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ABSTRACT. Ni:MgAl;04 spinel shows a reversible random Ni?* site redistribution
with increasing temperature. With the aim of determining the influence of the
structure evolution induced by heat-treatment on the nature of luminescence centers
in NiO-doped spinel-based magnesium aluminosilicate glass-ceramics nucleated by a
mixture of TiO2 and ZrO;, the detailed spectroscopic study of the initial glass during its
heat- treatments at increasing and decreasing temperatures has been performed and
accompanied by an XRD analysis and Raman spectroscopy. The initial glass was X-ray

amorphous. Its optical spectrum is mainly

formed by absorption of PINi?* sites with a small amount of “INi?* ones. Crystals

of the nucleating catalyst, ZrTiOa4, about 4 nm in size, appear during heat-treatment at
800 °C, while the absorption spectrum of Ni?* ions remains near unchanged. At 850

°C, spinel crystals with size of about 6 nm precipitate, which is accompanied by a



broadband luminescence in the near-IR centered at 1330 nm with a bandwidth of 380

nm. At 950 °C, there is a slight reduction in intensity of absorption bands attributed to
[6INi2*, which can be explained by a tendency toward random Ni?* site redistribution with
increasing temperature. A decrease in the amount of the ®INi?* luminescent centers is
not accompanied by a decrease in the luminescence intensity because of the
increased size of spinel crystals. Additional low-temperature heat-treatment does not
lead to a redistribution between ®INi?* and “INi?* sites in spinel crystals in favor of
[6INi2* ones. An increase of the luminescence intensity after low-temperature heat-

treatment is associated with additional spinel crystallization.



1. Introduction

Divalent nickel (Ni?*) ions with octahedral symmetry of the ligand field

exhibit broadband emission in the near-IR spectral range (1-2 pm) featuring a
relatively long luminescence lifetime, which is due to the 3T2(3F) — 3Az(3F)

transition [1-15] and Refs. therein. Various materials were considered in recent

years for Ni2* doping, namely, glasses, transparent glass-ceramics, ceramics and
crystals. Luminescent Ni?*-doped materials are of interest because of their suitability

for broadband optical amplifiers and for optical communications. The effect of Ni?*

ions on structure and dielectric properties of materials was also studied [16-19].

For targeting broadband light amplification, transparent glass- ceramics are rather

suitable because they can be used to fabricate fiber devices. Ni2*-doped transparent

glass-ceramics are typically obtained by specially designed secondary heat-

treatments of initial glasses with proper compositions. This ensures precipitation of

desired nanocrystalline phases offering octahedral site symmetry for Ni?* ions and

maintains the material transparency.

Recetitly developed Ni-dope spinel nanostructures [10,11] demonstrated
optical and magnetic bifunctional properties that have promising potential application
in the fields of magnetic information storage, biological diagnosis and optical
communication. Transparent NiO-doped glass-ceramics containing various crystals
with spinel structure were successfully elaborated as well. They demonstrate

broadband emission in the near-IR [20-37]. In these glass-ceramics, emitting centers

are Ni?* ions located in spinel nanocrystals in octahedral coordination sites. The

stoichiometry of spinel can vary significantly [38-41], Mg-Al spinels are represented
as Mg0-nAlz03, for n=1 it is stoichiometric and any other value of n results in non-
stoichiometric spinels. The structure of spinels with the general formula AB204,

where A ions are located in tetrahedral sites and B ions in octahedral sites (normal



spinel), is rendered complicated by disordering of the cations between the A and B
sites (intermediate and inverse spinels) [42,43]. MgAl;04 is a normal spinel, with

space group Fd3m. There are 8 formula units per cell with the oxygen ions forming a

cubic close-packed struc- ture. The AlI3* and Mg?* ions have octahedral and

tetrahedral co- ordination with oxygen, respectively.

MgAl;04 spinel demonstrates the effect of rapid disordering of Mg and Al cations

at high temperatures and subsequent quenching of disorder when the spinel is

rapidly cooled down to ambient temperature. The distribution of Ni2* ions between

octahedral and tetrahedral sites depends upon spinel composition, NiO
concentration and conditions of preparation (temperature, time, pressure, etc.) [44].

