

3. Results and discussion

The ucF-Sm,0O; was characterized, together
with the PC-Sm,0O5 as a laser-ablation target, by

the X-ray diffraction (XRD) method at room
temperature. The results are shown in Fig. 1,
together with XRD histograms for the C- and B-
type Sm,0O; [4]. All the XRD lines of the PC-
Sm,Oj5 are identified with both the B- and C-type
lines given in Figs. 1(d) and (e). As shown in
Fig. 1(b), the XRD pattern of the as-deposited
ucF-Sm,05 consists of a halo-like pattern ganging
from 25° to 35° and most of the sharp diffraction
lines assigned to the B-type (monoclinic) Sm;,0s;.
The halo-pattern may be ascribed to amorphous
domains or nanometer-size crystallites in the films.
After annealing at 873 K in air for 12 h, the halo-
patterns disappear and the C-type lines dominate
the B-type ones, as shown in Fig. 1(c). Anyhow,
the sintered PC-Sm>O; specimen and different
annealed ucF-Sm,O3; specimens are the mixture of
the C-type Sm,O; and the B-type one.

Preceding showing the spectral data, we report
the photoinduced color change in Sm,0O5;. Under
325nm laser light irradiation in oxygen atmo-
sphere at room temperature, the PC-Sm,0; and

(a)
sintered powder compact
(sintered PC)

(b)

as deposited microcrystal film
(as deposited pck)

annealed microcrystal film

(annealed picF)
N R
ias Eaa i

(d)

C - type (cubic)

XRD intensity (arb. scale)

B - type (monoclinic)

10 20 30 40 50 60 70 80
26 (degree)

Fig. 1. The XRD patterns of different Sm,O3 specimens at
room temperature: (a) sintered powder compact (PC), (b) as-
deposited microcrystal film (ucF) and (c) annealed microcrystal
film (ucF). The diffraction line diagrams of (d) C-type Sm,Os3
and (e) B-type Sm>Os;.
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the annealed pucF-Sm,O; display weak blue PL
color which can be seen with the naked eye. As a
typical example, this PL color of the PC-Sm,05; is
shown in Fig. 2(a). The specimen chamber is then
evacuated under 325nm laser light irradiation.
With increasing irradiation time ., the PC-Sm,05
and ucF-Sm,0;5 show white PL and increase the
intensity. At 90min later, after the evacuation, a
bright white PL can be easily seen with the naked
eye. As a typical example, this PL color of the PC-
Sm,05 is shown in Fig. 2(b). Through many
successive experiments, it is found that the PL
color changes appear repeatedly at different
temperatures from 7 K to room temperature. This
result indicates that the observed photoinduced
spectral changes are purely electronic phenomena
and are not phonon assisted. The color change is
induced effectively only by a 325nm CW laser
light, which cannot dissociate directly free O,
molecules. This result indicates that the phenom-
enon arises from the photoinduced associative
detachment and photoinduced dissociative adsorp-
tion of O, molecules near the specimen surfaces
[1,2]. The results also summarize how color change
arises naturally from photoactivated oxidation
and reduction. After removal of the laser light,
such a white PL state is stored for a long time at
room temperature in air under room light, since 3
June 2003. This result indicates that the ground
state of the photoreduced state (GSPR) is sepa-
rated from ground state of Sm,0O; by the potential
barrier of which height is higher than room-
temperature thermal energy to suppress the
thermal-forward and -backward transitions be-

(a)

tween ground state of Sm,Oj3 and that of the
GSPR.

Next, we show the spectral data corresponding
to the above photoinduced color change. As
typical examples, the obtained PISC for the PC-
Sm,03 and the annealed ucF-Sm,O; fabricated at
4 Pa are shown in Fig. 3. Experiments are carried
out in alphabetical order: (a) — (b) for the sintered
PC-Sm>03;, (¢)—(d) for annealed ucF-Sm,Os;.
Irradiation time #; under a given atmosphere and
kind of atmosphere are indicated by each curve.
To display the spectral structure in detail, the
spectra are appropriately rescaled. The rescaling
factor is given by each curve. Since ucF-Sm,Os5 is
very thin, several hundred nanometers in thick-
ness, the apparent PL intensity is weaker than that
of the PC-Sm,O3 of 2mm in thickness. These PL
spectra of the specimens fully irradiated in vacuum
are quite similar to those of Sm?"-doped mater-
ials [5]. The PL contribution from the silica glass
substrate is about one-tenth of that of the ucF-
Sm>O5. As the common feature of the sintered PC-
Sm,03 and the annealed ucF-Sm»QOs;, it has been
found that the 325nm laser light irradiation in
vacuum increases considerably the PL intensity of
both the specimens, while that in oxygen gas
decreases the PL intensity to recover. The max-
imum PL enhancement factor, and the ratio of the
integrated PL intensities after evacuation to that
before evacuation, are 100 and 17 for the ucF-
Sm,03; and the PC-Sm,0;, respectively. The
spectra shown in Fig. 3(a) exhibit many indistinct
structures between 400 and 650 nm. It is known
that most of the Sm> " -doped materials exhibit the

(b)

Fig. 2. The PL color change in the sintered Sm,O3; powder compact: (a) in oxygen gas, (b) in vacuum.
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Fig. 3. The PL spectral transition under 325nm laser-light
irradiation: (a) sintered Sm,O3; powder compact (PC) in oxygen
gas, (b) sintered Sm,O; powder compact (PC), (c) annealed
Sm,0; powder microcrystal film (ucF) in O, gas and (d) an-
nealed Sm,O; microcrystal film (ucF) in vacuum. The PLE
spectra of the intense white light emitting part is also given in (e).

*Ki12— *Hy, *Gyj2— °Hy, *Hso > °Hy, *Gsp— °H;
(J/ = (2n+ 1)/2) in this wavelength region, while
C-type Sm,03 powder do indistinct PL spectral
structure [6,7]. Since the energy level structure of
4f electrons depends on the crystal field [7], such
indistinct PL spectrum is first explained by the
mixture of the B-type Sm,0j; in the C-type one,
as observed in the XRD data shown in Fig. 1.
The defects and the reconstruction of atomic
arrangement at surfaces affect also the crystal
field, namely, the energy level structure of 4f
electrons in microcrystal specimen. Besides them,
reabsorption effect is also important, which gives
several dips in the PL spectra to become more
indistinct [6].

The PLE spectra of the white band have been
also measured at different A}, in the white PL band

of the ucF-Sm,03 and the PC-Sm,0O;. As a typical
result, the PLE spectra of PC-Sm,03 are shown in
Fig. 3(e). These PLE spectra are very similar to
that of Sm>"-doped materials [7,8]. The tail o is
assigned to the charge transfer absorption, while
the bands B, v;, v, 01, 02, 03 and &4 between 330
and 500nm are attributable to the partially
allowed 4d—5f transitions of Sm** jon. The band
1 may be assigned to the F centers, i.e., electron
captured by anion (oxygen) vacancies [9]. The
close similarity between the present results and
those of Sm** ion-doped materials indicate that
the intense white luminescence closely related to
photoinduced valence-number change (Sm’" —
Sm?") and photoinduced oxygen vacancies.

Finally, the reduction of Sm,O; surface under
325nm laser light irradiation in vacuum may be
accompanied by creation of both valence-number
change of samarium ion (Sm®*" —-Sm?") and a
electron-captured oxygen defects, which can ex-
plain the observed white PL. Since microcrystals
have larger specific surface than the sintered
powder compact, the photoreduction may occur
with high yield. This may be a reason why the
microcrystal film specimen has higher enhance-
ment factor for the photoinduced PL spectral
change.
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Photoluminescence study on defects in pristine anatase and
anatase-based composites
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Abstract

Under 325 nm laser light irradiation at room temperature in oxygen gas, the photoluminescence (PL) intensity of
pristine anatase TiO, decreases considerably and then it recovers reversibly with the same laser light irradiation at room
temperature in vacuum. This result gives important information on the oxygen defects at anatase particle surfaces and
may also clarify the origin of largely Stokes shifted broad PL band in pristine anatase. New reversible photoinduced
spectral change has been also found in anatase—Agl composites for replacing atmosphere (vacuum < oxygen gas) under
325 nm laser light irradiation at room temperature. This spectral change may arise from the excitation energy transfer

between excitons in Agl domain and photoinduced oxygen defects at the anatase particle surfaces.

© 2003 Elsevier B.V. All rights reserved.

PACS: 68.35.Fx; 71.35.Cc; 78.55.Hx; 78.68. + m

Keywords: Defects in oxides; Defects at/near surfaces and interfaces

1. Introduction

The physical and chemical properties of pristine
anatase TiO, and anatase-based composites have
received a much attention as novel materials for
photocatalyst [1]. Despite much effort, the photo-
absorption and photoluminescence (PL) in anatase
are still unclear. Pristine anatase single crystal is
easily grown by the chemical vapor transport
reaction (CVTR) method using halogen as the
transport agent and it has been frequently used as
the specimen for PL studies. Hitherto, the main
interest of physicists was concentrated on the

*Corresponding author. Tel./fax.: +81-3-5317-9771.
E-mail address: motizuki@physics.chs.nihon-u.ac.jp
(S. Mochizuki).

origin of considerably Stokes shifted broad PL
band observed for the single crystal grown by the
CVTR method [2]. To explain such PL spectrum
of pristine anatase, the self-trapped exciton model
has been frequently used [3]. However, anatase, as
well as rutile, is well known as an oxygen-deficient
oxide and the crystal grown by the CVTR
method tends to contain impurities and defects
related to the agent. Therefore, one should pay
attention to defect structures both at the surfaces
and on the inside of pristine anatase crystal,
for the interpretation of the obtained spectra. It
is desired to know how oxidation and reduction
affect the optical properties of pristine anatase,
except for impurity effects. For reply to these
problems, it is better to use powder specimen
than bulk specimen, since the powder specimen

0921-4526/$ - see front matter © 2003 Elsevier B.V. All rights reserved.

doi:10.1016/j.physb.2003.09.172
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has large specific surface, and, therefore, it is
easily oxidized and reduced to show sensitively
the effects related to surface defects. Recently,
a broad PL band has been induced in simple
oxides and rare-earth metal oxides [4-7] by
photoreduction at room temperature. The broad
PL band appears at the same wavelength region
where anatase displays, and it can be recovered
reversibly by photooxidation at room tempera-
ture. This photoreduction—photooxidation experi-
ment may promise to clarify effects of oxygen
defects on the optical properties of pristine
anatase.

In the present paper, we report the photoin-
duced spectral change in pristine anatase
powder compacts, together with single crystal
bulk, and new photofunction in anatase-Agl
composites.

2. Experimental

Crystalline pristine anatase powder was ob-
tained by heating amorphous titanium dioxide fine
particles of 99.9% purity (with an average
diameter of 50 nm) at 673 K in air for 24 h. Powder
compact specimens were prepared by compressing
the powder under a pressure of 0.2 GPa at room
temperature. They were then sintered at 673K in
flowing oxygen gas for 3h. Anatase single crystal
was grown by the CVTR method with NH4CI
agent. Anatase—Agl composites, (x)anatase-
(1 — x)Agl, were prepared by fully mixing Agl
powder and anatase powder in air, heating the
mixture in the lidded crucible at 673K for 12h in
air and then annealing at 373 K for 12 h to remove
the stress introduced at the phase transition point
of Agl, 420K. The specimens were characterized
at 300 K by X-ray diffraction analysis with Cu Ko
radiation.

Photoinduced spectral change experiments were
carried out with a continuous wave of He—Cd laser
line (wavelength A =325nm) with a power
density of 5.4kW/m?. Emitted light was dispersed
and detected by using a grating spectrograph
equipped with a multichannel photodetection
system. All the experiments were carried out at
room temperature.

3. Results

Before describing the results of optical measure-
ments on different anatase specimens, we point out
general optical properties obtained for anatase
powder compacts. When the anatase powder is put
in vacuum, the color changes gradually from white
to pale yellow even at room temperature under
room light (usual fluorescent light). When PL
measurement is performed on the anatase speci-
men in an evacuated specimen chamber, the same
change may occur at the thin surface layer of the
specimen.

Figs. 1(a) and (b) show the PL spectral change
obtained in pristine anatase powder compact
under 325nm laser light by replacing specimen
atmosphere. Experiments are carried out in
alphabetical order: (a)— (b). Irradiation is carried

in oxygen gas

~
2 | | | | |

g } A e e
@ in oxygen gas (b)

=
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= .
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Fig. 1. Reversible photoinduced PL spectral change in anatase
powder compact by replacing specimen atmosphere at room
temperature: (a) in vacuum; (b) in oxygen gas; and (c)
comparison of curve 3 with curve 4.
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out at room temperature. [rradiation time #, under
a given atmosphere and the kind of atmosphere
are indicated by each curve. The PL intensity of
the anatase powder compact is considerably
increased by irradiating in vacuum = of
1.33 x 10~*Pa for 30 min, as shown in Fig. 1(a):
curve 1 »curve 2. The PL enhancement factor for
30min, the integrated PL intensity ratio of the
curve 2 to the curve 1, is about 3.5. Oxygen gas of
0.2MPa is then introduced into the specimen
chamber under 325 nm laser light irradiation. With
increasing #;;, PL intensity decreases, as seen in the
spectrum shown in Fig. 1(b): curve 3 —curve 4. To
see more clearly the spectral change, the curves 3
and 4 are compared by rescaling the intensity of
the curve 4, as shown in Fig. 1(c). The rescaling
factor is 4.65. It is noted that the 325 nm laser light
irradiation in oxygen gas makes the PL component
at longer wavelengths than 520 nm. In the present
experiments, the 325nm laser light irradiation in
vacuum and in oxygen gas may correspond to
photoreduction and photooxidation, respectively.
Oxygen gas is again evacuated. The change from
weak PL emission to intense one can be seen with
the naked eye. Through many successive experi-
ments, it is found that such the spectral changes
are almost reversible, apart from PL intensity. The
enhancement factor tends to decrease with further
repeating atmosphere change.

It has been also found that single crystal by the
CVTR method shows also similar spectral change.
The results are given in Figs. 2(a) and (b). To see
more clearly the photooxidation effect, the curve 3’
and curve 4’ are compared by rescaling the
intensity of the curve 4’ in Fig. 2(c). The rescaling
factor is 1.77. However, the spectral change is not
so prominent as the powder compact specimen.
This may be due to the decreased specific surface
of bulk specimen.

Sekiya et al. [8] annealed the CVTR anatase
single crystals at different temperatures in oxygen
gas and studied their PL properties. They found
that PL spectrum consists of three components, F,
E and D, centred at about 517, 577 and 636 nm,
respectively. The components F, E and D are
assigned to excitons bound to partially reduced
titanium ions, self-trapped excitons and oxygen
vacancies, respectively. If the defect structure of
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~
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Fig. 2. Reversible photoinduced PL spectral change in anatase
single crystal by replacing specimen atmosphere at room
temperature: (a) in vacuum; (b) in oxygen gas; and (c)
comparison of curve 3’ with curve 4’.

the CVTR anatase single crystal is identical to that
of the photoirradiated powder compacts, it may be
concluded that the broad PL band reported by
many workers arises not from intrinsic self-
trapped excitons but from oxygen defects or
impurities.

Fig. 3 shows the reversible photoinduced PL
spectral change in the (0.5)anatase—(0.5)Agl com-
posite at room temperature. After fully irradiating
with 325nm laser light in an oxygen-gas-filled
specimen chamber, the specimen displays a sharp
PL band due to the radiative decay of excitons in
Agl at about 426nm [9] and a weak broad PL
band related to anatase, as indicated by curve 1”.
Oxygen gas is then evacuated from the specimen
chamber. With increasing ¢, the sharp Agl-related
band becomes annihilated, while the anatase-
related broad band becomes pronounced, as
indicated by curve 2”. The specimen chamber is
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Fig. 3. Reversible photoinduced PL spectral change in
(0.5)anatase—(0.5)Agl composite by replacing specimen atmo-
sphere at room temperature: (a) in vacuum; and (b) in oxygen
gas.

again filled with oxygen gas. The sharp Agl-related
band reappears as shown in Fig. 3(b): curve 3" —
curve 4”, and it prevails against the anatase-related
broad band. Through many successive experi-
ments, it is found that such the spectral changes
appear repeatedly. The observed spectral changes
may be explained by excitation energy transfer
between free excitons in Agl domain and photo-
induced oxygen defects at the surfaces of anatase
particle.

Finally, the spectral changes observed in the
present experiments arise from photoinduced
dissociative adsorption and photoinduced associa-
tive detachment of O, molecule near the specimen

surfaces [5]. These changes may clarify the origin
of the PL observed in pristine anatase and may
well yield materials for optical sensor devices, for
example, optical oxygen-partial-pressure sensor.
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Abstract

The photoluminescence (PL) color of silica glass changes from weak blue to intense white under irradiation with
325nm laser light at room temperature in vacuum. Irradiation at room temperature with the same laser light
under oxygen gas atmosphere erases the white PL state. Through many successive experiments, it is found that
the spectral change is a reversible phenomenon. Such intense white PL state is stored for a long time at room
temperature in air under room light after removal of the laser light, in spite of any changes of atmosphere. The observed
phenomenon may relate to the photo-induced defect formation at the silica glass surface. Such observed reversible
phenomenon may well yield materials for erasable optical information storage, oxygen sensors and white-light

emitting devices.
© 2003 Elsevier B.V. All rights reserved.

PACS: 73.20.H; 82.50.F; 42.79.V; 78.55

Keywords: Defects in silica; White-light emission; Photomemory

1. Introduction

Silica glass has been widely used as optical
element and is of great interest for applications in
optoelectronics. Most of commercially available
silica glasses, however, display unwanted photo-
luminescence (PL) bands in the ultraviolet (UV)
and visible light regions, and the glasses are
damaged by intense UV-laser-light to give addi-
tional PL bands [1,2]. On the other hand, it has
been well known that UV light induces a Bragg
grating in Ge-doped silica glass fiber [3], which
gives useful optoelectronics devices. The photo-

*Corresponding author. Tel./fax: +81-3-5317-9771.

E-mail address: motizuki@physics.chs.nihon-u.ac.jp
(S. Mochizuki).

induced structural and electronic defects, together
with pre-existing PL centers, may play an im-
portant role for the formation of both the UV-
light-induced PL centers and the Bragg grating.
Therefore, the defects in silica glass should be fully
characterized. Although different types of studies
have been carried out in silica glass, the defect
structure has been not fully elucidated at present.
Very recently, we have observed for the first time
the reversible UV (325 nm)-laser-light-induced
spectral change and intense white PL state in
different silica glasses, as observed in Eu,05 [4,5]
and Sm,0Os. The spectral change may relate closely
to photo-induced defects. In this paper, we report
the experimental results in detail and discuss
UV-laser-light-induced defects in silica glass.

0921-4526/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
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2. Experiments

In the present study, three different commer-
cially available silica glasses of 1 mm thickness
were used as specimens, since laser-irradiation
effects are thought to be sensitive to adsorbed OH.
One is a T-1030 silica glass (Toshiba Ceramics
Co.) which contains a large amount of OH
(200 ppm in weight ratio) and it displays consider-
able optical absorption (optical density OD =0.36)
due to OH at 3650 cm . This glass contains also a
small amount of aluminum (8 ppm in weight ratio)
as main metal impurity. The others are GE-214
and GE-124 silica glasses (General Electric Co.).
They contain a small amount of OH (less than
Sppm in weight ratio). The GE-214 glass never
displays the optical absorption due to OH, while
the GE-124 glass shows little optical absorption
(OD=0.09) at 3650cm™'. Both the GE-214 and-
124 glasses contain also larger amounts of
aluminum (14ppm in weight ratio) than the
T-1030 glass as main metal impurity. More
detailed chemical data are given on the Toshiba
website (www. tocera.co.jp) and the GE website
(www.gequartz.com).

Irradiations were carried out with a continuous
wave (CW) He-Cd laser line (wavelength
A=1325nm) with a power density of about
5.4kW/m?. The same He-Cd laser line excites
luminescence. Emitted light is dispersed and
detected by using a grating spectrograph equipped
with a multichannel photodetection system. Va-
cuum of about 10~*Pa and oxygen gas of about

0.1 MPa are used for control of the atmosphere
around the specimen.

3. Results and discussion

Under 325nm laser-light irradiation in oxygen
atmosphere at room temperature, the T-1030, GE-
124, and GE-214 glasses display weak blue PL
color which can be seen with the naked eye. As a
typical example, this PL color of the T-1030 glass
is shown in Fig. 1(a). The specimen chamber is
then evacuated under 325nm laser-light irradia-
tion. With increasing irradiation time ¢, the silica
glasses change to show white PL with increasing
intensity. About 90min after the evacuation, a
bright white PL can be easily seen with the naked
eye. As a typical example, this PL color of the
T-1030 glass is shown in Fig. 1(b). Through many
successive experiments, it is found that the PL
color changes appear repeatedly. After removal of
the laser light, the white PL state is stored for a
long time at room temperature in air under room
light. Figs. 2(a)—(d) show the reversible PL spectral
change of the T-1030 glass. Figs. 3(a)—(d) show the
reversible PL spectral change of the GE-214 glass.
Irradiation was carried out with 325 nm laser line
at room temperature. Experiments were carried
out in alphabetical order: (a)— (b) —(c)—(d). The
ti under given atmosphere and kind of atmosphere
are indicated by each curve. Almost the same
spectral change has also observed for the GE-124
glass. Besides the above-described results, through

Fig. 1. Photographs of the T-1030 silica glass fully irradiated with 325nm laser light in each atmosphere: (a) oxygen gas of about

0.1 MPa; and (b) vacuum of about 10~*Pa.
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Fig. 2. Reversible PL spectral change of the T-1030 silica glass
at room temperature: (a,c) in vacuum; and (b,d) in oxygen.

present experiments, the following conclusions
were also found for different silica glasses:

(1) Time is required for the spectral change and
the speed of the spectral change increases with
laser fluence. They indicate that some nuclea-
tion and growth processes dominate the
spectral change.

(2) The change to the white PL state occurs even
at 7K under CW 325nm laser light. This
indicates that the spectral change does not
arise from a phonon-assisted process and it is
a purely electronic mechanism.

The spectral change observed in silica glass
arises from photo-induced-associative detachment
under vacuum and dissociative adsorption of O,
molecules under oxygen atmosphere near the
specimen surface. Since the 325nm laser light
cannot dissociate directly free O, molecules as
atmospheric gas, the photo-induced oxidation
indicates that the photodissociation energy of O,

1.2

in vacuum (a)

in oxygen (b)

in vacuum (©)

PL Intensity (arb. units)

0.0

in oxygen (d)

32 3.0 2.8 2.6 24 22 2.0 18

Photon energy (eV)

Fig. 3. Reversible PL spectral change of the GE-214 silica glass
at room temperature: (a,c) in vacuum; and (b,d) in oxygen.

molecules is considerably decreased at the silica
glass surface by the interactions, between O,
molecules and the silica glass.

In order to extract the white PL. component,
we have calculated the difference spectrum (curve
2—curve 1) for the T-1030 glass. The result is
shown in Fig. 4(a). In Fig. 4(b), the difference
spectrum (curve 2’—curve 1’) for the GE-214 glass
is shown. The T-1030 glass fully 325nm-laser-
light-irradiated in oxygen gas shows a PL band
peaked at 3.15eV and a broad PL shoulder
ranging from about 3.0eV to about 2.0eV. The
T-1030 glass fully 325 nm-laser-light-irradiated in
vacuum shows the 3.15eV PL band and an intense
broad PL band centered at 2.20 eV. With repeating
atmosphere change, the intense broad PL band
redshifts to 2.10eV. In the GE-214 glass fully
325 nm-laser-light-irradiated in oxygen gas, the PL
intensity of the 3.13eV band is enhanced by twice
that of the T-1030 silica glass and extends to about
2.0eV without showing a clear shoulder. With
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Fig. 4. Difference spectra: (a) (curve 2—curve 1) for the T-1030
glass; and (b) (curve 2'—curve 1") for the GE-214 glass.

repeating atmosphere change, the intense broad
PL band redshifts to 2.15eV. After fully 325nm
laser-light irradiation in vacuum, the 2.20eV PL
band appears and the PL intensity is nearly the
same as that of the GE-124 and T-1030 glasses.
The study on the 3.15¢V PL band has been
previously reported and the band is tentatively
ascribed to the O3 =Si—O—O—H group, the
twofold coordinated silicon lone-pair center
(O-Si—0) and a germanium impurity [6]. From
the weaker 3.15eV-PL-band observed in the T-
1030 glass containing higher OH and lower
aluminum than the GE-214 glass may exclude
the O3 =Si—O—-O—H group, but we cannot
exclude some aluminum-impurity-induced defects
as a possible origin of the 3.15eV PL band.

The white PL band photo-induced under
vacuum has a peak energy (E,) of 2.20eV and a
full-width at half-maximum (FWHM) of about
0.8eV. Apart from the FWHM, this PL band
resembles the PL band observed in y-ray-irra-
diated silica glass under 325 nm excitation [7] and
silica glasses damaged by high-power laser light [§]
in Ep, and spectral shape. The y-ray induced 2.2eV
PL band has been attributed to the radiation from
a paramagnetic defect in which one electron is
delocalized over a Sis cluster. Such a paramagnetic
defect is known as the Ej center [7]. Another
explanation for the 2.2e¢V PL band (y band)
appeared in glass damaged by high-power laser
light under 250 nm excitation and is based on the

radiative decay of trapped excitons on the
vacancy—interstitial pair consisting of an oxygen
vacancy and two oxygen interstitials (V; (02);) [8].
Since the PL yield of the laser-light damaged silica
glass at 325nm, however, is negligibly small and
the FWHM (0.5eV) of the PL band is relatively
small, the defect structure may be different from
that induced under 325 nm laser-light irradiation in
vacuum. As described above, the 2.2eV PL band
observed at the present study is related to
photoreduction at the silica glass surface. In such
a case, we assume that Ej -like defects and
(Vo;(0y),)-like states may be produced at the
surface. The appearance of defect levels at the silica
glass surface decreases considerably the band gap
at the surface, as observed in yAl,O3 film [9] and
then high PL yield at 325nm can be anticipated.
In conclusion, a new PL color change from
weak blue to intense white was observed in
different silica glasses under 325nm laser-light
irradiation in vacuum at room temperature. The
color change was reversed by the same 325nm
laser-light irradiation in oxygen gas atmosphere at
room temperature. The intense white PL state is
stored for a long time at room temperature in air
under room light after removal of the laser light.
The phenomenon is related to the photo-induced
oxygen defect formation at the silica glass surface.
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Abstract

Agl—anatase composites, (x)Agl-(1 — x)anatase, were fabricated over a wide
composition range of 0—100% Agl for the first time. The electrical conductivity
at 300 K increases with increasing Agl content and reaches a maximum (about
3x1072S m~!) atabout 40% Agl. The conductivity is enhanced by about three
orders of magnitude in comparison with that of pristine Agl. These composite
specimens have been characterized by both scanning electron microscopy and
x-ray diffractometry. The observations with a scanning electron microscope
show that anatase fine particles are densely packed in an Agl particle of several
micrometres in size and such composite particles are three-dimensionally
connected to each other to form a composite specimen. The photoluminescence
(PL), PL excitation and time-resolved PL spectra of these composites have also
been measured at different temperatures between 8 and 278 K. The exciton
spectra obtained related to the anatase particles and the Agl domains in anatase-
packed Agl particles are discussed in the light of the morphological, structural
and conductivity data.

