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Abstract—The introduction of silver into the samarium-containing silica glasses prepared by the original sol—
gel method leads to the formation of complex optical centers involving samarium 1ons and simple and/or com-
plex silver ions. These centers are characterized by the effective sensitization of Sm>* luminescence by Ag*,
(Agy)*, and (Ag+)2 ions according to the exchange mechanism for, at least, Sm**~Ag* centers. The formation
of Sm—Ag centers is accompanied by an increase in the concentration of nonbridging oxygen ions, which pre-
vent the reduction of silver ions by hydrogen. Silver nanoparticles formed in small amounts upon this reduction

are effective quenchers of luminescence from the corresponding excited states of Sm3*
PACS numbers: 78.55.Qr, 78.67.Bf, 81.20.Fw, 81.40.Tv

DOI: 10.1134/S1063783408080131

1. INTRODUCTION

As is known, Sm** and Sm?* ions in oxide matrices
can exhibit an intense luminescence in the visible spec-
tral range upon transitions from the *Gs, and 3D, states,
respectively [1, 2]. Moreover, Sm** ions are character-
ized by the absence of induced absorption (from the
metastable state) in the range of potential laser transi-
tions, and Sm?* ions can be effectively oxidized upon
excitation within the °Hs,, — 3D, transition. As a con-
sequence, Sm** and Sm** ions can be treated as activa-
tors for lasers in the visible range [3] and for optical
media used for ultradense data storage [4], respectively.
However, there are substantial disadvantages when
these ions are used for the above purposes. For exam-
ple, very low-intensity “operating” absorption bands
are characteristic of samarium ions. It seems likely that
this disadvantage can be somewhat minimized using an
appropriate luminescence sensitizer or the observed
effect of an increase in the probability of optical transi-
tions of the activator in the vicinity of metal nanoparti-
cles for the spectral bands coinciding with the surface
plasmon absorption band (see, for example, [5-7]). It
should be noted that our recent attempt [8] to reveal this
effect in films of the GeO,~Eu,0;—Au system did not
meet with success. Furthermore, we also failed to
observe the aforementioned effect in GeO,—Eu,0;—Ag
films [9], in which an increase in the Eu** luminescence
intensity was provided by the effective sensitization
with silver ions and (Ag,)"* oligomeric clusters located
at the surface of silver nanoparticles. Naturally, these
sensitizers can appear to be effective for Sm** ions.

ions.

Moreover, the most intense absorption band °Hs, —
P,,, (A = 400 nm) for these ions in the visible spectral
range [1] is in resonance with the surface plasmon
absorption band of (Ag’), nanoparticles in silica gel
glasses. Therefore, in our work, silica gel glasses were
chosen as the host matrix. Upon doping of these glasses
with samarium and silver, this enabled us to analyze the
sensitization of the luminescence of the rare-earth acti-
vator by silver ions and the influence of silver nanopar-
ticles on the intensity of optical transitions of the acti-
vator under investigation. In addition, we attempted to
reveal the specific features of the incorporation of silver
into silica gel glasses.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Experimental samples were synthesized from an
aerosil (ultrafine SiO,) with a grain diameter of ~300 nm
by the rapid sol-gel method, which made it possible to
prepare thin silica plates (thickness, # <2 mm) from an
initial solution for a light day. The synthesis process
involved the dispersion of the aerosil in an aqueous
solution, xerogel formation, drying, and sintering in air
at 7= 1240°C. The samples were activated by impreg-
nating xerogels with water—alcohol solutions of silver
and samarium nitrates at concentrations of 0.01 and
1.00 wt %, respectively. A number of glasses thus syn-
thesized were subsequently heat treated in hydrogen at
different temperatures 7.
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The absorption spectra were recorded on a Cary-500
spectrophotometer and represented in the form of the
dependence of the optical density on the wavelength A.
The steady-state luminescence spectra and lumines-
cence excitation spectra were measured on an SFL-
1211A spectrofluorimeter and were then corrected for
the spectral sensitivity of the recording system and the
spectral density distribution of exciting radiation,
respectively. These spectra were normalized and repre-
sented as the dependence of the number of lumines-
cence or excitation photons per unit range of wave-
lengths dN/dA on the wavelength A.

