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The development of new methods for producing
glassy materials with efficient luminescent nanostruc-
tures is dictated by the necessity of the continuous
improvement of the active components for quantum
electronics and rapidly developing nanophotonics.
Usually, nanostructures in glasses are prepared by iso-
thermal annealing. However, attempts to retain the
nanoparticles of activator compounds in glasses have
failed because these nanoparticles dissolve in the melt
[1]. Owing to the development of the sol–gel technol-
ogy, the glasses can be produced through bypassing the
melt stage. This makes it possible to form their nano-
structure by introducing such nanoparticles at the sol
stage. However, these experiments have not yet been
described in published data. Probably, this is mainly
because it is difficult to produce nanoparticles that can
be suspended in the sol at least until the gel starts to
form and have a melting point appreciably higher than
the pore healing temperature in the gel-glass matrix. It
has been shown earlier [2] that efficiently luminescent
heat-resistant nanoparticles with the agglomerate size
<500 nm can be obtained by doping an ultradispersed
diamond with Cr and some buffer elements. After heat
treatment in air at 

 

T

 

 

 

≥

 

 1000

 

°

 

C, these particles are char-
acterized by the Cr

 

3+

 

 ion luminescence in a narrow
spin-forbidden band 

 

2

 

E

 

  

 

4

 

A

 

2

 

 split into two 

 

R

 

 lines.
On the contrary, silica gel-glasses that are doped with
the trivalent Cr salts and are sintered in air have broad
luminescence bands with maxima at 

 

λ

 

max

 

 ~ 660 nm [3,
4] and 1.5 

 

µ

 

m [5]. The former band is most likely attrib-
uted to the Cr

 

5+

 

 ions [6], while the latter band, by the
Cr

 

4+

 

 ions [7]. Therefore, the possibility of the conserva-
tion of the structure of such Cr-containing nanoparti-
cles in the sol–gel-glass transition can be analyzed by
spectral-luminescence and electron microscopy meth-

 

ods. These studies are also interesting in application to
the preparation of glassy materials with the spectral-
luminescence characteristics similar to those of ruby.

The gel-glass synthesis included the hydrolysis of
tetraethylorthosilicate Si(OC

 

2

 

H

 

5

 

)

 

4

 

 in an aqueous acid
solution until sol is formed, the addition of aerosil and
Cr-containing nanoparticles to the sol prepared, the
ammonia neutralization of the sol–colloid system, gel
formation, and the drying and vitrification of xerogels
in air at 

 

T

 

 

 

≈

 

 1240

 

°

 

C for 1 h. The Cr-containing nanopar-
ticles were obtained by the heat treatment of an
ultradispersed raw diamond doped with Cr and buffer
elements in air [2] and were then additionally milled to
eliminate the coarsest agglomerates.

The glass microstructure was studied on a LEO-
1420REM scanning electron microscope. The light
attenuation spectra (LASs) were recorded on a Cary 500
spectrophotometer. The luminescence spectra (LSs)
and luminescence excitation spectra (LESs) were
recorded by the “reflection” method on an SDL-2 spec-
trofluorimeter. The LSs and LESs were corrected with
regard to the spectral sensitivity of the recording system
and the spectral density distribution of exciting radia-
tion, respectively, and were expressed as the depen-
dence of the number of photons per unit wavelength
range 

 

dN

 

/

 

d

 

λ

 

 on the wavelength 

 

λ

 

. All the measure-
ments were carried out at 

 

T

 

 = 298 K.

Figure 1 presents the microphotographs of (a) Cr-
containing nanoparticles heat treated in air at 

 

T

 

 =
1200

 

°

 

C and (b) cleavage of the silica gel-glass doped
with them. It is seen that these nanoparticles are the
grains ~50 nm in diameter, and the maximum size of
their agglomerates is ~300 nm. Similar grains and
agglomerates are also clearly discernible in the doped
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glass, and it is clear that their mean size is smaller than
that of the nanoparticles introduced.