1. Introduction

There has been considerable experimental research on ionic conduction in composite solid
electrolytes consisting of ionic conductors and insulator fine particles (Liang 1973, West
1984, Shahi and Wagner 1981, Zhao et al 1983, Lee et al 2000a). The electrical and
other properties of the composites can be easily controlled by varying the content of the
ionic conductor component. Among various systems of composites, Agl-based composites
have been extensively investigated by many workers, because they usually show high ionic
conductivity (o > 1072 S m~") and pristine Agl is well known as a good superionic conductor
at temperatures higher than 420 K (Burley 1963). Agl has three phases designated as «, $ and
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y at normal pressures in the order of decreasing temperature with the following properties. At
the superionic transition temperature 7. (420 K), the superionic « phase transforms into the
semiconductor 8 phase (wurtzite lattice). The o phase has a body-centred cubic arrangement
of I~ ions with highly mobile Ag* ions randomly distributed through the equivalent interstices,
which has been known as the averaged structure. At room temperature, the semiconductor y
phase (zincblende lattice) appears as a metastable state. It is said that the stability of the y phase
is affected by slight nonstoichiometries and other defects. To date, the conductivity of Agl-
oxide fine particle composites has been reported in various composites: Agl-Al,03, Agl-SiO,,
Agl-MgO, Agl-Fe,03 (Shahi and Wagner 1981, Zhao et al 1983), Agl-ZrO,, Agl-CeOs,
Agl-Sm;03, Agl-MoO3, Agl-WO3 (Shastry and Rao 1992) and Agl-SnO, (Gupta et al
1996). In all these cases, their electrical conductivities were enhanced by two or three orders
of magnitude higher than that of pristine Agl and a maximum conductivity occurred at proper
Agl content. For example, the maximum occurs in (x)Agl-(1 — x)y Al,O3 composites with
very fine alumina particles at x = 0.5-0.6, while composites with larger alumina particles
showed the maximum at smaller Agl content. Such conductivity variation is initially explained
by taking into account a space charge layer around a nucleophilic surface (Jow and Wagner
1979). However, several basic problems were raised about Agl-based composites. Why do
oxides enhance the conductivity? How does Agl attach to oxide fine particles? What are
the atomic and electronic structures of the Agl/insulator fine particle interface? In order
to solve these problems, it is thought that optical study is effective. Constituent material
Agl shows clear optical spectra due to excitons in the bulk (Mochizuki and Fujishiro 2002),
films (Cardona 1963, Mochizuki and Ohta 2000) and microcrystals (Mochizuki and Umezawa
1997). Besides Agl, most oxides also show exciton spectra. The exciton behaviour is very
sensitive to the environment in which excitons are moving, and therefore the optical spectra
due to excitons may provide useful information about the Agl/oxide fine particle interface
(Mochizuki and Fujishiro 2003). Very recently, we have fabricated Agl-anatase composites
and observed considerable conductivity enhancement. Since Agl is very photosensitive and
anatase (TiO,) is known as a typical oxide photocatalyst for decomposing water and organic
matter (Fujishima et al 2000), we can anticipate not only a new solid electrolyte nature but
also a new photofunction for such an Agl-anatase fine particle composite.

In this paper, we report the morphological, structural, electrical and optical studies on
Agl—anatase composites and we discuss the conductivity enhancement of the composites by
comparing the scanning electron microscope images with the data obtained.

2. Experimental details

Agl—anatase composites, (x)Agl—(1 — x) anatase, were prepared by fully mixing Agl powder
and amorphous titanium dioxide fine particles (with an average diameter of 50 nm) in air,
heating the mixture in the lidded crucible at 673 K for 12 h in air and then annealing at 373 K
for 12 h to remove the stress introduced at the phase transition point of Agl, 420 K. The
composition range was from 0 to 100% Agl. At 300 K, the composites were characterized by
x-ray diffraction (XRD) analysis with Cu K« radiation. The composite powder morphology
was studied by a scanning electron microscope (SEM) and an optical microscope with a
charge-coupled device camera system. Distribution maps of Ag, I, Ti and O atoms in the
composites were obtained by using a SEM with an energy dispersive x-ray (EDX) fluorescence
spectrophotometer (Shimadzu SSX-550).

Electrical conductivity measurements were performed in a helium gas stream using the
impedance method. The applied signal frequency ranged from 42 Hz to | MHz. The composite
powders were uniaxially compressed under 0.2 GPa for 30 min at room temperature to fabricate
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pellets. It has been reported that the y Agl/BAgl ratio is strongly affected by compressing,
grinding and the thermal history of specimens. Such an effect, a so-called memory effect, is
erased by heat treatment above 445 K (Bloch and Mdller 1931, Burley 1967). Therefore, the
pellets were heat-treated at 453 K for 12 h in a lidded crucible and then annealled at 373 K for
12 h. Electrical contact with the pellets was obtained by evaporating silver onto both sides of
the pellet.

The photoluminescence (PL) spectra were measured by an optical multichannel analyser
consisting of a grating monochromator (focal length = 32 cm) and an intensified diode-array
detector (gate time: f, > 5 ns). A Nd*:YAG laser (wavelength A = 355 nm, pulse
width < 5 ns) and a monochromatic light source consisting of a 150 W xenon lamp and
a grating monochromator (focal length = 20 cm) were used as the excitation source. The
photoluminescence excitation (PLE) spectra were recorded by varying the excitation-light
wavelength A, with an apparatus consisting of the same monochromatic light source described
above and detecting the emission light intensity at the desired wavelength as a function of
Aex With a grating monochromator (focal length = 20 cm) and a synchronous light detection
system. The time-resolved PL (TRPL) spectra were taken using the same optical multichannel
analyser to which two delay pulse generators were attached. The delay time 74 and gate time
were set with these delay pulse generators which were controlled by a personal computer. A
closed-cycle He refrigerator equipped with a temperature controller was used to change the
specimen temperature between 8 and 278 K.

3. Results and discussion

3.1. Characterization of Agl-anatase composite specimens

The apparent density of the (x)Agl-(1 — x)anatase composites at about 300 K is plotted,
together with the theoretical density, as a function of Agl content x in figure 1. The
full line and full circles represent the theoretical and experimental (observed) densities,
respectively. Theoretical densities were calculated by using the reported densities of pristine
Agl (5960 kg m~3) and pristine anatase (3880 kg m~3). The porosity variation with x is
shown in the inset. A remarkable difference between the theoretical and experimental density
is observed in the smaller x region. Such a result is known behaviour for the compaction of
mixtures of particles with extremely different hardnesses. The porosity variation with x may
affect the apparent conductivity of the composites.

We studied the surface morphology of (x)Agl—(1 — x)anatase specimens by SEM
observations both on the raw surfaces and the fractured ones. Figures 2(a) and (b) show,
respectively, the low- and high-magnification SEM images for the surface of the (0.4)Agl-
(0.6)anatase composite. The EDX fluorescence measurements indicate that large particles and
small particles are Agl and anatase, respectively. As seen in these figures, anatase fine particles
are densely packed in Agl particles of several micrometres in size. Henceforth, we call this
particle the ‘anatase-packed Agl particle’. As shown in these figures, small anatase particles
are not so different in size from the initial average particle size of 50 nm, while other anatase
particles coagulate to form irregularly shaped particles of several hundred nanometres in size.
The EDX fluorescence measurements indicate that iodine-rich parts tend to appear inside pore
walls and that the surroundings of anatase particles are silver-rich. The latter suggests that
Ag* ions are adsorbed onto the anatase particle surfaces.

Figure 3 shows the XRD patterns of (x)Agl—(1 — x)anatase composites at 300 K. All
XRD patterns in this figure are normalized at the peak intensity. Amorphous titanium dioxide
powder, as one of the starting materials, was fully transformed into crystalline anatase by
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Figure 1. Density of different (x) Agl—(1 —x)anatase composites at about 300 K. Porosity variation
with x is shown in the inset.

heating at 673 K in air for 12 h. With increasing x, some diffraction lines related to Agl
become pronounced. All diffraction lines can be almost assigned to y Agl, BAgl and anatase.
It seems to be a mere mixture of Agl and anatase. This is very different from that observed in
Agl—y Al,O; composites (Lee et al 2000a, Mochizuki and Fujishiro 2003). In the Agl—y Al O3
composites, some broadening of the peaks and weakening of the (h0/) and (100) peaks of SAgI
become pronounced with increasing x, and some new diffraction lines appear. The new lines
can be explained by taking account of the seven-hexagonal-layer polytype Agl (7H-Agl) with
the stacking sequence ABCBCAC (Lee er al 2000a, 2000b). In the present Agl-anatase
composites, however, such polytype-structure lines as observed in Agl-y Al,O3; composites
never appear, as shown in the inset. In the inset, the full curve represents the XRD pattern of
the (0.7)Agl—(0.3)anatase composite, while the broken curve represents that of the (0.73)Agl—
(0.27) y Al,03 composite which displays clear (1010) and (1011) lines of the polytype structure.
Some broadening is also observed on the SAgI (100) and (002) lines for the small x region.
Such line broadening becomes diminished with increasing x. The broadening may arise mainly
from reduced crystallite size. The intensity ratio of the SAgI (002) line, which coincides with
the y (111) peak to the SAgI (100) line, increases from 1.919 to 3.384 with increasing x
from 0.2 to 0.8. Such an increase may be explained by either a preferred orientation of BAgl
crystallites or an increased y Agl component in the anatase-packed Agl particles, accompanied
by stacking disorder in hexagonal BAgl. However, it is noted that the BAgI (101), BAgI (102)
and BAgI (103) lines almost disappear, while the y Agl (331) line becomes sharpened with
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Figure 2. SEM image of the (0.4)Agl—(0.6)anatase: (a) at low magnification (x5000), (b) at high
magnification (x30000).

increasing x, as shown in figure 3. Therefore, to explain the XRD patterns obtained, the
contribution from the increased y Agl component should be more taken into account than the
preferred orientation. In other words, the Agl domain in the anatase-packed Agl particles
consists of many y Agl crystallites and a small number of BAgI crystallites. Referring to the
known result that a silver-deficient Agl solution crystallizes in the § phase and silver-rich Agl
solutions do so in the y phase, this is interpreted as follows. Preferential Ag* ion adsorption on
anatase surfaces, as shown in the SEM and EDX fluorescence data, induces some concentration
gradient of Ag* ions in the Agl domain. The gradient produces then y Agl crystallites and
BAgl ones in the Agl domain. The degree of the gradient is dependent on the anatase content
and, therefore, the diffraction intensity ratio of the y Agl line and the SAgI line varies with x,
as shown in figure 3. On the other hand, the linewidth of the broad anatase (101) line is found
to be almost independent of x. It may indicate that the average size of the anatase particle is
not considerably changed by heating. This is consistent with the SEM observation shown in
figures 2(a) and (b).
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Figure 3. XRD patterns for different (x)Agl-(1 — x)anatase composites at 300 K. The XRD
pattern for (0.7)AgI—(0.3)anatase (full curve) is compared with that for (0.73)Agl—(0.27)y Al, O3
(broken curve) in the inset.

3.2. Electrical conductivity

The conductivity o of (x) Agl—(1—x)anatase composites at 300 K is plotted against x in figure 4.
The applied frequency was 1 kHz. No frequency dependence of o was observed between 42 Hz
and 100 kHz. Because of experimental difficulties, the transference numbers for ionic and
electronic charge carriers have not been directly determined. However, tentative measurements
on the transient current of the asymmetric cell of type (Ag/(x)Agl—(1 — x)anatase/Au) show
a small steady-state current. Therefore, we cannot perfectly exclude the contribution from
electronic conduction from the present discussion. As seen in this figure, o increases abruptly
with increasing x. On further increasing x, o reaches a maximum (about 3 x 1072 Sm™") at
x = 0.4. Since the o for a pristine Agl specimen prepared in the same way is 1.7 x 107> S m~!,
the conductivity is enhanced by about three orders of magnitude. In the x region larger
than 0.4, o falls gradually toward 1.7 x 10~> Sm~! for pristine Agl. The maximum o is
close to that observed in the Agl—y Al,O3 composite (Uvarov et al 2000). Through the
present measurements of o at different temperatures, the following are also found about
(x)Agl—(1 — x)anatase composites:

(1) The o varies exponentially with temperature below 373 K, while the activation energy
for the pristine Agl specimen rises continuously from 0.35 to 0.99 eV with increasing
temperature from 300 to 400 K. The activation energy E, below 400 K is plotted against
x in the inset. The broken curve is the least-squares fit for the plotted E,, .
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Figure 4. Conductivity of different (x)Agl—(1 — x)anatase composites at 300 K. The applied
frequency was 1 kHz. The activation energy E, below 400 K is plotted against x in the inset. The
broken curve is the least-squares fit for the plotted E, .

(2) The o at room temperature is not considerably changed for a heating—cooling cycle below
T..

(3) The composite with larger x (>0.4) exhibits more clearly an abrupt o change near the 7
(420 K) of pristine Agl with some accompanying transition hysteresis, as observed in the
Agl—y Al,03 composite (Lee et al 2000a).

In the light of the porosity data shown in figure 1, the o variation in the small x
region (x <« 0.4) may be mainly caused by the insulating pore effect. On the other
hand, the conductivity enhancement observed in the large x region (>0.4) may arise from
some composite effects, since the starting materials, pristine Agl and anatase, have low
conductivities. The composite effects arise from highly ionic-conductive regions at the
Agl/anatase interfaces and y Agl/BAgl interfaces in anatase-packed Agl particles. It is known
that the adsorption of Ag* ions at insulating oxide surfaces leads to the formation of vacancies
on Ag” sites and the space charge layer. As referred to already in section 3.1, it is also known
that a silver-rich Agl solution crystallizes in the y phase, while a silver-deficient solution
crystallizes in the B phase. The y Agl and BAgI crystallites may act as Ag* ion donor and
acceptor, respectively. Thus, we can anticipate high Ag* ion conductivity at the y Agl/BAgl
interfaces in anatase-packed Agl particles. With decreasing x from 1 to 0.4, dispersed anatase
particles approach each other and then the space charge effect spreads over the Agl domain to
display a maximum in the o—x curve. The activation energy E, for o shows a complicated x
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dependence, as shown in the inset of figure 4. The least-squares fitting curve (broken curve)
for E, exhibits a minimum near x = 0.7. It is noted that the porosity variation with x exhibits
also a minimum near the same x, as shown in the inset of figure 1. The E, of 0.35 eV for
the present pristine Agl is smaller than 0.38 eV for an ordered BAgI crystal. This may be
explained by the extensive disorder of Ag* ions in the stacking faulted structure and such a
disordered arrangement of Ag* ions may provide a higher energy state than in the ordered
BAgI structure with a decrease of E, (Lee er al 2000b). By adding anatase particles to the
pristine Agl, the E, decreases. This indicates a generation of new ionic transport pathways.
This is due to Ag* ion adsorption onto anatase fine particles. On further adding anatase, E,
becomes affected by both the electronic conduction in anatase particles and the existence of
insulating pores. Following more detailed discussion, the transference numbers for ionic and
electronic charge carriers should be determined.

The effects of crystalline defects introduced by some strain coming from stress with
different thermal expansion coefficients between Agl and anatase should also be taken into
consideration (Jow and Wagner 1979).

3.3. Optical spectra

Before describing the results of optical measurements on (x)Agl-(1 — x)anatase composites,
we point out general photoinduced properties obtained for Agl-based glasses (Agl-AgPOs3
glasses, Agl-Ag,MO, and Agl-Ag,WO,) and Agl-based composites (Agl—y Al,O3 and Agl—
ZnO (Fujishiro and Mochizuki 2003)). These Agl-based ionic conductors are easily blackened
with intense ultraviolet laser light. Such blackening becomes prominent with increasing
temperature and increasing Agl content. The blackening is due to precipitation of silver
clusters or silver fine particles, which is an irreversible reaction. The blackening gives rise
to PL intensity reductions, which is the so-called photodarkening. Therefore, we checked
the blackening by examining the reproducibility of measured PL spectra at different laser
fluences and then we found a suitable excitation light intensity for the PL. measurement for
each specimen.

In figure 5, the PL spectra obtained for (x) Agl-(1 — x)anatase composites with different
compositions at 8§ K are compared. The PL was excited by the 355 nm laser line of the
Nd*:YAG laser. All spectra in this figure are normalized at the peak intensity. Pristine
anatase shows a broad PL band centred at about 536 nm (2.31 eV) with a large Stokes shift of
0.89 eV. The present PLE spectrum measurement of this broad PL band at 8 K shows a sharp
PLE edge, corresponding to the optical absorption edge, at about 3.2 eV which is close to the
bandgap energy of pristine anatase. This PL band has been tentatively assigned to the radiative
recombination of self-trapped excitons in pristine anatase by many authors (Tang et al 1994,
Hosaka et al 1997, Suisalu ef al 1998). The addition of a small amount of Agl, x = 0.2,
leads to a considerable decrease of this anatase PL and gives a sharp PL band at 428 nm with
accompanying shoulders at about 423 nm and about 438 nm. The spectrum is affected by noise
at wavelengths shorter than 415 nm. The decreased PL intensity of the 536 nm band is due to
the absorption of excitation laser light by the Agl domain in an anatase-packed Agl particle.
In pristine Agl, the bands at about 424 nm and about 429 nm are assigned to the radiative
recombination of Z; , excitons and shallowly trapped Z, » ones, respectively (Mochizuki and
Fujishiro 2002, Cardona 1963, Mochizuki and Ohta 2000, Mochizuki 2001, Mochizuki and
Umezawa 1997). No measurable spectral change with x is observed in the 536 nm band.
Further addition of Agl, x = 0.4, increases the longer wavelength sideband to generate a
broad band centred at 442 nm and reduces the 536 nm band, with an accompanying slight
bandwidth narrowing at the longer wavelength side (A > 536 nm). On further increasing x
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Figure 5. PL spectra of different (x)Agl—(1 — x)anatase composites at 8 K. Free exciton PL bands
for (0.2)Agl—(0.8)anatase, (0.4)Agl—(0.6)anatase and pristine Agl are shown in the inset. The PL
bands labelled R, R” and R” are due to radiative decays of shallowly trapped excitons.

from 0.4 to 0.8, this broad band becomes narrowed and blue-shifted to 441 nm, which is close
to the intensity maximum (437 nm) of pristine Agl. Therefore, it should be interpreted that the
broad band consists of the 438 and 442 nm bands. We interpret the observed spectral variation
with x, as follows. In the specimens with smaller x, since free excitons are confined in smaller
Agl domains, excitons reach Agl domain surfaces and Agl/anatase interfaces and then decay
radiatively. Since the energy bandgap (about 3.1 eV) of Agl is close to that (3.2 eV) of anatase,
the potential for trapping free Agl excitons is thought to be shallow. In such a case, unlike the
Agl—y Al,03 composite (Mochizuki and Fujishiro 2003), any PL band due to radiative decay
of excitons deeply trapped at the Agl/anatase interfaces may not be apparently observed, as
shown in figure 5. However, as described below, a small number of excitons deeply trapped
at the Agl/anatase interfaces are found through measurements of the excitation-light intensity
dependence of the PL spectrum. It should also be pointed out that the fine structure at the higher
energy side of the 429 nm band becomes prominent at x = 0.4. In the inset, the higher energy
side spectral structure for the (0.2)Agl—(0.8)anatase and (0.4)AgI-(0.6)anatase composites is
compared with that for the pristine Agl specimen which was prepared in the same way. The
shoulders at about 423 nm and about 425 nm, which are respectively labelled P and Q, are
seen for the (0.4)Agl—(0.6)anatase composite. As shown in the inset of figure 6, both the
P and Q shoulders remain clearly even at 129 K (=11.1 meV) in spite of the small energy
separation (13.8 meV) between P and Q. With increasing x, the P and Q shoulders tend to move
toward about 424 nm. The Z, , exciton originates from the doubly degenerate valence band
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Figure 6. Temperature dependence of the PL spectrum of the (0.4)Agl—(0.6)anatase composite.
The temperature increases in the curves from top to bottom. The PL spectra at 8 and 129 K are
compared in the inset by rescaling their intensities.

I's with light and heavy hole masses. The I's band tends to split by some crystal-field change
caused by mixing with the wurtzite structure or some internal stress caused by different thermal
expansion coefficients between the Agl and anatase. Therefore, such I'g splitting should be
taken into account for rigorous assignment of the 423 and 425 nm shoulder bands. Such an
exciton spectrum is similar to that of the microcrystal specimen (Mochizuki and Umezawa
1997). The spectral structure of the 429 nm peak (labelled R) assigned to shallowly trapped
Z, ., excitons changes with x as shown in the inset. The changed bands are labelled R” and R”.
This indicates that there are several shallowly trapped exciton states. In such cases, the lower
energy trapped excitons tend to populate higher energy trapped exciton states with increasing
temperature.

The PL spectra of Agl-anatase composites were studied at different temperatures between
8 and 278 K. The result obtained for the (0.4)Agl—(0.6)anatase composite with maximum o
is shown in figure 6 as a typical example. In comparison with the emission intensities of the
P-, Q- and R-emission shoulders, the emission of the 442 nm band decreases prominently
with increasing temperature. The intensity peak at about 442 nm was assigned above to
radiative decay of excitons trapped by lattice defects and impurities in the Agl domain. On
further increasing temperature above 78 K, the 442 nm band almost disappears and absolutely
disappears at 278 K. Above 188 K, the intrinsic and extrinsic exciton bands are slightly
red-shifted, which is ascribed to the decrease of the bandgap energy of Agl with increasing
temperature. Such a redshift was also observed at pristine Agl (Mochizuki and Ohta 2000).
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Figure 7. Excitation-light intensity dependence of the (0.4)Agl—(0.6)anatase composite at 8 K.
The laser fluence increases in the curves from top to bottom. The PL spectra for the weakest and
most intense excitations are compared by rescaling their intensities in the inset.

The disappearance of the 442 nm band may be due to a thermally activated reverse process
from trapped states to free exciton ones. The 536 nm band becomes weaker and shifted to
shorter wavelength with increasing temperature. Such a blueshift was also observed in the
pristine anatase specimen. This indicates the decreased exciton-lattice relaxation energy. As
described later, the broad 536 nm band consists of two bands. If these bands have different
temperature dependences, such a blueshift of the 536 nm band is possible. The PL intensity
decrease of the 536 nm band with increasing temperature from 8 to 98 K is about two times
larger than that observed in pristine anatase. This may be attributed to the exciton trapping
and nonradiative exciton decay at the Agl/anatase interface.

The excitation-light intensity I.x dependence of the PL spectrum is also studied at 8 K on
different (x)Agl—(1 —x)anatase composites. The result obtained for the (0.4)Agl—(0.6)anatase
composite with maximum o is shown in figure 7 as a typical example. With decreasing laser
fluence, the free exciton P- and Q- shoulder emissions and the shallowly trapped exciton R
emission decrease linearly with I.x. On the other hand, the 442 and 536 nm emissions decease
nonlinearly with decreasing Iy, but their decreases are smaller than those of the P, Q and R
emissions. Upon further decreasing /., the 536 nm emission intensity becomes comparable
to that of the 442 nm emission with accompanying intensity peak wavelength shift from 536
to 552 nm. This indicates that the 442 and 536 nm emissions have higher yields than the
free exciton emissions and the shallowly trapped exciton emission. But the 442 and 536 nm
emissions become saturated under intense excitation. These saturations arise from a finite
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Figure 8. TRPL spectrum of the (0.4)Agl—(0.6)anatase composite at 9 K. Curves A and B
correspond to the time-resolved spectra integrated from 0 ns to 5000 s and integrated from 20 ns
to 5000.02 s after incidence of the laser pulse, respectively. The PL component (curve A — curve
B) for short delay time is shown in the inset.

number of shallow- and deep-level PL centres. In the inset, the PL spectra observed under
intense (Ip = 33 mJ cm~2) and weak (0.0061;) excitations at 8 K are compared. We have
assigned tentatively the 536 nm band to radiative decay of self-trapped excitons in pristine
anatase on the basis of both the present PLE spectrum edge (about 3.2 eV) and the assignment
made previously in several papers (Tang et al 1994, Hosaka et al 1997). However, the PL
intensity of the composite saturates at a laser fluence larger than 33 mJ cm™2, while we cannot
detect any saturation in pristine anatase particles. Therefore, the results may indicate that the
excitons in anatase are affected by adding Agl. Deeply trapped excitons in anatase may be
formed by exciton—phonon interactions or by interactions between free electrons and trapped
holes by defects at the Agl/anatase interfaces or both. Since the number of defects is limited,
the emission from such deeply trapped excitons at the interfaces becomes saturated under
intense excitation. The observed redshift from 536 to 552 nm with decreasing /.x may indicate
that anatase-related emission consists of at least two emission bands, labelled as X and Y
bands.

The TRPL spectra of Agl-anatase composites were measured at 9 K. Since the TRPL
measurements need longer data-acquisition times and the composites easily became blackened
by excitation laser light during the measurements, as stated above, we considerably reduced the
laser fluence. As aresult, the spectra are considerably affected by noise. In figure 8, the TRPL
spectra at 9 K shown for the (0.4)Agl—(0.6)anatase composite with maximum o are typical
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Figure 9. PL spectra of pristine anatase fine particles at 9 K: (a) TRPL spectra, (b) short-delay-time
emission, (c) temperature dependence of the PL spectrum.

examples. Curves A and B correspond to the time-resolved spectra integrated from O ns to
5000 ps and integrated from 20 ns to 5000.02 us after incidence of a laser pulse, respectively.
At a first glance, the PL spectrum consists of a broad band due to anatase shown as the bottom
curve and another broad band due to Agl. In order to extract the short-delay component,
we have calculated the difference spectrum (curve A — curve B). The result (curve A-B) is
shown in the inset. The difference spectrum gives an image of the ‘pure’ short-time emission
spectrum. Comparing this difference spectrum with those of pristine Agl and pristine anatase
shown in figure 5, one can identify the short-time emission spectrum made up essentially of
several kinds of Agl-related emission (400 nm < A < 500 nm) and weak anatase-related
emission (500 nm < A < 700 nm). On the other hand, the long-time emission spectrum (full
curve) may be anatase-related emission, which consists of two components centred at about
465 nm and about 536 nm.