The luminescence kinetics and instantaneous lumi-
nescence spectra were investigated on an automated laser
spectrometer upon excitation of the fifth (A = 213 nm)
and fourth (A = 266 nm) harmonics of a single-pulse
neodymium laser (pulse duration, =10 ns). The radia-
tion under investigation was separated with an MSD-1
grating monochromator and recorded using the photo-
electric method with an analog-to-digital converter, fol-
lowed by the data output to a computer. When record-
ing the instantaneous spectra, the signal was collected
for 5 us at different delay times ¢4, with respect to the
exciting pulse. These spectra were also corrected for
the spectral sensitivity of the recording system. The
minimum time constant of the measuring circuit was
approximately equal to 60 ns. All spectral measure-
ments were performed at 7' = 298 K.

3. EXPERIMENTAL RESULTS

The absorption spectra of the Ag-, Sm-, and (Sm,
Ag)-containing glasses of different thicknesses are
shown in Fig. 1. For comparison, this figure also shows
the absorption spectrum of the undoped glass (curve 7).
It can be seen from Fig. 1 that, at A > 200 nm, the spec-
trum of the Ag-containing glass sintered in air exhibits
only a long-wavelength wing of the intense UV band
(curve 2). The spectrum of the Sm-containing glass in
the same spectral range contains a band with a lower
intensity (curve 3). The intensity of the UV absorption
band of the coactivated glass (curve 4) is also lower
than that of the corresponding band of the Ag-contain-
ing glass. Moreover, there are differences in the shape
of the profiles of these bands. Annealing of the Ag-con-
taining glass in hydrogen at 7,,, = 950°C for ¢,,, = 30
min leads to the appearance of the intense narrow band
at A ~ 400 nm (curve 5). A similar band with a maxi-
mum at A = 392 nm also appears in the spectrum of the
coactivated glass annealed at 7,,, = 800°C. However,
the intensity of this band is many times lower (curve 6).
An increase in the annealing temperature 7, to 950°C
(curve 7) and 1200°C (curve &) is accompanied by a
considerable decrease in the intensity of this band and
a long-wavelength shift in its maximum by 5 and 20
nm, respectively.

The steady-state luminescence spectra of the Ag-
and (Sm, Ag)-containing glasses (normalized to the
maximum intensities) are shown in Figs. 2a—2c. It can
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Fig. 1. Absorption spectra of (I) undoped, (2, 5) Ag-, (3)
Sm-, and (4, 6—8) (Sm, Ag)-containing glasses (a) sintered
in air and (b) additionally annealed in hydrogen. T, = (6)
800, (5, 7) 950, and (8) 1200°C. t,,, = 30 min. 2 =(5) 0.17,
(2—4) 0.30, and (1, 6-8) 0.50 mm.

be seen from this figure that the spectrum of the Ag-
containing glass sintered in air at the excitation wave-
length A, = 260 nm (curve [) exhibits a relatively
broad UV band with the maximum at the wavelength
A = 360 nm and that, in the long-wavelength range of
this band, there is a broader band with a lower intensity.
In the spectrum of this glass at the excitation wave-
length A, =220 nm (curve 2), the relative intensity of
the UV band increases, the band is narrowed, and the
maximum is insignificantly shifted (by =7 nm) toward
the short-wavelength range. In the spectrum of the
coactivated glass measured at the excitation wavelength
Aexe = 260 nm (curve 3), there arises a series of rela-
tively narrow bands in the yellow—red spectral range
due to the transitions from the *Gs/, state of Sm** ions
[1]. Moreover, the relative intensity of the broad bands
characteristic of the Ag-containing glass decreases
many times and the UV band is considerably shifted
(by =10 nm) toward the short-wavelength range. At the
excitation wavelength A, = 220 nm, this glass lumi-
nesces predominantly in the range of the f~f transitions
of Sm** ions and the intensity of the broad bands in the
spectrum further decreases (curve 4). The luminescence
spectrum of the coactivated glass measured upon direct
excitation of the rare-earth activator (A, = 400 nm) dif-
fers in the shape of the spectral bands and the fraction
of photons emitted within these bands (curve 5). It
should be noted that this luminescence spectrum differs
from the spectrum of the Sm-containing glass upon
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Fig. 2. Luminescence spectra of (I, 2) Ag- and (3-6) (Sm,
Ag)-containing glasses (/-5) sintered in air and (6)
annealed in hydrogen. A, = (2, 4) 220, (1, 3, 6) 260, and
(5) 400 nm. Ah,,. =4 nm. AA, =2 nm. T, = 950°C.

