Applied Physics A (2020) 126:689
https://doi.org/10.1007/500339-020-03879-7

Applied Physics A

Materials Science & Processing

=

Check for
updates

Second harmonic generation and spectroscopic characteristics of TiO,
doped Li,0-Al,0;-B,0; glass matrix

A. Prabhakar Reddy’ - Puli Nageswar Rao? - M. Chandra Shekhar Reddy? - B. Appa Rao* - N. Veeraiah®

Received: 21 May 2020 / Accepted: 3 August 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

In this present study, Li,O-Al,0,—B,05 glass matrix doped with a small percentage of TiO, (ranging from 0 to 1 mol%) was
prepared and characterized by X-Ray Diffraction (XRD), FTIR and Differential Scanning Calorimetric (DSC) techniques.
After that, Optical Absorption (OA), Photo Luminescence (PL), Electron Paramagnetic Resonance (EPR) and Second Har-
monic Generation (SHG) have been performed as a function of TiO, concentration. The outcome of these studies spelled
out different oxidation states of Ti ions. However, sample containing up to about 0.8 mol% of the TiO,, mostly will be in
the state of Ti** with substitutional octahedral arrangement in the glass chain and is responsible for PL. Beyond this per-
centage, it is noticed that some parts of Ti ions reduced Ti** to Ti** state. The results of Photo-Induced Second Harmonic
Generation (PSHG) together with other spectroscopic studies were discussed for all chosen samples and indicated that the
Photo-Induced Birefringence (PIB) of sample with 0.8 mol% TiO, is the most suitable for NLO (non-linear optics) devices.

Keywords Differential scanning calorimetry - Optical absorption - Photo-induced second harmonic generation - Non-linear

optical studies

1 Introduction

Optically poled oxide glasses are selected because of their
wide use in optoelectronics on account of their outstanding
optical characteristics. The stability of electrical field gener-
ated within this type of glasses is a vital issue for deciding
the higher harmonic generations within the glass materials.

Normally, TiO, is used as crystallizing agent [1] in glass
materials like borate glasses; however, by adding small
quantity of titanium oxide, the chemical durability and the
glass forming ability of the glasses are enhanced [2]. In

P4 Puli Nageswar Rao
nageswarapuli @ gmail.com

Department of H&S, Sreyas Institute of Engineering
and Technology, Hyderabad 500068, India

Department of S&H, St. Martin’s Engineering College,
Secendrabad 500100, India

Department of H&S, CMR College of Engineering
and Technology, Medchal 501401, India

Department of Physics, Osmania University,
Hyderabad 500007, India

Department of Physics, Acharya Nagarjuna University,
Nagarjunanagar, Guntur 522510, A.P., India

Published online: 10 August 2020

the glass matrices, generally the Ti ions are found in Ti**
state and participate with TiO,, TiOg4 and also TiOs (hav-
ing trigonal bipyramids) structural units [3, 4]. However,
there are reports revealing that these ions may also exist
in the state of Ti** [3, 6] in some of the glass networks. In
alkali oxyborate glasses, the Ti** ions are better to produce
non-linear optical properties to the larger amount because
of unfilled orbitals and lower bond lengths [7], as reported
bond length between Ti-O is 1.96 A [8]. The TiO, glasses
exhibit non-linear negative refractive index that generates a
radiation beam of self-focusing in the material; hence non-
linear optical (NLO) devices with such chemical compounds
are operated at a less significant input power [9, 10].
Addition of Al,O; into the glass, cross-links the neigh-
boring chains of the borate with its structural units of AlO,;
hence, the chemical strength of these glasses is assumed
to be enhanced. Further, aluminum oxide increases the Tg
(glass transition temperature), reduces the coefficient of ther-
mal expansion, there by makes these glasses more difficult
to be attacked by ions of alkali metals like Na™, Li* and so
forth [11]. Li,O is known to be a traditional modifier oxide,
which penetrates into the glass network by disrupting cross
connections. Normally, the oxygen ion particles crack the
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local symmetry and the interstitial positions occupied by
Liions [12].

