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Synthesis, structure and nonlinear optical properties
of tellurium oxide — bismuth oxide — boron oxide glasses
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TeO,-Bi»03-B203 glasses are prepared using a conventional melt-quenching method. The polarizability approach
based on the Lorentz-Lorenz equation is applied and the optical basicity and the oxide ion polarizability are estimated.
The glasses possess relatively high values of the optical basicity (0.734-0.936) and the electronic oxide ion
polarizability (1.785-2.276 A3). The theoretical refractive index of the glasses is also estimated. On this basis the third
order nonlinear optical susceptibility of the glasses is established using generalized Miller’s rule. The glasses possess
comparatively high third order nonlinear optical susceptibility in the 0.64-2.31x10® esu range. The chemical bonding
of the glasses is elucidated on the basis of the interaction parameter and the single bond strength of an average cation-
oxide ion (M-O) bond. It is found that the glasses possess relatively low values for the average single bond strength
(352-254 kJ/mol) and low values of the interaction parameter (0.051-0.028 A-%). These results indicate for the presence
of weak chemical bonds which are formed between TeO., TeOs, BiOs, BO4 and BOs groups confirmed by IR spectral
analysis.
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INTRODUCTION

Nonlinear optical materials are attracted much
attention because of their importance for the
development of optical information processing
technology. Since optical nonlinearity is caused by
electronic polarization of a material upon exposure
to intense light beams, the electronic polarizability
is one of the most important properties which
govern the nonlinear response of the material. The
estimation of the electronic polarizability of ions is
subject of the so called polarizability approach
which is well known especially in the field of glass
science [1]. During the past two decades numerous
oxide glasses were investigated by means of the
polarizability approach with aim to explain the
origin of optical nonlinearity. It was established
that bismuthate and tellurite glasses possess high
optical nonlinearity and have possible application
as nonlinear optical materials [2].

Tellurite glasses have attracted much scientific
and practical attention due to their unique
combination of properties such as low melting
temperatures, chemical durability and stability, high
dielectric constant, low phonon energy, broad
optical transmission window and high linear and
nonlinear refractive indices. In this respect TeO,-
based glasses are promising optical materials for
up-conversion lasers and nonlinear optical materials
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exhibiting high second and third order nonlinear
optical susceptibility [3-6].

Bismuthate glasses are of great interest also
because of their potential for the application in the
field of optoelectronics and nonlinear optics as
photonic switches and third harmonic generation
(THG) materials due to their low melting
temperatures, extensive glass formation range,
physical stability, high refractive index and high
nonlinear optical susceptibility [7-9].

Recently, the optical properties and structure of
Te0,-Bi»05-B,0O3; glasses have been studied
[10-12]. Hasegawa [10] has found that the glasses
possess high refractive index, high optical basicity
and high third order nonlinear optical susceptibility.
Zhao et al. [11] have applied the polarizability
approach and have investigated the structure of the
glasses by means of Raman spectroscopy and XPS
spectroscopy. Azuraida et al. [12] have made
comparative studies of bismuth and barium boro-
tellurite glasses and have concluded that the
addition of Bi,Os in boro-tellurite glasses improves
the optical properties.

The purpose of the present study is to synthesis
of novel TeO,-Bi,03-B,0; glasses and to apply the
polarizability approach to them. The structure of
the glasses by means of IR-spectroscopy is also
investigated.
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EXPERIMENTAL

Glasses in the ternary TeO,-Bi»03-B,03 system
were prepared using a conventional melt-quenching
method. The glass compositions are given in
Table 1, column 2. The compositions are divided
into three series. Reagent grade commercial
powders of TeO,, Bi.O; and H3BO; were mixed
together and melted in a corundum crucible at
900°C for 20 min in an electric furnace. The melts
were poured onto an alumina plate and pressed to a
thickness of 1~2 mm by another copper plate. The
samples obtained from the third series of
compositions were classified as opal glasses. The
IR-spectra of the glasses were recorded in the 2000-
400 cm™ range by using FT-IR spectrometer Varian
600-IR. The samples for these measurements were
prepared as KBr discs. The precision of the
absorption maxima was + 3 cm™,

THEORETICAL BACKGROUND

Recently, the polarizability approach has been
applied to different simple oxides, binary and
ternary oxide glasses [13-16]. The most familiar
and widely used relationship in the polarizability
approach is the Lorentz-Lorenz equation which
relates the molar refraction (Rm) to the refractive
index (n,) and the molar volume (V) of the

substance by,
R (noz B 1)

m = —Vm (1)
(n2+ 2)
Assuming that the molar refraction of a glass
with a common molecular formula AxByC.O is
additive quantity it follows that,

R, = 2.52(Xaip tYag + 20 + N, ) 2)
where a,,, a5, are the polarizabilities of

cations A, B and C and «, is the polarizability of

the oxide ion, and x, y and z are the numbers of the
cations A, B and C and n is the number of the oxide
ions in one molecule of glass.