identical excitation only in a higher peak intensity (by
approximately 30%) of the spectral component at
A =660 nm. Annealing in hydrogen (7,,, = 950°C)
results in the disappearance of the luminescence of the
Ag-containing glass but almost does not affect the
luminescence spectrum of the Sm-containing glass
(these spectra are not shown in Fig. 2). The same
annealing of the coactivated glass leads to a multiple
increase in the relative intensity of the broad UV band,
its substantial long-wavelength shift (by =25 nm), and
a noticeable broadening (by a factor of 1.1) in the
spectrum at the excitation wavelength A, = 260 nm
(curve 6), as well as to a decrease in the relative inten-
sity of the spectral component at A = 660 nm to the
intensity characteristic of spectrum 5. At the excitation
wavelength A, = 400 nm, the intensity of lumines-
cence of Sm** ions in the coactivated glass annealed in
hydrogen decreases by a factor of approximately 3.5,
whereas the intensity of their luminescence and the
luminescence spectrum at the excitation wavelength
Aexe = 220 nm are almost independent of this annealing.
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Fig. 3. Instantaneous luminescence spectra of (a) Ag- and (b)
(Sm, Ag)-containing glasses sintered in air. Ay = 266 nm.
tge1 = (1) 0, (2) 1, and (3) 100 ps.

As regards the nonactivated glass, the intensity of its
luminescence appears to be lower than that of the Ag-
containing glass by at least two orders of magnitude
and, therefore, the corresponding luminescence spec-
trum is not shown.

The instantaneous luminescence spectra of the Ag-
and (Sm, Ag)-containing glasses sintered in air and mea-
sured at the excitation wavelength A, = 266 nm are
shown in Fig. 3. It can be seen that, at the delay time
tiq= 0, the spectrum of the Al-containing glass
(Fig. 3a) involves the intense UV band with a maxi-
mum at A = 320 nm and a shoulder at A = 360 nm, as
well as the low-intensity but clearly distinguishable
bands at A = 430 and 630 nm (curve /). An increase in the
delay time to 1 us (curve 2) and 100 us (curve 3) for this
glass is attended initially by the disappearance of the
short-wavelength and long-wavelength bands and then
by a considerable shift in the barycenter of the remain-
ing UV band (from 365 to 375 nm), the disappearance
of traces of the band at A = 430 nm, and the appearance
of the broad band at A = 540 nm. The luminescence spec-
trum of the coactivated glass (Fig. 3b) at the delay time
t4s = 0 contains intense bands at A = 370 and 500 nm and
weaker bands at A = 320 and 620 nm (curve /). In the
spectrum at the delay time #,, = 1 us, the bands at
A =320, 500, and 620 nm disappear; the barycenter of
the intense UV band is shifted toward the short-wave-
length range to A = 360 nm; and there arises a low-inten-
sity band at A = 660 nm (curve 2). An increase in the
delay time 7, to 100 ps results in a significant weaken-
ing of the UV band and the appearance of the broad
band at A = 550 nm and intense narrow bands associ-
ated with the Sm3* ions (curve 3).
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Fig. 4. Luminescence excitation spectra of (/, 2) Ag-, (3-6)
(Sm, Ag)-, and (7) Sm-containing glasses (/—7) sintered in air
and (4, 6) annealed in hydrogen. T, = 950°C. t,,, = 3 h.
Amon = (1, 3,4) 360, (2) 520, and (5-7) 650 nm.

Figure 4 shows the steady-state luminescence exci-
tation spectra of the Ag-, (Sm, Ag)-, and Sm-containing
glasses. The spectra presented in Fig. 4a are normalized
to the maximum luminescence intensity. In Fig. 4b, the
spectra are normalized to the intensity of the °Hs,, —=
41y, band (A = 485 nm) of Sm** ions, which lies outside
the plasmon absorption band of (Ag’), nanoparticles. It
can be seen from Fig. 4 that, for the Ag-containing glass
sintered in air, the broad UV luminescence band (the
recording wavelength A, = 360 nm) corresponds to a
broad band at the wavelength A = 225 nm in the lumi-
nescence excitation spectrum (curve /) and the long-
wavelength luminescence band (the recording wave-
length A, = 520 nm) is associated with bands at the
wavelengths A = 270 nm and A < 200 nm (curve 2).
Additional doping of this glass with samarium leads to
a substantial long-wavelength shift in the maximum of
the excitation band upon recording within the UV lumi-
nescence band (curve 3). The annealing of the afore-
mentioned glass in hydrogen results in a narrowing of
this band by a factor of approximately two (curve 4).
The luminescence excitation spectrum of the coacti-
vated glass at the recording wavelength A, = 650 nm
contains a number of low-intensity relatively narrow
bands in the wavelength range 330-500 nm and an
intense broad band with the maximum at the wave-
length A = 215 nm (curve 5). The annealing of this glass
in hydrogen results in a substantial decrease in the rel-
ative intensity of the narrow bands at A < 430 nm and
the long-wavelength wing of the broad UV excitation
band (curve 6). In the luminescence excitation spec-
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Fig. 5. Kinetics of luminescence in (/, 3) Ag- and (2, 4-6) (Sm,
Ag)-containing glasses. A = (a, 5) 213 and (b, 6) 266 nm.
Amon = (a) 360, (b) 520, (c) 650 nm.

trum of the Sm-containing glass at the recording wave-
length A, = 650 nm (curve 7), the relative intensities
of the narrow bands differ significantly from those of
the luminescence excitation spectrum of the coacti-
vated glass and the efficiency of excitation within the
broad UV band is many times lower.