The TRPL spectra of pristine anatase particles are also measured at 9 K. The results are
givenin figure 9(a). Curves C and D correspond to the time-resolved spectraintegrated from O to
100 ns and integrated from 50 to 150 ns after incidence of the laser pulse, respectively. In order
to extract the short-delay component, we have calculated the difference spectrum (curve C —
curve D). The resultis shown in figure 9(b). The short time emission (curve C-D) is blue-shifted
in comparison with the long-time emission (curve D). The blue-shifted emission indicates that
the broad band emission of pristine anatase particles consists of different radiative decays
of self-trapped excitons. The PL spectrum of the same pristine anatase specimen was also
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measured at different temperatures between 9 and 297 K. The results are shown in figure 9(c).
As seen in this figure, the broad PL band is blue-shifted with increasing temperature. This may
be related to the above-mentioned multicomponent of the PL band. We should note the spectral
structure difference between curve B in figure 8 and curve D in figure 9(a). We compared the
PL and TRPL spectra of (0.4)Agl—(0.6)anatase with those of pristine anatase particles and
single crystals (Tang et al 1994, Watanabe et al 2000). In the result, we have reached a view
that anatase-related excitons are partially trapped at the Agl/anatase interface. Since an exciton
trap is closely related to a defect, the view may yield a conclusion that there are defects at
the Agl/anatase interfaces. Assuming that the effect is explained as a space charge effect, the
probable reason is the adsorption of Ag* ions at the thereby positively charged oxide surfaces
and the creation of numerous vacancies at the Agl/anatase interfaces. When the interface has
a comparatively large defect density, the interface region may have high ionic conductivity.
The detailed report on the PL. and TRPL studies on various pristine anatase specimens will be
presented in a separate paper (Mochizuki e al 2003).

We have already discussed the space charge effects at the Agl/anatase interfaces on ionic
conduction. We need to discuss such space charge effects on excitons. The space charges
generate a potential gradient, namely an electric field, which drives the self-trapped exciton
formation, exciton trapping and exciton dissociation.

4. Conclusion and remarks

The results obtained for (x) Agl—(1 — x)anatase composites are briefly summarized as follows.

(1) Conductivity enhancement higher than three orders of magnitude is observed.

(2) The SEM and EDX fluorescence measurements indicate that anatase fine particles are
packed in large Agl particles of several micrometres in size and such anatase-packed Agl
particles are three dimensionally connected to form a composite specimen. We named
these composites particles anatase-packed Agl particles. Silver-rich parts appear around
anatase particles. This indicates Ag* ion adsorption on the surfaces of the anatase particles.
The measurements indicate also that some of the anatase particles are nearly isolated and
others aggregate with each other to form larger particles.

(3) The XRD pattern of Agl domains in anatase-packed Agl particles is similar to that of type
IT Agl crystals (Lee ef al 2000b) and the (311) line of y Agl is observed. The Agl domain
in the anatase-packed Agl particles consists of y Agl and BAgI crystallites.

(4) The splitting of the Z , exciton spectra of Aglis observed as two shoulder PL bands. These
may arise from some crystal-field change caused by the mixing with the wurtzite structure
or some internal stress caused by different thermal expansion coefficients between the Agl
and anatase.

(5) The anatase-related exciton spectra in the anatase-packed Agl particles are considerably
affected in comparison with pristine anatase. Excitons in anatase fine particles are partially
trapped at the Agl/anatase interfaces which may contain numerous crystalline defects.

Results (2) and (3) explain well the observed conductivity data for (x) Agl—(1 — x)anatase
composites. It may be concluded that adding anatase fine particles to Agl produces vacancies
on Ag” ion sites, a space charge layer and a heterostructure for y Agl and BAgI crystallites.
In such anatase-packed Agl particles, both the Agl/anatase interface regions of neighbouring
anatase particles and the y Agl/BAgl crystallite interfaces would provide pathways for high
conductivity.

The main limitation of our technique is that there are no direct mesoscopically space-
resolved electrical and optical measurements on the composite specimens. Bearing this
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Figure 10. Reversible photoinduced spectral change in (0.4)AgI—(0.6)anatase composites at 300 K.
Both the irradiation laser light wavelength A;- and the PLE laser light wavelength A¢x are the same:
325 nm.

limitation in mind, we have presented some reasonable connections between the measured
data and composite effects in the Agl-anatase system. With a near-field optical microscope
measurement system and a SEM, the space-resolved optical and structural measurements on
different Agl—oxide systems are now in progress in our laboratory.

Very recently, we have measured the Raman scattering spectra of (x)Agl—(1 — x) anatase
composites at room temperature. The present pristine Agl shows a broad band centred at
88 cm~!. This band is assigned to extra modes coming from defects. When x is decreased
to less than 0.2, the band shifts to 78 cm~! and becomes resolved into three bands centred at
about 68, 78 and 94 cm~!. Such a spectral change may give more directly information about
the defect structure at Agl/anatase interfaces (Mochizuki et al 2003).

Finally, we have very recently found a reversible photoinduced spectral change in the
present (x)Agl-(1 — x)anatase composite specimens at room temperature. The spectral
change obtained for (0.4)Agl—(0.6)anatase is shown in figure 10 as a typical result. After
fully irradiating at 300 K with 325 nm laser light in a vacuum specimen chamber, the specimen
shows a broad PL spectrum (curve A) due to trapped excitons in anatase. Oxygen gas is then
introduced into the chamber. With increasing irradiation time, the broad PL band becomes
weak, while a sharp PL band due to the excitons in Agl grows at 426 nm and the broad
PL band prevails, as indicated by curve B. The chamber is again evacuated. The broad
PL spectrum reappears. It is found through many successive experiments that the spectral
changes appear repeatedly. The enhancement of the broad PL is related to photogenerated
oxygen vacancies and is observed for many oxides, for example Eu,O3, Sm;03 (Mochizuki
et al 2001a, 2001b) and SiO, (Mochizuki and Araki 2003). The observed spectral changes
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may originate from the photoinduced dissociative adsorption and photoinduced associative
detachment of O, molecules near the composite surfaces and may well yield materials for
optical sensor devices, for example, optical oxygen-partial-pressure sensors. The detailed
results will be described in a separate paper.
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Abstract

In order to clarify the growth process and hard to understand reported spectra of
iodine film and silver iodide (Agl) film, various spectral transitions have been
measured in situ: (a) optical density spectra of films grown on low temperature
substrates by vacuum evaporation of an iodine lump, during deposition and
annealing; (b) optical extinction spectra of vapour zones produced by gas
evaporation of Agl powder, during evaporation; and (c) optical density spectra
of films grown on low temperature and room temperature substrates by vacuum
evaporation of Agl powder, during deposition and annealing. After these
in situ real time measurements, the film specimens were allowed to recover
and were examined by means of comparative measurements of the optical
density and photoluminescence spectra at about 12 K. The spectra obtained were
analysed and compared with those reported previously by other workers, and
the following questions have been optically clarified: (1) How does annealing
improve the crystal quality of iodine film? (The annealing at about 200 K
improves the crystal quality considerably.) (2) What is the film that is quench
deposited on low temperature sapphire surfaces by thermal evaporation of Agl
powder? (Itis Ag,,I, (m,n > 1)dispersed iodine film.) (3) How does Agl film
grow in the deposited film? (Above about 220 K, iodine evaporates abruptly
to grow uniform Agl film on the substrate.) (4) How does excess iodine affect
the optical spectrum of Agl? (The excess iodine creates both several exciton
absorptions due to polytype structures at wavelengths between 370 and 410 nm,
and a tail at wavelengths longer than 430 nm.) (5) What is the best evaporation
condition for the fabrication of Agl and iodine films? (The best quality of
iodine and BAgI films can be obtained at a substrate temperature of about
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200 K in the quench deposition method.) Besides this, the present optical
experiments have answered the following question: is there truly a strongly
enhanced optical absorption in quench deposited Agl films, as reported by
Kondo et al (1998 Phys. Rev. B 57 13235)? The present studies have elucidated
that the enhanced absorption is not due to amorphization of Agl but due merely
to intense optical absorption of iodine in the films.

1. Introduction

Because of the practical importance of silver iodide, Agl, in electrolytes, photography and
cloud condensation nuclei, the physical and chemical properties have been extensively studied
in the last few years. Agl has three phases designated as «, 8 and y, in order of decreasing
temperature, at normal pressure with the following properties (Burley 1963). At the superionic
transition temperature 7 (420 K), the superionic o phase transforms into semiconductor j
phase (wurtzite lattice). The « phase has a body-centred cubic arrangement of I~ ions with
highly mobile Ag" ions randomly distributed through the equivalent interstices; this is known as
the averaged structure. At room temperature, the semiconductor y phase (zinc-blende lattice)
appears as a metastable state. It is said that the stability of the y phase is affected by slight
nonstoichiometries and other defects. To date, the optical spectra of pristine Agl (Cardona
1963, Mochizuki 2001, Mochizuki and Ohta 2000) and Agl nanoparticles (Mochizuki and
Umezawa 1997, Dulin 1993), Agl-based composites (Mochizuki and Fujishiro 2003a, 2003b)
and Agl-based glasses (Fujishiro and Mochizuki 2002, Mochizuki and Fujishiro 2003c) have
been reported, by many workers. However, it is well known that the Agl specimens tend
to contain excess iodine. The excess iodine species in real Agl specimens are thought to
be dependent on the specimen preparation method and thermal history. lodine clusters I,
(n > 2) and films exhibit several intense broad optical absorption bands in the visible and
ultraviolet light regions. Although such excess iodine effects have not been reported in detail,
we have frequently experienced these absorption bands due to excess iodine disappearing
or weakening considerably upon annealing at moderate temperature in vacuum, and found
that BAgl film with high optical quality is fabricated by both depositing and subsequently
annealing below room temperature. For example, although excess iodine in film specimens is
stable at low temperatures (7 < 90 K) even in vacuum, it rapidly evaporates above about 220 K
under heating. Kondo et al (1998) prepared films on a low temperature sapphire substrate by
evaporating Agl in vacuum and observed extremely enhanced absorption compared to that of
crystalline Agl film; the enhanced absorption appearing in thick and thin films disappeared
suddenly at temperatures higher than 220 and 180 K, respectively. They explained the enhanced
absorption by the p—d hybridization in amorphous Agl and the disappearance of the intense
absorption by an amorphous—crystalline transition. However, we have found very recently that
such intense absorptions, spectral shapes and sudden spectral disappearances are very similar
to those observed for pristine iodine films. Unfortunately, these excess iodine effects have
been accorded too little respect in the optical study of Agl and Agl-based materials for a long
period of time and they have led many researchers astray.

In the present study, we have performed in situ real time measurements of the optical
spectra of Agl films and pristine iodine films deposited on the same low temperature sapphire
surfaces, during both deposition and heating (annealing) processes. Besides this, we have
measured optical extinction spectra of Agl vapour zones and have clarified the vapour species.
After these measurements, the Agl film specimens grown were examined by means of
comparative measurements of the optical density (OD) and photoluminescence (PL) spectra
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at about 10 K. On the basis of these experimental results, we have studied the Agl film growth
mechanism below room temperature and elucidated several Agl-related phenomena which
were previously reported by other authors but were hard to understand.

2. Experimental procedure

Vacuum evaporation experiments were carried out under a base pressure below 10~* Pa
by using a stainless-steel evaporation chamber with two pairs of opposite optical windows.
The experimental apparatus was composed of a main evaporation chamber and a spectral
measurement system. The apparatus was used previously for cluster and microcrystal studies
(Mochizuki 1996, Mochizuki and Ruppin 1993). Optically flat plates of sapphire (R-cut)
were used as the substrate. The substrate temperature (7;) was monitored with a copper—
constantan thermocouple. For evaporation of Agl, a platinum crucible containing nominally
pure Agl (Alpha, 99.999%) powder was gradually heated indirectly in an alumina crucible on
which a tungsten wire heater was wound. The iodine vapour was obtained by evacuating a
glass tube which contained nominally pure iodine lumps (Wako, 99.8%) and was connected
to the evaporation chamber. In the present experiments, the thickness of film on the substrate
increased with time. During the deposition, the OD spectrum of the selected position in the
film was recorded as a function of time (#4) elapsed after the beginning of the measurement with
an optical multichannel analyser system. Each measurement was made at the appropriate time
window and time interval. A time (#4) resolved spectrum consists of 64 spectra. In the present
paper, some of them are selected and presented. Continuum light from a 150 W xenon lamp
was appropriately attenuated to avoid photoinduced blackening and was directed at the whole
substrate in a transmission configuration without using a lens. After passing the substrate, only
the light through the selected position was collected by a lens and then spectrally analysed and
recorded by a multichannel analyser system (Atago, MAX 3000). The transmission 7, at a
given position is the intensity ratio at the same position before the beginning of the evaporation.
The results for films are expressed with respect to the OD spectra, —log 7.

Generally, the vapour produced by the vacuum evaporation method is too thin for usual
optical absorption measurements and the vapour needs to be confined. In order to confine the
vapour, the gas evaporation experiments on Agl were carried out at different gas pressures
and the optical extinction spectra were measured at different stages of evaporation, using the
apparatus described above to determine optically the vapour species in the Agl vapour, taking
into account some aggregation of vapour species due to atmospheric gas. Optical extinction
spectra of selected positions in the vapour zones were recorded in the transmission configuration
as a function of #4 elapsed from the beginning of the measurement. Since the transmissivity
spectra obtained for the vapour zones contain both scattering and absorption effects, the results
obtained are expressed as optical extinction spectra, — log 7.

After the above-described in sifu real time measurements, the recovered Agl film
specimens were put in a helium closed-cycle cryostat, whose temperature could be varied from
about 10 to 300 K. PL was excited by different laser lines (360—440 nm) from a Ti**:sapphire
laser excited by a Nd**:YAG laser. The PL spectra were examined at different laser lines with
different excitation intensities. The emitted light was dispersed using a grating spectrograph
(Jobin-Yvon HR-320), and an image-intensified multichannel photodetection system (Lambda
Vision, LVID) was employed. Both the OD spectra and the PL spectra were measured at about
10 K. The PL spectra were also measured at different temperatures between 7 K and room
temperature. The spectral response of the optical system, including the focusing lens and
the optical fibre, was carefully measured using a calibrated quartz—halogen lamp and used to
correct the raw data. Through the above optical measurements, the lights from the xenon lamp
and laser were suppressed to avoid photoblackening.
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Figure 1. The time evolution of the optical density spectrum of iodine film on a sapphire substrate
(Ts = 96 K) during deposition. The spectra at the initial and final stages of the deposition are
compared in the inset.

3. Results and discussion

3.1. Time evolution of the optical density spectrum of iodine film deposited on a sapphire
substrate during vacuum evaporation of pristine iodine

We evaporated iodine at different evaporation speeds and at different substrate temperatures.
Figure 1 shows the time evolution of the OD spectrum of the iodine film deposited on a
sapphire substrate whose temperature was 96 K, as a typical example. Each measurement was
made for 140 ms at intervals of 140 ms. The time ?4 increases for the curves from bottom
to top. The time evolution corresponds to the film thickness increase. With increasing 4,
the absorption increases with the spectral broadening. Although the spectra at the transparent
region (>600 nm) are affected by some interference effect, curve 1 can be compared with
curve 6 by rescaling: x10 + 0.1. The spectra of iodine film obtained are very different from
those of iodine molecules (Mathieson and Rees 1956). This indicates that the strong molecular
interaction in solid iodine affects its electronic structure. The absorption of curve 6 starts to rise
around about 760 nm, which is comparable to the reported bulk values deduced from optical
and photoconduction measurements: 733 nm at 78 K and 779 nm at 200 K (Braner and Chen
1963), 775 nm at 123 K (Yamamoto ef al 1987), 827 nm at 300 K (Many et al 1961), 992 nm at
room temperature (Riggleman and Drickamer 1963) and 939 nm at room temperature (Moss
1952). The absorption rises gradually up to about 580 nm, and reaches an inflection point at
about 580 nm. After reaching a kink at about 505 nm, the absorption rises steeply to another
kink at about 380 nm. Passing through a maximum at about 320 nm, the absorption decreases
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Figure 2. The temperature dependence of the optical density spectrum (curve 6 in figure 1) of
iodine film on a sapphire substrate during heating.

steeply. We elevated the specimen temperature to room temperature and measured the spectra
at different temperatures. The results are shown in figure 2. With increasing temperature, the
absorption continues to increase and reaches a maximum at 200 K. On further increasing the
temperature, the absorption decreases monotonically. When the temperature exceeded 220 K,
there was a faint exhaust sound from the vacuum pump attached to the specimen chamber and
the OD spectrum disappeared suddenly. Both the exhaust sound and the disappearance of the
OD spectrum indicate perfect evaporation of the iodine film. Through different experiments, it
was found that the spectral disappearance temperature tends to vary with heating rate and film
thickness. The temperature dependence of the spectral structure is summarized as follows.
The peak wavelength at about 320 nm is not changed with temperature increase. However,
the absorption components corresponding to the kinks at about 505 and about 380 nm and
to the inflection at about 580 nm shift toward longer wavelengths. The spectrum at 200 K
seems to consist of at least three absorption bands centred at about 320, about 410, about
510 nm and a tail at wavelengths longer than 600 nm. They correspond to the 340.0, 411.0,
495.0,537.0 and 602.5 nm absorption bands observed for iodine single-crystal films (Schnepp
et al 1965). These five absorptions are assigned to optical transitions from valence bands
originating from the g, 7y and o, orbits in I molecules and to conduction bands originating
from o, orbits in I, molecules (Yamamoto et al 1987, Schnepp et al 1965). It is known that the
iodine films deposited at 123 K were polycrystals of orthorhombic structure (Grimminger and
Richter 1956). It has been experimentally known that, when a substance of anisotropic crystal
structure is evaporated onto a low temperature substrate, the film produced tends to contain
a considerable number of defects. The present film was produced at temperature lower than
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Figure 3. The time evolution of the optical density spectrum of iodine film on a sapphire substrate
(Ts = 200 K) during deposition. The spectra at the initial and final stages of the deposition are
compared in the inset.

123 K and therefore it may contain some crystal defects. The absorption intensity increase of
these bands with increasing temperature from 96 to 200 K may arise from some improvement
in crystal quality of the film upon thermal annealing. Therefore, we deposited iodine on a
higher temperature substrate (7, > 96 K) and measured the OD spectrum during deposition.
Figure 3 shows the time evolution of the OD spectrum of the iodine film deposited on a
sapphire substrate whose temperature was 200 K, as a typical example. Each measurement
was made for 130 ms at intervals of 130 ms. In the inset, curve 1 obtained at the initial stage is
compared with that obtained at the final stage by rescaling curve 1. A shoulder appears at about
439 nm in an absorption tail (>415 nm) of some higher energy band which seems to consist of
several bands. As the deposition progresses, two absorption bands appear at 331 and 435 nm,
and at least two shoulder bands appear and become prominent at about 510 nm and below
600 nm. As the deposition progresses further, the absorption intensities of these bands and the
shoulder bands increase. The spectral structure is similar to that of the iodine single-crystal
film reported by Schnepp et al (1965). At the final stage of the deposition, the 331 and 435 nm
bands become sharper. The 435 nm band is accompanied by some bands between 370 and
410 nm. After the deposition, the iodine film was cooled down to 96 K and then it was heated to
room temperature. During the cooling and heating processes, the OD spectrum was measured
as a function of temperature. The result is shown in figure 4. With temperature decreasing to
96 K, the 439 nm band becomes intense and sharp with an accompanying slight red-shift, while
the 331 nm one is almost unchanged. The 510 nm shoulder becomes a clear absorption band at
about 510 nm. The absorption slope at wavelengths longer than 600 nm grows into a shoulder.
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Figure 4. The temperature dependence of the optical density spectrum (curve 8 in figure 3) of
iodine film on a sapphire substrate during heating.

With increasing temperature from 96 K, the absorption decreases monotonically. As for the
film deposited at 96 K, when the temperature exceeded 220 K, we heard the faint exhaust
sound and the OD spectrum disappeared suddenly. The spectral evolution shown in figures 1
and 3 may be explained by the spectral transition from island-like ultrathin film to uniform
thick film. Inthe spectra (curves 1 in the figures) measured at the initial stage of the deposition,
small numbers of I, molecules are thought to condense to form each island. In such cases,
the spectrum tends to resemble that of free I, molecules and the apparent optical absorption
edge shifts to shorter wavelengths, as shown in figures 1 and 3. The spectral evolution from
molecule to solid, together with such an apparent red-shift of the absorption edge, has been
explained by calculating electronic energy structures for I, and I, (n > 2) (Satoko 2003).
Calculation of stable structures of I, in our laboratory is planned.

3.2. Time evolution of the optical extinction spectrum of vapour produced by thermal
evaporation of pristine Agl in helium gas

Figure 5 shows a typical view of the gas evaporation of Agl in helium gas confined at 110 Torr.
This photograph was taken at the middle stage of gas evaporation with illumination from a
xenon lamp. A dark zone (DZ), ranging from the upper edge of the crucible to a height of
about 5.2 mm, and a long conical brown smoky zone (BSZ) can be clearly distinguished. The
smoky nature arises from light scattering by particles with sizes comparable to the incident
light wavelength. This suggests that the species of the BSZ are large microcrystals. As the gas
evaporation proceeds, the BSZ grows to produce a multilayer cone structure which consists of
a brown inner zone and a blue outer zone. With decreasing helium gas pressure, the vapour
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crucible

Figure 5. Vapour zones produced by thermal evaporation of Agl powder in He gas confined at
110 Torr. BSZ and DZ are the brown smoky zone and the dark zone, respectively.

zone structure becomes spread and indistinct. As a result, it becomes impossible to measure
the extinction spectrum.

Figure 6 shows the time evolution of the optical extinction spectrum of the BSZ at a height
of 12 mm from the crucible edge at 110 Torr. Each time #4 is given in the figure. At the initial
stage of the gas evaporation, the observed spectrum (curve 2) consists of an absorption band P
centred at about 510 nm and another absorption band Q increasing toward about 320 nm. With
progressive evaporation, these bands grow as shown by curves 3,4 and 5. The P band is assigned
to the X—B electronic—vibrational transitions in iodine diatomic molecules I, (Yamamoto et al
1987), while the absorptions due to the X—B transition in isotopes of Agl molecules, ' Agl
and ' Agl (Stueber et al 1998), and the interband transition in Agl microcrystals (Mochizuki
and Umezawa 1997, Dulin 1993) appear in the Q-band wavelength region. In the inset, the
optical extinction spectrum of the DZ at a height of 2 mm from the crucible edge is shown.
This spectrum was obtained at the steady state of the gas evaporation. The absorption band
centred at 515 nm and the absorption which increases toward 270 nm are assigned to the X—
B and X-C electronic—vibrational transitions in I, molecules, respectively (Yamamoto et al
1987). Differing from the case for the gas evaporation of pristine silver (Mochizuki and Ruppin
1993), the absorption lines due to atomic silver Ag,, the absorption bands due to silver diatomic
molecules Ag, and silver particles Ag, (n > 2), and the absorption due to the X—A transition
in Agl molecules (Metropolis 1939) are not resolved clearly in the broad featureless spectra.
However, the existence of silver vapour species is ascertained at the initial stage of the film
formation on a substrate whose temperature is 200 K, as shown in the next subsection. Stueber
et al (1998) already found isotopes of Agl molecules ('®Agl and '’ Agl) and Ag atoms as
species in the molecular beam generated by expansion cooling of vapour which was produced
by heating Agl. After the gas evaporation experiments, we found some residual substance in
the crucible and thin yellow particles deposited on the upper lid of the evaporation chamber.
We examined them by x-ray diffractometry and photoluminescence spectroscopy. The x-ray
diffractogram showed that the residual substance in the crucible was silver metal and the thin
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Figure 6. The time evolution of the optical extinction spectrum of the brown vapour zone at a
height of 12 mm from the crucible edge during evaporation. The optical extinction spectrum of
the dark vapour zone at a height of 2 mm from the crucible edge for the final stage of the gas
evaporation is shown in the inset.

yellow deposits were mixtures of BAgI and y Agl microcrystals. Taking account of the vapour
species aggregation promoted by atmospheric He gas, it is suggested that Ag,, I, (m,n > 1)
particles, I, molecules and Ag atoms may all be vapour species in vacuum evaporation. The
chemical formula Ag,,I,, is the general term for Agl diatomic molecules, Agl clusters ((Agl),,)
and nonstoichiometric silver iodide clusters ((Agl),Ags; (6§ > 1) and (Agl),L; (¢ > 1)). The
(Agl),Ags; and (Agl), I, are known as fragment clusters. These vapour species from the
crucible are deposited on the high temperature substrate to produce a film. When the substrate
temperature is lower than 220 K, the vapour species adsorbed on the substrate may condense
to form Ag,—Ag, 1,1, composite film. Since the rate of evaporation of I, is higher than those
for other species, Ag, and Ag,, I, are thought to be embedded in an iodine film matrix. This
speculation may be ascertained spectroscopically, as reported in later subsections.

