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Synthesis, structure and spectral properties of transparent

glass-ceramics based on nanocrystals of zinc aluminate spinel doped

with Ti3+ ions
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The structure and spectral properties of transparent glass-ceramics of the zinc aluminosilicate system containing

titanium dioxide as a nucleating agent have been studied. The glass-ceramics were obtained by secondary heat-

treatments of glass melted under reducing conditions and studied by differential scanning calorimetry, X-ray

diffraction analysis, Raman spectroscopy, absorption and luminescence. The heat-treatments were carried out

in the temperature range from 720 to 1050◦C. According to the X-ray diffraction analysis, the main crystalline

phase of glass-ceramics is zinc aluminate spinel (gahnite) with cubic structure and crystal size from 6 to 14 nm

depending on the temperature of heat-treatment. At the temperature of 1000−1050◦C crystals of TiO2 (rutile) also
appear in glass-ceramics. The volume fraction of gahnite and rutile crystals and their sizes increase with increasing

temperature of heat-treatment. The lattice parameter of gahnite nanocrystals changes from 8.083 to 8.120 Å and its

change occurs due to the incorporation of titanium ions. In glass-ceramics, broadband absorption in the visible and

near-infrared spectral regions is observed due to the incorporation of Ti3+ ions into octahedral positions (positions
of Al3+ ions) in the gahnite structure. According to Raman spectroscopy data, phase transformations in glass

melted under reducing conditions are similar to those in glasses melted under oxidizing conditions, which indicates

a small influence of Ti3+ ions on the processes of formation of glass-ceramics. Luminescence of the obtained

materials is caused by superposition of luminescence of impurity Cr3+ ions and Ti3+ ions in octahedral positions

in gahnite nanocrystals. The obtained regularities will be used in the development of glass-ceramics containing

transition metal ions in lower oxidation states.
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Introduction

An important task is the development of phosphors

that do not contain ions of rare earth elements [1].

Ions Ti3+ in crystals and glasses demonstrate broadband

luminescence in the visible and near IR ranges of the

spectrum [1,2] and are of interest for development of

tunable lasers. After development of solid-state lasers of

wide spectral range based on sapphire crystals α-Al2O3

doped with Ti3+ [3–6] ions, the optical properties of

Ti3+ions in different optical materials became the focus of

attention [7–10]. In particular, the magnesium aluminate

spinel single crystals, MgAl2O4, doped with Ti3+ ions

were obtained and studied [11,12]. Zinc aluminate spinel,

ZnAl2O4, gahnite, is also an aluminate spinel. It demon-

strates promising optical, catalytic, dielectric properties,

radiation resistance and high doping capacity for transition

metal ions [13–18]. Since the growth of gahnite single

crystals is a technologically complicated task, it seems

promising to develop transparent glass-ceramics based on

gahnite [19,20]. Until now it was assumed that it was not

possible to synthesize the gahnite crystals doped with Ti3+

ions [17,18].

The goal of this study is to develop and study the

transparent glass-ceramics containing Ti3+ ions in gahnite

nanocrystals. This study is important for development of

phosphors free of rare-earth ions.
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Figure 1. Photos of the polished initial glass (a) and glass-ceramics (b, c), produced by two-stage heat-treatment with the first hold

at 720◦C, second one at 750◦C (b) and 1000◦C (c). The heat-treatment time at each stage is 6 h. Sample thickness is 1.0mm.

Materials and methods

The paper investigated the model ceramizing glass of

zinc-alumosilicate system with addition of titanium dioxide

as a nucleating agent and glass-ceramics produced as a result

of its secondary heat-treatments. Titanium dioxide served

not only as a nucleating agent, but as a source of Ti3+ ions

as well. The glass with composition of 25 ZnO, 25Al2O3,

50 SiO2, 9 TiO2 (mol%) [19–22] and 400 g in weight was

melted in reducing conditions (with addition of coal in

the batch) in a crucible made of quartz ceramics in the

laboratory glass melting furnace at 1580◦C with stirring for

4 h. The glass melt was poured onto a massive metal plate,

and the glass was annealed at 660◦C for 1 h with subsequent

cooling with the annealing furnace.