The kinetics of luminescence of the Ag- and (Sm,
Ag)-containing glasses is illustrated in Fig. 5. It can be
seen from this figure that, for the Ag-containing glass,
the luminescence decay within the UV band (the
recording wavelength is A, = 360 nm) at the excita-
tion wavelength A.,. = 213 nm (Fig. 5a) occurs accord-
ing to a nonexponential law (curve 7). The mean time
T of this process outside the rapid initial stage (that

cannot be analyzed because its mean time 7T is less than
the time constant of the measuring circuit) is approxi-
mately equal to 15.6 ps. For the coactivated glass under
identical excitation and recording conditions (curve 2),
the fraction of photons emitted at the rapid initial stage
decreases noticeably and the decay time T outside this
stage increases insignificantly (to 17.5 us). Upon
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recording of the luminescence within the broad long-
wavelength band (A,,, = 520 nm) at the excitation
wavelength A.,. = 266 nm (Fig. 5b), the kinetic curves
of both glasses also involve the steep initial portions.
However, the mean time T for this portion in the case
of the Ag-containing glass (curve 3) is less than the
time constant of the measuring circuit, whereas the
mean time for the coactivated glass (curve 4) is T = 3.0
Us (see the inset to Fig. 5b). These glasses also differ
substantially in the behavior and the rate of lumines-
cence decay outside the initial portion (the mean times
for curves 3 and 4 are T = 16 and 40 us, respectively).
For the coactivated glass upon recording in the range of
the f~f bands of Sm** ions (Fig. 5¢, A, = 650 nm) at
the excitation wavelength A, = 213 nm outside the
steep initial portion, the luminescence decays accord-
ing to an approximately exponential law at a decay time
T = 1.64 ms (curve 5). This decay time coincides with
the time constant of the final stage of the luminescence
decay in the Sm-containing glass (T = 1.57 ms) to
within the experimental error. At the excitation wave-
length A ,. = 260 nm (curve 6), the time constant for the
final decay stage increases to 2.0 ms and the decay time
7 for the initial stage increases to 0.014 ms (see the inset
to Fig. 5¢).

4. DISCUSSION OF THE EXPERIMENTAL
RESULTS

As is known [9-14], silver can be incorporated into
glassy matrices in the form of simple ions Ag*, double
ions (Ag"), and (Ag,)*, and more complex ions
(Ag,)™. The absorption and luminescence bands of
these ions are observed in the UV and visible spectral
ranges and can be considerably shifted depending on
the composition and structure of glasses. It should be
noted that these bands for Ag* ions are located at the
shortest wavelengths. The excited energy levels of
these ions are observed at frequencies of 46046 cm™
(217.17 nm) ('D,), 43739 cm™ (228.63 nm) (°D,),
40741 cm™' (245.45 nm) (°D,), and 39163 cm™
(255.34 nm) (°D;) [15, 16]. There can also occur a pre-
dominant incorporation of silver in the form of isolated
atoms [17], which absorb in a relatively narrow band at
the wavelength A = 360 nm [18], especially at a low
concentration of nonbridging oxygen ions in the glass.
Under the appropriate conditions, silver ions in the
glass, as a rule, are easily reduced with the aggregation
into metal nanoparticles characterized by the intense
surface plasmon absorption band with the maximum in
the wavelength range A = 390-450 nm.