3.3. Time evolution of the optical density spectrum of film deposited on a low temperature
substrate during vacuum evaporation of Agl

Figure 7 shows the time evolution of the OD spectrum of the film deposited on a sapphire
substrate at 109 K during vacuum evaporation. Each measurement was made for 1600 ms
at intervals of 4000 ms. In the inset, curve 1 obtained at the initial stage is compared with
that obtained at the final stage by rescaling curve 1. The colour of the film was light brown.
Although the spectra are broader than those of iodine films, faint inflection points (a, b, ¢
and d) are seen at about 417, about 475, about 544 and about 597 nm at the initial stage of
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Figure 7. The time evolution of the optical density spectrum of the film deposited on a sapphire
substrate (7; = 109 K) during vacuum evaporation of Agl powder. The spectra at the initial and
final stages of the deposition are compared in the inset.

the evaporation. As compared with the absorption spectra of pristine Agl (Cardona 1963,
Mochizuki and Ohta 2000, Mochizuki 2001) and pristine iodine films described above, the
following are found. The inflection at 417 nm is due to the Z; , exciton absorption (422 nm).
The inflections at 475, 544 and 597 nm arise from the absorption bands centred at 340,411, 495,
537 and 603 nm in iodine films. That is, the film on the low temperature substrate at the initial
stage of the deposition is a composite film made of, at least, Agl and iodine. It is hard to deduce
the absorptions due to other species from the observed spectra. With progressing deposition,
the absorption increases and the absorption edge extends to wavelengths longer than 800 nm.
One possible cause of such a spread in absorption is additional optical scattering at the I-Agl
interfaces in the I-Agl composite specimen. We elevated the specimen temperature to room
temperature and measured the spectra at different temperatures during heating. The results are
shown in figures 8(a) and (b). With increasing temperature, the absorption continues to increase
and then reaches a maximum at 210 K. The colour of the film becomes dark brown. On further
increasing temperature, the absorption decreases monotonically. Similarly to in the above-
described experiments for iodine films, when the temperature exceeded 230 K, there was the
same exhaust sound. Simultaneously, the intense broad spectrum disappeared suddenly, a weak
spectrum peculiar to Agl emerging. Both the exhaust sound and the spectral change indicate
the evaporation of excess iodine from the film and indicate also that vapour species related to
Agl evaporation are dispersed in an iodine film matrix. Through experiments under different
conditions, it is found that the spectral change temperature tends to vary with heating speed and
film thickness. With temperature increasing from 240 to 290 K, the tail at wavelengths longer
than 430 nm becomes considerably weakened and the absorptions between 370 and 410 nm
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Figure 8. The temperature dependence of the optical density spectrum (curve 11 in figure 7) of
iodine film on a sapphire substrate during heating: (a) 7 < 210 K, (b) 7 > 210 K. The exciton
spectra at 240 and 290 K during heating are compared, together with the spectrum at 11 K, in the
inset.

decrease. The tail may be due to excess iodine included tightly in Agl film. The absorptions
between 370 and 410 nm correspond to the H; and H; exciton ones in polytype Agl (Mochizuki
2001), which are induced by some stacking disorder in the AgI lattice. This film was cooled
again, down to 11 K, and the OD spectrum was measured. As indicated in the inset, a clear
Z, » absorption peak was observed at 422 nm, which indicates that the film is y Agl, and this is
discussed later in detail. Similarly to that for the iodine film evaporated at 96 K, the absorption
increases with increasing temperature from 107 to 210 K. The band centred at about 470 nm,
which appears as a shoulder at 107 K, becomes prominent. The spectral change may arise
from the improvement in crystallinity of iodine domains upon heating (annealing). However,
we cannot exclude effects of some particles (for example, Ag,,I,) grown at the Agl/iodine
interfaces. Therefore, we deposited iodine on a higher temperature substrate (7, > 96 K) and
measured the spectrum during deposition, as follows.

Figure 9 shows the time evolution of the OD spectrum of the film deposited on a sapphire
substrate at 200 K during vacuum evaporation. Each measurement was made for 1400 ms
at intervals of 3990 ms. The colour of the film was light brown. At the initial stage of the
deposition, the spectrum consists of a broad band centred at 370 nm and a short wavelength
absorption which increases toward some wavelength shorter than 330 nm. In the inset,
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Figure 9. The time evolution of the optical density spectrum of the film on a sapphire substrate
(Ts = 200 K) during deposition. Curves 1 and 2 are compared in the inset. SPR and IBT denote
the surface plasmon absorption band and the interband transition band of silver particles deposited,
Ag,, respectively.

curves 1 and 2 are expanded and shown. These curves are very similar to those observed for
silver clusters and microcrystals (Mochizuki and Ruppin 1993). The 370 nm band and short
wavelength absorption are assigned to the collective mode resonance of valence electrons (so-
called surface plasmon resonance (SPR)) and interband transitions (IBT) of silver particles
(Ag,: n > 2), respectively. Such absorptions indicate that silver atoms are also one of the
vapour species for vacuum evaporation of Agl powder. At later times of deposition, the SPR
band has a long wavelength tail, as shown in the inset. The tail is due to interaction between
adjacent Ag,, which was observed frequently in the spectra of gas evaporated Ag, films
(Hayashi et al 1990) and free Ag, (Mochizuki and Ruppin 1993). Thus, it has been deduced
spectroscopically that Ag atoms coming from the evaporation source condense to form Ag,
island film on the 200 K substrate at the initial stage of the deposition. In curve 6, at the
middle stage of the deposition, a kink appears at about 415 nm. As discussed later, the kink is
connected to the W and W exciton bands of Agl. The appearance of such an Agl-related kink
means that vapour species diffuse easily and grow to become Agl particles in the iodine film
matrix at 200 K. At the final stage of the deposition, the absorptions at wavelengths longer than
650 nm become prominent, forming the absorption edge structure of solid iodine. We cooled
the specimen to 99 K and then elevated the specimen temperature to room temperature. We
measured the spectra at different temperatures during the cooling and heating processes. The
results are shown in figure 10. With cooling from 213 K, the absorption continues to increase
and the maximum at about 420 nm shifts to about 430 nm at 99 K. With temperature increasing
from 99 K, the absorption decreases monotonically. When the temperature exceeded 220 K,
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Figure 10. The temperature dependence of the optical density spectrum (curve 8 in figure 9) of
the film on a sapphire substrate during cooling and heating processes. The exciton spectra during
the cooling and heating processes are compared, together with the spectrum at 13 K, in the inset.

there was a faint exhaust sound from the vacuum pump attached to the specimen chamber, as
heard for pristine iodine films. Simultaneously, the intense broad spectrum became weakened
and it disappeared suddenly at 240 K, a weak spectrum peculiar to Agl emerging. Through
different experiments, it was found that the spectral change temperature tends to vary with
heating rate and film thickness. With temperature increasing from 240 to 300 K, the tail at
wavelengths longer than 430 nm disappeared and the absorptions between 370 and 410 nm
decreased. The tail may be due to some excess iodine included tightly in Agl films. The
absorptions between 370 and 410 nm correspond to the H; and H, exciton ones in polytype
Agl, which are induced by some stacking disorder in the Agl lattice. This film was cooled
again, down to 13 K, and the OD spectrum was measured. The W;, W, and W3 exciton
absorption bands are observed at 420, 414 and 320 nm, respectively. This indicates that the
film is BAgl. In the inset, the spectra measured at 250 and 300 K for the first heating process,
100 K for the second cooling process and 307 K for the second heating process and 13 K for
the third cooling process are compared. A remarkable change occurs at wavelengths shorter
than 320 nm. A possible explanation for such spectral change is desorption of iodine from the
film or reaction of imperfect Agl film with iodine during the heating and cooling processes.

3.4. Time evolution of the optical density spectrum of film deposited on a room temperature
substrate during vacuum evaporation of Agl

We measured the time evolution of the OD spectrum of the film deposited on a room temperature
sapphire substrate during vacuum evaporation. The evaporation condition is the same as in the
experiments with the low temperature substrate. In order to study the optical spectrum for a
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Figure 11. The time evolution of the optical density spectrum of the film on a sapphire substrate
(Ts = 300 K) during deposition. The spectra at the initial and final stages of the deposition are
compared, together with the spectrum at 13 K, in the inset.

wide thickness range, we performed successively the same depositions on the substrate. The
results of the two successive deposition experiments are shown in figure 11. Each measurement
was made for 1400 ms at intervals of 3990 ms. In the inset, the exciton spectra (curves 1, 2 and
8) at different stages of the deposition are compared after appropriate rescaling, together with
the spectrum measured at 13 K. At the initial stage of deposition, two bands, E and F, appear at
420 and 414 nm, respectively. With progressing deposition, the absorption intensity of the E
band becomes superior to that of the F band, and the J band at 320 nm becomes prominent. At
the final stage of the deposition, the F band is merged with the E band, while the bands become
well resolved at 13 K. At the initial stage of deposition, vapour species may condense on
the substrate to form Agl microcrystal film. In the previous paper (Mochizuki and Umezawa
1997), we reported for Agl microcrystals that the Z; » exciton band split into two bands centred
at420nm and 415 nm due to the quantum size effects on the doubly degenerate valence band I'g
or some crystal field change at the crystallite surfaces due to surface reconstruction or surface
defects or the appearance of the wurtzite modification. Since the intensity peak wavelengths
of these bands are almost unchanged with progressive deposition, the E, F and J bands are
assigned to the W, W, and W3 exciton bands of SAgl (Cardona 1963, Mochizuki 2001,
Mochizuki and Ohta 2000). Thus, the film deposited on room temperature sapphire substrate
is optically identified with wurtzite phase Agl. The relative absorption increase of the W; (E)
band with increasing deposition time (film thickness) may arise from the decreased exciton
confinement and decreased surface (surface reconstruction and defects) effects. After the
evaporation experiments, we measured the OD spectrum as a function of ageing time at 301 K.



Real time optical study of films 3253

ZW, w,
S . w,
Q T B
O 415 425
&
‘Z Z,W.\ oD (0))) oD
% (T=11K) (T=13 K) (T=13 K)
E
S ) i
_ PL PL PL
(T= 11 K) (T=13K) W (T=13K)
G,

¢)

)\

T R T R e e e
380 400 420 440 460 480 380 400 420 440 460 480 380 400 420 440 460 480
Wavelength (nm)

Figure 12. The optical density and photoluminescence spectra of different Agl films near 12 K.

It was found that the absorption at wavelengths shorter than 300 nm grows with increasing
ageing time and, after 60 min, the spectrum comes to resemble that of pristine Agl (Cardona
1963, Mochizuki 2001, Mochizuki and Ohta 2000). This result is very similar to the result for
the low temperature (200 K) substrate.

3.5. Photoluminescence of Agl films deposited on different temperatures of substrates

Figure 12 shows the OD and PL spectra of the Agl films deposited on the sapphire substrate
at three different temperatures (109, 200 and 300 K). First, we discuss the spectra of the
film deposited on the 200 K substrate. This film displays sharp well resolved absorption
bands at 422 and 416 nm due to W and W, excitons, respectively. The PL spectrum shows
at 423 nm a sharp emission which has a full width at half-maximum (FWHM) of 79 cm~!
(approximately 10 meV) and with a very small Stokes shift (<7 meV) from the W, exciton
absorption peak. Since the 7 meV shift is within the maximum systematic error between OD
and PL measurements, the emission can be assigned to the radiative decay of free W excitons.

The film deposited on the 109 K substrate shows an intense absorption band at 422 nm
which coincides with the Z; , and W exciton wavelengths. However, this band is accompanied
by a faint shoulder band (S) on the short wavelength side, as indicated by an arrow in the inset.
The shoulder wavelength is close to that of the W, exciton. The 422 nm band and the shoulder
may be assigned to the Z; and Z, exciton bands which are split by some crystal field change due
to appearance of the wurtzite modification, or to defected BAgl. Incidentally, most of the Z; »
exciton absorption bands previously reported by different authors are also accompanied by a
faint shoulder band at about 415 nm. It is also noted that a structured broad absorption band is
seen between 380 and 415 nm, which had not been observed for other films. Similar absorption
bands was observed previously at 405 and 398 nm for the film specimens (Mochizuki 2001),
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which were assigned to the H; and H, excitons trapped at some stacking-disorder-induced
polytype structures of BAgl. The 404 and 392 nm shoulders which are labelled respectively
as H} and Hj, and the 400 and 389 nm peaks which are designated respectively as H{ and H)
are the exciton absorptions due to other types of polytype structure of BAgl. The PL spectrum
of this film displays at least two broader bands. The intensity peaks at 434 and 427 nm which
are designated respectively as G, and G, are observed, while the emission due to the radiative
decay of free W, excitons is not clearly resolved. By comparing the PL spectral structure with
the OD one, the G; and G, emissions are assigned to the radiative decays of excitons trapped
at crystal defects.

The film deposited on the 300 K substrate shows also the W; and W, absorption bands
which have larger FWHM than those of the film deposited on the 200 K substrate. This
indicates the degradation of the crystallinity of BAgl. The G; and G, emissions are also
observed. An extremely faint shoulder is observed at 422 nm. As for the film deposited on the
109 K substrate, the G| and G, emissions are due to the radiative decays of excitons trapped
at crystal defects.

The above optical studies suggest that an optimum substrate temperature for fabricating
BAgl film is close to 200 K.

3.6. Film formation by thermal evaporation of Agl powder in vacuum

The present studies have indicated optically that the species in the vapour zones produced by
thermal evaporation of Agl powder are Ag atoms (Ag;), silver iodide clusters (Ag,I,) and
diatomic iodine molecules (I). As defined above, Ag,,I,, is the general term for Agl diatomic
molecules, Agl clusters ((Agl),) and nonstoichiometric silver iodide clusters ((Agl),Ags
(6 > 1) and (Agl),L; (¢ > 1)). By the optical and time-of-flight mass spectroscopic methods,
Bernstein (2003) has been studying Ag, X, (X: Cl, Br, I) particles (clusters) in an effort to
understand the structure, dynamics and photochemistry of small clusters, and to explore the
properties of larger Ag,, X, structures as they grow from nanoclusters to the bulk material. We
discuss the Agl film formation on the substrate whose temperature is below room temperature.
We first note that iodine solid has the highest vapour pressure and I, molecules sublimate
from the deposited film on a sapphire substrate prominently above 220 K under evacuation, as
described above. The vapour species coming from the evaporation source arrive at the substrate
surface and, when 7§ is low enough to suppress re-evaporation, they are well adsorbed to form
a composite film of Ag,;, Ag, I, and I,. Since the rate of evaporation of I, is very high, Ag,
and Ag,,I,, are thought be dispersed homogeneously in an iodine film matrix. These Ag, and
small Ag,, I, structures act as condensation nuclei for growing Ag,, I, in the iodine film at later
times. Incidentally, it is known that the cores of photographic sensitization Agl nuclei contain
excessive iodine, producing the Ag, I, clusters. The composite film may display therefore a
slightly different OD spectrum from that of pristine iodine film, as seen already in figures 1
and 7. When T; is moderate, perhaps approximately 200 K, some of the adsorbed excess
I, desorbs from the substrate, while Ag; and Ag,, I, grow, generating larger Ag, structures
and larger Ag,, I, structure, respectively, through some coalescence, absorption and reaction
processes. Since the composite film, however, exhibited only the SPR absorption of Ag,, at the
initial stage of the deposition, as shown in figure 9, the number of Ag, I, structures may be small
in the film or the Ag,, I,, structures may be too small to display measurable optical absorption.
With progressing deposition, the Ag, acts as condensation nuclei, absorbing I, and small Ag,, I,
structures coming later from the evaporation source, generating larger nearly stoichiometric
Agl particles. As a result, the kink at the exciton wavelength may appear in the OD spectrum
of the composite film, as shown by curves 6, 7 and 8 in figure 9. Since I, neighbouring
Ag,, I, is thought to be bound more tightly in the composite film than in pristine iodine film,
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different temperature dependences may be observed in the OD spectra of the pristine iodine
and composite films, as shown in figures 4 and 10. Incidentally, the spectral structure is also
affected, as shown in figures 3 and 9. When T; is room temperature, re-evaporation of I,
from the substrate, reactions and coalescence between adsorbed vapour species are enhanced,
generating nearly stoichiometric Agl film, as shown in figure 11. The reactions, coalescences
and annealing effects become promoted with 7§, while the re-evaporation and desorption of
I, with increasing 7 are also promoted, increasing the deviation from the stoichiometric
composition of Agl. Therefore, an optimum 7 for fabricating the highest quality Agl film
below room temperature may exist. Since the film deposited on the 200 K sapphire substrate
showed the sharpest OD and PL spectra, 200 K is thought to be the optimum 7.

In the present discussion, we have ignored the effects of the kinds of substrate materials and
the crystal orientation of the substrate surface. Up to the present, we have found the following
substrate effects. When Agl powder is flash evaporated and deposited on different kinds of
room temperature substrates (silica glass, sapphire single crystal and GaAs single crystal),
BAgl tends to crystallize on the sapphire single-crystal and GaAs single-crystal substrates,
while y Agl tends to crystallize on the silica glass. Thus, there is a need to study the substrate
effects. More detailed study with different kinds of substrate materials and with different
orientations of substrate surfaces is in progress, in an attempt to fully explain the mechanism
of Agl film formation.

4. Conclusion

We have evaporated Agl powder in vacuum by setting different evaporation conditions for the
evaporation and deposition. The OD spectrum of Agl film on a substrate was measured as a
function of the time elapsed from the beginning of the deposition for the first time. The same
experiment was carried out for pristine iodine. Besides these vacuum evaporation experiments,
we have produced two vertically well separated vapour zones of Agl above the evaporation
source in a confined He gas atmosphere and obtained the optical extinction spectra as a function
of the time elapsed after the beginning of evaporation. On the basis of these results, we
have studied the process of Agl film formation on the low temperature (<room temperature)
substrate and the following have been found.

(1) The vapour species produced by thermal evaporation of Agl powder in vacuum are Ag,,
Ag, I, and I,.

(2) The film deposited at low temperatures (<200 K) is a composite film. That is, Ag,, Ag,
and Ag,, I, are dispersed in an iodine film matrix to form a composite film.

(3) Intense iodine optical absorption, which is slightly affected by Ag, and Ag, I,, has led
many researchers to the wrong conclusion that amorphous Agl films prepared by quench
deposition display strongly enhanced optical absorption in comparison to crystalline film.

(4) Aglfilmis grown through desorption of excess I, from the composite film and a coalescent
reaction among film elements (Ag;, Ag,, Ag,,I, and I,) with increasing temperature.

(5) The composite film grown on the substrate at 200 K becomes transformed to the
spectroscopically best BAgI film by heating up to room temperature in vacuum.

The main limit of the present experimental technique is that there is no in situ
characterization of the film thickness and crystal structure. Bearing these limits in mind,
we have presented a reasonable connection between measured optical data and the Agl film
formation process, with a convincing coherence with the results on pristine iodine, the vapour
zone produced by thermal evaporation of Agl powder in a helium gas atmosphere confined at
different pressures and the results obtained by the mass resolved excitation spectroscopy of an
expansion cooled Agl beam.
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Finally, a comparative study of the OD and PL spectra has also been performed at low
temperature for the films deposited at different substrate temperatures. The exciton absorption
band at 422 nm, which is usually assigned to Z;, exciton absorption, has a faint short
wavelength shoulder. The absorption intensity of the shoulder is dependent on the specimen
preparation and the thermal history. The appearance of the shoulder has been explained by
splitting of the doubly degenerate I'g valence band. Such splitting may arise from some stress,
with different thermal expansion coefficients for Agl and substrate materials (Mochizuki 2001),
or some crystal field change due to mixing of the wurtzite (8) modification and stacking disorder
due to nonstoichiometry. This speculation is in agreement with the well known result that  Agl
appears at room temperature as a metastable state and the stability of the y phase is affected
by slight nonstoichiometries and defects. Both the Agl films displaying the less resolved
W, exciton absorption band and the Z; » exciton absorption band with the short wavelength
shoulder show a broader PL band and the long wavelength PL band. On the other hand, the
Agl film displaying well resolved W, and W, absorption bands shows the sharpest single PL
band. Therefore, the PL spectrum measurement could be a useful tool for characterizing the
local structure in Agl film. On the basis of this notion, we are now developing nanometre-scale
space resolved PL measurement with near-field optical microscopy.
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Abstract

The IR reflection measurements of a-MnS have been performed at room temperature under various pressures. It is
observed that the reflectivity increases drastically at the pressure range of 23-29 GPa and becomes almost constant at
the higher pressure. The carrier concentrations obtained from the reflectivity spectra at the pressures higher than
29 GPa are the order of 10°?cm . Therefore it is concluded that pressure-induced semiconductor-metal transition
occurs at the pressure range of 23-29 GPa. This result is quite consistent with the newest results of X-ray analysis.

© 2003 Elsevier B.V. All rights reserved.
PACS: 71.30.+h

Keywords: MnS; Pressure; Reflectivity; Phase transition

The discovery of colossal magnetoresistance in
Fe, Mn,;_,S solid solutions [1] revived interest in study-
ing the physical properties of a-MnS, which is the basic
component of these substances. An a-MnS possesses an
NaCl-type face-centered cubic (B1) lattice which under-
goes a rhombohedral distortion along the cube diagonal
in the (111) plane with decreasing temperature. The
antiferro-paramagnetic phase transition occurs at
Tn = 150K. In the paramagnetic phase, the a-MnS is
a p-type semiconductor with an activation energy
E =0.3e¢eV. In high-pressure region, the luminescence
and excitation spectra were studied up to 3.9 GPa and
the pressure dependences of crystal field strength Dq
and Racah parameter B were obtained [2]. On the other
hand, the pressure-induced phase transitions have been
explored by many researchers, but their results were
inconsistent: Clendenen and Drickamer observed a
structure distortion at approximately 10 GPa [3] and
Kraft and Greuling detected a structural phase transi-
tion from the B1 to the B16 (GeS type) at 7.2 GPa [4].
McCammon performed powder X-ray diffraction at
298 K from 0 to 21 GPa. However the data show no

*Corresponding author. Tel.: +81-6-6850-6417; fax: +81-6-
6845-4632.
E-mail address: mita@mp.es.osaka-u.ac.jp (Y. Mita).

evidence of either transition, and are well fit by a single
equation of state at whole the pressure range [5]. In
1993, Sweeney and Heinz observed a phase transition of
o-MnS at 26 GPa from BI phase to a high pressure one
whose symmetry is lower than hexagonal but not
concluded and it is stable to at least 46 GPa [6]. In that
case, change of some optical properties must be
observed around the pressure region.

We performed the IR reflection measurements of
o-MnS under high pressure up to 37 GPa, which have
been obtained by using a diamond anvil cell (DAC) at
room temperature. The reflectance spectrum for the
interface between the sample and diamond in mid-IR
range was measured utilizing a Fourier transform
infrared spectrometer FT/IR-610 (JASCO) combined
with an infrared microscope installed with two mirror
objectives (10 x ) and an MCT detector. In order to
obtain the absolute reflectivity, powdered sample was
compressed directly by diamond anvil without using any
pressure mediums.

The reflection spectra obtained under various pres-
sures and their pressure dependence at the point of
0.4eV are shown in Figs. 1 and 2, respectively.

With increasing pressure, the reflectivity shows drastic
increase at the pressure range of 23-29 GPa. Note that
this pressure coincides with that of the structural change

0304-8853/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
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Fig. 1. Reflection spectra of a-MnS obtained under various
pressures.
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Fig. 2. Pressure dependence of the reflectivity at the point of
0.4eV. Abrupt increase of reflectivity is seen clearly around
26 GPa.

reported by Sweeney and Heinz (26 GPa) [6] and, in
present study, no other optical changes were detected at
7.2 and 10GPa. According to the Drude model, the
dielectric function &(w) is written as

s(w)zsb—wg/(w2+F2)+iw§F/(w3—|—F2a)), (1)

cz)lz3 = 4nNe? /mx. 2)

Here ¢,, I, N and m= are background dielectric
constant, damping constant, carrier concentration and
effective mass of the carrier, respectively. The normal
reflectance R(w) is calculated using the Fresnel relation:

R(w) = |(ns — np)/(ns + np)l*, (©)

nf = ¢&(w), 4)

where ng and np are the reflective index of sample and
anvil diamond (=2.4), respectively. Our reflectivity
measurements were performed using infrared micro-
scope, which means that the incident condition is not
just normal. However deviation angle of the incident
light on sample from the normal is smaller than 8°
because of high reflective index of anvil diamond.
Therefore we regarded the condition as nearly normal.
Parameter fitting of the reflection spectra was per-
formed using these relations and the obtained carrier
concentrations at high-pressure region (P >29 GPa)
assuming m= = my are the order of 10*>cm™* which is
10-100 times higher than that of typical semimetal. It is
also observed that the reflectivity is independent of the
applied pressure at the pressure higher than 29 GPa.
These results indicate the band reconstruction to a
metallic phase occurs at 23-29 GPa instead of the
increased band overlap. Therefore it is concluded that
a phase transition occurs at 23-29 GPa in o-MnS and
the high-pressure phase is metallic.

The authors thank to Mr. T. Musha of Osaka
University for experimental supports.
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Abstract

In order to clarify the origin of the 2.4 eV luminescence band in SrTiO;, as-grown and annealed SrTiOj; single crystals
are irradiated with a continuous-wave ultraviolet laser light (4 = 325 nm) in different atmospheres at room temperature.
Under the laser light irradiation in a vacuum, the 2.4eV luminescence band grows with increasing irradiation time,
while it returns to the original weak-luminescence state under the same laser light irradiation in oxygen gas. The
excitation-intensity, temperature and time dependences of the photoluminescence spectra are also measured for the
crystals. All the results indicate that the 2.4eV luminescence band arises not from intrinsic self-trapped excitons but
from extrinsic excitons trapped around oxygen defects. Near-band-edge emissions have been observed, for the first time,

at 3.2 and 2.9eV under intense excitation.
© 2004 Elsevier B.V. All rights reserved.

PACS: 71.35.—y; 78.55.—m; 82.50.—m; 61.72.—y

Keywords: Quantum paraelectric state; Photo-induced defects

A large number of the optical studies have been
devoted to clarify the quantum paraelectric state in
strontium titanate (SrTiOs). Grabner [1] measured
the photoluminescence (PL) properties of doped
and undoped SrTiOj crystals, and observed a
near-infrared luminescence band around approxi-
mately 1.6eV and a visible luminescence band

*Corresponding author. Tel.: +81353179771; fax:
+81353179771.
E-mail address. motizuki@physics.chs.nihon-u.ac.jp

(S. Mochizuki).

around 2.4 eV.These PL bands were Stokes-shifted
considerably. He assigned them to intrinsic defects
or intrinsic excitons. Recently, Hasegawa et al. [2]
measured the optical absorption and PL properties
of SrTiO; crystal. They assigned the Stokes-shifted
long-lasting luminescence around 2.4eV to the
radiative decay of intrinsic self-trapped excitons.
However, many metal oxides display the similar
visible PL, which are related to oxygen defects
[3—6]. Unfortunately, such oxygen defect effect has
been accorded too low evaluation in the optical
study of SrTiO; and it has led many researchers

0022-2313/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
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astray. Very recently, we have observed that the
2.4 ¢V luminescence band of SrTiO; grows under a
continuous wave (CW) 325 nm-laser-light irradia-
tion in a vacuum, while it disappears under the
same laser light irradiation in oxygen gas [7]. It
was found that the observed phenomenon relates
closely to the creation and annihilation of oxygen
defects under the laser light. Taking account of the
oxygen defects in real SrTiO; crystals [8-10], the
PL properties of SrTiO; should be now restudied
in detail. In the present paper, we report the PL
properties and reversible photo-induced spectral
change of as-grown and annealed SrTiO; single
crystals.