The glass was cut with a diamond saw into samples that

were heat-treated in two-stage schedules in the Nabertherm

heat-treatment furnace. Based on the previous studies [1–
4], the first stage of heat-treatment, so called nucleation,

was carried out at 720◦C for 6 h. High-temperature heat-

treatment at the crystallization stage was carried out at

temperature from 750 to 1050◦C for 6 h.

As a result, transparent materials of grey and black color

were obtained, the color intensity of which increased as the

heat-treatment temperature was rising (Fig. 1).

The sequence of phase transformations occurring upon

heating of the initial glass and the glass subjected to the nu-

cleation heat-treatment at 720◦C for 6 h, was studied by the

method of differential scanning calorimetry (DSC) using a

differential scanning calorimeter Netzsch STA 449 F3 Jupiter

with dynamic flow of Ar. The DSC curves were recorded

in the temperature range of 20−1200◦C with the rate of

10◦C per second. The glass transition temperature, Tg , the

onset crystallization temperature, Ton, and temperature of

crystallization maximum, Tm, were determined in Proteus

software with error ±1◦C.

Powder X-ray diffraction (XRD) patterns of the glass

and glass-ceramics were recorded using a diffractometer

Shimadzu 6000, irradiation CuKα (λ = 1.5406 Å) with Ni

filter in the angular range of 2θ = 10−80◦ with pitch 0.02◦

and rate of 2◦ per minute. The average diameter of the

gahnite crystals was determined from the line with Miller’s

indices (440) 2θ = 65.5◦ using the Scherrer’s equation [23]:

DXRD =
Kλ

β(2θ) cos θ
, (1)

where DXRD — average diameter of crystals (in Å); K —
dimensionless coefficient of particle shape (K ≈ 1); λ — X-

ray wavelength; β — peak width at half of its maximum in

radians; θ — angle of diffraction, ◦ (Bragg angle).
The error of determination of the average diameter of

nanocrystals depends on their size. In this case the diameter

of nanocrystals was determined with the accuracy of 10%.

The lattice parameter a of ZnAl2O4 was determined from

the line with the Miller indices (440) 2θ = 65.5◦ using the

formula:

a = d(440)

√
32, (2)

where a — lattice parameter of ZnAl2O4, Å; d(440) —
interplanar spacing. The error of detecting the parameter a
is ±0.003 Å.

Raman spectra of the initial and heat-treated glasses

were measured for the specially made flat parallel polished

samples with size of 25× 15mm and thickness of 1mm at

room temperature using a micro-Raman spectrometer InVia

Renishaw in the geometry of back scattering of light using

an edge filter. The Raman spectra were recorded with 30

accumulations of the signal. Raman spectra were excited

by radiation of an Ar+ gas laser at wavelength 514 nm.

Photoluminescence spectra were also measured using this

spectrometer with the excitation wavelength 457 nm of the

same laser.

The absorption spectra of the initial and heat-treated

glasses were recorded in a spectrophotometer Shimadzu

UV3600 in the spectral range of 250−2500 nm with a

step of 1 nm. The samples used were flat parallel polished

plates with size of 25× 15mm and thickness of 1mm. The

natural coefficient of absorption at the wavelength λ was

determined using the formula

αλ = 23
(Dλ − 1)

l
, (3)

Dλ — optical density of the sample at wavelength λ;

1 — losses of light in the sample (reflection from parallel
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surfaces, scattering on glass defects and crystals, light

absorption by unwanted impurities); l — sample thick-

ness, mm.

The value 1 was determined experimentally as light losses

in the initial glass in the spectral range, where there is

no light absorption by the color centers (the wavelength

was chosen as 2200 nm), and was used to calculate the

absorption coefficients of initial and heat-treated glasses.