The detailed knowledge of regularities of phase separation and crystallization of

Ni2*-doped glasses, distribution of Ni?*ions between different phases in glass-

ceramics and between octahedral and tetrahedral sites in spinel crystals allows for
con- trolling the luminescence efficiency of the material in the near-IR [33,45]. In

spite of the fact that spinel-based glass-ceramics of the Mg0-Al;03-Si02 system were

developed long ago, we found only one paper on luminescent properties of Ni2+*-

doped spinel-based glass-ceramics of the Mg0-Al203-Si02-TiO2 system [25]. Wu et
al. demonstrated this glass-ceramic is a promising material for applications in tunable
lasers and broadband amplifiers. However, due to incorrect attribution of the
magnesium aluminotitanate phase to b-quartz solid solution [25], the authors
concluded that spinel was the secondary phase precipitated additionally to b-quartz
solid solution [27], and moved their research activity to gallium-doped spinel-based

MAS glass-ceramics [27]. We did not find any study of luminescent properties of

Ni?2*-doped spinel-based glass-ceramics of the Mg0-Al>03-SiO; system nucleated by

TiO2 and ZrO-.

In Ref. [46], the Ni environment in the glass and the glass-ceramics of the MAS
ternary system with ZrO; and TiOz was sys- tematically investigated in situ at high
temperature using optical absorption spectroscopy and X-ray absorption
spectroscopy. The aim of the present study is to follow the structural evolution of

MAS glass-ceramics of the optimized composition nucleated by a mixture of ZrO; and



TiO2 and doped with NiO prepared at different heat-treatment temperatures and to
connect it with the evolution of luminescence characteristics of glass-ceramics. The
detailed analysis of the luminescent properties of glass-ceramics in relation to
structure of the emitting centers is essential for the development of new luminescent
materials. We expected that randomization of the spinel structure in glass-ceramics
prepared by high- temperature heat-treatments and its ordering in subsequent low-
temperature heat-treatments will be revealed in the intensity of the luminescence

signal. To the best of our knowledge, it is the firsttime that such study is performed.

2.Experimental

21 Sample preparation

Magnesium aluminosilicate glasses with the composition (mol %) 20 MgO, 20
Al203, 60 SiO2 were prepared with the addition of nucleating agents (TiO2 and Zr0O2)
and NiO. The nominal glass compositions are 18.0 MgO, 18.0 Al203, 54.0 SiO2, 4.5 TiOo,
4.5 Zr0O2, 1.0 NiO and 17.95 MgO, 17.95 Al:03, 53.9 SiO2, 4.5 TiO2, 4.5 ZrOz, 1.2 NiO
(mol%). Glasses were melted at 1580°C for 4 h (h) under stir- ring, poured onto a cold
metal plate and annealed at 660°C. Then one-stage heat-treatments at 800°C for 3
and 6 h were applied. In two-stage heat-treatments, the first heat-treatment at 800°C
for 3 h was accompanied by the second one either at 850°C or at 950°C for 3 h. In
another heat-treatment schedule, the temperature and the duration were selected as
follows: 1) 800°C for 1-3 h, 2) 850°C for 1-3 h, 3) 950°C for 1-3 h and 4) 850°C for 193
h. Based on preliminary studies [33], the duration and the temperature of these heat-
treatments were optimized in order to investigate structural changes in a reasonable

experimental time.

22, X-ray diffraction



X-ray diffraction (XRD) analysis was carried out on a PANalytical X'Pert RO
diffractometer with nickel-filtered Cu Ka radiation. XRD patterns were acquired in
situ at high temperature using an Anton Paar HTK 1200 furnace, over an angular
range 24°<20<60° with an acquisition time of 30 min. We have selected this angular
range to reduce the acquisition time. The main diffraction peaks of the studied
crystalline phases are clearly visible on such XRD patterns. Coarse powders were
used to limit surface crystallization. Crystalline phases were determined using the X-

Pert High Score Plus software [47].

XRD patterns of powdered samples were also measured with a Shimadzu XRD-

6000 diffractometer with nickel-filtered Cu Ka radiation over an angular range

24°<20<80°. The mean crystal sizes were estimated from broadening of X-ray peaks

according to Scherrer's equation:
D = KA/A(26)cos6, (1)

where K is a constant assumed to be 1 [48], A is thewavelength of X- ray radiation,
0 is the diffraction angle, and A(2 0) is the full width at half maximum. The error in the
mean crystal size estimation is about 5%. The unit cell parameter a was estimated from
the position of the (440) plane of the spinel crystal. Relative amounts of spinel were
estimated by measuring intensity of the diffraction peak of spinel around 2 6=45°,

which corresponds to the reflection from the (400) plane.

23 Raman spectroscopy

Unpolarized Raman spectra were measured in backscattering geometry on an
InVia (Renishaw, England) Micro-Raman spectrometer equipped with the

multichannel detector cooled up to 70°C. The spectra were excited by Art CW laser

line of 514 nm. Leica 50 (N.A. 0.75) objective was used for illuminating the sample;
the scattered light was collected by the same objective. Edge filter was placed before
the spectrograph entrance slit; a spatial resolution was of 2 cm-! and acquisition time

was 50 s.