SrTiOj; single crystals were grown by the Vernuil
method. As-grown crystals are dark blue and they
become transparent by annealing in an appro-
priate atmosphere. During CW 325 nm laser-light
irradiation, we have measured the PL spectra of
these as-grown and annealed crystals as a function
of irradiation time f;,. Fig. 1 shows the photo-
induced PL spectral change of the as-grown
SrTiO3 crystal at room temperature in a vacuum
as a function of ¢, (in min). As seen in this figure,
the initial PL spectrum (¢, = 0) is very broad, and
it has an intensity peak at about 2.8eV and two
faint kinks at about 2.4 and 2.15e¢V. With
increasing #;;, the intensity increases, growing the
PL component below 2.8eV. With 7, increasing
further, the rate of the spectral change becomes
decreased. The spectrum at ¢, = Omin is rescaled,

as-grown SrTiO,

3
X107 4 o 60 min.

PL intensity (arb. units)

3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8
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Fig. 1. The CW 325nm laser light-induced spectral change of
an as-grown SrTiOj crystal at room temperature in vacuum.
The #;, is given in min.
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Fig. 2. The CW 325nm laser light-induced PL component of
an as-grown SrTiOj; crystal at room temperature.
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Fig. 3. The CW 325nm laser light-induced spectral change of
an annealed SrTiOj crystal at room temperature in vacuum.
The ¢, is given in min.

and then a difference between the spectrum at #, =
60min and the rescaled spectrum is calculated,
which is shown in Fig. 2. This figure shows clearly
that a broad PL band grew at 2.4 eV under 325 nm
laser light irradiation in a vacuum. Fig. 3 shows
the photo-induced PL spectral change of the
annealed SrTiO; crystal at room temperature in
a vacuum. It is noted that the annealing treatment
reduces the PL intensity to about one-tenth. The
PL component below 2.8 eV grows with increasing
tir. With ¢, increasing further, the rate of the
spectral change becomes decreased. As done for
the results of the as-grown crystal, the difference
spectrum is also calculated, which is given in
Fig. 4. It indicates clearly that a broad PL band of
the annealed crystal grew at 2.4eV under 325nm
laser light irradiation in a vacuum. The same
spectral change in the 2.4¢V band was observed
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Fig. 4. The CW 325nm laser light-induced PL component of
an annealed SrTiO; crystal at room temperature.

also at 12K in our previous study [7]. As well as
the as-grown crystal, it is found, under the same
laser light irradiation in oxygen gas, the 2.4eV
band disappears, returning to the original weak PL
state. Since the 325 nm laser light never dissociates
directly free O, molecule, the observed spectral
changes arise from the photo-induced associative
detachment and photo-induced dissociative ad-
sorption of O, molecules near the SrTiO5 surfaces
[6].

We have studied the PL spectra of the as-grown
and annealed SrTiO; crystals at 13K as a function
of excitation laser fluence of the third harmonics
(4 =355nm) of a Nd*"-YAG laser. The results
are shown in Figs. 5 and 6. We have confirmed
that, unlike CW 325nm laser light, the pulsed
355nm laser light cannot induce any reversible
spectral change even at 14mJ/cm>. At the lowest
laser fluence, both crystals exhibit only the intense
2.4¢V band. However, the center energy for the as-
grown crystal is slightly smaller than that for the
annealed crystal. We compare the PL spectra
observed at 4mJ/cm?, before and after annealing.
The annealed crystal displays more intense 2.4eV
luminescence than that for the as-grown crystal.
This may be due to decrease in the number of non-
radiative trap by the annealing treatment. With
increasing laser fluence, two new PL bands appear
at 3.2¢eV, which is near indirect gap of SrTiO3 and
at 2.9eV. On the contrary to the 2.4eV band, the
3.2 and 2.9¢V bands for the as-grown crystal are
more intense than those of the annealed crystal.
This indicates that the 3.2eV luminescence and
2.9eV one are enhanced by oxygen defects. As
seen from Fig. 5, with increasing laser fluence, the
2.4¢V band for the as-grown crystal grows and

3 T T T T T T T
50x10 . — -
as-grown SrTiO,
12K
a0fi 4
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= 3017 =-. s 7
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Z e 32 28 24 20
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o 0.8 mJ/em’
e 2 -
10 ~10 mJic Mgl
8Smj/c -
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Fig. 5. The excitation laser intensity dependence of the PL
spectra of an as-grown SrTiOj crystal at 12 K. The temperature
dependence of the PL spectrum is shown in the inset.
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Fig. 6. The excitation laser intensity dependence of the PL
spectra of an annealed SrTiOj; crystal at 12 K. The temperature
dependence of the PL spectrum is shown in the inset.

then becomes saturated at 8 mJ /cmz, while the 3.2
and 2.9eV bands continue to grow without any
saturation. As seen in Fig. 6, the PL intensity of
the 2.4¢eV band for the annealed crystal increases
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also with increasing laser fluence, and then it
reaches a maximum at 4 mJ/cm?, while the 3.2 and
2.9 eV bands continue to grow without displaying
any maximum. Besides these measurements, the
PL spectra were measured at different tempera-
tures between 12 and 297K. Of them, the PL
spectra at 12, 120 and 297K for the as-grown
crystal are given in the inset of Fig. 5, and the PL
spectra at 12, 39 and 297 K for the annealed crystal
are given in the inset of Fig. 6. As seen from these
insets, the 3.2 and 2.9 eV bands grow deteriorating
the 2.4eV band with increasing temperature. The
2.4eV band observed for the as-grown and
annealed crystals disappeared at 120 and 39K.
The 3.2eV band becomes weak and broad with
increasing temperature. The 2.9eV band remains
even at room temperature. We have also measured
the time-resolved spectra and found that the 2.4eV
luminescence has long lifetime (> 1 ms), while both
the 3.2 luminescence and the 2.9 ¢V one have short
lifetime (<50ns), at 12K [7].

Finally, the experimental results obtained in the
present study are summarized and discussed as
follows. Since the PL intensity of the 2.4 eV band is
affected considerably by oxygen defects and it
saturates under intense excitation, the 2.4eV band
is assigned to the radiative decay of extrinsic
excitons trapped around oxygen defects. The
excitation intensity dependences of the PL shown
in Figs. 5 and 6 indicate that, with increasing laser
fluence, the 3.2 and 2.9 eV bands grow deteriorat-
ing the 2.4¢eV band. This intensity relation among
these PL bands at 2.4, 3.2 and 2.9eV with
increasing excitation intensity may arise from
two causes: (1) finite number of the 2.4eV
luminescence centers, and (2) electron—hole re-
combination enhanced with higher laser fluence.
Since the recombination rate increases with
increasing carrier density, the near-band edge
emissions at 3.2 and 2.9eV increase linearly with
increasing laser fluence, while the rate of electron
(including hole) migration to the 2.4eV lumines-
cence centers decreases with increasing laser
fluence. The excitation-intensity and temperature
dependences of the 3.2 and 2.9¢V bands also
indicate that two PL bands occur from the same
origin. We measured also the PL excitation (PLE)
spectrum for the 2.4¢V band and found a sharp

PLE edge at 3.26 eV.This edge corresponds well to
the indirect gap of SrTiOj. Generally, an indirect-
gap-type semiconductor crystal does not exhibit
intense PL. However, some impurities and crystal
defects activate the PL of indirect excitons,
exhibiting intense PL band near band edge.
Therefore, the intense PL at 3.2 and 2.9e¢V may
be assigned to the radiative decay of indirect
excitons affected by oxygen defects, creating
phonons. The energy difference (271cm™") be-
tween the PLE edge and the peak energy of the
3.2eV band is close to the transverse optic (TO)
phonon frequency [11]. Thus, the 3.2eV band is
assigned to the one TO phonon sideband, while
the broad 2.9eV band is also assigned to a
continuum consisting of other phonon sidebands.
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Abstract

Agl-ZrO, fine particle composites were fabricated over a wide composition range of Agl. We have measured the X-
ray diffractograms and photoluminescence properties of the composites, together with those of pristine Agl and pristine
ZrO; fine particles. The results give the information about the atomic structure of Agl/ZrO, interfaces, which may

provide the pathway for the high ionic conduction.
© 2004 Elsevier B.V. All rights reserved.
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The ionic conductivity of Agl is considerably
enhanced by adding oxide fine particles [1,2]. It is
frequently assumed that highly conductive layers
are created at Agl/oxide fine particle interfaces.
However, it is difficult to clarify experimentally the
atomic structure of the interfaces. In order to
investigate such interface structure, the photolu-
minescence (PL) study is effective. Besides Agl [3],
most oxides also show structure-sensitive PL. Very
recently, we have fabricated Agl-ZrO, composites
and observed considerable conductivity enhance-
ment [4]. In the present paper, we report the
structural and PL studies on Agl-ZrO, compo-

*Corresponding author. Tel./fax: +81353179771.
E-mail address: fumito@phys.chs.nihon-u.ac.jp
(F. Fujishiro).

sites, and we discuss the structure of Agl/ZrO, fine
particle interfaces.

Agl-ZrO, composites were prepared by mixing
Agl powder (99.999%, Alfa) and ZrO, powder
(>98%, Aldrich) with an average diameter of
26 nm, compressing uniaxially the mixture under
0.2GPa for 30min into pellets and then heating
the pellets in the lidded crucible at 673 K in air for
12 h. The composite pellets were characterized by
the X-ray diffraction analysis with CuKa; radia-
tion. The third harmonics, A=355nm (=
3.49eV), of a pulsed Nd*>“—YAG laser light was
used to excite PL.

Fig. 1 shows the X-ray diffractograms of
different (x)Agl-(1-x)ZrO, composites. All of
the diffraction lines observed for a pristine ZrO,
(x=0) specimen are assigned to the monoclinic

0022-2313/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.jlumin.2004.09.086



72 F. Fujishiro, S. Mochizuki |/ Journal of Luminescence 112 (2005) 71-74

phase, except for the tetragonal phase line at 30.2°.
Since the diffraction line widths are hardly
changed with adding Agl, the average size of
ZrQ, particles in the composites is thought to be
almost the same as that of the starting material
powder. On further increasing x, the Agl diffrac-
tion lines become pronounced. The diffraction
intensities of the FAgI(100) line at 22.3° and
PAgI(200) line at 45.6° are considerably enhanced

(x)Agl—(1-x)ZrO,
x=1(Agl)

%

M

x=0.8

x=0.1

XRD intensity (arb. scale)
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Fig. 1. The X-ray  diffractograms  for  different

(x)Agl—-(1—x)ZrO, composites at 297 K.
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Fig. 2. The PL spectra for different (x)Agl—(1—x)ZrO,
composites at 12 K.

in comparison with other Agl-based composites
[1], which may be due to preferred-orientations.
The PL spectra for different (x)Agl—(1—x)ZrO,
composites at 12K are shown in Fig. 2. The
excitation laser fluence I, was 0.066mJ/cm?>.
Pristine ZrO, shows a broad PL band centered
at about 2.9eV. The PL peak energy depends on
the excitation photon energy FE., as shown in
Figs. 3(a) and (b). Adding small amount
(0.1< x <0.2) of Agl, the intensity of the broad
PL band decreases extremely, and a new PL band
appears at about 2.80eV. At x =04, two PL
bands appear at 2.89 and 2.83e¢V. On further
adding Agl (0.6< x <0.8), another new sharp PL
band appears at 2.94eV, accompanying by some
weak PL bands at its lower energy side. The
2.94eV band is assigned to the radiative decay of
free excitons (FE) in Agl domain [3]. At x=1,
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- 5:E,=3.10eV
z
B
e 3E, =4.13eV ~— &E,=344eV
s
> P 2.E, =459V
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Fig. 3. (a) The PL spectra of pristine ZrO, excited with various
E., at 13K; (b) the PL peak energy plotted against E.,; (c) the
PL and PLE spectra for pristine ZrO, at 13 K.
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namely, pristine Agl, besides the free exciton
emission, more intense PL bands grow at 2.89
and 2.86eV. These intense PL bands are assigned
to radiative decays of excitons trapped around
defects and grain boundaries in Agl specimen.

In pristine ZrO, (x=0), we have found that the
PL intensity peak energy depends on E,,, as shown
in Fig. 3(a). The PL intensity peak energy is
plotted against E., in Fig. 3(b). It is noted that
each PL spectrum is considerably Stokes-shifted,
which indicates that there are different localized
electronic states in the energy gap (5.8eV) of ZrO».
The PL and PL excitation (PLE) spectra are also
shown in Fig. 3(c). The PLE curve o is monitored
at 2.99eV, which corresponds to the PL intensity
peak energy for the excitation E.,=3.49¢eV, while
the PLE curve f is monitored at 2.53eV which
corresponds to the PL intensity peak energy for
the excitation E.,=4.13¢V. The PLE spectra
ascertain the existence of the luminescent localized
electronic states in the energy gap. Since the PL
intensity of ZrO, was decreased remarkably by
adding Agl, as shown in Fig. 2, such luminescence
centers may be at ZrO, particle surfaces.

The temperature dependence of PL spectra for
different (x)Agl—(1—x)ZrO, composites was mea-
sured. The results are shown in Figs. 4(a) and (b).
Each spectrum is normalized in intensity at each
maximum. In small x range (0.1< x <0.2), with
increasing temperature, the 2.80eV band is con-
siderably weakened and almost disappears above
about 100 K. The broad PL band observed at 99 K
may arise from ZrO,. However, the PL spectral
shape above 2.85eV is affected by the optical
absorptions due to Agl [3]. At x = 0.4, the PL
intensity of the 2.83eV band decreases, while the
PL intensity of the 2.89eV band increases in
comparison with that of the 2.83eV band, with
increasing temperature. It suggests that phonon-
assisted reverse transition from the 2.83 eV lumi-
nescence center to the 2.89 eV luminescence center
occurs. In large x range (0.6< x <0.8), with
increasing temperature, free exciton emission
decreases in intensity, while another PL band
appears at 2.90eV. This indicates that the 2.90eV
band arises from radiative decay of excitons
trapped around thermally ionized defects or
thermally ionized impurities.

12K (x)Agl—(1-x)ZrO,

288 K v=1(Agl)

PL intensity (arb. scale)

3.0 2.9 2.8 2.7 2.6

(a) Photon energy (eV)
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g »~ 288K
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(b) Photon energy (eV)

Fig. 4. The temperature dependence of the PL spectra: (a) for
different (x)Agl—(1—x)ZrO, composites; (b) for pristine ZrO,.

Figs. 5(a) and (b) show the I dependence of the
PL spectra for different (x)Agl—(1—x)ZrO, com-
posites at 12K. Each spectrum is normalized in
intensity at each maximum. Labels, I and W,
indicated by the curves denote intense (=1.0mJ/
cm?) and weak (<0.1 mJ/cm?) excitations, respec-
tively. For small x region (<0.2), the PL
component below 2.80eV saturates at intense
excitation, which indicates that the luminescence
center giving this PL component is limited in
number, though it has high quantum yield. We
note the x dependence of the spectra for weak
excitation. With adding Agl, the 2.80eV band
shifts to 2.78eV at x=0.2 and, with further
adding Agl, it shifts to 2.81eV at x = 0.4. At both
x = 0.6 and 0.8, the band remains as a shoulder of
Agl-related PL bands. Since adding Agl to ZrO,
induces the oxygen defects, Zr Ag,05 3,
(VO)3x/2 [5], the shift may be connected with the
change in the electronic states at Agl/ZrO,
interfaces. On further adding Agl, the shoulders
at 2.94 and 2.86¢V become prominent.
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Fig. 5. The I, dependence of the PL spectra: (a) for different
(x)Agl-(1—x)ZrO, composites; (b) for pristine ZrO, at 12 K.

The spectral transition with adding Agl is
explained as follows. For small x region, the free
excitons generated in Agl domain collides fre-
quently with Agl surfaces, and they are trapped at
Agl/ZrO, interfaces, creating bound excitons.
With increasing x, the size of Agl domain
increases and free excitons are able to propagate
in a long distance. Therefore, before trapping at
Agl/ZrO, interfaces, a part of free exciton decays
spontaneously with generating the 2.94eV lumi-
nescence, and other part of free exciton is trapped
at crystal defects and impurities within Agl
domain. The radiative decay of these trapped
excitons generates the 2.93 and 2.86eV lumines-
cence.

Besides the above PL properties, we have found
also a reversible photo-induced PL spectral
change in the present Agl-ZrO, composites at
room temperature. One of the results is shown in
Fig. 6, as a typical example. After fully irradiating
with CW 325nm laser light in an evacuated
specimen chamber for 10 min, the specimen shows
a broad PL band at 2.57e¢V. Oxygen gas is then

© (0.1)Agl-(0.9)Zx0,
: in vacuum

........

N W R~ W
T

PL intensity

(0] ST T N N T S N A N I N
32 3.0 2.8 2.6 24 2.2 2.0
Photon energy (eV)

RRatN ; in oxygen

—_
T

Fig. 6. Reversible photo-induced PL spectral change of
(0.1)Agl—(0.9)ZrO, composite at 295 K.

introduced into the specimen chamber and, with
increasing irradiating time, the PL component
below 2.45eV decreases in intensity. Through
many successive experiments, it is found that such
spectral changes appear repeatedly. The observed
spectral changes may originate from excitation-
energy exchange between the photo-induced oxy-
gen vacancies on ZrO, particle and Agl. The
spectral transitions yield materials for optical
sensor devices.

In summary, we have studied the PL properties
of (x)Agl—(1—x)ZrO, (0< x <1) composites. The
PL spectra have shown well the behavior of free
and trapped excitons at Agl/ZrO, interfaces where
Ag" ions may move with high-ionic conductivity.
The specimen fabrications using different starting-
material ZrO, powders and more detailed studies
are NOw in progress.
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Abstract

When strontium titanate (SrTiOs;) single crystal is irradiated at room
temperature with a 325 nm laser light in an evacuated specimen chamber,
the luminescence intensity increases, creating a broad visible luminescence
centred at about 2.4 eV. Then, introducing oxygen gas into the specimen
chamber, the photoluminescence spectrum returns reversibly to the original
weak luminescence under the same laser light irradiation. After removing the
laser light irradiation, each photoluminescent state is stored for a long time at
room temperature under room light, regardless of any changes of atmosphere.
Such photo-induced spectral change has been observed also at different
temperatures from 13 K to room temperature. The observed phenomenon
is explained by means of the photo-induced oxygen defect formation at the
surfaces of SrTiOj3 crystal. For the same SrTiO; single crystal, we have studied
the photoluminescence properties. Besides the 2.4 eV luminescence band, we
have observed new two luminescence bands centred at about 3.2 eV and about
2.9 eV. The energy, 3.2 eV, is close to both the photoluminescence excitation
edge energy and the reported band edge energy of SrTiOs crystal. Both the
3.2 eV luminescence and the 2.9 eV luminescence decay rapidly after a pulsed
photoexcitation, while the 2.4 eV luminescence lasts for several seconds at
13 K. The excitation light intensity dependence of these luminescence bands
has been also measured at 13 K. The 2.4 eV luminescence increases in intensity
with increasing excitation intensity up to 4 mJ cm~2, and then it becomes
decreased with further increase in the excitation intensity. On the other hand,
both the 3.2 eV luminescence and the 2.9 eV luminescence increase in intensity
with increasing excitation intensity, without any saturation. Although the
2.4 eV luminescence had been assigned to the radiative decay of intrinsic self-
trapped excitons in a superparaelectric state by several workers, the present
studies have clarified that the luminescence originates mainly from crystal
defects (oxygen defects and chemical heterogeneity in the surface region).

1 Author to whom any correspondence should be addressed.
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Both the 3.2 eV luminescence and the 2.9 eV luminescence are discussed
qualitatively.

1. Introduction

Considerable attention has been given to clarifying the quantum paraelectric state in strontium
titanate (SrTiO3). The lattice of SrTiO3; has the cubic perovskite-type structure at room
temperature. At 105 K, it transforms into a tetragonal structure. With temperature decreasing
from room temperature, the static dielectric constant increases prominently, and it attains
several ten thousands at 4 K without any paraelectric—ferroelectric transition (Miiller and
Burkard 1979). Between 4 and 0.3 K, the dielectric constant was found to be independent of
temperature. Recently, a prominent enhancement of the dielectric constant has been observed
under ultraviolet light irradiation (Katsu et al 2001, Takesada et al 2003, Hasegawa et al 2003),
but it is now under dispute, involving some complicated problems relating to electrode/SrTiO3
interfaces. In order to explain the quantum paraelectric state, one may assume first that Ti**
ions are fluctuating quantum mechanically in the SrTiOs lattice, as if they are in the critical state
just before the paraelectric—ferroelectric transition in usual ferroelectrics. Miiller ez al (1991)
proposed that SrTiO; is in a coherent quantum state associated with a rotonic minimum in the
transverse acoustic mode. For the photo-enhanced dielectric constant, Nasu (2004) assumed
that ultraviolet light broke the crystal inversion symmetry, creating ferroelectric microdomains.
He assumed also that such microdomains fluctuated and itinerated quantum mechanically in the
SrTiO; crystal. SrTiOs crystal has an indirect gap and a direct gap in an energy range between
about 3.2 eV and about 3.5 eV (Cohen and Blunt 1968, Blazey 1971, Capizzi and Frova 1970,
Capizzi et al 1972, Cardona 1965, Zollner et al 2000, Hasegawa et al 2000). It is known that
the luminescence intensity is specimen dependent (Grabner 1969). Hasegawa et al (2000)
measured the optical absorption and photoluminescence spectra at temperatures between 10 K
and room temperature. They found that the crystal exhibited a broad photoluminescence band
around 2.4 eV. Through time-resolved photoluminescence measurements, they assigned the
2.4 eV luminescence to the radiative decay of intrinsic self-trapped excitons. However, many
metal oxides display very similar broad photoluminescence between 2 and 3 eV: for example,
Sm;, 03 (Mochizuki 2003), Eu, O3 (Mochizuki et al 2001), anatase TiO, (Mochizuki et al 2003),
Al, O3 (Mochizuki and Araki 2003a), vitreous SiO, (Mochizuki and Araki 2003b) and LaAl,O3
(Kawabe et al 2000). Moreover, their luminescence intensities are specimen dependent,
especially as regards the thermal history and crystal preparation method. Unfortunately, this
specimen-dependent nature of the 2.4 eV luminescence has been accorded too little respect in
the optical study of SrTiO3 and it has led many researchers astray.

Very recently, we have found at room temperature that the 2.4 eV luminescence band of
SrTiO3; grows under a 325 nm laser light irradiation in vacuum, while it disappears under the
same laser light irradiation in oxygen gas. Through many successive experiments involving
replacing the specimen atmosphere, it was found that the spectral change occurs reversibly
under the 325 nm laser light irradiation. The observed phenomenon relates to the photo-
induced oxygen defects at the surfaces of SrTiO3;. Now or never is the time to reinvestigate
the photoluminescence properties of SrTiO; in detail, taking account of such oxygen defects.

In the present paper, we report the photoluminescence spectrum, its excitation intensity
dependence, the decay profile, the photoluminescence excitation spectrum, the time-resolved
photoluminescence spectrum and the reversible photo-induced spectral change of SrTiO3 single
crystal at different temperatures between 12 K and room temperature in detail.
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2. Experimental detail

The SrTiOj3 crystal was well grown by the Verneuil method and the as-grown crystal is dark blue.
The as-grown crystal was then annealed under an appropriate reducing atmosphere. The crystal
became perfectly colourless and transparent under the annealing. Several as-grown (dark blue)
and annealed (colourless transparent) SrTiO3 single crystals, 10 x 10 x (0.5-1.0) mm in size,
were supplied by Sinkosya Corporation. The broad surfaces of the crystals are optically flat
and they are oriented in the [100] direction. It should be noted that such transparent SrTiO;
crystals grown by the Verneuil method have been widely used by many workers for studying
electrical and optical properties. As reference specimens, we have used also several SrTiO3
powder compact discs which were sintered at 1273 K and annealed at different atmosphere.

The photoluminescence (PL) spectra were measured by using an optical multichannel
analyser consisting of a grating monochromator (focal length = 32 cm, grating = 1200 or
150 grooves mm~') and an image-intensified diode-array detector (number of channels =
1024, gate time = 5 ns). An Nd**:YAG laser (wavelength = 355 nm, pulse width = 4-5 ns,
repetition = 10 Hz), a continuous wave (CW) He—Cd laser (wavelength = 325 nm) and a
monochromatic light source consisting of a 150 W xenon lamp and a grating monochromator
(focal length = 20 cm) were used as the excitation source. The excitation light intensity
dependence of the PL spectrum was measured by attenuating the incident laser light intensity
with glass attenuators calibrated in transmissivity. The PL excitation (PLE) spectra were
recorded by varying the excitation light wavelength A, with the same monochromatic light
source as described above, and by detecting the luminescence light intensity at a desired
wavelength Aop as a function of A, with a grating monochromator (focal length = 20 cm) and
a synchronous light detection system. The time-resolved PL spectra were taken using the same
optical multichannel analyser to which two delay pulse generators were attached. The delay
time 74, which is the measurement start time after a laser pulse incidence, and the gate time f,,
which is the time after 74 of the spectral measurement, were set with these delay pulse generators
which were controlled with a personal computer. The actual minimum gate time was 5 ns. The
decay curves were measured with an apparatus consisting of a grating monochromator (focal
length = 20 cm) equipped with a photodetection system (time constant = about 1 us) and
the Nd**:YAG laser oscillating at 355 nm. The optical density (OD) spectrum was measured
using another optical multichannel analyser.

An optical cryostat was used for the specimen chamber, in which a closed-cycle
helium refrigerator equipped with a temperature controller was used to change the specimen
temperature between 12 K and room temperature. Another specimen chamber was also used
for the measurement of the reversible spectral change at room temperature. An oil-free vacuum
system was used for evacuating these specimen chambers.