According to the above data, the absence of the
bands at the wavelengths A = 360 and 400 nm in the
absorption spectra of the Ag- and (Sm, Ag)-containing
glasses sintered in air (Fig. 1, curves 2, 4) allows the
assumption that, for the most part, silver is in the ionic
form. In this case, the significant change in the profile
of the recorded portion of the UV band upon introduc-
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tion of silver at identical concentrations into the
undoped and samarium-containing glasses indicates
that silver optical centers formed in these glasses have
different structures. The appearance of the intense plas-
mon band in the spectrum of the Ag-containing glass
annealed in hydrogen (Fig. 1, curve 5) suggests that sil-
ver ions are effectively reduced to the atomic state with
the formation of metal nanoparticles. The fact that the
reduction of silver ions in the coactivated glasses is
many times less effective could be associated with the
competing effect of samarium ions. However, judging
from the absence of the most intense luminescence
band 3D, — "F, (A = 682 nm) of Sm?* ions in the
luminescence spectrum (Fig. 2, curve 6), the efficiency
of the reduction of Sm?* ions to the doubly charged
state can be treated as negligible. Therefore, it is rea-
sonable to assume that complex optical centers involv-
ing samarium and silver ions with the structure that pre-
vents the interaction of hydrogen with these ions are
formed in the aforementioned glass. The decrease in the
intensity and the long-wavelength shift in the plasmon
band of (Ag), nanoparticles (formed in small amounts
in this glass upon annealing in hydrogen) with an
increase in the annealing temperature 7,,, (compare
curves 6-8 in Fig. 1) indicate that these nanoparticles
are sequentially oxidized beginning with small-sized
particles. The generation of nonbridging oxygen ions
required for this process most likely becomes possible
due to the transformation of the local environment of
the Sm—Ag centers.

The positions of the excited energy states of isolated
Ag* ions [15, 16] allow us to assume that the intense
UV band in the steady-state luminescence spectrum of
the Ag-containing glass (Fig. 2a) is a superposition of
bands attributed to the spin-allowed transitions 4d°5s!
('D,) — 4d" ('S, and the spin-forbidden transitions
455" D, 3) — 4d'° (1S,) of these ions. It is evident
that the nature of the broad band with a lower intensity
in the visible spectral range is more complex. The contri-
bution to this band can be made by double centers (Ag,)*
and (Ag"), (Apax = 450 and 550 nm, respectively [12])
and triple centers, probably, (Ag;)** (Ay., =600 nm [11,
13]). According to [14], the intercombination band
455" (D, 3) — 4d"° ('S,) of isolated Ag* ions can
also lie in this range (A,,,x =450 nm). If the introduction
of silver leads to an increase in the concentration of
structural defects in the matrix, the contribution to the
band under consideration can also be made by oxygen-
deficient centers and nonbridging oxygen ions (A, =
460 and 670 nm, respectively [19]). However, the con-
tribution of more complex oligomeric clusters (Ag,)"*
(A = 600 nm) can be ignored because of the absence of
(Ag"), nanoparticles stabilizing these clusters [9].

A multiple decrease in the intensity of the lumines-
cence bands of the Ag-containing glass upon doping
with samarium suggests that excitations are effectively
transferred from simple and complex silver ions to
Sm>* ions. In this case, the considerable decrease in the
relative intensity of the luminescence of Ag* ions with
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a decrease in the excitation wavelength A, from 260 to
220 nm (compare curves 3 and 4 in Fig. 2) allows us to
assume that the most effective transfer of excitations to
the rare-earth activator occurs through the charge-trans-
fer state Sm3* <— O2-, because the matrix elements for
the f~f transitions of Sm** ions at A = 200-330 nm are
very small [20]. The shift in the barycenter of the UV
luminescence band from 355 to 335 nm (accompanying
the above decrease in the intensity) can be associated (if
the aforementioned assumption that this band is the
superposition of the bands is valid) with the dominant
transfer of excitations from the triplet states of Ag* ions
to Sm3* ions. The change observed in the luminescence
spectrum of the coactivated glass in the range of the
spectral bands °Gs, — °Hsp, (A = 565 nm),
Gsjp — °Hypp (Mpgx = 603 nm), and °Gs;, — °Hy),
(Apax = 650 nm) of Sm** ions upon changing over from
the direct excitation of these ions to the excitation
through the sensitizer (compare curve 5 in Fig. 2 with
curves 3 and 4) confirms the formation of Sm—-Ag cen-
ters. It should be noted that the identity of the Sm** lumi-
nescence spectra (except for the portion at A = 660 nm)
for the glasses with and without silver at the excitation
wavelength A.,. = 400 nm is reasonable to explain by
the small fraction of complex centers due to the small
atomic ratio Ag/Sm = 0.2. The formation of Sm-Ag
centers is also supported by the short-wavelength shift
in the UV luminescence band upon introduction of
samarium into the silver-containing glass (compare
curves / and 3 in Fig. 2). Since the strength of a single
chemical bond Sm—O according to calculations using
the technique proposed in [21] is substantially lower
than that of a Si—O bond (1.25 and 1.54 relative units,
respectively), the “displacement” of the oxygen ion
from the silver ion toward the counterion in the Sm—O-
Ag structural groups should be smaller than that in the
Si—O-Ag groups. This should result in an increase in
the degree of covalence of the Ag—O bond in the coac-
tivated glass and the long-wavelength shift in the UV
luminescence band. The experimentally observed
short-wavelength shift allows us to make the inference
regarding the decrease in the splitting of the excited
states of Ag* ions in the Sm—Ag centers.