24, Optical spectroscopy

The UV-visible-NIR absorption spectra of polished samples in the UV, visible
and near-IR were carried out in situ in the temperature range from 25 to 950°C in
transmission mode on a Perkin Elmer Lambda 1050 spectrometer in the range

between 400 and 1700 nm (from 6000 to 25000 cm1) with a 2 nm step. Absorbance

spectra were normalized to the sample thickness and Ni?* concentration. The

samples with diameter of 1-3 cm and thickness of 0.5-1 mm were held between two
sapphire windows, placed inside a heating stage (Linkam TS1500) using a special
set-up [49]. The heating rate between the temperature plateaus was set to 100°C / min.

The speed of data acquisition (10 min) allows the determination of kinetics

information on the local structural changes around Ni?* ions during phase

transformations in the glass matrix.

Room-temperature absorption spectra were recorded also by using a double-
beam spectrophotometer (Shimadzu UV 3600) in the range between 2500 and 250
nm (from 4000 to 40000 cm). The samples were 1 mm-thick polished plates.

Absorbance spectrawere normalized to the sample thickness.

25, Photoluminescence properties

For investigation of photoluminescence (PL) spectra and decay curves, the glass
samples doped with 1 mol% NiO (1 mm-thick polished plates) were heat-treated
according to the heat-treatment schedules listed above, namely at 800°C for 3 h, and
then sequentially at 850°C for 1-3 h, at 950°C for 1-3 h and again at 850°C for 1-3 h

(in increments of 1 h).

PL was excited at 960 nm by focused radiation of CW 1 W InGaAs laser diode. It

was collected in orthogonal direction by a wide-aperture lens, reimaged to the input
Va

slit of a monochromator (SBW 2 nm) and then detected with a lock-in amplifier and a

Hamamatsu G5851 photodetector. The spectrum was measured in the spectral range



of 1000-1800 nm.

For time-resolved study, laser output from an optical parametric oscillator (20 ns
pulse duration) was used. The detection system was similar to that described above
for the PL experiment (a 500 MHz digital oscilloscope was also used). Excitation was
per- formed closely to additionally polished side face of the sample in order to avoid

reabsorption and scattering losses.

3.Results

The regularities of phase transformations were studied using the glass doped
with 1.2 mol% NiO. Initial glass with a brown coloration is transparent (Fig. 1). After
heat-treatment at the nucleation stage, 800°C for 3 h, there is no color change. After
heat treatment at the second stage at 850°C for 3 h, it becomes green; after the third
hold at 950°C for 3 h, the color changes to blue turquoise, after the next hold at
lower temperature, it becomes slightly darker. The materials remain transparent

after these heat- treatments.

31 X-ray diffraction study

In situ XRD measurements are useful to study the kinetics of crystal phase
precipitation and to determine the crystallization sequence in details. The initial glass
shows no Bragg peaks using X-ray diffraction (Fig. 2a). Similar to Ref. [42], a Bragg
peak at 20 of about 30° appears just after the heat-treatment for 0.5 h at 800°C.
Owing to very small particle sizes and small quantity of crystals, it is difficult to
attribute this phase unambiguously to ZrTiO4 [46,50,51] or to disordered (Zr,Ti)O2
solid solution [52,53]. The peak at 2 6~30° slightly increases in intensity during this

temperature stage andbecomes narrower owing to the increase of the crystal size.

After the heat-treatment at 850°C only for 0.5 h, additional peaks at 37° and 45°

can be detected due to spinel crystallization. The anomalously high intensity of the



peak at 30-3° justifies a superposition of the spinel peak with the main peak of the
zirco- nium titanate phase. The intensity of all peaks increases with time and with
increasing temperature up to 950°C. The peaks at 50° and 59° (the latter is clearly
seen in spite of the fact that the XRD pat- terns were recorded till 60°) are also
observed indicating higher volume concentrations of the zirconium titanate and
spinel crystals, respectively. Additional holding at 850°C for 0.5-3 h does not show

any change in the phase composition of the glass-ceramic sample (not shown).

With the aim to confirm in situ XRD findings, we made similar heat-treatments in
an annealing furnace and performed an XRD analysis of the samples (Fig. 2b). It
provided a better signal-to-noise ratio for the XRD patterns. According to XRD analysis
(Fig. 2b), after heat-treatment at 800°C for 3 h, crystals of ZrTiOs4 are detected.
Their fraction increases when the duration of heat-treatment increases to 6 h, while
spinel crystallizes additionally at elevated temperatures of 850°C and 950°C. These

data correspond to the in situ XRD data.