Curve 

 

1

 

 in Fig. 2 is the LAS of the silica gel-glass
doped with the Cr-containing nanoparticles, where the
arrows point to the positions of the weak spectral band
peaks. For comparison, curve 

 

2

 

 in this figure is the LAS
of the undoped silica glass that is synthesized under the
same temperature and time conditions. It is seen that
the doped glass in the visible and near-IR spectral
regions is characterized by higher light scattering, weak
broad absorption bands with 

 

λ

 

max

 

 

 

≈

 

 400 and 560 nm,
and a monotonic decrease in the optical density in the
range 700–1000 nm. In the UV spectral region, this
glass is characterized by an intense band with 

 

λ

 

max

 

 =
225 nm (the peak value is determined after the prelim-
inary subtraction of curve 

 

2

 

 from curve 

 

1

 

) and a slightly
discernible “shoulder” at 

 

λ

 

 

 

≈

 

 310 nm.

Figure 3 presents the LSs of the (curve 

 

1

 

) Cr-con-
taining nanoparticles and (curves 

 

2

 

–

 

4

 

) silica gel-glass
doped with them recorded with the halfwidths of band

excitation (

 

∆λ

 

exc

 

) and recording (

 

∆λ

 

rec

 

) equal to 2 nm at
different excitation wavelengths (

 

λ

 

exc

 

). The inset pre-
sents the LSs of both samples compared in the region of
the Cr

 

3+

 

 

 

R

 

-lines recorded at 

 

∆λ

 

rec

 

 = 0.1 nm. It is seen
that the LS of the nanoparticles at 

 

λ

 

exc

 

 = 550 nm corre-
sponds to the Cr

 

3+

 

 ions in the trigonally distorted strong
octahedral crystal field [8]. No luminescence bands
attributed to other optical Cr centers have been revealed
for these nanoparticles at different 

 

λ

 

exc

 

 values. Under
excitation in the visible spectral region, the incorpora-

 

(a)
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Fig. 1.

 

 Electron microphotographs of (a) Cr-containing nanoparticles and (b) silica gel-glass doped with them.

 

Fig. 2.

 

 Light attenuation spectra of (

 

1

 

) silica gel-glasses
doped with Cr-containing nanoparticles and (

 

2

 

) undoped
glass. The sample thickness is 3 mm.

 

Fig. 3.

 

 Luminescence spectra of (

 

1

 

) Cr-containing nanopar-
ticles and (

 

2

 

–

 

4

 

) silica gel-glass doped with them at 

 

λ

 

exc

 

 =
(

 

1

 

, 

 

2

 

) 550, (

 

3

 

) 280, and (

 

4

 

) 350 nm; 

 

∆λ

 

rec

 

 = (in the inset)
0.10 and (general spectra) 2 nm.
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tion of the Cr-containing nanoparticles into the glass is
accompanied by a short-wavelength shift of the 

 

R

 

-line
barycenters by about 0.3 nm (

 

≈

 

6.2 cm

 

–1

 

) and their
broadening (cf. curves 

 

2

 

 and 

 

1

 

 in the inset), as well as
by an increase in the luminescence intensity of the poor
structure bands in the range 700–800 nm. Under the
excitation of this glass in the UV spectral region (

 

λ

 

exc

 

 =
280 nm), instead of the narrow bands, there appear two
broad luminescence bands with 

 

λ

 

max

 

 

 

≈

 

 500 nm and
730 nm (curve 

 

3

 

), while at 

 

λ

 

exc

 

 

 

≈

 

 350 nm, the broad
band with 

 

λ

 

max

 

 = 450 nm (curve 

 

4

 

). The glass excitation
in the near-IR region (

 

λ

 

exc

 

 = 800 nm) is not accompa-
nied by luminescence.

Figure 4 presents the LESs of the (curve 

 

1

 

) Cr-con-
taining nanoparticles and (curves 

 

2

 

–

 

4

 

) gel-glass doped
with them at different recording wavelengths 

 

λ

 

rec

 

. It is
seen that at 

 

λ

 

rec

 

 = 694 nm, the LES of nanoparticles
includes two intense broad bands, which are typical of
Cr

 

3+

 

 ions in the strong octahedral crystal field, with

 

λmax ≈ (a higher-intensity band) 395 and 560 nm, and a
low-intensity band at λ ≈ 260 nm. A similar spectrum
in the visible region is also retained for the silica glass
doped with these particles, while an intense broad band
appears in the UV region with the maximum at λ <
250 nm (curve 2). The LESs at λrec = (curve 3) 730 and
(curve 4) 520 nm also exhibit an intense UV band with
significantly different shapes of the long-wavelength
“wings” for the mentioned λrec values.

