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Abstract

IR and Raman spectra of pure and chromium doped glasses and glass–ceramics from the
system Li2O-CaO-GeO2-B2O3 are investigated and analyzed. The IR spectra of the pure
and chromium doped glass samples contain bands typical of germanate and borate glasses.
The amorphous network in the undoped glass is built by deformed GeO4 tetrahedra,
BO3 groups and LiO4 tetrahedra. Doping with 0.5 at% Cr2O3 leads to the appearance of
BO4 groups and an increase in the symmetry of the GeO4 groups. The bands associated
with chromium are not observed. The comparison between glass and glass–ceramic IR
spectra shows the more intensive bands in the latter. Raman spectra of pure glass–ceramic
samples show an increase in the number of Raman bands compared with glass samples.
The shoulder at 850 cm−1 is associated with internal stretching vibrations of the CrO4

tetrahedron, so Cr4+ ions occupy the Ge4+ tetrahedron position in the Li2CaGeO4 crystal
phase in glass–ceramic samples. A change in the symmetry of the GeO4 units after doping
with Cr2O3 in the glass–ceramic is also observed. Results from IR and Raman studies
of non-doped and Cr-doped glass, and glass–ceramics containing the crystal phase of
Li2CaGeO4, show that the IR spectra clearly show the change in the local environment of Li,
Ge, and B group, but the detection of CrO4 is questionable. In contrast, Raman spectroscopy
is a more suitable method for the detection of CrO4 units in the glass–ceramic samples.
Raman analysis of the glass–ceramic confirmed the formation of CrO4 units.

Keywords: glasses; glass–ceramics; IR; Raman; structural units

1. Introduction
Cr4+-doped media are widely used in femtosecond lasers [1,2], passively Q-switched

lasers [3] and tunable solid-state lasers [4–7]. Their emission in the range 1.1–1.6 µm
allows continuous-wave and a broad absorption band, which makes them attractive for
using as several commercial pump lasers [8]. Lasers emitting in this wavelength range find
increasing applications in medicine [9], spectroscopy [10], telecommunications systems [11],
etc. The optical characteristics of Cr2O3-doped materials are dependent on the structure of
the host matrix and Cr ion coordination and concentration.

However, all of the known media doped with Cr4+ have several disadvantages. The
fluorescent quantum yield of these media is quite low due to the nonradiative transition of
Cr4+ ions and the quantum efficiency is low. The presence of Cr3+ ions together with Cr4+

ions into the matrix is another drawback. The mentioned problems encourage scientists
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to search for appropriate media for doping with Cr4+. As Cr4+ prefers a tetrahedral envi-
ronment, silicate and germanate phases are promising matrices due to their tetrahedral
environment of Si4+ or Ge4+ [12,13]. Unfortunately, many of the compounds with tetrahe-
dral structural units possess polymorph transition or melt incongruently; thus, growth of
single crystals is impossible or problematic [14–17]. An alternative way is synthesizing
a glass–ceramic with a desired compound phase with the same laser characteristic like a
corresponding single crystal. One of the perspective media for Cr4+ doped is Li2CaGeO4.
The Li2CaGeO4 structure consists of columns of alternating, edge-sharing (GeO4) tetrahe-
dra and (CaO8) dodecahedra. These columns are linked by their corners to neighboring
columns and form a three-dimensional network with the Li ions located at the twisted
LiO4 tetrahedron units. Thus, channels are formed that contain the lithium atoms. Ca-O
bond distances can be separated into two different groups: four oxygens at 2.74 Å form the
common (110) edges of two (GeO4) tetrahedra and one (CaO8) dodecahedron; the other
four at 2.39 Å directly link neighboring (CaO8) dodecahedra [18]. Figure 1 presents the
Li2CaGeO4 structure.

 
Figure 1. Structure of Li2CaGeO4.

So, from a structural point of view, Li2CaGeO4 meets the requirements for doping
with Cr4+. However, this compound also melts incongruently and the preparation of single
crystals from it is possible only from high-temperature solutions. This growth technique
is associated with a number of problems, mainly the growth conditions and the very low
growth rates [19].