Initial glass 800°C/3h  800°C/3h+ 800°C/3h+ 800°C/3h+
850°C/3h  850°C/3h+ = 8502E/Sirs

9502C/3h 9508 C/S1E

850°C/3h

: . | |

Fig. 1. Color variation in glass and glass-ceramics doped with 1.2 mol% NiO

after different stages of heat treatment.
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Fig. 2. (a) High temperature XRD patterns of the glass sample doped with 1.2
mol% NiO measured successively at 800°C, 850°C and 950°C as a function of time. (b)
Ex situ XRD patterns of the initial and heat-treated glass doped with 1.2 mol% NiO.
The numbers indicate the heat-treatment schedules. The “S” and “Z” labels indicate
the XRD peaks attributed to spinel and ZrTiO4, respectively. The patterns are

shifted for the convenience of observation.

32 Raman spectroscopy study

The Raman spectrum of the initial glass doped with 1.2 mol% NiO (Fig. 3)
demonstrates the middle-range band with a maximum at ~460 cm-! and a broad
high-frequency envelope with two pronounced maxima at ~800 cm! and 920 cm-! and
a smaller peak at ~1100 cm'l. The Raman spectrum of the same magnesium
aluminosilicate glass without nucleating agents [54] has broad bands being
characteristic for aluminosilicate network, appearing at ~470 cm! and associated
with motions of bridged oxygen in T-O-T linkages, where T is Si or Al [55], at ~800 cm-1!
(assigned to Si-O stretching of different origin [56]), and at ~1015 cm-! (assigned to
stretching vibrations of the fully polymerized tetrahedral Si(OAl)y network units,
where y is the number of AlO4 tetrahedra connected to a SiO4 tetrahedron [55] or to

(Si,Al)-NBO and (Si,Al)-BO (NBO denotes non-bridging O atoms and BO bridging O



atoms) stretch bands [57]). The Raman spectrum of the initial magnesium
aluminosilicate glass of the same base composition nucleated solely by ZrO: [58] is
very similar to the spectrum of the base glass without any nucleating agent. It does

not have any high frequency band at about 900 cm-1.

The Raman spectrum of amorphous ZrOz contains three distinct peaks at 148,
263 and 476 cm-! assigned to small ordered regions that do not produce diffraction
peaks, and a very wide envelope in the middle-frequency region with a tail which
spans to 750- 800 cm-! [59] while the Raman spectrum of amorphous ZrTiO4 has
broad bands at 145, 290, 410, 645 and 780 cm-! [60]. Thus, in the Raman spectrum of
the initial glass under study, the broad band at about 920 cm! should be related to
the presence of titania. Indeed, the [TiO4] tetrahedra are known to enter the silicate
network, which leads to the appearance of a rather intense Raman band at ~ 910 cm-!
[54,61-64]. In the Raman spectrum of the glass under study with a mixture of nucleating
agents, the high-frequency band is located at about 920 cm-1, in contrast to its position of

~900 cm! in the Raman spectrum of the same glass doped only by TiOz [54].

T I‘ Z T T T T
s /S
-\ S

i Z, 1 A =514 nm
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Fig. 3. Raman spectra of initial and heat-treated glasses doped with 1.2 mol%
NiO. The “S” and “Z” labels indicate the Raman peaks attributed to spinel and
ZrTiOg4, respec- tively. The excitation wavelength is 514 nm. The spectra are shifted

for the convenience of observation.



We can assume that this difference is caused by the presence of zirconium ions
in the glass network. Possible incorporation of zirconium ions in the silicate network
could lead to a change of lengths and of elastic constants of the bonds between the
[TiO4] and [SiO4] tetrahedrons (Ti-O-Si), which could result in the shift of a Raman
band of 20 cm-1. This effect of Zr on the position of this band could be an indirect

indication of the close proximity of Ti and Zr ions.