Results

Fig. 2 presents the DSC curves of the initial glass and

glass after nucleation heat-treatment at 720◦C for 6 h. These

curves differ from each other significantly. There is a

single intense and narrow exothermic peak observed in

the DCS curve of the initial glass. According to the

data of the papers [3,4], this peak is due to the gahnite

crystallization. The glass transition temperature of the initial

glass is Tg = 695◦C, the onset crystallization temperature

is Ton = 812◦C, and the temperature of crystallization

maximum is Tmax = 839◦C. DCS curve of the sample heat-

treated at 720◦C for 6 h, is noticeably different from the

DSC curve of the initial glass. After the preliminary

heat-treatment, the exothermic peak caused by gahnite

crystallization becomes wider and more intense. It occurs

at the temperature that is approximately 40◦C lower than

the peak on the DSC curve of the initial glass, in this case

Ton = 755◦C, and Tmax = 795◦C. Therefore, nucleation heat-

treatment significantly affects the glass structure. It is worth

mentioning that the glass transition temperature Tg increases

slightly after this heat-treatment and equals to 698◦C.

Fig. 3 presents XRD patterns of the initial and heat-

treated glasses. The initial glass is X-ray amorphous, the

maximum of amorphous halo is observed at the angle of

diffraction 2θ = 25.4◦ . Nucleation at 720◦C for 6 h results

in appearence of traces of gahnite nanocrystals with the

cubic spinel structure. After the heat-treatment at 750◦C
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Figure 2. Curves of differential scanning calorimetry: 1 — sample

of initial glass, 2 — sample heat-treated at the nucleation stage at

720◦C for 6 h.
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Figure 3. XRD patterns of the samples of initial (1) and heat-

treated (2−8) glasses. Heat-treatment schedules: 2 — 720◦C,

3 — 720 + 750◦C; 4 — 720 + 850◦C; 5 — 720 + 900◦C; 6 —
720 + 950◦C; 7 — 720 + 1000◦C; 8 — 720 + 1050◦C. Heat-

treatment time at each stage is 6 h. Legend: o — peaks related to

crystals Ti:ZnAl2O4; v — peaks related to crystals TiO2 (rutile).

at the second stage, the composition of the residual glass

remains close to that for quartz glass, since the maximum

of amorphous halo moves to 2θ = 22.7◦ (Fig. 3). The

samples produced by two-stage heat-treatment with the

second stage temperature up to 950◦C inclusive contain

the only crystalline phase — gahnite. The volume fraction

of gahnite crystals increases with the increase of the heat-

treatment temperature at the second stage (Fig. 4, a), and
the average crystal size rises from 6 to 14 nm (Fig. 4, b).
The gahnite lattice parameter a varies from 8.084 Å in

the material produced by heat- treatment at the second

stage at 750◦C, to the maximum value of 8.119 Å (heat-
treatment at 900◦C) and reduces to the value of 8.109 Å
as a result of heat-treatment at 1050◦C (Fig. 4, c). As

a result of heat-treatment at 1000 and 1050◦C the XRD

patterns additionally show weak diffraction peaks of stable

modification of TiO2, rutile (Fig. 3).

Raman spectroscopy is an effective method to study

liquid phase separation occurring upon appearance and

development of titanium-containing amorphous phase in

titania-doped glasses [2]. Raman spectra of the initial glass

and glass-ceramics are shown in Fig. 5.

The Raman spectrum of the initial glass contains wide

bands, low frequency one at ∼ 455 cm−1 and two high

frequency ones at ∼ 800 and ∼ 920 cm−1. Bands ∼ 455

and ∼ 800 cm−1 refer to the vibrations of aluminosili-

cate lattice tetrahedrons in the glass structure, and the

band ∼ 920 cm−1 is related to the vibrations of tetrahe-

drons [TiO4], built into this lattice [2].

After the heat-treatment of the initial glass at 720◦C

for 6 h a small shift of the band is observed from ∼ 455

Optics and Spectroscopy, 2024, Vol. 132, No. 2



Synthesis, structure and spectral properties of transparent glass-ceramics based... 155

750 850 900 950 1000

X
R

D
 i

nt
en

si
ty

, a
rb

. u
ni

ts

Temperature, °C
800 1050

a

750 850 900 950 1000

D
, n

m

Temperature, °C
800 1050

b

750 850 900 950 1000

P
ar

am
et

er
   

, Å
a

Temperature, °C
800 1050

c

0

5

10

15

8.08

8.09

8.11

8.12

8.10

Figure 4. The analysis of the XRD data (a) intensity of diffraction peak of gahnite with Miller index (hkl) (311); b — average size of

gahnite crystals; c — gahnite lattice parameter a depending on the heat-treatment temperature at the second stage. Heat-treatment at the

nucleation stage is 720◦C. Heat-treatment time at each stage is 6 h.

to ∼ 446 cm−1, and the distribution of the intensities

changes in the high frequency bands: the band with the

maximum at 800 cm−1 increases compared to the band with

maximum at 920 cm−1, which means the beginning of liquid

phase separation of the initial glass [20].