In the present study, Li,O — Al,0;—B,0; glasses were
prepared with varying concentrations of TiO, and charac-
terized by various techniques viz., X-ray diffraction, DSC,
FTIR, EPR, photo luminescence, photo-induced changes and
the obtained results were correlated with the variations in
the glass structure.

2 Materials and methods (Experimental)

For the present study, the molar compositions of the glasses
30Li1,0 — (5-x)Al,05 — 65B,05:xTiO4(x=0, 0.2, 0.4, 0.6, 0.8
and 1.0) are chosen and labeled as ATO, AT2, AT4, AT6,
ATS8 and AT10, respectively. Details of AT system are given
below:

ATO: 30 Li,0 - 5A1,0; — 65B,05:0 TiO,.

AT2: 30 Li,0 —4.8A1,0; — 65B,05:0.2 TiO,.

AT4: 30 Li,0 —4.6A1,0; — 65B,05:0.4Ti0,.

AT6: 30 Li,0 —4.4A1,0; — 65B,05:0.6TiO,.

AT8: 30 Li,0 —4.8A1,0; — 65B,05:0.2TiO,.

AT10: 30 Li,0 —4 Al,0; —65B,05:1TiO,.

All above glasses were prepared by melt-quenching
procedure with high-quality reagents of Li,COj3, Al,O;,
H;BOj; and titanium oxide (rutile, tetragonal form) powders
in suitable quantities (all in mol%) and were weighed, after
that, altogether blended in an agate mortar and dissolved
in a crucible of platinum within the range of temperature
1000-1050 °C in an electrical furnace for around 30 min,
the bubble-free melt formed is poured into a brass mould
and annealed subsequently at 300 ‘C for 2 h. The obtained
TiO,-doped glass samples were mechanically ground and
polished. Then, the obtained samples were made around
1 cmX 1 cmXx0.2 cm dimensions and OA is taken. For XRD,
FTIR, DSC, EPR and PISH studies, the obtained glasses
were made into fine powders using pestle and mortar.

To evaluate the densities according to Archimedes’ prin-
ciple, the samples’ masses were estimated with an error of
0.1 mg utilizing Ohaus AR2140 balance digital model. From
the measured estimations of the samples density and average
molecular weight M, other different physical parameters,
i.e., molar volume V, (Avg. molecular weight/Density),
oxygen packing density O (Oxygen mol percentage X 100/
Molar volume), N; concentration of titanium ion particles
((Avagadro number x mol concentration x valence of ion)/
molar volume), mean titanium particles ion separation R; (1/
N;,'"%), polaron radius Rp((n/12#(N,)!?), Field strength F,)(Z/
rpz), in glass samples are assessed using standard equations
[14] and utilizing the refractive index, other different optical
parameters viz., molar refraction (R,,), electronic polariz-
ability (a,) have also been computed [13, 15-17]
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The XRD of all the prepared AT samples was recorded
on mini flex Rigaku diffractometer with Cu-K, radia-
tion. DSC of all the prepared AT samples was carried
out by Netzsch, simultaneous DSC/TG thermal analyzer
STA409C with 32-bit controller. The FTIR transmission
spectra of AT samples were recorded in the spectral range
400-1600 cm~'using Perkin Elmer Spectrometer. Using
JASCO Model V-670 UV-VIS-NIR spectrophotometer, the
optical absorption (OA) spectra in the spectral wavelength
range from 300 to 700 nm of the AT samples were recorded
at room temperature. The excitation, decay and emission
measurements of TiO2 doped samples were recorded on
a Jobin—-Yvon Fluorolog-3 spectrofluorimeter; xenon arc
lamp (450 W) was used as an excited source. Electron spin
resonance (EPR) spectra of all AT powder samples were
recorded using X-Band JEOL JESTE 100 spectrometer in
8.8-9.6 GHz frequency range at room temperature.