In our previous investigations, we found the optimal composition for obtaining trans-
parent Li2CaGeO4 containing nano glass–ceramics doped with Cr4+ (Li2O-CaO-GeO2

in1:1:1 mol% with 5 mol% B2O3) [20]. The choice was made in accordance with the basic
requirements for the glasses for preparing the glass–ceramics: obtaining the parent glass
in the simplest possible way, maximum amount of the crystallizing phase, absence or
minimal amount of unwanted crystallizing phases, etc. The optimal thermal treatment
regime for glass processing was experimentally established based on DSC curves and
XRD analysis. Thus, after experiments for choosing the optimal composition of the parent
glass and applying different treatment regimes, a temperature of 490 ◦C and a time of 2 h
were chosen. The nanoparticles obtained in this way have no more than 30 nm sizes. We
investigated the optical properties of selected glass–ceramics. The glass–ceramics with
chromium concentrations of 0.5, 1.0, 1.5 and 2.0 at% in place for germanium possess ab-
sorption in two regions, 900–1100 nm and 550–900 nm. The first is due to the presence of
Cr4+ in a tetrahedral environment and the latter one is due to the overlapping of both Cr3+

absorption in an octahedral environment and Cr4+ absorption in a tetrahedral environment.
On the other hand, Li2CaGeO4 glass–ceramic contains 0.2at.% Cr ions exhibits a broad
area of luminescence from 1000 to 1500 nm with center at 1220 nm and 36 ms lifetime [20].

https://doi.org/10.3390/appliedchem6040075

https://doi.org/10.3390/appliedchem6040075


AppliedChem 2026, 6, 75 3 of 10

These characteristics are fully comparable with that received for Li2CaGeO4 single crystal
grown by the flux method [19] as well as with Li2MgSiO4 and Li2ZnSiO4 glass–ceramic the
synthesis of which is difficult because of the high temperature required for homogenization
of the used parent glass [17,21].

The low chromium concentration in glass–ceramics and the presence of Cr3+ together
with Cr4+ prompted us to explore some of the obtained samples by IR and Raman spec-
troscopy analysis to study the glass and glass–ceramics structures and their changes with
increasing chromium concentration. On the other side, the presence of Cr3+ and Cr4+ would
also have an impact on the spectral lines.

In this article, we present the infrared (IR) and Raman spectroscopy analysis of the
chosen glasses and glass–ceramics obtained by thermal treatment at 490 ◦C for 2 h, both in
their pure form and doped with different at.% Cr in place f Ge ions.

2. Materials and Methods
2.1. Synthesis of Glass and Glass–Ceramics

The preparation, structural, and optical characterization of pure glass, Cr-doped
glasses, and glass–ceramic materials was already published in our previous article [20].

2.2. Characterization

The amorphous structure and the structural changes that occurred after doping with
Cr were examined using IR and Raman techniques. A Nicolet-320 FTIR spectrometer
(Waltham, MA, USA) was used for IR analysis of the obtained glass and glass–ceramics. All
transmittance spectra were recorded at room temperature in the range of 1200–400 cm−1

with a spectral resolution of 2 cm−1 and 64 scans per spectrum.
The Raman spectra were recorded at room temperature by a Via Qontor Raman Confo-

cal Microscope (Renishaw plc, New Mill, Wotton-under-Edge, UK) at a laser wavelength of
532 nm (Nd:YAG laser). The laser power on the sample was kept up to 1% of the nominal
power, so no heating effects on the powder sample could be observed. The excitation
light was focused and collected using a 50× LWD objective lens (Renishaw plc, New Mill,
Wotton-under-Edge, UK).