After the two-stage heat-treatment with temperature

750◦C at the second stage one may observe in the Raman

spectrum the shift of the band maximum position at ∼ 800

to ∼ 790 cm−1 and the growth of band intensities with

maxima at ∼ 446 and ∼ 790 cm−1. Besides, the band in the

range of ∼ 930 cm−1nearly disappears. These changes are

related to the development of the liquid phase separation

and continuation of the formation of zincaluminotitanate

liquid phase separated regions [20]. The intense band with

the maximum at ∼ 790 cm−1, related to the vibrations of

groups [TiO5] and [TiO6] in these regions, is imposed upon

the weak band at 800 cm−1, related with the vibrations

of aluminosilicate lattice tetrahedrons in the initial glass.

Weak bands also appear at 196, 419 and 658 cm−1,

due to the vibrations in gahnite nanocrystals [22]. In

Raman spectra of samples prepared by heat-treatment at

the second stage at the temperature 850−1050◦C, the

bands are increased in intensity, which belong to the

vibrations in the gahnite crystals [22], and bands also appear

at ∼ 714 and ∼ 786 cm−1, provided for by appearance of a

partially inverse structure of these crystals [24,25]. Weak

bands at ∼ 940 and ∼ 1106 cm−1 in the high-frequency

range of Raman spectrum are related to the vibration

modes of the isolated titanium centers Ti4+ in the residual

glass [20]. After the heat-treatment at the second stage at

temperatures 1000 and 1050◦C the gahnite band intensity

in the spectra increases, and the intensity of the wide

band 786 cm−1 gradually decreases. Vibrations appear and

strengthen at 144, ∼ 238, 440 and 608 cm−1, due to the

rutile crystallization [20]. The obtained data are not only

compliant with the XRD analysis data, but also make it

possible to follow the transformations in the liquid phase

separated titanate phase.

Optics and Spectroscopy, 2024, Vol. 132, No. 2
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Figure 5. Raman spectra of the samples of initial (1) and the

heat-treated (2−8) glasses. Heat-treatment schedules: 2 — 720◦C,

3 — 720 + 750◦C; 4 — 720 + 850◦C; 5 — 720 + 900◦C; 6 —
720 + 950◦C; 7 — 720 + 1000◦C; 8 — 720 + 1050◦C. Heat-

treatment time at each stage is 6 h. The excitation wavelength

is 514 nm. Legend: o — vibrations related to crystals Ti:ZnAl2O4;

v — vibrations related to crystals TiO2(rutile).

The absorption spectra of the initial glass, the glass after

the nucleation heat-treatment and glass-ceramics produced

by two-stage heat-treatment in the temperature range at the

second stage 750−1050◦C, are provided in Fig. 6, a, b.

It is known that the titanium ions in glasses exist in two

oxidation states, Ti3+ (electron configuration 3d1) and Ti4+

(electron configuration 3d0). The ion Ti3+ in the ligand field

may have two absorption bands. The wide asymmetric band

caused by transition 2T2g → Eg of ions Ti3+ in octahedral

(Oh) symmetry in silicate glasses is usually located in the

spectral area from 480 to 700 nm depending on the ligand

field strength and extent of distortion of its symmetry [8].
Absorption with the maximum at the wavelength ∼ 800 nm

is caused by pairs Ti3+−Ti4+ [26]. The band caused by

the transition Eg → 2T2g of ions Ti3+ in the ligand field of

tetrahedral Td) symmetry is located at about 1000 nm [27].
The oxygen — metal charge transfer band from the oxygen

ions to the titanium ions Ti3+ (OMCT) O-Ti3+ is in the

UV spectral range at ∼ 240 nm [28]. Because of unfilled

3d-orbitals the ions Ti4+ have no d−d-transitions. The

oxygen — metal charge transfer band from the oxygen ions

to the titanium ions Ti4+ (OMCT) O-Ti4+ is in the UV

spectral range at the wavelength of around 300 nm [29].