3. Results

3.1. Photoluminescence spectra of SrTiO3 under weak excitation

Figure 1(a) shows the PL spectra of SrTiO; at different temperatures under a pulsed 355 nm
laser light excitation (pulse width = 4-5 ns, repetition = 10 Hz, fluence = 0.079 mJ cm~?).
A broad luminescence band is observed around 2.4 eV at 12 K. The band seems slightly
asymmetrical in spectral shape and it consists of two luminescence bands centred at 2.46 and
2.40 eV, which are labelled B’ and B”, respectively. This indicates that this photoluminescence
comes from at least two kinds of luminescent centres. The spectral shape and intensity differ
slightly with the specimens. We measured also the PL spectra of an as-grown crystal as a
function of annealing time at 973 K in a reducing atmosphere. It has been found that the PL
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Figure 1. The photoluminescence spectra of SrTiO3 at different temperatures: (a) 7 < 37 K; (b)
T > 37 K. (c) The temperature dependence of the integrated intensity. The excitation laser fluence
was 0.079 mJ cm~2. The spectral integration was performed in a photon energy range between
2.9 and 1.77 eV.

intensity increases with increasing annealing time, while the PL intensity peak energy and
spectral width are slightly dependent on the annealing time. With increasing temperature, the
2.46 eV luminescence band grows more and then this band becomes together with the 2.40 eV
luminescence band, displaying an asymmetrical band centred at about 2.44 eV above 27 K. We
call this luminescence band the ‘B luminescence band’. On further increasing the temperature,
the B luminescence intensity continues to decrease, while a new luminescence band appears at
2.89 eV and becomes prominent, as seen in figure 1(b). We tentatively call this luminescence
band the ‘A luminescence band’. The A luminescence band seems to extend above 3.2 eV.
The A luminescence band grows to the detriment of the B luminescence and it is superior
to the B luminescence band above 58 K. The integrated PL intensity of the B luminescence
band is plotted against inverse temperature on a semi-logarithmic scale in figure 1(c). The
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spectral integration was performed in a photon energy region between 2.9 and 1.77 eV. In this
figure, the maximum luminescence intensity is normalized to unity. As seen in this figure, the
luminescence intensity decreases gradually with increasing temperature to 25 K and, on further
increasing the temperature above 28 K, the intensity decreases exponentially. Approaching
43 K, the intensity becomes constant. Although such temperature dependence approaching a
constant has been not reported for SrTiOs3, a slight sign of such constant intensity appeared
in the reported curve (figure 3(b): Hasegawa et al 2000), as some deviation from the curve
fitting to the data. The constant intensity is due to the A luminescence component which
grows gradually at high temperatures. Although the PL band consists of several luminescence
components as described above, we subtract the constant intensity from the data and we assume
a phonon-assisted non-radiative decay process for the observed B luminescence. Then, we
perform a curve fitting by using the well-known expression for the integrated PL intensity 7 (7)),

1
1+ Cexp(—AE/kT)’

I(T) = (1
where C is a constant and AE is the height of an average potential barrier separating a
luminescent state from the ground state. In addition to such a phonon-assisted non-radiative
process, thermal ionization of luminescence states is also considered to participate in the
intensity decrease with increasing temperature. In such a case, AE may correspond to the
ionization energy. In the fitting, the data obtained above 40 K are taken off to avoid the effect
of the A luminescence. The best-fitted curve is obtained with a AE = 32 meV. The value
is slightly smaller than the value (43 meV) reported by Hasegawa et al (2000). At present,
it is not clear whether the difference arises from the specimen-dependent nature or from the
error in the specimen surface temperature measurements or from the manner of the curve
fitting—performed probably ignoring the effect of the A luminescence.

As seen in figures 1(a) and (b), a sharp luminescence band is also observed at 3.23 eV
which is close to the observed PLE edge (3.26 eV) and the reported indirect band gap energy
Eigd (3.27 eV) of SrTiO3;. We tentatively call this luminescence band appearing near the band
edge the ‘NBE luminescence band’. The steep rise above 3.26 eV is due to the parasitic
luminescence of the optical multichannel analyser used.

3.2. Photoluminescence excitation spectra of SrTiO;

The photoluminescence excitation (PLE) spectra of the same SrTiOs single crystal have also
been measured at different temperatures. Some of the spectra are selected and shown in figure 2,
in which the PL spectrum observed at 13 K is also shown. The luminescence intensity was
monitored at the intensity peak energy of the B luminescence band. The PLE spectrum displays
a sharp edge at 3.26 eV and a kink at 3.42 eV, which are close to the reported indirect gap
energy B (3.27 eV) and the direct gap energy EJ (3.46 eV) of SrTiO3 (Capizzi and Frova
1970), respectively. The PLE spectrum indicates that the B luminescence is caused mainly
by the interband excitations. The energy difference of the B luminescence band from the
PLE edge is about 0.80 eV. The shape of the PLE spectrum differs in an energy region higher
than the PLE edge from the absorption spectra reported by Blazey (1971), Capizzi and Frova
(1970), Capizzi et al (1972), Cardona (1965) and Zollner et al (2000). Generally, there are
many crystal defects at the specimen surfaces where photoexcited states tend to decay non-
radiatively. Such a luminescence quench effect appears more prominently in an energy region
higher than the fundamental absorption edge. The excitation with photons above the band gap
energy produces energetic electrons and holes, which are eventually thermalized by emitting
phonons. Therefore, the PLE above the band gap is governed not necessarily by the direct
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Figure 2. The photoluminescence (PL), optical density (OD) and photoluminescence excitation
(PLE) spectra of SrTiO3 at 13 K. The luminescence is monitored at the peak energy (=2.45 eV) of
the B luminescence band. The OD spectrum at 13 K and the PLE spectra at different temperatures
are shown in inset (a) and inset (b), respectively.

quenching of highly excited electrons at defect sites but by the change in the probability of the
interaction of electron—hole pairs with defects.

As shown in inset (a) of figure 2, the OD spectrum has a faint tail below 3.2 eV. It is
found that the OD of the tail decreases with annealing in a reducing atmosphere. Although
the B luminescence band is well excited by the interband transition, the PLE spectra indicate
that the luminescence can also be excited even by photons having energies lower than indirect
gap. Under a 442 nm (=2.80 eV) laser light excitation, we have certainly detected the B
luminescence spectrum through a laser light sharp cut filter (HOYA: Y48). The B luminescence
can also be ascertained clearly by the naked eye through the same filter. Under the same
442 nm excitation, we have also found more intense luminescence for sintered SrTiO; powder
compact specimens (Mochizuki and Fujishiro 2005). These results indicate that there are
different defect-related luminescent levels in the energy gap.

As seen in inset (b), the PLE spectral shape changes with increasing temperature,
except for the absorption edge profile. The suppression seen at photon energies higher than
3.7 eV becomes prominent with increasing temperature. The suppression may arise from the
temperature change in the probability of the interaction of electron—hole pairs with defects.

In the following sections, the observed energy difference (0.8 eV), together with the photo-
induced spectral change, will be discussed, and it will be concluded that the B luminescence
band comes from the extrinsic luminescent centres around which photo-generated carriers (free
electron or free hole, or both) are trapped.
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Figure 3. The photoluminescence decay profile of the B luminescence band of SrTiOsz: (a)
log (PL intensity)—log ¢ plots at different temperatures, (b) log (PL intensity)—¢ plots at 14 K.
The photoluminescence was monitored at 2.45 eV. The 355 nm excitation laser fluence was
approximately 0.2 mJ cm =2,

3.3. The photoluminescence decay profile of SrTiOs

We have measured the luminescence decay curves of the B luminescence of the same SrTiO3
single crystal at different temperatures. The luminescence was monitored at an intensity peak
wavelength of the B luminescence band. Figure 3(a) shows the PL decay profiles of the B
luminescence at different temperatures. The PL intensity is plotted against time on a log—log
scale. The decay profile at 14 K is also displayed as a semi-log plot in figure 3(b). It is noted
that the crystal displays luminescence for times longer than several tens of milliseconds at
14 K. The profile at 14 K can be well expressed as a three-component exponential decay curve,

1(t) = Lexp(—t/t1) + Lexp(—t/72) + I3 exp(—t/13), 2
with the following parameters:
I = 15.408, 71 =2.6533 x 107 s, I, =11.134, T, =5.4218 x 10745,
I = 16.909, 73 = 2.8396 x 1077 .

Since the photodetection system used for decay curve measurements has a long time constant
(about 1 ws), the shorter lifetime component is not resolved. Therefore, the B luminescence
may arise from at least three kinds of luminescence centres.
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Figure 4. The excitation light intensity dependence of the photoluminescence spectrum of SrTiO3
at 13 K: (a) spectra under intense, medium and weak excitations; (b) the excitation laser fluence
dependence of the peak intensities of the near-band-edge luminescence (NBE) band and the B
luminescence band. The NBE luminescence peak energy and the B luminescence peak energy
are 3.2 and 2.4 eV, respectively.

Alternatively, the same decay data were examined with a power law (¢+~"). It is found
that the curve cannot be uniquely expressed with the =2 law (Tsang and Street 1979); rather
it has a +~!=2 dependence. Hasegawa et al (2000) performed also decay curve fitting with the
t~" law, and they inferred suitability of the t~2 law for SrTiO3;. However, a caution should be
required for result to differ greatly by which data points are selected for the curve fitting with
the power law.

At the present stage, the observed decay curve should be regarded obediently as an
exponential decay curve consisting of different components. The long lifetime component
may arise from some radiative transitions of different deeply trapped states. After stopping the
laser irradiation of the as-grown and annealed SrTiOj; crystals, we frequently observed faint
phosphorescence lasting for several seconds, with the naked eye. Unfortunately, the decay time
of such a phosphorescence component (¢ >> 107 s) cannot be determined from the decay
curve analysis, because the phosphorescence contribution to the decay curve is too small.

3.4. Photoluminescence spectra of SrTiO3 under intense excitation

We have measured the PL spectra of the same SrTiOj single crystal at different excitation laser
fluences. A typical result is shown in figure 4(a). In figure 4(b), the peak intensities of the



Photoluminescence and reversible photo-induced spectral change of SrTiO3 931

I I I I BI 12KI
50x10° I+ V,/ 17K

40

30

20\;

PL intensity (arb. units)

39K

oL | | | |
32 30 28 26 24 22 20 18

Photon energy (eV)

_ T T T T T
W
“g‘ 300 [T=13K NBE b
o
2200
f
z
=
8 100
R
_1
=l | |
3.35 3.30 325 3.20 3.15 3.10

Photon energy (eV)

Figure 5. The photoluminescence of SrTiO3 under intense photoexcitation: (a) photoluminescence
spectra at different temperatures (7 < 39 K). The 355 nm excitation laser fluence was
0.93 mJ cm~2. (b) Near-band-edge (NBE) emission at 13 K. The 355 nm excitation laser fluence
was 12 mJ cm =2,

NBE and the B luminescence bands are plotted against laser fluence. Solid squares and hollow
circles correspond to the NBE luminescence and the B Iuminescence, respectively. Under
weak excitation, only a B luminescence band is observed. With increasing laser fluence,
the B luminescence intensity increases monotonically, and the NBE and A luminescence
bands appear. On the laser fluence further increasing up to 4 mJ cm~2, the B luminescence
attains a maximum, while both the NBE luminescence and the A luminescence become
prominent. On laser fluence exceeding 4 mJ cm~2, the B luminescence intensity begins to
decrease monotonically, while both the NBE luminescence band and the A luminescence band
continue to grow, degrading the B luminescence band. Incidentally, we have found that the
B luminescence intensity maximum appeared at 0.4 mJ cm~? for the sintered SrTiO3 powder
compact. This suggests that most of the B luminescence centres are at the specimen surface.

In order to study the NBE, A and B luminescence bands in detail, we have measured
the PL spectra at different temperatures under an intense excitation of 0.93 mJ cm~2. This
excitation intensity is enough to show up all of the luminescence bands. The results are shown
in figures 5(a), 6(a) and (b). We subtract the spectrum measured at 297 K from the spectrum
measured at 12 K, in an attempt to extract the B luminescence component. The difference
spectrum is given in figure 6(c). By comparing this spectrum with the spectrum (figure 1(a))
observed at the same temperature under a weak photoexcitation, it was found that the spectral
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Figure 6. The photoluminescence of SrTiO3 under intense photoexcitation (0.93 mJ cm™2): (a)
photoluminescence spectra at different temperatures (39 K < 7 < 159 K); (b) photoluminescence
spectra at different temperatures (159 K < 7' < 297 K); (c) the difference spectrum; (d) the
temperature dependence of the integrated intensity of the B luminescence band for weak and
intense excitations which were 0.079 and 0.93 mJ cm ™2, respectively. The spectral integration was
performed in a photon region between 2.9 and 1.77 eV.

shape of the B luminescence band is almost independent of the photoexcitation intensity. With
temperature increasing up to 39 K, the B luminescence intensity decreases and then it disappears
at 39 K, while the NBE and A luminescence intensities are almost constant. With temperature
increasing above 39 K, the A luminescence band continues to grow more without changing
the spectral shape and then it attains a maximum at 159 K, while the NBE luminescence band
becomes weak with the spectral broadening and is merged in the A luminescence band at 198 K.
At present, it is not clear why such a phonon-assisted nature of the A luminescence band arose.
With the temperature further increasing above 159 K, the A luminescence intensity decreases.
This intensity decrease may be due to non-radiative traps. The PL spectrum measured at 297 K
was subtracted from that measured at different temperatures, and then the spectral integration
was performed over a photon energy range between 2.9 and 1.77 eV. The integrated intensities
thus obtained for the B luminescence band are plotted against inverse temperature, as hollow
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Figure 7. The time-resolved photoluminescence spectra of SrTiO3 at 13 K: (a) laser
fluence = 4.0 mJ cm~2; (b) laser fluence = 10 mJ cm 2.

squares, in figure 6(d). The data obtained for weak excitation, which are already shown in
figure 1(c), are also plotted as solid circles in this figure.

Under a high laser fluence (12 mJ cm™2), more detailed measurements were performed
also on the NBE luminescence and the A luminescence, using a high resolution monochromator.
This laser fluence is enough to show up the NBE and A luminescence bands. The result obtained
at 13 Kis given in figure 5(b). As seen in this figure, the NBE luminescence band is on the rise
of the A luminescence band. The NBE luminescence peak is about 77 meV lower in energy
than the onset energy of the A band, and it is about 34 meV lower than the PLE edge energy.
The NBE luminescence band and the A luminescence have similar temperature and excitation
intensity dependences. This suggests that the NBE luminescence and the A luminescence have
the same origin.

Most of luminescent metal oxides show some photo-darkening effects under intense
photoexcitation. It is found that the PL spectrum and PL intensity of the SrTiO3 single crystal
used were almost unchanged, in spite of such intense 355 nm photoexcitation (14 mJ cm~2).

3.5. Time-resolved photoluminescence spectra of SrTiO;

Time-resolved photoluminescence spectra of the same SrTiOs single crystal have been
measured at 13 K under different excitation intensities. To study the time evolutions of
all of the luminescence bands, the measurements were performed under intense excitation.
The spectra obtained under excitations of 4.0 and 10 mJ cm~2 are shown in figures 7(a)
and (b), respectively. The measurement times, ¢y and f,, are given by each curve. At the
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initial stage of photoexcitation, the laser light pulse is seen at twice the wavelength, 710 nm
(=355 nm x 2 = 1.745 eV), of each spectrum, which is common to every grating
monochromator. Both the NBE luminescence and the A luminescence disappear rapidly
within 50 ns after excitation. Taking account of the parasitic delay, timing jitter times of the
apparatus used and the actual laser pulse duration (<10 ns), the lifetimes of the NBE and A
luminescences are estimated to be less than 10 ns. The B luminescence band is growing over
time between 50 ns and 1 ms, and the spectral shape is almost unchanged with further increase
in time. The B luminescence observed between 50 ns and 1 ms is slightly shifted toward
the lower energy side of the B luminescence observed between O ns and 1 ms, as shown in
figure 7(a). The shift is due to the time integration effect on the PL intensity. The measured
intensity between #4 and f, is expressed as follows:

10 =3 [nnie =0 ar, 3
J Ju

where n;, N;(t = 0) and 7; are the quantum yield, number and lifetime of jth luminescence
centre including the extrinsic and intrinsic luminescence centres, respectively. If the
luminescence centres responsible for the B luminescence band differ slightly in energy, a
small shift may be anticipated, as is in fact observed.

Both the PLE spectrum shown in figure 2 and these time-resolved spectra show clearly that
the B luminescence follows the NBE and A luminescence. The long lifetime luminescence,
continuing for more than several tens of milliseconds, like the B luminescence, is not peculiar to
SrTiOj3 but such long lasting luminescence is frequently observed for different metal oxides, for
example, ZrO, (Fujishiro and Mochizuki 2005). This indicates that the B luminescence cannot
necessarily be connected with the nature of the quantum paraelectric state. Such long lifetime
luminescence observed for different oxides is thought to arise from accidental recombination
of shallowly trapped electrons with distant holes localized around defects. In such a case, the
luminescence has slightly different long lifetimes, as seen in figures 3(a) and (b), and the B
luminescence spectral shape is almost unchanged with time, as seen in figures 7(a) and (b).

3.6. Reversible photo-induced spectral change in SrTiO3

When the same SrTiOj single crystal is irradiated with a CW 325 nm laser light at room
temperature in an evacuated chamber, the B luminescence intensity is enhanced to about
twice. Then, introducing oxygen gas into the specimen chamber, the intense PL state returns
to the original weak one under the same laser light irradiation, with increasing irradiation time.
Through many successive experiments, it was found that the spectral change is nearly reversible
under 325 nm laser light irradiation. After removing the 325 nm laser light irradiation, each
PL state is stored for a long time at room temperature under room light, regardless of any
changes of atmosphere. A typical example of the photo-induced spectral change obtained is
shown in figure 8. The experiments were carried out in the following order: (a) — (b) — (c)
— (d). Irradiation times #;, under a given atmosphere and the kind of atmosphere are indicated
by each curve. Irradiating under oxygen gas considerably decreases the PL intensity of the
specimens. In figure 9, the difference spectrum, curve 7 — curve 8, is shown. The PL spectral
change observed for the SrTiO3 single crystal is mainly characterized by an intensity change
of the B luminescence band. A slight degradation of the PL intensity is observed, which may
be caused by some photo-induced non-radiative centres. The same experiments were carried
out by changing the wavelength of the irradiating laser light. No spectral change was observed
except for the CW 325 nm laser light. It was found that the speed of the change accelerates
on increasing the power density of the activating light.
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Figure 8. The photo-induced reversible spectral change of SrTiO3z at room temperature: (a) in
vacuum, (b) in oxygen gas, (c) in vacuum, (d) in oxygen gas. The experiments were carried out in
the following order: (a) — (b) — (c) — (d). Each irradiation was carried out for 60 min under a
given atmosphere. Each spectral change is indicated by an arrow. The 325 nm laser fluence was
0.79 W cm 2.

Similar photo-induced spectral change has been observed at different temperatures from
13 K to room temperature. The result obtained at 13 K in vacuum under irradiation with
325 nm laser light is shown in figure 10(a), as a typical result. The #; in vacuum is indicated
by each curve. The peak intensity is plotted against #;; in figure 10(b). With increasing f;;, the
intensity increases and then tends to saturate at 90 min. The intensity increase is proportional
tot; (n < 1). It has been found that the magnitude of the spectral change for 60 min is nearly
independent of temperature. After stopping the laser light irradiation, the photoluminescence
intensity decreases slightly with increasing time and then reaches a steady state value, which
is a photomemory phenomenon.
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Figure 9. The difference spectrum for curve 7 and curve 8. Curves 7 and 8 are shown in figure 8.

Like for Sm;O3; (Mochizuki 2003), Eu,0O3; (Mochizuki et al 2001), anatase TiO,
(Mochizuki et al 2003) and vitreous SiO, (Mochizuki and Araki 2003b), the observed spectral
transition may arise from photo-induced oxidation and photo-induced reduction.

3.7. Photoluminescence properties of as-grown SrTiOs

In order to elucidate the crystal defect effects on the photoluminescence more directly, we
have studied the reversible photo-induced spectral transition for an as-grown Verneuil SrTiO3
crystal at room temperature. The as-grown SrTiOj3 crystal is dark blue. The luminescence was
excited also with a 325 nm laser line of the He—Cd laser. The result is shown in figure 11(a).
Curve 1 is the spectrum of the as-grown crystal. The PL intensity of the as-grown crystal is
stronger than several thousands times that of the annealed crystal. The spectrum consists of at
least three luminescence bands, at 2.9, 2.3 and 2.2 eV. Curve 2 is the spectrum measured after
irradiating in oxygen gas for 60 min. Under 325 nm laser light irradiation in oxygen gas, the
PL intensity is decreased considerably. The degradations of the 2.3 and 2.2 eV luminescence
bands are especially prominent. The specimen chamber is evacuated again. Curve 3 and
curve 4 are the spectra measured at 60 and 480 min after beginning irradiation in vacuum,
respectively. Then, oxygen gas was introduced again into the specimen chamber. Curve 5 is
the spectrum measured at 840 min after beginning irradiation in oxygen gas. The integrated
PL intensity of curve 4 is increased more than 16 times compared with that of curve 5. In
figure 11(b), curve 4 is compared after rescaling curve 5 so as to fit to curve 4 at photon energies
higher than 2.8 eV. The rescaled curve is shown as curve 5'. Like for the annealed transparent
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Figure 10. The photo-induced spectral change of SrTiO3 at 13 Kin vacuum: (a) photoluminescence
spectra for 325 nm laser light irradiation; the irradiation time is indicated by each curve; (b) the
irradiation time dependence of the peak intensity of the photoluminescence. The 325 nm laser
fluence was 0.79 W cm 2.

SrTiO; crystal, an A-like luminescence appears in the as-grown crystal: compare curve 5 in
figure 11(a) with curve 8 in figure 8(d) and the curve observed at 297 K in figure 6(b). To deduce
the information on the B luminescence observed in the annealed SrTiO; crystal, the difference
spectrum (curve 4 — curve 5) was calculated; it is shown in figure 11(b). We can find a broad
luminescence band centred at 2.3 eV, which is slightly shifted to the lower energy side of the
B luminescence band of the annealed crystal. It is noted that the B luminescence intensity
for the as-grown and the annealed crystals can be varied by 325 nm laser light irradiation in
vacuum and in oxygen gas. Since the light penetration depth is very small at 325 nm for
SrTiO3 (Zollner et al 2000), the observed spectral change of the B luminescence band could
be closely related to the change of surface electronic states.

Using the same as-grown crystal, we have measured the photoluminescence spectra at
different temperatures under an intense excitation (14 mJ cm~2). As a typical result, the
spectrum obtained at 12 K is shown in figure 12. The spectrum obtained at 13 K under the
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Figure 11. The photo-induced reversible spectral change of as-grown SrTiO3 at room temperature:
(a) photo-induced spectral change for replacing specimen atmosphere, (b) comparison of curve 4
with curve 5. The 325 nm laser fluence was 0.79 W cm™2.

same excitation intensity for the annealed crystal is also shown; this was already shown in
figure 4(a). The NBE and A luminescence are considerably enhanced in the as-grown crystal.
The fine structure and PL intensity of the NBE luminescence band depend on the annealing
time. The results suggest that the NBE and A luminescence are assisted by crystal defects.

3.8. Miscellaneous

We have measured the PL spectra of sintered SrTiO3; powder compacts at different temperatures
and different laser fluences. The powder specimens show clearly the NBE, A and B
luminescences. The NBE and A luminescences remain at room temperature, while the B
luminescence disappears above 40 K. Most of the PL properties were very similar to those
of single-crystal specimens. Like for other luminescent oxides, the powder compacts were
less luminescent and their luminescence decay lifetimes were shorter than those of the single
crystals. The main difference between the cases for the powder compacts and the single
crystals is that the B luminescence of the powder compacts saturates at lower laser fluence

(approximately 0.5 mJ cm~2), while that of the single crystals saturates at 4 mJ cm™2.
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Figure 12.  The photoluminescence spectra of the as-grown dark blue and annealed
transparent SrTiOsz crystals at about 13 K under an intense 355 nm photoexcitation (laser
fluence = 14 mJ cm™—2).

4. Discussion

4.1. The reversible photo-induced spectral change

The present experimental results on the reversible photo-induced spectral change of SrTiO3
single crystal may be summarized as follows.

(1) The photo-induced reversible spectral change between weak PL and intense PL can be
observed at different temperatures, from 13 K to room temperature. The spectral change
takes time. The speed of the spectral change is nearly independent of temperature but it
increases with increasing light intensity.

(2) The spectral change tends to saturate at a long light irradiation time (more than 90 min).

(3) The spectral change is induced by changing the specimen atmosphere between oxygen
gas and vacuum only under a CW 325 nm laser light. On the other hand, intense pulsed
355 nm laser light (14 mJ cm~2) never induced such spectral change.

(4) Afterremoving the 325 nm laser light irradiation, each PL property persists for a long time
even at room temperature under room light, regardless of any changes of atmosphere.

The result (1) indicates that the observed photo-induced spectral changes are purely
electronic phenomena and they are not phonon-assisted ones. The result (1) indicates also that
the B luminescence is an extrinsic luminescence due to the luminescence centres introduced
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by a CW 325 nm laser light. Since the 325 nm (=3.81 eV) laser light never dissociates
directly free O, molecules, the result (3) indicates that the phenomena arise from the photo-
induced associative detachment and photo-induced dissociative adsorption of O, molecules
near the SrTiO; surface. In this case, photoexcited SrTiO; crystal acts as a photocatalyst for
decomposing O, molecules and also as an oxygen reservoir. The results also summarize how
spectral change arises naturally from photo-activated oxidation and reduction.