3 Results and discussion

From the measured estimations of the all AT samples’ den-
sity, average molecular weight M, and different other physi-
cal parameters are presented in Table 1. The molar volume
of the glass pattern seems to be increased, whereas the oxy-
gen packing density is reduced with the proportional raise of
titanium ion (Ti*") concentration (Fig. 1). Such a decrease
indicates a corresponding decrease in the structural com-
pactness of the samples [18, 19].

The X-ray difractograms of ATO to AT10 samples are
presented in Fig. 2 and the non-appearance of sharp crests in
the pattern of diffraction indicates the samples’ amorphous
nature.

In Fig. 3, differential scanning calorimetric (DSC) graph
is presented for different concentrations of TiO,-doped
Li,0-Al,0;-B,0; glasses recorded in the region of tem-
perature range of 300-1100 K. The information with DSC
studies (from Fig. 3) is given in Table 2. All these DSC
traces exhibited conventional glass 7', (glass transition tem-
perature) with the inflection values between 634 and 734 K
succeeded by an exothermic peak T, (crystallization peak
temperature) in the temperature range 880 — 930 K and also
succeeded another endothermic peak about 1100 K because
of melting effect T,,, (melting temperature). Although these
inflection points corresponding to weak endothermic of all
the samples are almost similar, it is interesting to note that
values of Tg (glass transition temperature) display an oscil-
lating behavior with increase in the percentage of the TiO,.
For the most part, the changes in the density of expanded
cross-link of different structural gatherings and closeness
of packing are responsible of such variety of 7g parameter.
Thermal analysis of the samples suggests that the AT8 sam-
ple has low glass transition temperature 7, indicating higher
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Table 1 Physical parameters Name of the sample ATO AT2 AT4 AT6 AT8  ATIO

of Li,0 — Al,05;-B,0; glasses

doped with titanium ions Average MW,M(g/mol) = Total MW/100 593 5926 5921 59.17 59.13  59.08
Density p (gem™) (+0.001) 1.858 1.821 1.792 1.765 1.729 1.692
Molar volume V,; (MW/p) (+0.01) 31.92 3254 33.04 3352 342 34.92
Oxygen mole % 2400 2398 2396 2394 2392 2390
Oxygen packing density, O (gm atom/L) (+0.01)  75.19  73.69 7252 7142 6994 68.44
Ti** ion concentration, N;(x 10%/cc) (+0.01) 0.00 0.15 0.29 0.43 0.56 0.69
Inter ionic distance, Ri(AO) (+0.01) 0.00 18.82 15.11 1325 1213 11.32
Refractive Index, n (+0.01) 2.19 2.20 2.23 2.28 2.34 2.29
Molar refraction, Ry,(+0.01) 17.83 1827 18.82 19.55 2048 20.46
Polarizability (a,)(x 10*) (cm?)(+0.01) 707 725 746 775 812 8.1l
Polaranradious (R,) (A% 0.00 0.76 0.61 0.53 0.49 0.46
Field strength F, (10'%) 0.00 6.93 1075 1424 16.66 189
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Fig.1 Variation of oxygen packing density of Li,0-Al,05—
B,0;:TiO, glasses

structural disorder in this sample. The expansion in esti-
mation of enthalpy with increment of dopant till 0.8 mol%
indicates where crystallization begins at first inside the glass
and extends to the surface bit by bit [20-25].

The spectra of infrared transmission of the
Li,0-Al,05-B,0; glasses containing different concentra-
tions of TiO, recorded at room temperature are shown in
Fig. 4. The band positions and their functional groups of
Li,O — AL,O5- — B,05:TiO, glasses are shown in Table 3.
The initial array of bands in the regions 1200 to 1600 cm™"
is because of B—O bond expanding relaxation of the trigonal
BO; units, while the second array of bands at 900-1050 cm ™"
referred to units of BO, and the band appearing at 698 cm™"
is due to the vibrations of bending modes of B-O-B links in
the network of borate [18, 19]. The bond at 698 cm™! could
also be the vibrational band appearing at about 698 cm™! in
the glass network in fact may also represent the vibrations
of TiO, groups as reported in the literature [20]. Hence, the
bond at 698 cm™! could be referred to common vibrations
of TiO, groups of linkages of B—O-Ti in the same region

Fig.2 X- ray diffraction Pat-
terns of Li,0-Al,05-B,0;
glasses doped with titanium
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Fig.3 DSC traces of Li,0-Al,05-B,0;:TiO, glasses
[21]. Tangentially, AlO, structural units also exhibit a band

with the vibrational frequency of Al-O stretching and form
linkages of B-O-Al.