3. Results and Discussion
The glass and glass–ceramics structure of Cr-doped samples were analyzed using

infrared (IR) and Raman spectroscopy, which together confirm the presence of the ger-
manate and borate units, their transformation as well as the presence of CrO4 groups.
The effect of thermal treatment of the undoped and doped samples is also investigated
and the obtained results are compared. The IR spectra of the glass samples without and
with Cr2O3 contain shows the bands typical for of the germanate and borate base glasses
(Figure 2). Most absorption bands are broader with low intensity, apart from of this at
760 cm−1. This stronger band is designated to the asymmetric vibration of the Ge-O band
in GeO4 tetrahedra, building the amorphous network [22]. The presence of two shoulders
at 810 and 735 cm−1 around the strong band (760 cm−1) can be explained by the formation
of the deformation GeO4 groups. The weak absorption band at 500 cm−1 is assigned to
the asymmetric vibration of the same structural units [22]. The vibration bands at 1420,
1380, 1280 and 1210 cm−1, typical of the asymmetrical B-O bond from BO3 groups, are
observed in the undoped glass. The intensity of these bands is lower, which relates to the
low concentration of these groups as compere with GeO4 ones. It is well known that the
vibrational modes of the B2O3 glass network are active in three infrared spectral areas- from
1200 to 1600 cm−1, which is attributed to the asymmetric stretching of the B–O band in BO3

units; from 800 to 1200 cm−1, typical of the stretching of the B–O bonds in BO4 units and the
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last ones from 600 to 800 cm−1, which is due to the bending vibrations of B–O–B linkages
of both BO3 units [23,24]. The weak band at 410 cm−1 is due to the vibration of Li-O from
the formed LiO4 entity [25]. Having in mind the above spectral features, we conclude
that the main structural units in the undoped glass are BO3, GeO4 and LiO4 tetrahedra. A
slight change in the IR spectrum of the 0.5 at% Cr-doped glass was observed. Doping with
0.5 at% Cr2O3 led to the appearance of an additional shoulder at 880 cm−1 and a band at
1045 cm−1. The high frequency band at 1045 cm−1 is due to the vibration of B-O from BO4

groups, which means new BO4 units are formed in the doped glass sample [26]. On the
other hand, the shoulders at 810 and 735 cm−1 are disappearance as well as the band at
760 cm−1 become narrow and indicate that GeO4 groups become more symmetrical. The
band at 500 cm−1 vanishes after doping with Cr2O3. According to the literature data the
absorption band at 880 cm−1 can be attributed to vibration of the Ge-O or B—O bond from
GeO4 and BO4 units, respectively [23,26,27]. But some authors consider that vibration in
the IR range from 865 to 890 cm−1 can be associated with vibration of CrO4 units in the
glass materials [28], glass–ceramics [29] and crystal phases [30].
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Figure 2. IR spectra of (a) non-doped glass and (b) 0.5 at% Cr2O3-doped glass with Li2O-CaO- GeO2

content, with a stoichiometric ratio for Li2CaGeO4 equal to 1:1:1 and 5 mol% B2O3.

Recently, in the literature, data have been reported for the vibration of CrO4 units
around 425 cm−1 in the IR spectra of the crystal phases and crystals [19,31]. In our study,
the bands are not observable within the range of 865–890 cm−1 and at 425 cm−1. We can
conclude that a change in the mainly structural units BOn and GeO4 was observed after
doping with Cr2O3. The dominant absorption bands at 1420, 1380, 1270, 1210, 750 and
410 cm−1 remain unaffected.

Figure 3 shows the IR spectra of the glass–ceramics samples obtained after thermal
treatment at 490 ◦C for 2 h without and doped with Cr2O3. In comparison to the IR
spectra of glass, the spectra of glass–ceramics display more intense bands are related to
additional thermal treatment and the formation of the Li2CaGeO4 phase. The heat treat-
ment on the undoped sample led to a shift in the band positions from 760 to 730 cm−1 [32].
The new vibration bands at 1510, 1175, 1085 and 490 cm−1 appeared due to the net-
work reorganization induced by the crystallization process. The bands at 1510, 1175, and
1085 cm−1 are connected to vibration of BO3 and BO4 units, respectively. The follow-
ing change we observation after doping with 0.5at.% Cr2O3 in the IR spectrum of the
glass–ceramic sample:

(i) Strong absorption band at 1510 cm−1 disappeared.
(ii) Appearance of new weak bands at 1380, 1045, and 575 cm−1.
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(iii) Shift in position from 1175 to 1220 cm−1.
(iv) The band at 870 cm−1 is transformed into a shoulder at 880 cm−1, and the band at

490 cm−1 is transformed into a shoulder at 510 cm−1.
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Figure 3. IR spectra of (a) non-doped glass–ceramic, (b) 0.5 at% Cr2O3- and (c) 1.5 at% Cr2O3-doped
glass–ceramic samples with Li2O–CaO–GeO2 content in a stoichiometric ratio for Li2CaGeO4 equal
to 1:1:1 and 5 mol% B2O3.