After the heat-treatment at 800°C for 6 h, the Raman spectrum changes
pronouncedly: the main middle-range band is shifted to ~440 cm', and a
redistribution of intensity in the spectrum of the high-frequency band in favor of the
band at ~790 cm-! (Fig. 3) is observed. A very weak broad band at 220-370 cm is
superimposed on the low-frequency side of the band at about 440 cm-1. A similar very
broad and weak band at ~220-370 cm-! was observed earlier in Raman spectra of
glasses of the zinc alumino-silicate system nucleated by a mixture of TiOz and ZrO:
and containing nickel oxide [45]. There is also a band at 154 cml. The changes in the
Raman spectrum of the sample heat-treated at 800°C testify the phase separation of
glass and appearance of Ti,Zr- containing phase. The peak at 154 cm-! is probably due to
formation of inhomogeneous regions enriched with zirconium and titanium oxides
and crystallization within these regions [60,65-68], which is confirmed by XRD data
(crystallization of the zirconium titanate crystals). A decrease in intensity of the band
at ~920 cm'! and a simultaneous growth of the band at ~790 cm-! (as well as in the
spectrum of the MAS glass nucleated solely by TiOz [54]) is associated with the
titanium coordination change. The main contribution to the intensity of the band
~790 cm is connected with titania polyhedra with coordination higher than 4 and
with possible distortions as a result of liquid phase separation with formation of
amorphous aluminotitanate phase, which, apparently, includes zirconium, magnesium
and nickel ions. The shift of the position of the main Raman band from 460 cm-! (motions
of bridged oxygen in T-O-T linkages, where T is Si or Al [55]) to ~ 440 cm! (the position
characteristic for the Raman spectrum of vitreous silica [69]), is also a result of
phase separation of the initial glass because the silicate matrix becomes depleted by

titanium and zirconium oxides.

The spectral changes are increased after two-stage heat-treatments with a



second stage at 850 and 950°C. After the two-stage heat-treatment at 800°C for 3 h
and at 850°C for 3 h, intensity of the broad band at ~790 cm! increases at the
expense of the band located at 920 cm-! and the bands at 154, ~276, 415, ~487 and 646
cm-l arise. After heat-treatment at 800°C for 3 h and at 950°C for 3 h, two additional
bands evolve at ~600 and ~728 cm-1. For zirconium titanate crystals, the characteristic
bands are located at 154-158, 269, 331, 415, 590, 646 and 795 cm, of which the
most intense are bands at 154e158, 269, 415 and 646 cm™ [65-68]. Therefore,
most of the Raman bands observed in the studied spectra can be attributed to
zirconium titanate (Table 1). Among all the Raman bands characteristic for MgAlO4
spinel [70-72], only that at ~730 cm! is clearly seen in the Raman spectrum, and it is
only in the spectrum of glass-ceramics prepared at the highest temperature (by the
two-stage heat-treatments with the second hold at 950°C). All other spinel bands,
including the most intense Raman band located at ~410 cm1, are not apparent, which
is probably because they are overlapped by more intense and broad bands due to
zirconium titanate and the residual glass (see Table 1). We doubt the band at ~487
cm'! can be attributed to spinel, because in this case, according to Ref. [71], its
intensity would have been several times weaker than that of the peak at ~410 cm-1.
H. Cynn et al. [71] demonstrated that the band at ~730 cm™ can be assigned to a
fundamental Raman-active vibration of AlO4 tetrahedra, created by redistribution of
some aluminum ions from octahedral to tetrahedral sites. Thus, the Raman spectrum
bears the evidence of spinel disordering with the increase of heat-treatment
temperature from 850 to 950°C. The broad bands of low intensity at ~942 and ~1107
cm! that appear in the Raman spectrum of the glass-ceramics prepared by the second
hold at 950°C suggest that a small amount of titanium ions remains in the residual

highly siliceous glass [73].



Table 1. Experimental Raman frequencies (in cm-1) for ZrTiO4 according to [51-54], for synthetic

MgAl;04 [56-58] and present glass-ceramics.

ZrTiO4 MgAl;04 Glass-ceramics, | Glass-ceramics, Glass-ceramics,
800°C,6h 800°C,3h 800°C,3h
+8500°C,3h +9500°C,3h
154-160 154 151 149
269-290 ~280 ~276 ~276
~310 ~300 ~300
320-331
400-415 ~410 415 415
440
490 [57] ~487 ~487 ~487
566-590
603-626 604 604
637-646 670 644 644
727 730 730
770
792-802 790 790 790
33. Optical absorption spectroscopy

The optical absorption spectrum of the initial glass (Fig. 4) is very similar to the
previously obtained one for the same Ni-bearing magnesium aluminosilicate base

glass nucleated by a larger content of nucleating agents, 6 mol% TiO2 and 6 mol% ZrO

[46]. It is interpreted as mainly fivefold coordinated Ni2+ in trigonal bipyramid ([5INi)

sites (22 900 cm™! band) with a small amount of tetrahedral ([4INi2+) sites (15 500 cm-

1 band) [46]. A detailed interpretation of absorption bands can be found elsewhere

[33,74].