As per FTIR spectra, with the presence of titanium oxide
up to 0.8 mol% in glass network, the magnitude of vibra-
tional band due to BO, groups is noticed to decrease with
the moving of meta-center (1050 cm™") towards higher wave
number (1076 cm'l), whereas for BO; group, it is seen
to increase with the moving of meta-center (1508 cm™')
towards low wave number (1481 cm™") as shown in Table 3.
In both the cases, when concentration of TiO, is more than
0.8 mol%, the variation of intensity with the TiO, concentra-
tion displayed a reverse pattern. Furthermore, all the glasses
displayed functional groups at 691 cm™!. While concentra-
tion of TiO, in the glass framework is raised up to 0.8 mol%,
the position of the common metacentre of B-O-Ti is seen to
move towards higher frequency with diminishing intensity.
These perceptions recommend that the system of glass AT2
(shown in Fig. 3) has higher grouping of linkages of kind
B-O-Ti and is highly rigid while the disorderness in the
glass system continues increasing with that of TiO, con-
centration upto 0.8 mol%. It is currently sure that titanium
ion exists in both Ti** (arranged in both tetrahedral and

Table 2 Summary of the

, , . Sample T,K) T.K) T, K) T.-T,K) T,-T.K) T~T,/T,-T, AHQU/g AC,J/gK)
data on differential scanning & ¢ £ P
calorimetric studies of Li,O- ATO 6344 921 1100 286.6 179 1.601 191.3 0.229
AL05-B,05.TiO, glasses AT2 7396 892 1100 1524 208 0.732 2084  0.986
AT4 7398 912 1120 1722 208 0.827 219.6 1.509
AT6 7380 888 1100  152.0 212 0.707 295.0 1.512
ATS 6343 888 1100 2537 212 1.196 295.7 1.529
ATIO 7344 893 1100  154.6 207 0.746 276.8 1.198
Fig.4 FTIR Spectra of Li,O- AlOg
Al,05-B,0; glasses doped with B-O-B/B-O-Ti/ AlOy4 ?
. BO, Units
TiO, . 4 470
BO; Units AT10
2
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Q
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Table3 The observed band positions and their assignments of
Li,0-Al,05-B,05:TiO, glasses

Table 4 Optical absorption information on

Li,0-Al,05-B,05:TiO, glasses

spectra

Glass  BOjgroups  BO, groups B-O-B/B-O-Ti/ AlOq (em™h
(cm™) (cm™) AlO, (cm™)
ATO 1508 1050 691 487
AT2 1496 1056 697 470
AT4 1494 1060 705 461
AT6 1486 1071 708 456
AT8 1481 1076 712 430
AT10 1494 1060 706 470

octahedral positions) and in Ti** (situated octahedral sites)
states in these glasses. Further, the spectra of all the glasses
displayed a band around 487 cm™! which might be expected
due to AlOg units [26]. The intensity of vibrational band due
to these units increased with the increase in the concentra-
tion of titanium oxide up to 0.8 mol% and the meta-center
switched towards lesser wavelength side, and for further
increase of TiO, concentration, it is decreased.

Spectra of optical absorption of titanium oxide-doped
alumina borate glasses recorded in the wavelength region
around 300-700 nm are shown in the Fig. 5. Appropriate
information identified with the optical retention spectra of
all the glass samples is given in Table 4.

Two distinct bands of absorptions observed in the opti-
cal absorption spectra of AT2 to AT10 at 500 and 660 nm
are distinguished as being because of 2B,, — 2B, and
2B, —2A,, transitions of 3d! electron of the Ti** ions in
distorted tetragonal octahedral positions [27, 28].