In different minerals the intervalence charge transfer

Ti4+−Ti3+ (IVCT) results in appearance of the absorption

band in the range ∼ 480 nm [29] or 660−670 nm [30].

In the spectrum of the initial glass the absorption edge

defined as the value of the wavelength produced when

crossing the straight line tangent to UV edge of the

absorption spectrum, with axis x , is at the wavelength

340 nm (Fig. 6, b). In this spectrum we also observe the

nonstructured absorption band in the range from ∼ 370

to 1200 nm with maximum at ∼ 494 nm, related to ab-

sorption of ions Ti3+ in the distorted octahedral (transition
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Figure 6. Absorption spectra of the samples of initial (1)
and heat-treated (2−7) glasses (a) in the wavelength range

300−2500 nm; b — in the wavelength range 300−500 nm. Heat-

treatment schedules: 2 — 720◦C, 3 — 720 + 750◦C; 4 —
720 + 850◦C; 5 — 720 + 950◦C; 6 — 720 + 1000◦C; 7 —
720 + 1050◦C. Heat-treatment time at each stage is 6 h.

T2g → Eg) and, possibly, to some extent, in the tetrahedral

coordination (transition Eg → 2T2g) in the initial zincalu-

minosilicate glass. After nucleation of the initial glass, its

absorption spectrum shows a slight shift of the absorption

edge from 340 to 343 nm, increased intensity and widening

of the absorption band located in the visible and near IR

spectral range (up to 1500 nm). The maximum of this wide

absorption band is at 725 nm.

The absorption edge in the spectrum of the sample

produced by the two-stage heat-treatment with temperature

750◦C at the second stage matches the position of the

absorption edge in the spectrum of the glass heat-treated

at the nucleation stage, and is at 343 nm. The absorption

edge in the spectrum of the sample produced by two-stage

heat-treatment with temperature 850◦C at the second stage

is observed at 353 nm. Rise in the temperature of heat-

treatment at the second stage up to 900, 950, 1000 and

1050◦C results in the shift of the absorption edge to the

values of 353, 350, 405 and 412 nm accordingly (Fig. 6, b).
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Figure 7. Luminescence spectra of the initial glass (1), of

the sample produced by heat-treatment at 720 (2), at 720 and

1000◦C (3). The excitation wavelength is 457 nm. Heat-treatment

time at each stage is 6 h.

In the spectra of glass-ceramics the unstructured and

wideband absorption in the visible and near IR regions

becomes more intense with the raise of heat-treatment

temperature at the second stage, and the absorption

maximum position moves to longer wavelengths, namely

from ∼ 760 nm (heat-treatment at 750◦C) to ∼ 917 nm

(heat-treatment at 1050◦C). Such band may be related to

absorption caused by ions Ti3+ in octahedral coordination

(transition T2g → Eg), and intervalence charge transfer

(IVCT) Ti3+−Ti4+ [7].

Luminescence spectra of the initial glass, the glass

subjected to the heat-treatment at the nucleation stage and

the glass-ceramic produced by heat-treatment of the initial

glass at 1000◦C, are shown in Fig. 7. The luminescence

spectrum of the initial glass is a wide non-structured

band with maximum at ∼ 837 nm. After heat-treatment at

720◦C the substantial changes occur in the luminescence

spectrum — the maximum disappears at 837 nm, a weak

non-structured band occurs at about 700 nm with maxima

at 680, 687, 699, 709 and 718 nm, and also a tail stretching

to 900 nm, and with maximum at 774 nm. The spectrum of

the sample obtained by heat-treatment at 1000◦C, represents

a wide intense band in the range from 570 to 900 nm with

maxima at 668, 680, 687, 699, 709, 718 and 724 nm.