It is worth noting here that, after annealing in
hydrogen, the relative intensity of the component at
A = 660 nm in the luminescence spectrum of the coac-
tivated glass upon excitation through silver ions
decreases to the intensity characteristic of the direct
excitation of Sm** ions (Fig. 2¢). When this compo-
nents is considered a superposition of the correspond-
ing Stark band associated with the >G5, —» SH,, tran-
sition in Sm** ions and the luminescence band of non-
bridging oxygen centers [19], the decrease in the
intensity of this band can be explained by the disap-
pearance of these centers due to the interaction with
hydrogen with the formation of structurally bound
hydroxyl ions. By developing this idea, we can assume
that the formation of Sm—Ag centers is attended by the
generation of nonbridging oxygen ions, which in the
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course of annealing of the glass in H, bind hydrogen
atoms, thus preventing the reduction of silver ions. In
this case, judging from a substantial change in the lumi-
nescence spectrum of silver ions (compare curves 3 and
6 in Fig. 2), the structure of their environment in the
Sm—Ag centers undergoes a transformation. Moreover,
the intensity and the shape of the broad UV band of this
glass saturated with hydrogen depend on the duration
and intensity of excitation, which indicates the forma-
tion of a photochromic phase. However, the analysis of
this fact is beyond the scope of the present paper.

The short-lived intense UV luminescence band at
Amax = 320 nm in the instantaneous luminescence spec-
trum (#4 = O us) of the Ag-containing glass (Fig. 3a,
curve /) can be assigned with certainty to the 4d°5s'
('D,) —= 4d" ('S,) transitions in isolated Ag* ions. In
this case, the shoulder at A = 360 nm in the lumines-
cence spectrum is associated with the 4d°5s!
(*D,_3) — 4d" ('S,) transitions in these ions and the
low-intensity luminescence bands at A = 430 and 630 nm
are most likely attributed to the 4d'°5p — 4d'5s tran-
sitions in (Ag,)* centers (T< 10 ns [12]) and (Agy)** tri-
mers (T < 25 ns [13]). The contribution to the spectrum
under consideration from the oxygen-deficient centers
(in the matrix) considered in the discussion of Fig. 2
can be disregarded, because their singlet—singlet band
is located at shorter wavelengths (A = 285 nm [19]), and
the contribution from the triplet—singlet transitions in
these centers and nonbridging oxygen centers can be
ignored because of the long decay times T (~10 ms and
10 ps, respectively [19]). The observed long-wave-
length shift in the intercombination luminescence band
of isolated Ag* ions with an increase in the delay time
t4 (compare curves 2 and 3 in Fig. 3a) suggests their
rather inhomogeneous local environment and migration
of excitations toward the centers with the lowest posi-
tion of the metastable state. The increase in the relative
intensity of the band at A = 540 nm indicates that the

(Ag"), centers have a long decay time T.

The radical change in the instantaneous lumines-
cence spectra upon coactivation of the glass under con-
sideration with Sm** ions (Fig. 3b) offers additional
arguments in support of the formation of Sm—Ag cen-
ters. Actually, the redistribution of the relative intensity
of the Ag* luminescence in favor of the intercombina-
tion transition (compare curves / in Figs. 3a and 3b)
suggests that these transitions are promoted by heavy
atoms, which is possible upon formation of Ag—O-Sm
bonds. In turn, the absence of the long-wavelength shift
in the 4d°5s' (°D, ;) — 4d"° (!S,) band with an
increase in the delay time #4; from 1 to 100 s (compare
curves 2 and 3 in Fig. 3b) indicates that the local envi-
ronment of Ag* ions becomes considerably more
homogeneous. This can also be associated with the for-
mation of Sm—Ag centers. The blue shift in the short-
lived long-wavelength band (compare the “tails” of
curves / in Figs. 3a and 3b) allows us to make the infer-
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ence that the Sm—Ag centers can involve not only sim-
ple silver ions but also complex silver ions, in the given
case, (Ag;)**. In regard to the short-lived broad lumi-
nescence band at A = 500 nm (Fig. 3b, curve 1), it is rea-
sonable to attribute this band to the formation of Sm—
(Ags)** centers. The band that manifests itself for the
delay time 74, = 1 us at A = 660 nm (Fig. 3b, curve 2)
can be assigned to the nonbridging oxygen centers. The
absence of the band at the wavelength A = 660 nm in the
instantaneous luminescence spectrum of the Ag-con-
taining glass is a weighty argument in support of the
assumption (made in the discussion of the data pre-
sented in Fig. 2) that oxygen is generated upon the for-
mation of Sm—Ag centers.