With the data collected from absorption spectra, optical
band-gap E_ of the sample was calculated. Urbach plots
(Fig. 6) are drawn in between (ahv)"? versus hv accord-
ing to Eq. (1) and cut-off wavelength, absorption bands,

Absorbance(arb.units)

300 400 500 600 700
Wavelength(nm)

Fig.5 Optical absorption Spectra of Li,0-Al,05;-B,0;:TiO, glass
system

Sample Cut-off ZBZg —2B, o M 2B2g — 2Alg Optical
wavelength Nm band-gap
in nm ineV

ATO 309.68 - - 3.89

AT2 334.95 496 660 3.84

AT4 339.11 501 662 3.72

AT6 346.32 505 663 3.49

ATS 349.08 504 660 324

ATI0  349.92 508 664 3.44

optical band-gap are given in Table 4. It can be seen that
optical band-gap of the sample AT8 has the least value.

a(w)hw = const(hw — EO)2

Here a(w) is optical absorption coefficient.

With the increase of content of TiO,, intensity of two
bands and the half width is enhanced, with a move in the
positions of band towards higher wavelength regions. The
peak intensity of these group bands was recognized in the
spectrum of ATS8 sample; this observation denotes the
maximum concentration of Ti** ions in this glass matrix.
The lesser presence of these bands in the spectrum of the
AT2 glass apparently shows the fewer existence of Ti’*
ions in this glass.

Luminescence emission spectra of TiO,-doped
Li,0-Al,03;-B,0; glasses recorded at room temperature and
excited at wavelength resembling to their absorption edge
are shown in Fig. 7. On increasing the concentration of TiO,
up to 1.0 mol%, the half width of this band and the intensity
were also noticed to decrease. The emission spectrum of the
AT?2 glass sample with peak position at 457 nm is shown.

Applying the general formula [24] for transition
probability:

812
Ay, y;) = — X 10°

And for cross section of emission,

}’4

E

op = ———A(y;,y;)
P 87rcnflAﬂ s

The relevant information identified with emission spec-
tra is presented in Table 5. In Eq. (3),v is the frequency
and c is velocity of the radiation, n, is the refractive index
of the sample; A\ represents half width of the peak of the
emission. The estimation of ag is observed to be the high-
est for the AT2 sample, implying higher glow productivity
for this sample.

@ Springer
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Fig.6 Urbach plots of Li,0-Al,05-B,0;:TiO, glasses

Fig.7 Luminescence emission
spectra of Li,0-Al,0;-B,0;:
TiO, glasses. The inset dem-
onstrate the mechanism for PL
emission
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Blasse [30] comprehensive study on titanium ion parti-
cles containing closed-shell transition metal suggested that
titanium ion exhibits luminescence in both octahedral and
tetrahedral complexes. However, the luminescence efficiency
established by complexes of octahedral substitutionally
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situated Ti** particles is a lot more noteworthy than that of
tetrahedral complexes. The band of luminescence is referred
to radiative recombination of STEs (self trappedexcitons)
confined on a substitutionally situated octahedral Ti**ions.
The observed emission band can be explained by credible
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Table 5 Emission cross-section (ag) and transition probability (A) of
Li,0-Al,05-B,0; glasses

Glass Emission peak Refractive
Position in nm index

A(X10%) oE(x10%,cm?)

AT2 457 1.560 1.7749 6.203
AT4 455 1.549 1.7432 5.677
AT6 447 1.548 1.7354 5.447
AT8 442 1.557 1.6603 4.582
AT10 446 1.559 1.6749 4.635

mechanism in elaborated way as pursues. The valence band
of this sort of material is ordinarily shaped by 2p orbitals
of 0% ions.

These glasses must be containing octahedrally situated
substitutional Ti** ionsalong with (TiO6)3~ structural basic
units [31]. Charge move from 0% goes into the unfilled
3-d orbital of Ti** ion making it into Ti** state. The caught
d-electrons when energized make interaction with the lat-
tice vibrations of electron—phonon. The relaxation energy
after photo excitation advances the spatial division of pairs
of hole—electron demonstrated in inset of the Fig. 7. The
samples containing substitutional Ti** particles with a low
concentration in the glass web either a hole or an electron
are feebly localized, indicating the concentration of TiO,
dependence of the luminescence.