Although some chemical heterogeneity on the surface has been pointed out for the surfaces
of SrTiO3 crystal reduced and oxidized at high temperatures (Szot et al 1997, Szot and Speier
1999), we discuss tentatively the observed photo-induced spectral changes at room temperature
by regarding the measured SrTiOs crystal as chemically homogeneous, as follows. The
chemical heterogeneity effects will be discussed in the next subsection. The reduction of
the SrTiO3; surface under a CW 325 nm laser light in vacuum may be accompanied by the
creation of electron-captured oxygen vacancies V{j, as follows:

(O* in lattice) + (CW 325 nm photon) — V{ + (two electrons) + %02, 4)

where Kroger—Vink notation is used (Krdger and Vink 1956). Using a local spin density
approximation plane wave pseudopotential method, Astala and Bristowe (2001) have shown
that the doubly positively charged state is the most stable. This is in good agreement with
the experimental result that oxygen deficiency in SrTiO3; enhances the electrical conductivity
(Jourdan and Adrian 2003) even at low temperatures. This means that most of the electrons
around oxygen vacancies are released and, therefore, such oxygen vacancy sites are relatively
positively charged. Therefore, the oxygen vacancies tend to trap photo-generated electrons.
On the other hand, several authors (Henrich et al 1978, Cord and Courths 1985, Kimura et al
1995) proposed another type of defect at the SrTiO3 surface as follows:

(0% in lattice) + (CW 325 nm photon) — (Ti**~V{-Ti**) complex + 3O,. (5)

In the complex, the Ti** ions act as hole traps, while the vacancy V{, tends to trap electrons.
For SrTiOj crystal, it is known that electrons determine the transport properties, for example,
electrical conductivity and photoconduction, well, while no phenomena related to holes have
been observed. This indicates that holes are almost trapped around crystal defects. Incidentally,
the high dielectric constant (several tens of thousands) of SrTiO; crystal suppresses, creating
excitons (ex). Toyozawa (1983) proposed three types of symmetry-breaking instability for
excitons in the phonon field and, when the electron and the hole have deformation potentials
of opposite sign, decomposition into a pair of self-trapped particles occurs. In other words,
the instability of an exciton leads to lattice decomposition into an electron centre (an anion
vacancy) S. and a hole centre (an anion interstitial) Sy, if the exciton is formed in the bulk.
On surfaces, the hole centre is emitted from the surface, thus leaving only the electron centre.
Therefore, such exciton instability may result in oxygen desorption at SrTiO3; surfaces in
vacuum and the oxygen vacancies thus produced give rise to B luminescence. Similar
desorption has already been discussed for photo-induced breaking of the Si—O bond in a
silica (Shluger and Stefanovich 1990). By a quantum chemical calculation, Eglitis et al
(2004) has demonstrated that the chemical bonding of the perovskite structure contains a
considerable covalent component, like the case for silica. It is noted that CW 325 nm laser
light is indispensable for spectral change due to the photo-induced oxidation and reduction
in SrTiO3;. The CW laser fluence in the present experiments was at most 0.8 W cm™2, and
therefore any bond-breaking mechanism based on the instability under high density excitation
may be excluded from the present discussion. Unlike the case for alkali halides, a single
interband excitation never induces the desorption of surface atoms in semiconductors, since
the binding energy of atoms is larger than the energy gap. In such photoexcited semiconductor
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cases, only atoms around crystal defects at the surfaces can be released (Puchin et al 1993, Itoh
et al 1995, Itoh 1995, Itoh and Stoneham 2000, Song and Williams 1993). Astala and Bristowe
(2001) calculated the oxygen vacancy formation energy of about 7 eV, which is approximately
twice the bulk energy gap and slightly smaller than twice the CW 325 nm He—Cd laser photon
energy, at the TiO,-terminated (100) surface of SrTiOs. Both the oxygen defects (for example,
Ti**~O{~Ti** and OY) inherent to SrTiOj; surfaces and the infinite continuity of the laser light
may enable the 325 nm laser photons to release O, molecules from the surface. Incidentally,
pulsed 355 nm laser light (the pulse width is 4-5 ns), although the photon energy is close to that
of the CW 325 nm laser light, never induced spectral change even at 14 mJ cm ™2, as a result
of (3). Besides the surface defects, a small amount of OH™ ions introduced inevitably during
crystal growth by the Verneuil method should also be taken into account for the photo-induced
spectral change. Incidentally, Ohmukai et al (1999) have observed a 126 nm laser-induced
bond breaking and some polycrystalline precipitates on a SiO; glass. We could not detect any
light scattering due to precipitates on the 325 nm laser light irradiated SrTiO3 crystal.

It has been said that the desorption via such an excited state occurs within 10~ s after
laser pulse incidence. However, it is found that a relatively long time (more than 90 min) is
taken to complete the spectral change in SrTiOs3, as a result of (2). This indicates that the
photo-induced oxygen desorption probability is very low at the SrTiO3 surface. The observed
saturation tendency with further increasing #;; suggests that photo-induced oxygen defects
increase the potential energy of the light irradiated surface. In such a case, equilibrium may
be realized in a system composed of matter (SrTiOs crystal) and a radiation field. It can be
assumed that the intensity, coherency and continuity of laser light determine the degree of
fluctuation in the system and the dynamics of photo-induced spectral change. Unlike the case
for a pulsed laser light, the possibility of successive electronic excitation is not ignored for
CW laser light. More detailed experiments with varying frequency, pulse width and duty ratio
of a periodic laser light pulse are in progress in our laboratory.

In relation to the UV laser light-induced oxygen defects and white luminescence, it
should be noted that the crystals (for example, LaAlO3;) grown by light heating methods
(for example, the floating zone methods and the arc furnace method) display intense white
luminescence. During the growth, the crystals are exposed to intense ultraviolet radiation
and, therefore, oxygen defects may be produced, exhibiting oxygen defect-related white
luminescence between 3 and 2 eV (Kawabe et al 2000).

4.2. The B luminescence band

The present experimental results on the B luminescence of SrTiO; single crystal may be
summarized as having the following features.

(1) The broad B luminescence band is observed well under band-to-band excitation
(>3.27 eV) in SrTiO3 with a large energy shift (0.80 eV). Although the quantum yield
is small, the B luminescence is also observed under a 442 nm (=2.80 eV) laser light
excitation.

(2) The B luminescence intensity is considerably increased by photo-induced reduction with
325 nm (=3.81 eV) laser light irradiation in vacuum.

(3) The PL intensity increases with progressive annealing in a reducing atmosphere. The
intensity peak energy and spectral width of the B luminescence depend on annealing
history.

(4) The B luminescence decay curve consists of at least four components. The
phosphorescence component lasts for at least several seconds. It is hard to fit the decay
curve uniquely to a power law time (~2) dependence.
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(5) With increasing temperature, the B luminescence intensity decreases, increasing the NBE
and A luminescence bands. The B luminescence of both the single crystal and the powder
compact disappeared above about 40 K.

(6) With increasing excitation intensity, the B luminescence intensity increases. On further
increasing the excitation intensity, the B luminescence intensity attains a maximum at
about 4 mJ cm~? and then decreases, increasing the NBE and A luminescence bands. The
SrTiO3; power compacts display the B luminescence intensity maximum at approximately
0.5mJ cm~2.

Feature (1) indicates that the B luminescence arises from several kinds of PL. mechanisms.
Both feature (2) and the feature (3) indicate that oxygen deficiency is a main cause of B
luminescence. Feature (4) indicates that the deviation from stoichiometry creates different
types of defect which give different luminescence centres and traps. Most workers have been
studying SrTiO; crystals produced by the Verneuil method. Unfortunately, the compositional
deviation of the crystals produced by the Verneuil method is known to be between 10~2 and
10~* even for simple transition metal oxides (MnO, CoO, NiO and TiO,). The chemical
purities and isotope separation of the constituent elements (especially strontium and titanium)
are not necessarily satisfactory and therefore most of the available SrTiO; crystals are at most
99.99% pure. These are problems common to many transition metal oxides. Moreover, since
a flame consisting of H, gas and O, gas is used for the Verneuil crystal growth process, some
contamination due to OH™ ions may be inevitable. Feature (6) indicates that most of the
B luminescence centres are at the specimen surface. Ignoring the above-described chemical
impurity effects and noting only the effects due to the deviation from SrTiO; stoichiometry,
we will discuss the results of the PL measurements.

We first discuss the excited states created in SrTiOj3 crystal by the third harmonics (355 nm)
of the pulsed Nd**:YAG laser. Unlike CW 325 nm laser light, this 355 nm laser light never
induced the spectral changes discussed in the previous subsection. The valence and conduction
bands of SrTiO; mainly consist of the 2p orbits of O>~ ions and the 3d orbits of Ti** ions,
respectively. Therefore, the fundamental absorption transfers the electron from the O?~ ion
to the Ti** one. After such photoexcitation, some of the photo-produced electrons and holes
recombine directly, displaying luminescence via some processes with short lifetime. However,
perfect SrTiO3 crystal is an indirect gap semiconductor and, therefore, the PL intensity is so
weak that it cannot be measured. Another portion of electrons and holes may be trapped by
intrinsic crystal defects at the surface and by the defects related to the deviation from the
stoichiometry. In such a case, the PL property differs with the type of defect and also with the
sites of defects, as follows.

4.2.1. Oxygen defects at the surface and in the bulk. Stashans and Vargas (2001) have
calculated structural and electronic properties of the F centres (two electrons trapped by an
oxygen vacancy) in SrTiOs, as have Astala and Bristowe (2001). The results indicate that
the wavefunctions of the two extra electrons extend over the titanium atoms closest to the
two vacancies and over other nearby atoms, which is the same as the Ti**—oxygen vacancy
complex model proposed by Henrich ez al (1978), Cord and Courths (1985) and Kimura et al
(1995). In other words, most of the oxygen vacancies are Ti**—oxygen vacancy complexes
in real SrTiOs crystal. In this complex, Ti** ion is one of the candidate hole-trapping centres
and the oxygen vacancy is one of the candidate electron-trapping centres. Since electrical
conduction due to holes is not observed, most of the photo-generated holes may be deeply
trapped at Ti** sites of the complexes. Unlike such holes, photo-generated electrons may
be itinerant, experiencing repeatedly collisions with phonons and trapping by oxygen defects.
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When some portions of photo-generated holes and electrons are trapped at distant complexes, a
luminescence arises from accidental recombination of shallowly trapped electrons with distant
holes localized around the defects, exhibiting a long lasting luminescence. Taking account of
the electronic conductivity, both the absorption tail in the OD spectrum shown in the inset (a)
of figure 2 and the energy difference of 0.80 eV may guarantee the existence of such deeply
trapped hole states and shallowly trapped electron states. The broadness of the OD tail shown
in the inset (a) of figure 2 suggests that such hole trap levels and electron trap ones arise
from many slightly different defects. Using ultraviolet photoemission spectroscopy (UPS),
Henrich et al (1978) found that the Fermi level of the fractured SrTiO; lies about 3 eV above
the top of the valence band, which places it within 0.1 eV of the bottom of the conduction
band. Also, they observed surface sensitive band gap emission band at energies between the
top of the valence band and the Fermi level. These UPS results confirm also the existence of
band gap states of the SrTiO3 surface. Thus, the energy difference of 0.8 eV may correspond
to the average energy difference between the shallow electron trap levels and the deep hole
trap levels in the band gap. Since the observed luminescence decay curve was expressed as
a multi-component exponential curve (at most four components), the overlapping between
electron and hole wavefunctions is thought to be almost time independent.

With increasing laser fluence, the numbers of photo-generated electrons and holes increase
and then the PL intensity may increase. With further increasing laser fluence, photo-generated
electrons and holes become diffused more rapidly inside the crystal (bulk), and therefore the
PL intensity decreases, as shown in figures 4(a) and (b). This is why the PL intensity maximum
appears at 4 mJ cm~2. In other words, this means that most of the defect luminescence centres
are at the specimen surface. Since a powder specimen has a large specific surface area, a
SrTiO3 powder specimen may exhibit a PL intensity maximum at the laser fluence smaller than
that of the single-crystal specimen. This suggestion was certainly confirmed by the present
experimental result that the PL intensity maximum of the B luminescence for the powder
compacts appeared at laser fluences (approximately 0.5 mJ cm~2) lower than that (4 mJ cm~2)
observed for the single crystal. On the other hand, the luminescence arising from the defects in
the bulk is thought to saturate at higher laser fluence. In addition to these defect effects, it should
be taken into consideration that, at higher laser fluence, the recombination of photo-generated
electrons and holes is enhanced and therefore it also reduces the luminescence intensity.

4.2.2. Chemical heterogeneity in the surface region. As stated in the previous sections, a
colourless transparent SrTiO3 single crystal is obtained by thermally annealing dark blue as-
grown crystal at high temperature under an appropriate reducing atmosphere. Although it is
colourless and transparent, the crystal is thought to be affected to some extent by such annealing
treatment. In particular, it has been reported that the surfaces of reduced and oxidized SrTiO3
contain not only the above-described oxygen defects but also Ruddlesden—Popper phases
(Ruddlesden and Popper 1957, 1958). The combination of x-ray diffraction analysis with
surface sensitive techniques has revealed a chemical inhomogeneity in the surface region of
single crystals of SrTiOs prepared under low and high partial pressures of oxygen at elevated
temperatures (Szot et al 1997). A solid state reaction leads to the formation of a multilayer-
type structure. For oxidized crystals, they observed SrO-rich Ruddlesden—Popper phases at
the surface and Magnelli phases of Ti in deeper layers of the surface region. The order of
the layered structure is reversed for the reduced crystals, with Ti oxides of different oxidation
levels at the surface and Ruddlesden—Popper phases in lower parts of the surface region.
Measurements by atomic force microscopy are also reported for the (100) and (110) surfaces
of SrTiOj3 single crystals prepared with different oxidizing and reducing conditions at elevated
temperatures (1073-1273 K) (Szot and Speier 1999). The morphology of the surfaces turns
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out to be drastically altered for both oxidized and reduced crystals in comparison with the
original stoichiometric surfaces. The observed changes on the surface of SrTiO; due to the
applied extensive thermal treatment cannot be explained by the formation of point defects,
relaxation of the uppermost surface layer, rumpling or reconstruction due to vacancy ordering.
Instead, the results have to be interpreted in terms of segregation processes and solid state
reactions at elevated temperatures, which cause the formation of new chemical phases on the
surface and in the region underneath. On the surface of oxygen-annealed SrTiOs3, this leads to
the growth of steps perpendicular to the surface with step heights larger than the unit cell of
the perovskite structure. Crystals prepared above 1173 K are shown to exhibit a step height of
1.18 nm which is attributed to the formation of a Ruddlesden—Popper phase SrO*(SrTiO3),,
with n = 1 on the surface. In the case of reduced crystals, the topographic changes on the
surface are caused by the formation of Ti-rich phases such as TiO and Ti,O on the surface
above 1173 K. The complex interplay of the processes at the surface for different temperatures,
in particular its dependence on the details of the heat treatment, is discussed. The induced
chemical heterogeneity of the surface and in the near-surface region is interpreted in terms of
a kinetic demixing.

Certainly, as shown in figures 11(a) and (b), we observed complicated spectral change
under CW 325 nm laser light irradiation in oxygen gas and vacuum for the as-grown SrTiO;
crystal, which cannot be explained entirely by the simple oxygen point defect model. Since
the as-grown crystal has a higher light absorption coefficient than the colourless annealed
crystal, the observed spectral change may be more affected by the surface crystal defects,
including the chemical heterogeneity (for example, Ruddlesden—Popper phases) in the surface
region.

Bearing these chemical heterogeneities in mind, we have measured the PL properties
of the as-grown crystal at different stages of annealing in a reducing atmosphere and also
measured those of a colourless transparent stepped TiO;-terminated SrTiO; crystal whose
step height is 0.4 nm. The detailed results will be reported in a separate paper (Mochizuki
and Fujishiro 2005). The results are summarized as follows. The low temperature PL spectral
structures of these crystals are almost the same as those of the colourless transparent (100) faced
crystal, apart from the PL intensity. However, with progressive annealing, the dark blue colour
becomes weak, the intensities of the NBE, A and B luminescence bands decrease and the lower
energy tail of the PLE for the B luminescence becomes weak. Moreover, the excitation laser
fluence giving the B luminescence intensity maximum (we call this fluence Fy,,x) increases
with progressive annealing. Like that for the as-grown crystals, the Fyax for the stepped
TiO,-terminated SrTiO; crystal decreases considerably in comparison with the Fp,x for the
colourless transparent SrTiO; crystal. The observed change in Fy,.x may be due to the change in
the probability of electron—hole pairs with surface defects arising from chemical heterogeneity.
We have observed also at least five broad optical absorption bands at about 2.9 eV, about 2.4 eV,
about 2.1, 1.6 eV and about 0.9 eV for the as-grown crystal at different annealing stages. The
dark blue colour of the as-grown crystal is attributed to this spectral structure in which the blue
colour wavelength range is a spectral window. With progressive annealing, these absorptions
decrease in intensity. These optical absorption bands may be assigned to oxygen defects and
some chemical heterogeneity (Szot et al 2002). The broad OD tail observed for the colourless
transparent crystal is thought to be a trace from these absorption bands; see the inset (a) of
figure 2 in the present paper and the figure 4 in the paper reported by Szot et al (2002). In
order to clarify the optical excitation in the Ruddlesden—Popper phases, more detailed surface
sensitive spectroscopic measurements (for example, reflectivity and PL measurements under
total reflection conditions) and morphological and structural measurements for the as-grown
crystals at different stages of annealing are now in progress in our laboratory.
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Taking account of these studies on different kinds of defects in the real SrTiO3 crystal
grown by the Verneuil method, we thus assign the B luminescence band to the radiative decay
of the crystal defect-related excited electronic states. Alternatively, it is theoretically assumed
that a long lasting luminescence arises also from some forbidden transition, and therefore we
cannot ignore the contribution from de-excitation of some triplet excited states. Previously,
many workers have discussed the long lasting B luminescence on the basis of intrinsic self-
trapped electronic (exciton) states, ignoring the effects of crystal defects. As discussed above,
it should now be apparent that defect effects are important for such self-trapping, and more
careful consideration of them is necessary for deducing the intrinsic nature of SrTiO3; from
experimental data.

4.3. The NBE and A luminescence bands

Both the NBE luminescence and the A band luminescence have the following features:

(o) Both luminescences become prominent under higher excitation intensity and do not
saturate under intense excitation (14 mJ cm~2). They grow to the detriment of the B
luminescence with increasing excitation intensity.

(B) With increasing temperature, both luminescences become prominent to the detriment of
the B luminescence and survive even at high temperatures. The spectral structures of the
two luminescences at room temperature are hardly changed by changing the excitation
laser wavelength from 325 to 355 nm.

(y) Both luminescences are considerably enhanced in the as-grown crystal.

(§) Both luminescences appear near the band edge energy region and have very short decay
times (<50 ns).

Feature («) indicates that both the NBE luminescence and the A luminescence arise not from
a small number of impurities and crystal defects, but from numerous luminescent species.
Feature (8) indicates also that the NBE and A luminescence centres are stable at high
temperatures, without any thermal exhaustion. This feature indicates that both luminescences
are assisted by phonons. Feature (y) indicates that the luminescence is emission assisted by
crystal defects. Together with the features («), (8) and (y), feature (§) suggests that the two
luminescences arise from the same origin and are assignable to some kind of electron—hole
recombination emission assisted by crystal defects and phonons.

We discuss these luminescence bands from two different viewpoints as follows. The
frequency shift of the NBE luminescence band from incident 355 nm laser light is about
2207 cm~!. This is too large for assigning this band to non-resonant Raman scattering (Sirenko
etal 1999). Non-resonant Raman scattering in a cubic centrally symmetric crystal is forbidden
by the odd parity of the optical phonons of Fj, symmetry, and therefore cubic SrTiO; crystal
displays weak broad Raman spectrum due to second-order Raman scattering in which two
phonons are involved in the scattering process. In the tetragonal phase below 105 K, the
phonon mode splits into two Raman-inactive modes of A, and E,; symmetry. When crystal
defects (impurities and vacancies) are introduced (Kleemann er al 1997) or when uniaxial
external fields (electric field and stress) are applied (Akimov et al 2000, Worlock and Fleury
1967), these first-order Raman-inactive modes can be observed only below 1000 cm~!. They
cannot explain the observed large frequency shift (about 2207 cm~") of the NBE luminescence.
On the other hand, since the photon energy of the incident 355 nm (=3.49 eV) laser light is
close to the reported direct gap energy (=3.47 eV; Capizzi and Frova 1970) and the observed
PLE edge energy (=3.26 eV), we have to take account of the resonant Raman scattering effects.
In this case, the Raman spectrum may display several resonance lines due to the scattering by
different phonons near the direct and indirect gap energies, together with other critical points of



946 S Mochizuki et al

the interband transitions (Cardona 1982). As is well known theoretically, the resonant Raman
process involves effects due to different intraband and interband scatterings, which display a
broad resonance. If we regard the NBE and A luminescences as a result of such resonance
Raman scattering, the phonon energy may be estimated from the difference between the indirect
band edge energy (PLE edge energy = 3.26 eV) and the NBE luminescence peak energy (=
3.23 eV): the estimated value is 30 meV (=242 cm™"), which is comparable to the transverse
optical phonon frequency. Further discussion on the basis of such resonant Raman scattering
requires measurements at different incident wavelengths and information about the chemical
heterogeneity and defect effects on the Raman scattering.

Next, we discuss the NBE and A luminescence bands as follows. The NBE and the A
luminescences were seen even at high temperatures, and they do not exhibit any PL intensity
saturation under higher excitation intensity. Although an explanation with so-called donor—
acceptor pair (D—A pair) luminescence due to unwanted impurities is frequently given for
the intense broad luminescence band with intensity peaks for semiconductors, such D-A
pair luminescence related to inevitable impurities may saturate under intense photoexcitation
because of the limited numbers of donors and acceptors. Moreover, the luminescence intensity
decreases remarkably with increasing temperature. Moreover, such a luminescence spectrum
for D—A pairs related to unwanted impurities is thought to be time resolved, since separations
between donors and acceptors differ. Therefore, we can ignore the contribution from the
impurity-related D—A pair luminescence in the present discussion.

Now, we note that, since ideal SrTiO3 crystal has an indirect gap, the crystal does not exhibit
directly any intense intrinsic edge emission. When crystal defects giving shallow levels are
introduced at the surface, a PL process becomes possible. We note moreover that the NBE
and A luminescence bands are observed even at high temperatures under intense excitation
and that these luminescence bands are considerably enhanced for the as-grown crystal, as seen
in figure 12. Therefore, we regard the observed NBE and A luminescence bands as defect-
induced edge luminescence (emission) ones, in which processes different phonons are created.
The NBE luminescence band having a shift of 242 cm~' may be assigned to one of the optical
phonon lines. A zero-phonon line anticipated at 3.26 eV is thought to be buried in the rise
of the A luminescence band. The full width at half-maximum (FWHM) of the NBE band
is about 30 meV. Such a large FWHM is thought be due to some structural inhomogeneity
and damping. It is noted that the A luminescence displays an almost smooth and continuous
band. This suggests that, besides optical phonons, many longitudinal and transverse acoustic
phonons are created during electron—hole recombination.

5. Conclusion and remarks

In summary, we have investigated the reversible PL spectral change and the basic PL properties
of as-grown and annealed SrTiO; single crystals, together with sintered SrTiOs; powder
compacts, at different temperatures from 12 K to room temperature. Three luminescence bands,
NBE, A and B, are observed around 3.2, 2.9 and 2.4 eV, respectively. The B luminescence
intensity changes with CW 325 nm laser light irradiation in oxygen gas and a vacuum. This
result indicates that the B luminescence is not intrinsic luminescence but results from radiative
decays of the oxygen defect-related photoexcited states and the chemical heterogeneity in
the surface region. The NBE and A luminescences remain at high temperatures and they do
not saturate under high density photoexcitation (at least 14 mJ cm~2). Their PL properties
(temperature dependence, excitation intensity dependence and time dependence) suggest that
the NBE luminescence and the A luminescence arise from the same origin. Taking account
of crystal defects, the NBE and the A luminescence are discussed qualitatively from two
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Figure 13. Some of the possible photoluminescence processes in real StTiO3 crystal. The solid
arrow and dotted arrow indicate the optical absorption and radiative transition, respectively. The
hollow arrow and double arrow indicate the luminescence and phonon creation, respectively. Ei,"
and eg; denote the indirect gap energy and the shallow electron trap level, respectively. For the
accidental recombination model, the short dotted arrow and the broken arrow indicate the electron
trapping and hole trapping, respectively.

different viewpoints: defect-induced resonant Raman scattering and defect-induced electron—
hole recombination luminescence accompanying creation of phonons. At present, we do not
exclude the possibility of other explanations. Although it constitutes a difficult problem, the
surface defect structure and the defect-induced effects on the resonant Raman scattering and
the edge luminescence (edge emission) should be considered in more detail.

A tentative energy diagram showing some of the possible PL processes in real SrTiO3
crystal containing crystal defects is given in figure 13. The solid arrow and dotted arrow
indicate the optical absorption and radiative transition, respectively. The hollow arrow and
double arrow indicate the luminescence and phonon creation, respectively. eg, indicates a
shallow electron trap. For the accidental recombination model, the short dotted arrow and the
broken arrow indicate the electron trapping and hole trapping, respectively.

Incidentally, Pontes et al (2002) found intense PL in amorphous SrTiO; at room
temperature under 488 nm (=2.539 eV) radiation from an Ar* ion laser. They ascribed the PL
excited by low energy photons to non-bridging oxygen defects, for example, TiOs. Study of
how the non-bridging oxygen defects enhance the PL in amorphous SrTiOj is also helpful in
discussing the PL properties of real SrTiOs crystal surfaces.

Finally, more detailed PL measurements, with excitation laser wavelengths varying around
the band gap energies, on different annealing stages of SrTiO; crystals are now progress in our
laboratory. Experiments with chopped laser light with different duty ratios on the reversible
photo-induced spectral change are also now in progress. The results will be reported in a
separate paper.
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Abstract

We determined crystal structures of [(PyO)D][AuCly], [(PyO);Ds3][AuCly]; and [(PyO);D;][AuCly], (PyO: pyridine N-oxide) at
room temperature (1/1, 4/3 and 3/2 D-salts, respectively). The powder X-ray diffraction patterns of these salts (D-salts) were
identical to those of the corresponding ones having normal hydrogen (H-salts) unlike the case of [(PyO),D/H][AuCly]. In the crystals
of the 4/3 and 3/2 salts, there exist not only the monomer-type protonic adducts of PyO, but also dimer-type adducts in which two
PyO units are bridged by a proton. A few types of aggregation of AuCly units (sheet and ribbons) were found in these crystals. The
variety in the aggregation motif of the anion and that in the structure of the cation seem to be related to the presence of the various
salts having several base-to-acid ratios. The isotope effect on the preparation of the salts is discussed. **Cl NQR and phase tran-

sitions of these compounds are also reported.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Crystal structure; Phase transition; Isotope effect; Hydrogen bond; NQR; Tetrachloroaurate(I11)

1. Introduction

It is known that pyridine N-oxide (PyO) forms a
monomeric hydrogen adduct [(PyO)H]" in its salts. Ex-
amples can be seen in several compounds [1,2]. In addi-
tion, PyO has a tendency to form a monovalent diadduct
type cation [(PyO),H]", in which the two PyO units are
bridged by a proton. This type of cation exists, for in-
stance, in [(PyO),H][AuCly] [3] and other compounds
[4,5]. There is the possibility that both types of cations are
incorporated in a salt. In fact, we prepared a compound
[(PyO);H;][AuCly]; having a PyO/HAuCly ratio of 3/2,
which suggests the coexistence of [(PyO)H]" and
[(PyO),H]" in the crystal [4]. Furthermore, we could
separate a compound [(PyO)sH;3][AuCly]; with another

*Corresponding author. Tel./fax: +81-3-5317-9739.
E-mail address: asaji@chs.nihon-u.ac.jp (T. Asaji).