A relatively small decrease in the main size of the
grains and agglomerates of the Cr-containing nanopar-
ticles introduced in the sol under glass sintering (cf.

Figs. 1a and 1b) allows us to conclude that sol–gel syn-
thesis with no melt stage makes it possible to radically
weaken the aggressive effect of the matrix on the nano-
particles introduced. According to the LASs (see
Fig. 2), the incorporation of the nanoparticles into the
glass leads not only to the appearance of the spin-
allowed absorption bands 4A2  4T1 (λmax ≈ 400 nm)
and 4A2  4T2 (λmax ≈ 560 nm) of Cr3+ ions typical of
these nanoparticles [2], but also to the appearance of
new bands that are not associated with these nanoparti-
cles in the UV, visible, and near-IR spectral regions.
Naturally, under this incorporation, light scattering
increases slightly, but noticeably.

According to the Tanabe–Sugano diagram, a consid-
erable short-wavelength shift of the luminescence R
lines of the Cr-containing nanoparticles in their incor-
poration into the glass (cf. curves 1 and 2 in the inset in
Fig. 3) points to an increase in the local crystal field
force, while the broadening of these bands, to an
increase in the range of variation of this force. It is rea-
sonable to expect this situation as the distances between
the Cr atoms and ligand decrease, and we think that it
is most probably caused by the isotropic compression
of the Cr-containing nanoparticles by the glass matrix;
the degree of this compression depends on their size.
A marked increase in the luminescence intensity of the
poor structure bands on the side of the longer wave-
lengths from the R lines is probably caused, to a great
extent, by an increase in the electron–phonon coupling.
The appearance of new broad bands in the visible
region of the LS of the glass (see Fig. 3, curves 3 and 4)
could reasonably be attributed to the formation of the
optical Cr centers by the ions present in the dissolved
part of the Cr-containing nanoparticles. In particular,
the band with λmax ≈ 730 nm can certainly be assigned
to the isolated Cr3+ ions in a weak octahedral local field
typical of the glass [9].

The existence of the isolated Cr3+ ions in the nano-
particles in the glass is also confirmed by the analysis
of the LESs (see Fig. 4). First, this is indicated by the
similarity of the LESs in the visible region at λrec =
694 nm for the Cr-containing nanoparticles and the
glass doped with them (cf. curves 1 and 2), pointing to
the conservation of the structure of these nanoparticles.
Second, the presence of pronounced traces of bands
4A2  4T2 and 4A2  4T1 in the LES of the glass at
λrec = 730 nm (see curve 3 in the inset) indicates that the
corresponding luminescence band is attributed to the
isolated Cr3+ ions distributed in the glass. A lower rela-
tive intensity of the band 4A2  4T1 in this spectrum,
as compared to that of the LES of the Cr3+ ions in the
nanoparticles, might point to an increase in the proba-
bility of the quenching of the 4T1 state when these ions
transfer from the nanoparticles to the glass. A marked
short-wavelength shift of the barycenter of the band
4A2  4T2 in the LES of the glass (cf. curves 1 and 2)
confirms the conclusion that the nanoparticles are com-

Fig. 4. Luminescence excitation spectra of (1) Cr-contain-
ing nanoparticles and (2–4) silica gel-glass doped with them
at λrec = (1, 2) 694, (3) 730, and (4) 520 nm.
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pressed by the silica matrix.1 Considerably more effi-
cient luminescence excitation of the Cr3+ centers of
both types in the UV spectral region can be explained
by the excitation transfer from the structural defects of
the matrix [10] and/or from the Cr optical centers in the
other charged state. In this case, in view of the absence
of the excitation transfer from the isolated optical Ln3+

centers to the CeO2:Ln3+ nanoparticles in the silica gel-
glasses [11], it is reasonable to suppose that this trans-
fer for the Cr-containing nanoparticles takes place only
from the centers located at the nanocrystal–glass inter-
face.