In the absorption spectrum of the glass heat-treated at 800°C for 3 h and for 6 h,
a pronounced red shift of the absorption edge is clearly visible. The main part of the

spectrum remains unchanged after 3 h of heat-treatment while the intensity of the
characteristic band of five-fold coordinated Ni?*+ ions slightly decreases after the 6 h
holding. The shift of the absorption edge indicates liquid phase separation and

beginning of ZrTiO4 crystallization (Fig. 2). Indeed, ZrTiO4 has an optical band gap at
3.09 eV [68], and its crystallization causes the shift of the absorption band edge [75].



At 850°C, in- tensities of all [5INi2+ and [#INi2* bands in glass decrease because of

formation of the [INi2*+ and [#INi2*+ species in spinel nanocrystals. Absorption bands

due to [6INi2 species that are above 25 000 cm-! overlap with the UV-absorption edge.

[6]Ni2+ species also contribute to bands at about 16 000 cm-! and 9000 cm-! [5,7]. A

broad band at 16 600 cm! can be connected with absorption of [4INi2+ and [6INi2+

sites that appear during spinel crystallization superimposed with absorption of

[4INi2+ sites still remaining in the residual glass. The color of the sample changes to

green (Fig. 1).

30
| ——800°C/ 3h
[ = Initial glass
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Fig. 4. Optical absorption spectra of the initial and heat-treated glasses

doped with 1.2 mol% NiO.

When increasing the heat-treatment temperature to 950°C, we observe a

pronounced decrease of the intensity of the [PINi2+ and [*INi2+ bands in the residual
glass. It is especially clear from the absence of the [’INi2+ band at ~22 900 cm-1. Ni2*

ions are strongly partitioned between the [4INi2+ and [6INi2* sites in spinel. This



coordination change causes the change in coloration of the sample from green to

blue turquoise (Fig. 1).

34. In situ UV-Visble-NIR spectra

In situ UV-Visible-NIR absorption spectroscopy (Fig. 5) not only confirmed the
variations of absorption spectra with heat- treatments (Fig. 4), but also gave

additional information on kinetics of spectral transformations. From the absorption

spectra measured during the isotherm at the 800 °C hold, one can see that the
spectral changes begin as soon as ZrTiO4 crystals start precipitating, and the band

intensity of the [INi2*+ ions at above 20000 cm! decreases at this stage, which

suggests the beginning of the [6INi2* ions formation. Indeed, Ni2* ions can enter into

the structure of ZrTiO4 crystals, where they are located in distorted octahedral sites
[76]. The spectra are changed pronouncedly as soon as the temperature is raised to

850°C, so that the beginning of the spinel precipitation is accompanied by the rapid

decrease of the [5INi2* fraction and increasing of the [6INi2+ fraction. Almost no

change is observed in the absorption spectrum after 2 h of heat- treatment at 850°C.

Absorption bands in the visible and in the NIR spectral regions associated with

Ni2* absorption in spinel nanocrystals become more distinct after additional heat-

treatment at 950°C for 20 min. Further holds let the spectrum near unchanged. No
spectral change was found after the additional heat- treatment at the lower

temperature of 850°C (not shown here).

The second part of the research, the search for the correlation between the
structure, absorption and luminescence properties of Ni-doped spinel-based glass-
ceramics was performed using the samples of the same composition doped with 1
mol% NiO. They were heat-treated successively at 800°C, 850°C, 950°C and again at
850°C. All the measurements were performed at room temperature. The features of
phase transformations revealed for glasses doped with 1 and 1.2 mol% NiO were

rather similar.
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Fig. 5. [sothermal measurements carried out on the heat-treated glasses doped
with 1.2% NiO and measured successively at (a) 800°C, (b) 850°C and (c) 950°C as
a function of time. The grey dotted line on the isotherm at 950°C is a guide for

the eyes.

35. Luminescence study

The initial glass and samples heat-treated at 800°C for 1-3h show no near-IR
PL. In contrast, the sample heat-treated at the first stage at 800°C for 3 h and at the
second stage at 850°C for 1 h and those with subsequent heat-treatments are

characterized by an intense and broad PL band spanning across the range of 1.0€1.8 mm

and related to the 3T (3F)—3A:; (3°F) radiative transition for Ni?* ions located in

octahedral sites in spinel nanocrystals [6,7]. The PL spectra are summarized in Fig. 6.
Their analysis (the values of integrated PL intensity, peak wavelength lyeak, full width
at half maximum, FWHM, and the mean PL decay time), is presented in Fig. 7a-c. With
the increase of the heat-treatment duration, the PL properties of glass-ceramic
samples are changed. The PL intensity is increased continuously (the most noticeable
change occurs during heat-treatments at 850 and 950°C), lpeax is shifted to shorter
wavelengths (from 1325 to 1300 nm), and PL band becomes more narrow, with the

decrease of the FWHM from 380 to 310 nm.