Discussion

The sequence of phase transformations observed during

the heat-treatment of the initial glass produced in reducing

conditions is similar to such for ceramizing titanium-

containing glasses of zincaluminosilicate system melted

under oxidizing conditions [19,20]. In particular, the Raman

spectrum of the initial glass indicates the presence of

complexes [Ti4+O4]
4− in it. Therefore, it may be assumed

that the fraction of ions Ti4+in the glass obtained under

reducing conditions is prevalent, and it determines the

process of liquid phase separation that results in gahnite

crystallization when the temperature of the secondary heat-

treatment rises. Nevertheless, the absorption spectrum of

the initial glass indicates the presence of ions Ti3+ in the

glass in the octahedral ligand field (Fig. 6). Appearance

of gahnite nanocrystals, the traces of which are even found

in the sample heat-treated at 720◦C, and the raise of their

volume fraction when heat-treatment temperature increase

result in the growth of the absorption intensity caused by

the ions Ti3+, entering into these crystals.

According to the literature data, the lattice parameter of

gahnite is 8.086 Å (PDF#74-1136). Gahnite that crystallizes

at the heat-treatment temperature of 750◦C, corresponds to

normal spinel with low degree of inversion [31]. Increase

of the heat-treatment temperature to 900◦C causes consid-

erable increase of the lattice parameter a to the value of

8.120 Å. Upon further increase of heat-treatment tempera-

ture the value of the parameter a somewhat reduces, being

much higher than the value characteristic for normal spinel.

The growth of the spinel lattice parameter may be related

to the content of titanium ions in its structure with different

valences, not only Ti4+, but also Ti3+.

Narrow lines in the luminescence spectrum of glass-

ceramic produced by heat-treatment at 1000◦C, comply

with the luminescence spectrum of chromium ions Cr3+

in octahedral Oh sites in gahnite nanocrystals [32,33]. It

means that the change in the luminescent properties of

the initial glass during heat-treatment should be related to

extrinsic ions Cr3+, which are located in different phases

of multiphase materials. Note that chromium ions are

an unwanted impurity in zinc and aluminium oxides [33].
The luminescence spectrum of the initial glass is similar

to the luminescence spectra of silicate glasses containing

Cr3+ ions in the distorted octahedral symmetry in the

weak ligand field [34]. Appearance of spectral signs of

Cr3+ ions in the crystals of zinc aluminate spinel after

heat-treatment at 720◦C is confirmed by the data of XRD

analysis on crystallization of small quantities of gahnite

during this heat-treatment. In the luminescence spectrum

of the glass-ceramic prepared by heat-treatment at 1000◦C,

narrow peaks at wavelengths 668, 680, 687, 689, 695, 698,

709, 718 and 724 nm are on the background of a wide

non-structured luminescence band with the maximum in the

range of 700 nm, caused evidently by Ti3+ ions in gahnite [2]
nanocrystals and Cr3+ ions in the residual glass.

Conclusions

Phase transformations were studied in titanium-containing

glasses of the zincaluminosilicate system melted under

reducing conditions. It was found that the reducing melting

conditions impact the character of phase transformations.

Raman spectra demonstrated that the initial glass had

complexes [Ti4+O4]
4−, and their fraction was high. A larg

Optics and Spectroscopy, 2024, Vol. 132, No. 2
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fraction of Ti4+ ions in the initial glass plays a decisive role

in the phase decomposition kinetics.

The absorption spectrum of the initial glass indicates

the presence of Ti3+ ions in the glass in the octahedral

ligand field. In the absorption spectra of samples prepared

by secondary heat-treatment, the increase of intensity of

absorption caused by ions Ti3+ is observed.

As the heat-treatment temperature increases, gahnite

nanocrystals appear and grow in the glass. Titanium ions

enter into the composition of gahnite crystals, which is

confirmed by the increase in the lattice parameter. As

the volume fraction of gahnite crystals grows with rising

temperature, the fraction of Ti3+ ions in the gahnite

structure increases too.

Luminescent properties of the studied material when

excited by a laser with excitation wavelength 453 nm are

determined by extrinsic ions Cr3+ and Ti3+ in octahedral

positions in the gahnite crystals.
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