The substantial change in the shape and position of
the barycenter of the luminescence excitation band of
the Ag* centers upon introduction of samarium (com-
pare curves / and 3 in Fig. 4) confirms the inference
about the formation of Sm—Ag centers. In turn, the nar-
rowing of this band after annealing of the coactivated
glass in hydrogen (compare curves 3 and 4 in Fig. 4)
supports the transformation of the local environment of
silver ions in these centers. The UV luminescence exci-
tation band at A ~ 230 nm in the spectrum of the Sm-
containing glass (Fig. 4, curve 7) can be attributed to
the O>~ — Sm** charge-transfer band. The multiple
increase in the intensity and width of the Sm** lumines-
cence excitation band in this UV spectral range for the
coactivated glass (Fig. 4, curve 5) confirms the infer-
ence made when analyzing Fig. 2 that excitations are
effectively transferred from silver ions to samarium
ions. It is easy to estimate that this sensitization for the
coactivated glass makes it possible to increase the
effectiveness of the use of UV radiation at A < 300 nm
by a factor of approximately 30 for the excitation of the
Sm** luminescence. It should be noted that the notice-
able increase in the relative intensity of the °Hs, —»
P, band is one more argument in favor of the forma-
tion of Sm—Ag centers. The significant decrease in the
intensity of this band and the f~f bands at shorter wave-
lengths after annealing of the coactivated glass in
hydrogen indicates the effective quenching of the Sm**
luminescence through the transfer of excitations to
(AgY), nanoparticles from states with frequencies that
are resonant or higher than the frequency of the surface
plasmon absorption band. The absence of the decrease
in the intensity of the short-wavelength wing of the
broad UV luminescence excitation band of Sm** ions
after the same annealing (compare curves 5 and 6 in
Fig. 4) allows us to make the inference that the Sm*—
Ag* centers are located far from (Ag®), nanoparticles. It
is clear that nanoparticles are formed predominantly
with the participation of complex silver ions contained
in the Sm—Ag centers. This ensures a more effective
dissipation of excitations of Sm** ions in these centers.

The presence of the steep initial portions in the
kinetic curves of luminescence decay within the UV
band of the Ag- and (Sm, Ag)-containing glasses at the
excitation wavelength A.,. = 213 nm (Fig. 5a) can be
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explained by the overlap of the spin-allowed band
455" ('\D,) —= 4d"° (1S,) with the recording range
(Apon = 360 nm). A rather large value of T (=16-18 s)
for the UV luminescence band under consideration out-
side the steep initial portion indicates that the parity-
and spin-forbidden transitions 4d°5s' (3D, ;) — 4d"°
('S,) contribute to this band. An insignificant deviation
from the exponential behavior of the luminescence
decay in both glasses at the middle stage suggests a weak
deactivation of Ag* ions through the transfer of excita-
tions to a disordered ensemble of acceptors. A nearly
constant decay time T for this band after introduction
of samarium into the glass (compare curves / and 2 in
Fig. 5a) at a more than thirtyfold decrease in its inte-
grated intensity is possible only for the exchange mech-
anism of the excitation transfer from Ag* ions to Sm**
ions when, owing to the strong interaction, the Ag* lumi-
nescence in the Sm—Ag centers is absent and we observe
only the luminescence of individual Ag* ions. The occur-
rence of this interaction is an additional evidence of the
formation of Sm**—Ag* centers.

The steep initial portion in the kinetic curve of lumi-
nescence decay in the Ag-containing glass at the exci-
tation wavelength A, = 266 nm and the recording
wavelength A, = 520 nm (Fig. 5b, curve 3) can be
attributed to the 4d'°5p — 4d'%5s transitions in (Ag,)*

centers characterized by a decay time T < 10 ns [12],
whereas the other portion of the kinetic curve most
likely describes the luminescence of (Ag*), centers. A