0277-5387/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.poly.2004.03.022

PyO/HAuCl, ratio of 4/3 by controlling the PyO/
HAuCly ratio in the solution. These findings led us to
determine the crystal structures of these compounds to
confirm their composition and the structure of the cation.

As a structural change induced by substitution of D
for H atom, we recently reported that the structure of
the cation [(PyO),D]" in [(PyO),D][AuCly] and its
whole crystal structure itself were dramatically different
from those of [(PyO),H][AuCl4] [4]. Since we have been
interested in this phenomenon induced by substitution
of a hydrogen isotope, a part of this work was devoted
to examine the effect of deuteration on the structures of
the various salts mentioned above. We also investigated
the stability of [(PyO),D][AuCly] and [(PyO),H][AuCly]
to show that both of them are in stable phases.

The results of DTA/DSC as well as preliminary
3Cl NQR measurements of [(PyO);(H/D),][AuCl],,
[(PyO)4H3][AuCly]; and [(PyO)D][AuCly] are reported.
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We briefly discuss the phase transitions in [(PyO);(H/
D),][AuCly]; and [(PyO)D][AuCly].

2. Experimental
2.1. Synthesis

The various complex salts [(PyO),,(H/D),][AuCly],
(m/n =1/1,4/3, 312, 2/1) between PyO and (H/D)AuCly
were prepared by slow evaporation of aqueous solutions
(H,O or D,0) containing PyO and (H/D)AuCly in the
molar ratio shown in Table 1. In the text, following
abbreviations will be used; [(PyO),,(H/D),]JAuCly],:
m/n (H/D)-salt. The 4/3 H-salt was not prepared.
DAuCly was obtained by dissolving Au,O3 in a DCI
solution in D,O. Elemental analyses were carried out at
the Center for Organic Elemental Microanalysis, Kyoto
University. The results of the analyses have already been
reported in [4] for [(PyO),D]J[AuCly], [(PyO);H;]
[AuCly]y, [(PyO)H][AuCly] and [(PyO)D][AuCly]. In the
following, the results of [(PyO);H,][AuCly],, [(PyO);D5]
[AuCly], and [(PyO)4Ds3][AuCly]; are reported. Anal.
Calc. for [(PyO);H>][AuCl),: C, 18.7; H, 1.8; Cl, 29.4;
N, 4.4; O, 5.0. Found: C, 18.4; H, 1.8; CI, 29.2; N, 4.2;
0, 4.8%. Anal. Calc. for [(PyO);D;][AuCly]y: C, 18.6; H/
D, 2.0; Cl, 29.3; N, 4.4; O, 5.0. Found: C, 18.5; H/D, 1.9;
Cl, 29.4; N, 4.3; O, 4.8%. Anal. Calc. for [(PyO)4D;]
[AuCly]s: C, 17.1; H/D, 1.9; CI, 30.3; N, 4.0; O, 4.6.
Found: C, 17.2; H/D, 2.0; Cl, 30.4; N, 4.0; O, 4.3%. The
extent of the deuteration has been estimated by use of
’H NMR measurements of the aqueous solution to be
H/D = approximately 15/85 for [(PyO);D:][AuClyly,
[(PyO)sDs][AuCli]; and [(PyO)D][AuCL].

The 3/2 (H/D)-salts and the 4/3 D-salt showed an
extraordinarily wide temperature range of melting (see
Table 1). This is probably due to gradual decomposi-
tions of the salts.

2.2. Physical measurements

X-ray powder patterns were recorded by the use of a
Rigaku RINT 2100S diffractometer with Cu Ko radia-

tion. Silicon powder was used as an internal standard of
the diffraction angle. DTA and DSC measurements
were performed using a home-made apparatus and
DSC3100S (Bruker AXS), respectively. For the
2H NMR measurements of the solution, a JEOL JNM-
EX270 NMR spectrometer was employed. The density
of the crystal at room temperature was determined by a
floating method, using a mixture of o-xylene and
bromoform or benzene and methylene iodide. A pulsed
spectrometer based on the Matec gated amplifier 515A
was used for the *°Cl nuclear quadrupole resonance
(NQR) measurements. The temperature of the NQR
sample was controlled in the range 4.2-300 K using an
electronic controller (LakeShore 331) and measured
with an accuracy of +0.5 K by use of a gold +0.07% iron
versus chromel thermocouple. Solid-state 'H NMR ex-
periments were carried out by use of a standard pulsed
NMR spectrometer at the Larmor frequency of 42.5
MHz.

2.3. Crystallography

A SMART 1000/CCD diffractometer (Bruker) was
employed for the diffraction measurements using
graphite monochromated Mo Ko radiation. Data col-
lections were carried out at room temperature. Crystal
data and the details of the experiments and refinements
are given for the 3/2 D-salt, 4/3 D-salt and 1/1 D-salt in
Table 2.

The structures were solved by direct methods and
refined by full-matrix least-squares calculations based
on F? with absorption correction (SADABS) using
SHELXL-97 [6]. Non-hydrogen atoms of each salt were
included in the least-squares calculations with aniso-
tropic displacement parameters.

It was found that the monomeric adduct [(PyO)D]*
in the 1/1 D-salt had a mirror plane, being perpendicular
to the ring plane and containing the N-O bond, and a
Cy-axis, being normal to the mirror plane and passing
through the center of the ring (C,; symmetry) indicating
an orientational disorder, in which each of the O, N and
relevant C (C1) atoms was located on two sites with an
equal population. The positions of the N and C1 atoms

Table 1

The complex salts [(PyO),,(H/D),J[AuCl], (m/n = 1/1, 4/3, 3/2, 2/1) between PyO and (H/D)AuCl, obtained from aqueous solutions (H,O or D,0)
Chemical formula Melting point (K) Molar ratio in crystal Molar ratio in solution

PyO:(H/D)AuCly PyO:(H/D)AuCly

[(PyO),H][AuCl4] 368-369 2:1 2:1
[(PyO);H,][AuCly]» 428-491 3:2 (1.5:1) 1:1
[(PyO)H][AuCly] 521-528 1:1 1:2 (0.5:1)
[(PyO),D][AuCly] 367-368 2:1 5:1
[(PyO); D,][AuCly]» 438-484 3:2 (1.5:1) 2:1%
[(PyO)sD;][AuCly]; 478-497 4:3 (1.3:1) 2:1*
[(PyO)D][AuCl4] 517-520 1:1 2:1%; 1:1

#From the 2:1 solution, three kinds of crystals were obtained case by case.
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Table 2
Crystal data and details of the experiments and refinements
Base/acid 1/1 32 4/3
Formula C5H5DONALIC14 C15H15D203N3AL12C18 C20H20D304N4AU3C112
Formula weight 435.87 966.86 1402.73
X-ray radiation Mo Ko Mo Ko Mo Ko
Wavelength (A) 0.710730 0.710730 0.710730
Crystal system orthorhombic monoclinic triclinic
Space group Pbam C2/c P1
a(A) 7.673(2) 16.46(2) 9.079(2)
b (A) 8.526(2) 9.038(9) 9.142(2)
¢ (A) 7.944(2) 18.65(2) 12.504(2)
o (°) 78.250(3)
p(©) 110.42(2) 85.110(4)
7 (°) 63.438(3)
Cell volume (A") 519.7(2) 2600(5) 908.8(3)
VA 2 4 1
D, (gem™3) 2.786 2.471 2.564
Dy, (gem™) 2.78+0.02 2.45+0.02 2.55+0.02
u(Mo Ka) 15.133 12.118 12.994
F(000) 396 1784 644
Crystal color yellow yellow yellow
Crystal size (mm) 0.09 x 0.08 x 0.07 0.12 x 0.07 x 0.06 0.08 x 0.07 x 0.06
Temperature 298 298 296
0 range (°) 2.56-27.47 2.61-27.52 1.66-27.48
Index range —-9<h<9, -10<k< 10, —18<h<20, 11 <k<T, 11 <AL, 11 <AL,
—6<1<9 —22<I< 18 —-11<i<16
Reflections collected 2722 5684 5316
Reflections unique 585 2593 3617
Rint 0.0442 0.0593 0.0302
Reflections (I > 2a(1)) 433 1639 2422
R\(F)(I > 2a(I)) 0.0334 0.0578 0.0423
WR,(F?) for all reflection 0.0836 0.1563 0.0971
Number of parameters 44 156 198
Goodness-of-fit for all 0.944 1.062 0.919

reflections (F?)
Weighting scheme

wl = (62F2) + (0.0632p)” + 0.00p,
p=(F +2F})/3

Maximgm shift/esd 0.000
Pras (€AT) 0.960
Pomin €AY -3.152

wl = (62F2) + (0.0721p)> + 0.00p,
p=(F+2F})/3

wl = (62F2) 4 (0.0443p)* + 0.00p,
p=(F) +2F})/3

0.000 0.001
2.115 2.044
-2.077 -1.318

were set to be equal. The D and non-disordered H atoms
were found from a difference Fourier map and included
in the refinement with isotropic displacement parame-
ters (Ujso). The H atom attached to C1 was ignored in
the refinement.

The asymmetric unit of the 3/2 D-salt contained a
[(PyO)D]" group having a C;-axis passing through C6
and C9 as shown in Scheme 1 (C, symmetry) and a
[PyO-D-PyO]" group having an inversion center (C;
symmetry).

For the latter group, the bridging D atom was fixed at
the center of symmetry, and the positions of the H at-
oms belonging to the PyO moiety were calculated and
they were included in the refinement with Ujs,. The C;
symmetry of the [(PyO)D]" group indicates an orienta-
tional disorder of the group. In addition, another dis-
order was found for the group, because the asymmetric
unit of the group had two oxygen atoms (O2 and O2
shown in Scheme 1) with different populations (0.205

and 0.295, respectively). Owing to this disorder of the
[(PyO)D]" group, the N atom was divided into two sites
(N2 and N2’), each overlapping C7 and C8, respectively.
The position and Ujj of C7 were set equal to those of N2,
the population of which being that of O2 (0.205). The
same treatment was applied to C8 and N2'. The posi-
tions of the H atoms attached to C6 and C9 were cal-
culated and they were included in the refinement with
Uiso. The rest of the H atoms, as well as the D atom were
omitted in the refinement.

The asymmetric unit of the 4/3 D-salt was found to
include [(PyO)D]" and [PyO-D-PyO]" with a center of
symmetry. The positions of H atoms belonging to the
PyO moieties in the latter unit were calculated and they
were included in the refinement with Ujs,. The bridging
D atom was treated in the way same as that described
above. The structure of the PyO moiety of the
[(PyO)D]" unit was considerably distorted and the H
atoms could not be found on the Fourier maps. The
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Co6

N2(C7)

C8(N2")

C9

Scheme 1. Asymmetric unit of the disordered [(PyO)D]* group. The
vertical broken line indicates 2-fold axis.

positions of the H atoms were calculated and they were
included in the refinement with Uj,.

3. Results and discussion

3.1. Effect of deuteration on the crystal structures of the
111, 413 and 312 salts

As an isotope effect on crystal structure, we have re-
ported a novel structural difference between the 2/1 H-
salt and the 2/1 D-salt [4]. In relation to this phenomenon,
we examined the possibility of such an isotope effect on
the crystal structures of the 3/2, 4/3 and 1/1 salts. Their X-
ray powder patterns revealed, however, that the deuter-
ation did not change their crystal structures.

Since the quality of the single crystals of the deuter-
ated salts was better than that of the normal ones, X-ray
crystal structures of the former salts were determined in
the present work.

3.2. Stability of the 2/1 H- and 2/1 D-salts

In order to check the possibility that either of the H-
or D-salt is in a meta-stable phase, we carried out DTA
measurements to get information on their thermal sta-
bility. DTA curves of the two salts measured in the 170—
385 K region showed no exothermic heat anomaly
corresponding to a monotropic transition of a meta-
stable phase. We also examined X-ray powder diffraction
patterns measured at room temperature for melt-grown
crystals of the H- and D-salts or the crystals annealed at
ca. 350 K. The diffraction patterns of the melt-grown or
the annealed H- and D-salts were identical to those of
the corresponding compounds obtained by crystalliza-
tion from solutions. These results of the DTA and X-ray
experiments strongly suggest that both of the H- and
D-salts are in stable phases.

3.3. Crystal structures of the 111, 4/3 and 312 D-salts at
room temperature

The 1/1 D-salt contains only [(PyO)D]", while there
exist both [(PyO)D]" and [PyO-D-PyO]" in the crystals
of the 4/3 D-salt and the 3/2 D-salt. The molar ratio of
the monomeric:dimeric adducts in the crystal is 1:1 in
the 3/2 salt and 2:1 in the 4/3 salt. These results are
consistent with the chemical compositions of the salts.

The geometries of the monomeric and dimeric
adducts are listed in Table 3.

The dimeric adducts in the 4/3 D-salt and the 3/2 D-
salt are centrosymmetric (C; symmetry), while the di-
meric adduct in the 2/1 D-salt is non-symmetric (C)
symmetry) [4]. The O---O distance in the dimeric adduct
in the 4/3 D-salt (2.44(1) A) and that in the 3/2 D-salt
(2.41(2) A) are typical for a symmetric O---H---O

Table 3
Geometries of the dimeric adduct ([PyO—(H/D)-PyO]*") and the monomeric one ([(PyO)D]")
[PyO-(H/D)-PyO]* [(PyO)D]I*
Compounds 2/1 H-salt 2/1 D-salt* 3/2 D-salt® 4/3 D-salt® 3/2 D-salt® 4/3 D-salt 1/1 D-salt®
N-O distance (A) 1.362(8) 1.354(9), 1.32(1) 1.35(1) - 1.36(1) 1.36(2)
. 1.31409)
O---O distance (A) 2.41(1) 2.43(1) 2.41(2) 2.44(1) - - -
N-O---O bond angle (°) 108.24 106.4(5), 109(1) 106.9(6) - - -
116.6(6)
N-O- - -O-N torsion angle (°) 180 142.7(8) 180 180 - - -
References [3] [4] This work This work This work This work This work

#The crystal contains one non-symmetric [PyO-D-PyO]" in the asymmetric unit.

°The crystal contains centrosymmetric [PyO-D-PyO]*.
©The monomeric adduct in the crystal is disordered (see text).

9The N-O length was not reliable owing to the orientational disorder (see text).
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hydrogen bond, being comparable with the corre-
sponding values found, for example, in the 2/1 D-salt [4],
2/1 H-salt [3], [(PyO)H]CIOs [5] and [(2,6-
(CH3),PyO),H]- [AuCly] [7]. The N-O bond lengths of
the PyO moiety in [(PyO)D]" found for the 1/1 and 4/3
D-salts are longer than that of the neutral PyO molecule
(1.30 A) [8]. This observation indicates the hydrogena-
tion of the oxygen atom and/or its participation in the
formation of a hydrogen bond.

The crystal of the 1/1 D-salt is built by alternating
stacking of the layers of [(PyO)D]* and [AuCly]”
(Fig. 1). [(PyO)D]" has C,, symmetry to result in its
orientational disorder, which can be seen in Fig. 1. It
should be mentioned that the [(PyO)D]" groups in the
1/1 salt form a layer structure as shown in Fig. 2. The
short intermolecular O- - -N contact (3.16(2) A) suggests

Fig. 1. Crystal structure of the 1/1 D-salt (stereo). Short contacts are
Cli(g)---Cll'(¢") (3.391(6) A), O1---Cll (3.16Q2) A) and CI2---Au
(3.509(3) A). Symbols p, q, ', r and s denote O1, Cl1, CI1’, CI2 and
Au, respectively. Symmetry codes: p:(—x+1.5,y—0.5,—z+1);
q:(=x+1,—y+1,—z4+1);q:(x+1,y—1,2); r: (—x+ 0.5,y — 0.5,
—z+1)ands: (x,y—1,z+1).

Fig. 2. Layer structure formed by disordered [(PyO)D]" units in the m
D-salt. The broken lines indicate short O---N contacts of 3.16(2) A.

a certain interaction between the adjacent [(PyO)D]"
groups. There exists a short intermolecular Cl---Cl
contact of 3.391(6) A, which seems to contribute to
connect the layers of [AuCly]”. The short intermolecu-
lar O1---Cll length (3.16(2) A) indicates possibility of
N-O-D- - -Cl hydrogen bonds.

The crystal structures of the 4/3 D-salt and 3/2 D-salt
are depicted in Figs. 3 and 4, respectively. Several ag-
gregation motifs of [AuCly]~ ions are found in the 1/1, 4/
3, 3/2 and 2/1 D-salts. In the crystal of the 1/1 D-salt, one
can recognize a planar sheet structure formed by
[AuCly]™ ions (Fig. 1). If one takes account of a relatively
long Au- - -Cl contact of 3.509 (3) A in the sheet structure,
the formal coordination number of the Au atom is six
and the layer structure is formed by vertex-sharing of the
AuClg octahedrons. A similar layer structure has been
reported for [EtC(OEt)NH;][AuCly] [9].

Fig. 3. Crystal structure of the 4/3 D-salt (stereo). D and M indicate
[PyO-D-PyO]" and [(PyO)D]*, respectively. D and D, M and M’ as
well, are related by an inversion center. Symbols p, q, r, s and t are Cl1,
Cl4, Ol, CI2 and CI5, respectively. Symmetry codes: p: (—x+ 2,
—y+1,—z+1); q: (5, »,2); r:(5,»,2); s: (x—1,y,z) and t: (x— 1,
V,2).

}2 O ; ~ ('
PV

s
T f’ P
ey ﬂﬁ /fo
Wﬁg’ né,gef / Qf’

g ,wﬂ/
& &
«%* T
It g

Fig. 4. Crystal structure of the 3/2 D-salt (stereo). D and M denote
[PyO-D-PyO]" and [(PyO)D]" units. Symbols p and q are Cll and
Cll’. Symmetry codes: p: (x+0.5,—y+1.5,z+0.5) and q: (—x+
0.5, —y+1.5—z+1).
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A ribbon-like aggregation motif of [AuCly4]™ ions that
was found in the 4/3 salt (Fig. 3) can be regarded as a
part of the sheet structure observed in the 1/1 D-salt.
The Aul---CI3 and Au2- - -CI2 contacts are 3.525(3) and
3.590(3) A, respectively, being comparable with the
Au---Cl contacts found for the chain structures of
[AuCly]™ ions in [EMIM][AuCly] and [BMIM][AuCls]
(3.356 and 3.452 A, respectively) [10]. In the ribbon
structure of the 4/3 D-salt, there are six and five coor-
dinations of the Au atom, and vertexes of AuClg octa-
hedrons and AuCls distorted square pyramids are
shared to result in the ribbon.

The crystals of the 3/2 and 2/1 D-salts consist of an-
other type of ribbon structure, each of which can be also
regarded formally as a part of the layer structure of the
1/1 salt. The ribbon structure of the 3/2 D-salt has an
Aul- - -Cl4 contact of 3.559(5) A (Fig. 4). The Au---Cl
contact in the 2/1 D-salt amounts to 3.983(2) A, being
comparable to that found for a chain structure of
AuCl,~ ionsin [(H50,)2(12-crown-4),][AuCls]> (3.845 A)
[11].

In the crystal of the 4/3 D-salt, the ribbons are packed
along the crystallographic a-axis as shown in Fig. 3. A
short CI---Cl contact (3.612(4) A of Cl1---Cl4) is ob-
served between the ribbons. A columnar cavity sur-
rounded by four ribbons of [AuCly],” is filled by a
[(PyO)D]t (M), a PyO moiety of a [PyO-D-PyO]* (D)
and their inversion-related ones (M’ and D’) as shown in
Fig. 3. It is interesting to note that one of the two PyO
moieties of a [PyO-D-PyO]" unit is accommodated in a
columnar cavity, while the other one in an adjacent
cavity. There are two short intermolecular contacts be-
tween the chlorine atoms in the ribbon and an oxygen
atom in the PyO group: CI2---O1 (3.31(1) A) and
Cl15---01 (3.15(1) A). The planes of the PyO moieties
stack parallel to each other (see Fig. 3).

The crystal structure of the 3/2 D-salt is similar to
that of the 4/3 D-salt as can be seen by comparing Figs.
3 and 4. The cavity of the 3/2 D-salt is filled by D, D’
(related to D by 2-fold symmetry axis) and M. The
number of the PyO moieties accommodated in a cavity
of the 3/2 D-salt is smaller than that of the 4/3 D-salt as
a result of the decrease in the width of the ribbon
structure. D and M stack almost parallel to each other
and M, which is flanked by D and D’, exhibits the dis-
order mentioned above. There is a short CI- - -Cl contact
between adjacent ribbons (Cl1---Cl1’ of 3.575(9) A).

3.4. Characterization of the 1/1, 4/3 and 3/2 D-salts by
3 Cl NOR and thermal analysis

For the 4/3 D-salt, we observed the five NQR fre-
quencies (v) of 29.164, 28.727, 28.625, 28.272 and 27.618
MHz at 77 K. There must be one missing line, since
there exist six crystallographically non-equivalent chlo-

rine atoms in the crystal. Previously, we have improperly
assigned these frequencies to the 1/1 D-salt [4].

The temperature dependence of the ¥Cl NQR fre-
quencies of the 4/3 D-salt is shown in Fig. 5. In the
temperature range investigated (77-230 K), v versus T
curves seem to have no anomaly corresponding to a
phase transition. The thermal analyses (DTA and DSC)
carried out in 150-300 K region also could not detect
any anomaly due to a phase transition.

For the 3/2 D-salt, a phase transition was detected at
199 K by the thermal analyses with increasing temper-
ature (AH = 1.3 kJmol™"). For the 3/2 H-salt, it was
located at 197 K. The transitions exhibited very slight
hysteresis, indicating the first-order nature of the tran-
sition. It was suggested from the temperature depen-
dence of the '"H NMR spin-lattice relaxation time of the
3/2 D-salt that at least one of the cationic molecules in
the unit cell performs a fast reorientational motion
above the phase-transition point. This mobility of the
cation shows that the disordered structure found in the
crystal structure determination is likely to be a dynamic
one. So far, we have found four very broad *Cl NQR
lines at 77 K for the 3/2 D-salt. The crystal structure of
the low-temperature phase and details of the NMR/
NQR results will be reported in a forthcoming paper.

DTA/DSC curves of the 1/1 D-salt measured in 150-
300 K region exhibited a very small thermal anomaly at
273 K (7)) indicating a phase transition (AH; = 0.4
kJmol~'). Hysteresis (super-cooling of ca. 30 K) of the
transition suggested a first-order nature of the transi-
tion. It is very interesting that we could not detect any
anomaly in the DTA/DSC curves for the 1/1 H-salt in
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Fig. 5. Temperature dependences of **Cl NQR frequencies of the
4/3 D-salt.
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the temperature range 150-300 K. Such a kind of iso-
tope effect has been reported previously [12,13].

Two 3Cl NQR lines (high- and low-frequency lines)
were observed for the 1/1 D-salt at room temperature.
When the sample temperature was decreased, the high-
frequency line was observed to split drastically into four
lines below 70 K (7). Thus, from the ¥Cl NQR mea-
surements, we have found another phase transition that
i1s more drastic than that at 7;;. Moreover, it is inter-
esting that the low-frequency line disappeared before
reaching to Tp,.

In the region of 7' > T,, the frequencies (v) of the two
lines decreased monotonously with increasing tempera-
ture. No anomaly was detected in the v versus T curves
at T, within the accuracy of the present frequency
measurements. This feature, together with the small
value of AH,|, indicates quite a subtle structural change
at T.;. The presence of the two 3*Cl NQR lines is con-
sistent with the crystal structure determined at room
temperature having two crystallographically non-
equivalent chlorines.

The temperature dependence of the NQR spin—lattice
relaxation time 7; showed an anomalous decrease with
decreasing temperature in the region of 7 > Ti,. This
result suggests a dynamical disorder of the [(PyO)D]"
cations at T > Ty, since the *°Cl 7} behavior can be
explained by the relaxation mechanism due to a fluctu-
ation of the electric field gradient caused by reorienta-
tional motions between disordered orientations of
nearby [(PyO)D]" cations. The presence of such a mo-
tion of the [(PyO)D]*" cation was strongly suggested by
the '"H NMR spin-lattice relaxation measurements as
well. The details of NMR/NQR measurements will be
reported elsewhere.

These conclusions from the NQR and NMR inves-
tigations are consistent with the disorder model of the
[(PyO)D]" group proposed in the crystal structure de-
termination. An ordering of the [(PyO)D]" cation is
likely to take place below T¢; and hence the transition at
T., seems to be of an order—disorder type.

3.5. Origins of compositional variety and isotope effect on
preparation

The present structural analyses revealed that both of
the monomeric and dimeric adducts of PyO with proton
can be formed in the crystal. In addition, several types of
aggregation of AuCly units are possible. These struc-
tural possibilities found for the cation and anion seem to
be a reason why so many salts having different base-to-
acid ratio could be formed.

There was a tendency that the base-to-acid molar
ratio of the crystal was lower than that of the mother
solution in the heavy hydrogen system, while it was

found vice versa in the normal hydrogen system (see
Table 1). This observation indicates that equilibrium
processes in PyO + (H/D)AuCly + (H/D),0O systems are
dependent on the isotopic composition. Similar isotope
effects on chemical equilibrium are known, for example,
in the enol-enethiol tautomerism of B-thioxoketones [14]
and in an acid-base equilibrium [15].

4. Supplementary material

Crystallographic data for the 1/1, 4/3 and 3/2 D-salts
have been deposited with the Cambridge Crystallo-
graphic Data Centre, CCDC Nos. 219958, 219959 and
219960, respectively. Copies of the information may be
obtained free of charge from The Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ, UK (fax: +44-1223-
336033; e-mail: deposit@ccdc.cam.ac.uk or www: http://
www.ccdc.cam.ac.uk).
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