EPR spectra of different concentrations of
Ti0,-Al,05,-B,0; glasses recorded at 26 °C are shown
in Fig. 8. The g values for all the samples are shown in
Table 6. The AT2 glass shows a asymmetric weak signal
with g =1.914 because of 3d! unpaired electron of Ti** par-
ticles in a distorted tetragonal octahedral field [32]. Both
the intensity of the signal and the half width of the signal
are gradually increasing in the spectra of the glasses with
further increase of TiO, up to 0.8 mol%, after which it is

AT10
— ATE
E
g ATSB
B
&
5 _ \ ) AT4
J\/ ATZ2
T T T T T T T 1
100 150 200 250 300 350 400 450 500
Magnetic fidd GnT)

Fig.8 Spectra of EPR ofLi,0-Al,0;,-B,0;:TiO, glasses

Table 6 g -values of Li,O-

N Glass g- Value
Al,05-B,05:TiO, glasses
AT2 1.914
AT4 1.925
AT6 1.933
AT8 1.947
AT10 1.938

seen to decrease. It demonstrates an expanding concentra-
tion of Ti** ions in the glass network. The presence of such
Ti** particles weakens the glass network. The weak intensity
noted for glass AT2 apparently demonstrates the presence of
low concentration of these ions in this glass.

Figure 9 represents the comparison plot of the difference
of PIB with the photo-inducing power; it is observed that a
generous increment of the PIB output is associated with the
increase of the pumping power for total samples. The figure
shows a gradual increment of photo-induced birefringence
intensity till concentration 0.8 mol% of TiO,, and for further
increase of TiO, content, a fast decrease is noticed.

The investigations on PIB showed the highest intensity
of birefringence for the AT8 sample; it is conclusive on the
grounds that the same AT8 sample is owning minimum opti-
cal energy gap. This is very vital in terms of outcome of
the present investigation, since it permits to conclude that
Ti ions encompassing ligands assume leading role in the
noticed PIB. To be specific, more significantly the contribu-
tion of the octahedral coordinated Ti** ions may be noticed.
Lastly, the scrutiny of the outcome of PIB combined with
collection of other experimental conclusions indicates that
among different glass samples, the Li,0-Al,0;,-B,05:TiO,
glass with 0.8 mol % of titanium oxide (TiO,) is a decent
contender for the applications in NLO (nonlinear optics)
gadgets.

4 Conclusion

The absence of peaks in XRD reveals all the prepared glass
samples are non-crystalline (amorphous) in nature. The
results of DSC suggest that the sample ATS8 exhibits low
T, value which is suggestive of more disordered structure.
The IR spectral studies show that boron, aluminum, and Ti
ions take part in the glass web BO;, BO,, B-O-B, B-O-Ti,
AlO,, AlQg structural units. Further, the outcome also indi-
cates that the concentration of high-order structural units
viz., BO,, AlO, (which make the glass network more rigid),
are less in the AT8. The OA (optical absorption) and EPR
studies of the glass system indicate the presence of the tri-
valent Ti ions apart from tetravalent state. However, samples
containing titanium oxide beyond 0.8 mol% of the Ti occur
mostly in the state of Ti*". Photo luminescence spectra of

@ Springer
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these glasses excited at wavelengths corresponding to their
absorption edges exhibit a wide emission band in the visible
domain. The agitation of substitutionally octahedral posi-
tioned Ti*" ions is noticed to be responsible for the lumines-
cence emission. The investigations on PIB noted a growing
intensity of SHG signal with increasing TiO, concentration,
and this result is correlated with simultaneous red shift in the
optical band-gap noticed. This perception permits us to infer
that the neighboring ligands of octahedrally placed titanium
ions (Ti**) play vital role in the noticed PISHG.
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