substantial increase in the decay time T in the range
under consideration, together with a decrease in the
luminescence intensity, upon introduction of samarium
into the glass (compare curves 3 and 4 in Fig. 5b) con-
firms the inference made in the analysis of Fig. 3 that
the Sm—Ag centers are formed with the participation
not only of simple silver ions but also of complex silver
ions. This fact can also be treated as evidence of an
increase in the symmetry of these centers. Apparently,
the complex silver ions can be represented by both sil-
ver dimers and silver trimers. Indeed, the formation of
Sm**—(Ag;)** centers can be supported by the blue shift
in the short-lived bands at A = 640 nm, which is
observed in the instantaneous luminescence spectra
(compare curves [ in Fig. 3). With due regard for the
fast luminescence of (Ag;)** ions (T <25 ns [13]) and,
evidently, a lower position of their metastable level as
compared to the *Gs, level, the sensitization of the
luminescence of the rare-earth activator in the Sm**—
(Ags)** centers seems to be highly improbable. More
likely, there occurs a reverse transfer of excitations
from Sm* ions to (Ags)** ions. Apparently, it is this
transfer that explains the increase in the intensity of
luminescence of the coactivated glass at 620 nm upon
excitation through the sensitizer (compare curves 3 and
5 in Fig. 2).
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Fig. 6. Simplified diagram of energy states and channels of
excitation transformations in Sm>*~Ag™" centers.

The luminescence decay in the coactivated glass in
the range of the f~fbands of Sm>* ions is also a complex
process. The rapid initial stage of this process at the
excitation wavelength A.,. = 213 nm (Fig. 5c, curve 5)
can be associated with the fact that the band of the lumi-
nescence from the excited state of the charge-transfer
complex O>Sm3* (this band for the Sm-containing
aerosil glass is characterized by A, = 650 nm and
AA = 150 nm) and tails of the luminescence bands of
(Ags)** centers and nonbridging oxygen centers over-
lap with the recording range. An increase in the lumi-
nescence time at this stage for the excitation wave-
length A.,. = 266 nm (Fig. 5c, curve 6) to the lumines-
cence time T = 14 us characteristic of nonbridging
oxygen centers [19] is an additional argument in favor
of their generation upon formation of Sm—Ag centers.
An almost exponential luminescence decay outside the
steep initial portion at both excitation wavelengths A
is one more confirmation of a high homogeneity of
Sm—Ag centers and suggests a weak cross-relaxation
quenching of the Sm** luminescence for the used con-
centrations. In this case, a noticeable difference
between the decay times (1.5, 2.0 ms) indicates that
there are two ensembles of centers, in one of which
simple silver ions are energy donors, whereas in the
other ensemble (with the longer decay time T ) complex
silver ions serve as energy donors.

The above results allow us to propose the diagram of
energy states and optical transitions for the Sm3**-Ag*
centers (Fig. 6). According to this diagram, upon exci-
tation of Ag* ions within the 'S, — D, transition, a
number of absorbed photons are emitted back to the
ground state (straight lines) and nonradiatively trans-
ferred (dashed lines) to the charge-transfer excited state
(CTES) of the O>Sm?* complex. The other photons
relax to the triplet levels *D, 5 (wavy lines). The deacti-
vation of these levels occurs through both the radiative
transitions and nonradiative energy transfer to the
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0> Sm** complexes and/or directly to the correspond-
ing excited states of the Sm>* ions. The deactivation of
the charge-transfer excited state proceeds predomi-
nantly via the intramolecular energy transfer to the
Sm3*ions. It seems likely that the deactivation channels
through radiative transitions to the charge-transfer
ground state (CTGS) and nonradiative energy transfer
to the lower triplet state of the Ag* ions are not ruled out
(also shown in the figure).

5. CONCLUSIONS

Thus, it has been demonstrated that the sintering of
silver-doped silica gel glasses in air leads to the forma-
tion of simple and complex silver optical centers, which
represent Ag* isolated, (Ag*), and (Ag,)* double, and
(Agy)** triple ions with characteristic luminescence
spectra. The annealing of these glasses in hydrogen is
accompanied by the effective reduction of silver ions
and the formation of silver metal nanoparticles. The
coactivation of these glasses by Sm** ions results in the
formation of complex centers in which the rare-earth
activator is bonded to simple and/or complex silver ions
through bridging oxygen. This provides an effective
intracenter sensitization of the Sm* luminescence by
simple and double silver ions according to the
exchange mechanism for, at least, Sm**—~Ag* centers.
The formation of Sm—Ag centers is attended by an
increase in the concentration of nonbridging oxygen
ions, which upon annealing in H, bind hydrogen atoms
and radically decrease the efficiency of reduction of sil-
ver ions. This reduction occurs only in Sm—Ag centers
involving complex silver ions, and the (Ag®), nanopar-
ticles formed are effective quenchers of the excited
states of Sm* ions with frequencies that are resonant or
higher than the frequency of the surface plasmon
absorption band.
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