The measured PL decay curves were clearly not single- exponential (see below).

Thus, we applied the stretched exponential function [77] for their fitting:
[(t)=loexp(-(t/1)) (2a)
<t>=(1 /8).I(1) (2b)

Here, 1 is the decay time, 0 < b < 1 is the dispersion factor (#=1 for a single-

exponential decay), < > is the mean decay time and I' is the gamma-function.
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Fig. 6. Emission of Ni?* ions in octahedral sites (the 3T, (3F)—3A; (3F) transition) for

studied glass-ceramics doped with 1 mol% NiO for various heat-treatment schedules.

2. Discussion

The increase of the PL intensity at increasing and further decreasing the heat-
treatment temperature (Figs. 6 and 7) requires discussion. For explanation of the
results of PL study, the detailed XRD analysis of the same samples containing 1.0 mol%
NiO that were used for the luminescence measurements was performed. The crystal
sizes of both phases (spinel and ZrTiO4), the spinel lattice parameters and the relative
intensity of the spinel peak (400) were estimated (Fig. 8a and b and Table 2). The
sizes of spinel and ZrTiO4 crystals increase with temperature and duration of heat-
treatments at 850°C and 950°C and remain near constant after additional heat-

treatment at 850°C. Increasing the heat-treatment temperature leads to an abrupt



increase in the crystal size while the rate of the crystal size growth at every stage

decreases with the heat- treatment duration.
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Fig. 7. Integrated PL intensity (a), peak wavelength (b), FWHM of emission
band (c) and mean PL decay time (d) for the studied glass-ceramics doped with 1

mol% NiO for various heat-treatment schedules.
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The lattice parameter a increases from 8.030 * 0.003 A for spinel crystallized at

850 °C for 1-2 h to 8.085 £ 0.003 A for that crystallized at 950°C. It does not change

significantly after additional heat-treatment at 850°C. These values of the lattice
constant imply that the composition of the spinel under study is enriched in alumina
and the increase of the lattice constant with heat- treatment temperature could be

explained by the decrease of the excess of aluminum in the spinel composition [78].

The spinel growth rate rapidly increases with heat-treatment time at 850°C and
with raising the temperature to 950°C. An in- crease in the heat-treatment time at
950°C leads to cessation of the spinel crystals growth after ~3 h. Additional heat-
treatment at 850°C results in some increase of the amount of spinel crystals

precipitated.

Table 2. Characteristics of crystalline phases precipitated in glass-ceramics under study.

Heat-treatment schedule, °C / h ZrTiO4 Spinel
D, A D, A a, A Intensity

100y
800/3 39 - - -
800/3+850/1 46 55 8.031 14
800/3+850/2, taken from the 53 64 8.029 33
furnace
800/3+850/3 52 63 8.060 89
800/3+850/3+950/1 65 82 8.082 191
800/3+850/3+950/2 65 92 8.083 192
800/3+850/3+950/3 70 89 8.083 204
800/3+850/3+950/3+850/1 69 92 8.087 218
800/3+850/3+950/3+850/2 69 98 8.081 246
800/3+850/3+950/3+850/3 67 93 8.086 228

The impressive variation of the absorption spectra at the heat- treatment of

850°C for 1-3 h (the pronounced decrease of the [5INi2+ fraction in the initial glass

and increase of the [6INi2* fraction) corresponds to the fast spinel formation, Fig.

8b, and it is accompanied by the increase of the PL intensity (Fig. 6). The additional

spinel crystallization at 950°C for 1 h leads to increasing the Ni2+ absorption bands

associated with Ni?* in spinel crystals. The continuation of the heat-treatment at

this temperature results in the change in the absorption spectrum shape, probably



due to increasing amount of Ni2* in octahedral sites at the expense of tetrahedral

ones, Fig. 9b. The PL intensity concomitantly increases (Fig. 6). After the low-
temperature heat-treatment at 850°C, which results in some increase in fraction of
spinel crystals (Fig. 8b), the shape of the spectrum remains near unchanged (Fig. 9¢)

but the PLintensity still increases.