When the content of Cr2O3 increase to 1.5 at% the absorption bands at 1085, 1045 and
870 cm−1 vanished, indicating a reduction in BO3 and GeO4 units within the glass–ceramic
structure. But the intensity of the IR bands is higher due to a higher amount of Cr2O3. Even
after doping with 1.5 at% Cr2O3 we do not detect the absorption bands typical for vibration
of the Cr-O bond. In conclusion, IR analysis does not provide evidence of the existence
of Cr4+ ions in doped glass and glass–ceramics samples. Moreover, infrared spectroscopy
distinguishes the various borate and germanate structural units present in the investigated
glasses and glass–ceramics.

Raman spectroscopy is an additional effective technique for examining the structure of
the glass and glass–ceramic samples. Raman spectrum of non-doped and doped glasses is
shown in Figure 4. Three weak intense bands at 340, 560 and 925, and one strongly intense
and broad band with a maximum at 785 cm−1 was observed. The mode at 340 cm−1 is
assigned as Li–O stretching motion from LiO4 units [33]. The Raman band at 560 cm−1 is
due to the bending vibrations of GeO4 building the amorphous structure of the investigated
samples [34]. The intensity band at 785 cm−1 corresponds to the asymmetric vibrations of
the Ge-O bond in GeO4 units [19]. The band at 920 cm−1 is super position and corresponds
to the symmetric vibrations of both GeO4 and to vibrations of BO4 groups [35,36]. The
Raman spectrum of glass doped with 0.5at% Cr2O3 is very close to that of the non-doped
glass. The shift in the Raman peaks is not observed; the main structural units in both
glasses (non-doped and doped with C2O3) are almost the same. According to the literature
data the Raman peak in the range from 840 to 885 cm−1 is due to the asymmetric stretching
vibration of Cr-O bonds in CrO4 tetrahedral units [37,38]. The absence of the peaks in above
mentioned range indicated that Raman spectroscopy is not sensitive enough to determine
the presence of vibration of CrO4 at low concentration in the structure of glass samples. By
analyzing the glass samples using IR spectroscopy, the same tendency was found.

Raman spectra of the undoped and Cr-doped glass–ceramic samples are presented
in Figure 5. The thermal treatment at 490 ◦C of the non-doped sample led to an increase
in the number of Raman bands at 153, 193 and 328 cm−1. The band at 785 cm−1 splits
two bands at 745 and 783 cm−1 is observed corresponding to ν3 and ν1 of the stretching
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vibrations of GeO4 groups [19,28]. After doping with 0.5 at% Cr2O3 the shoulder at
850 cm−1 was observed, which is associated with internal stretching vibrations of the CrO4

tetrahedron [37–39]. This demonstrates that Cr4+ ions occupy reside in the Ge4+ tetrahedron
position in formed Li2CaGeO4 crystal phase in glass–ceramic samples. In our case the
Raman peaks typical of vibration of the CrO4 group are the only ones in comparison with
the peaks typical of the same groups in the Cr4+–Li2CaGeO4 crystals obtained by the flux
growth method [19]. The low frequency peaks at 153 and 193 cm−1 ware disappearance.
When the amount of Cr2O3 increases up to 1.5at% this shoulder is transformed into a well
resolution peak (Figure 5c). R. Vijay et al. reported only one active Raman mode of CrO4

units at the same frequency in the glass samples containing Li2O–Sb2O3–PbO–GeO2 [40].
The Raman vibration of these groups was found above 850 cm−1 in the glass–ceramics
based on the Li2O–CaF2–P2O5 system [41]. The other Raman modes of the CrO4 groups
were not identified in our spectra [42]. All Raman lines show a higher intensity as one
strong peak at 784 cm−1 was observed after doped with 1.5at.%Cr2O3. These changes
indicate that to change the symmetry of the GeO4 units after doping with Cr2O3 in the
glass–ceramic structure. On the other hand, the changes in the local germanium structure
in crystalline phases depending on the amount of Cr2O3 is monitored by Raman analysis.
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Figure 4. Raman spectra of (a) undoped and (b) 0.5 at% Cr2O3-doped glass with a Li2O-CaO-GeO2
composition having a stoichiometric ratio for Li2CaGeO4 equal to 1:1:1 and 5 mol% B2O3 added.