We note that, due to the oxidation conditions of the
synthesis, the Cr atoms at higher oxidation degrees
appear in the glass along with Cr3+. In this case, the sub-
stitution of the isovalent Cr atoms for the Si atoms in
the [SiO4]4– polyhedra is quite probable, because it does
not require local charge compensation. However,
according to the geometrical criterion [12], a large ion
radius of the four-coordination ion Cr4+, r ≈ 0.55 Å
against r ≈ 0.40 Å for Si4+ [12] is not optimal for this
substitution, and we can suggest that [CrO6]8– polyhe-
dra exist along with [CrO4]4– polyhedra. A more favor-
able situation for the substitution of the Si atoms in the
[SiO4]4– polyhedra in accordance with the above crite-
rion takes place for the four-coordination Cr5+ ions (r ≈
0.49 Å) and Cr6+ ions (r ≈ 0.40 Å) [12]. The necessary
local charge compensation can be provided, for exam-
ple, by silicon vacancies: one such vacancy compen-
sates the excessive charges of either two Cr6+ ions or
four Cr5+ ions.

As experimental evidence of the formation of the
optical Cr4+ centers in the glass, we point to the pres-
ence of the absorption band in the range 600 ≤ λ ≤
1000 nm (see Fig. 2) corresponding to the transitions
3A2  3T1, 3T2 of these ions in the tetrahedral environ-
ment [13]. We believe that the main cause of the
absence of their luminescence (it is characterized by the
broad band at λ ~ 1.2 µm [7]) is its quenching by spend-
ing the excitation energy on the vibrations of hydroxyl
ions whose concentration is about 0.3 wt %, as deter-
mined by the known spectroscopy method [14].

One piece of evidence of the formation of the
[CrO4]2– polyhedra is the presence of the intense
absorption band with λmax ≈ 225 nm in the LASs (see
Fig. 2). It is known [15] that these centers are charac-
terized by absorption in two bands of charge transport
O2–  Cr3+ with λmax ≈ 230 and 360 nm. Probably, the
luminescence band with λmax ≈ 500 nm is attributed to
the [CrO4]2– polyhedra (see Fig. 3, curve 3). The LES
of this band includes the corresponding excitation

1 Causes of the appearance of a pronounced small peak at λ =
594 nm under this compression, which can be assigned to the
spin-forbidden transition 4A2  2T1, will be considered else-
where.

bands (see Fig. 4, curve 4). Since the Cr6+ ions with an
empty 3d shell have no optical transitions in the spec-
tral region under consideration, this luminescent band
can be attributed to luminescence from the excited state
of charge transport. This interpretation is supported by
the position of the luminescence band of the stable Cr5+

centers in the silica glass at a much longer wavelength
λmax ≈ 610 nm at λexc ≈ 364 nm [6]. The appearance of
the low-intensity “shoulder” in the LS of the glass at
λ ≈ 600 nm and λexc = 350 nm (see Fig. 3, curve 4) indi-
cates that the stable Cr5+ centers at low concentration
are formed in our case. Obviously, they are also respon-
sible for a broad low-intensity excitation band at λ ~
450 nm in the LES of the glass with λrec = 520 nm (see
Fig. 4, curve 4), which coincides with the absorption
transition 2T2  2E of the six-coordination Cr5+ ions
[16]. The broad luminescence band with λmax ≈ 450 nm
(see Fig. 3, curve 4) is probably related to the presence
of molecular silicon oxide in the glass [10].

To conclude, we have shown the possibility of con-
serving the spectral luminescent properties and,
accordingly, the structure of the heat-resistant Cr-con-
taining nanoparticles introduced at the sol stage in the
direct sol–gel-glass transition. The absence of the melt
stage radically weakens the dissolution of these nano-
particles at the xerogel vitrification stage, and the
matrix effect manifests itself in their isotropic compres-
sion, in a considerable increase in the spread of the
local field force acting on the Cr3+ ions, and in an
increase in the intensity of the electron vibration bands
in the luminescence spectrum. The Cr ions in the dis-
solved nanoparticles form the octahedral Cr3+ centers
with a “weak” ligand field, as well as the optical centers
of the high-charge Cr (Cr6+, Cr5+, and Cr4+).

This work was supported in part by the Belarusian
Republican Foundation for Fundamental Research
(project no. F08R-128).
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