The similar evolution of the PL properties as found in the pre- sent study was

observed in Ref. [33] for gahnite-containing glass- ceramics. Partially such variations

can be attributed to redistribution of Ni2+ ions over both octahedral and tetrahedral

sites. In this way, blue-shift of l,eax and narrowing of the PL band arise from
ordering of spinel structure and increase in the ligand field strength, so that PL
spectrum becomes more similar to that of the spinel single crystal [8]. It can be

related largely with an increase of volume fraction of Ni?*-containing spinel

nanophase and growth of individual nanocrystals. The latter is supposed to be related

to a process of non-radiative relaxation for Ni?* ions located near the nanocrystal

surface that can suppress PLintensity. The impact of this process can be easily

recognized with time-resolved studies that were performed in present paper.

PL decay curves for glass-ceramics heat-treated at (800°C for 3 h and 850°C for
2 h) and at (800°C for 3 h, 850°C for 3 h, 950°C for 3 h and 850°C for 3 h) are shown in

Fig. 10. The decay curves plotted in a semi-log scale are clearly non-linear, which

can be related to the existence of distorted octahedral sites for Ni?* ions (indeed,

spinel structure is disturbed in the interface of the residual glass and nanocrystals).
Typical values of mean decay time 7, Eq. (2), are several ps that is substantially shorter
than 108 ps listed in Ref. [25]. However, as it was shown in Ref. [30], such shortening
results from a strong impact of concentration quenching effect for samples with NiO
content higher than 0.1 mol%. The value of t is increased by a factor of four, namely
from 3.54 to 14.74 us, with the change of heat-treatment schedule, Fig. 10. This

supports our idea about the reduced influence of the non-radiative path due to the

growth of fraction of Ni?* ions located in the volume of spinel nanocrystals as

compared to those located near the nanocrystal surface. The effect of spatial



distribution of luminescent centers on non-radiative path was studied previously in

Ref. [79].
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respectively.
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Fig. 11. Near-infrared absorption and emission spectra of Ni2* ions for the
glass-ceramics obtained by the heat-treatment at 800°C for 3 h + 850°C for 3 h +

950°C for 3 h + 850°C for 3 h (1.0 mol% NiO). Symbols: experimental data, solid

curve: Gaussian fitting of the PL band, arrows denote absorption and emission bands

related to Ni2* ions positioned in the octahedral ([6INi2*+) and tetrahedral ([4INi2+)

sites.

Fig. 11 shows analysis of relative position of absorption and PL bands for glass-



ceramic sample heat-treated at 800°C for 3 h, 850°C for 3 h, 950°C for 3 h and 850°C
for 3 h. Here, symbols correspond to the measured spectra, solid line - to Gaussian
fitting of the PL band. The difference of FWHM of these bands (2940 cm! for
absorption and 1820 cm-! for PL), the difference in their shape and good applicability of

Gaussian fitting to the PL one (considering the impact of reabsorption at short

wavelengths) are the indications of the presence of two types of sites for Ni2*+ ions
in the spinel structure. Indeed, these are octahedral ([¢INi2*) and tetrahedral
(IINi2*) ones. The corresponding transitions 3Az(3F) /3T2(3F) for [6INi%2+ and
the 3T2(3F) / 3A2(3F) for [#INi2+ visible in absorption are marked by arrows and
their superposition de- termines the complex shape of the absorption band. In
contrast, as the emission is determined solely by the [6INi2* species, the PL band

has a nearly Gaussian shape.

s.Conclusions

A detailed spectroscopic study of the NiO-doped magnesium aluminosilicate
glass nucleated by a mixture of TiO2 and ZrO: during its heat-treatment has been
performed and followed by an XRD analysis and Raman spectroscopy. In situ XRD
measurements were applied to study the kinetics of crystal phase precipitation and to
determine the crystallization sequence in detail. The initial glass was X-ray
amorphous. According to XRD and Raman spectroscopy data, crystals of the

nucleating catalyst, ZrTiO4, about 4 nm in size, appear during the heat-treatment at

800°C; a small change in the Ni?* environment is observed by absorption

spectroscopy. There is no luminescence signal from the initial glass and glass heat-

treated at 800°C. At 850°C, spinel crystals with size of about 6 nm precipitate. The

[5INi2+ characteristic bands decrease rapidly in intensity due to the formation of the

[6]Ni2+ species in Ni-doped spinel crystals, which is accompanied by a broadband

luminescence in the near-IR centered at 1330 nm with FWHM of 380 nm. An



increase of the luminescence intensity after heat-treatment at 950°C is associated

with an increase of volume fraction of Ni?*- containing spinel nanophase and growth

of individual nano-crystals. The increase of the luminescence intensity observed after
additional low-temperature heat-treatment at 850°C is associated with a continuous

growth of spinel volume fraction.
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