In summary, we can conclude that only Raman spectroscopy confirms the incorpora-
tion of Cr ions into the glass–ceramics samples in GrO4 groups at a higher concentration.
Raman spectra indicate that the intensities of the vibration bands associated with the GeO4

units increase with the presence of Cr2O3.
As a results from IR and Raman studies of non-doped and Cr-doped glass, and the

glass–ceramics containing the crystal phase of Li2CaGeO4, are that the IR spectra clearly
show the change in the local environment of Ge and B group, but the detection of CrO4 is
questionable. This is probably due to the low concentration of Cr (0.5 and 1.5 at% relative
to the Ge content in the samples investigated). The selected Cr concentrations, although
that it is higher than the optimal Cr concentration for maximum laser emission intensity
in the 1.1–1.6 µm range, still appear to be too low to be detected through IR spectroscopy.
In contrast Raman spectroscopy is a more suitable method for detecting CrO4 units in the

https://doi.org/10.3390/appliedchem6040075

https://doi.org/10.3390/appliedchem6040075


AppliedChem 2026, 6, 75 7 of 10

glass–ceramic samples at Cr concentrations of 0.5 and 1.5 at.%. In addition to the typical
Cr4+ emission in a wide range from 1.1 to 1.6 µm, this is further evidence for the successful
obtaining of Li2CaGeO4 glass–ceramics doped with Cr4+ ions.
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Figure 5. Raman spectra of (a) non-doped, (b) 0.5 at% Cr2O3-, and (c) 1.5 at% Cr2O3-doped glass–
ceramic samples with Li2O–CaO–GeO2 content in a stoichiometric ratio for Li2CaGeO4 equal to 1:1:1
and 5 mol% B2O3.

4. Conclusions
IR and Raman spectra of pure and chromium doped glasses and glass–ceramics from

the system Li2O-CaO-GeO2-B2O3 are investigated and discussed. The amorphous network
in the undoped glass is built by following structural units such as deformed GeO4, BO3

and LiO4 groups. Doping with 0.5 at% Cr2O3 leads to the appearance of BO4 entities and
the GeO4 groups become more symmetrical. The IR absorption bands are more intensive of
the glass–ceramic samples. New vibration bands appear due to the crystallization process.
Increasing the content of chromium to 1.5 at% leads to a reduction in BO3 and GeO4 units
within the glass–ceramic structure.

Comparison between Raman spectra of pure glass and glass–ceramic samples show
an increase in the number of Raman bands in the latter. The shoulder at 850 cm−1 is
associated with internal stretching vibrations of the CrO4 tetrahedron, so Cr4+ ions occupy
the Ge4+ tetrahedron position in the Li2CaGeO4 crystal phase in glass–ceramic samples. A
change in the symmetry of the GeO4 units after doping with Cr2O3 in the glass–ceramic is
also observed.

Results from IR and Raman studies of non-doped and Cr-doped glass and the glass–
ceramics containing the crystal phase of Li2CaGeO4 show that the IR spectra clearly show
the change in the local environment of Li, Ge, and B ions, but the detection of CrO4 is
questionable. This is probably due to the low concentration of Cr (0.5 and 1.5 at% relative
to the Ge content in the samples investigated). The selected Cr concentrations, although
that it is higher than the optimal Cr concentration for maximum laser emission intensity in
the 1.1–1.6 µm range, still appear to be too low to be detected through IR spectroscopy. In
contrast, Raman spectroscopy is a more suitable method for detection of CrO4 units in the
glass–ceramic samples at Cr concentration of 0.5 and 1.5 at.%.
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