It is possible to calculate the so-called
theoretical optical basicity An and the electronic
oxide ion polarizability ao? for ternary oxide glass

on the basis of the following equations proposed by
Duffy and Ingram [17,18],

Ay = XA+ XA, + XA, (3)
and
1.67
a, = —— (4)
© 1.67-A,,

where X, X,, X, are equivalent fractions based on

the amount of oxygen each oxide contributes to the
44

overall material stoichiometry and A;,A,,A, are

basicities assigned to the individual oxides.
The third order nonlinear optical susceptibility

7, can be predicted by generalized the so-called
Miller’s rule [19],

AV =[70T10" Jesu (5)
where ¥®is linear optical susceptibility calculated
in accordance with,

2
o (n?-1)

X = (6)

Based on Sun’s fundamental condition of glass
formation [20] Dimitrov and Komatsu [21]
proposed an approach for calculation of average
single bond strength Bm.o of oxide glasses using
values of single bond strength Bmo for
corresponding simple oxides and taking into
account the molar part of each oxide in the glass
composition. In the case of ternary oxide glass the
following equation can be used,

Bu_o- = XBa o+ YBg o + (1_ X— Y) Bco @)
where X, y and (1-x-y) are molar parts of each oxide
in the glass composition.

According to the general theory of the dielectric
constant of simple ionic crystals based on quantum-
mechanical treatment of the complex interaction
between neighboring ions proposed by Yamashita
and Kurosawa [22] the interaction parameter A of
ternary oxide glass could be calculated by using the
following equation [23],

Ax (3921-a; ) oy (3921-a, ) . ®)
"2(a, +3.921)(ay +a,)  2(c +3.921) (. +arg)
(3.921-a,, )

*s 2(arc +3.921) (e +xc)

where X3, Xz and Xs are equivalent fractions based
on the amount of oxygen each oxide contributes to

the overall glass stoichiometry, ao? is oxide ion
polarizability of the glass and ¢, , oy, and a;c

are cation polarizabilities. Pauling’s value of 3.921
A for the electronic polarizability of the free oxide
ion is used.

RESULTS AND DISCUSSION

We have calculated the theoretical optical basicity
and oxide ion polarizability of TeO,-Bi»O3-B,03
glasses by Eq. 3 and 4 using optical basicity data of
TeO, (A=0.975), Bi:0O3 (A=1.19) and B:0s
(A=0.42) [23]. The molar refraction of the glasses
was determined by Eq. 2 taking into account the
cation polarizability and oxide ion polarizability.
According to [13] the cation polarizabilities are

o .. =1.595 Ad o, =1.508 A% «_, =0.002 AS.
e Bi B
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Table 1 Composition, Molar mass M, density d, molar volume V, optical basicity A, electronic oxide ion
polarizability ao»., molar refraction R

Composition M, d, Vm, A 002, Rm,
g/mol g/em®  cm3/mol A3 cm®/mol
Series 1 10Te0,50 Bi,0340B,03 276.79 5.75 48.11 0.857 2.053 19.21
20Te0240Bi,0340B,03 246.15 5.43 45.33 0.829 1.986 17.86
30Te0,30Bi,0340B,03 215.52 5.11 42.20 0.800 1.920 16.55
40Te0,20Bi,0340B,03 184.88 4,78 38.65 0.768 1.852 15.27
50Te0,10Bi,0340B,03 154.24 4.46 34.58 0.734 1.785 14.02
Series 2 45.5 Te0,30.0Bi20324.5B,04 256.05 5.85 43.76 0.891 2.143 18.83
59.65Te0,25.0Bi,0315.35B,03 222.38 5.89 37.76 0.936 2.274 18.08
60.2Te0,20.0Bi,0319.8B,03 203.06 5.56 36.54 0.891 2.145 16.90
Series 3 31.2Te0245.0 Bi,0323.8B,03 276.05 6.21 44.44 0.936 2.274 20.08
31.0Te0,40.0Bi20329.0B,03 229.46 5.70 40.25 0.891 2.145 17.86
45.5Te0,35.0 Bi,0319.5B,04 249.28 6.05 41.18 0.936 2.276 19.09

The molar volume was estimated and the results
of Vm, theoretical optical basicity Am, oxide ion

polarizability ¢, and molar refraction Rn are

listed in Table 1. It is seen that the glasses possess
relatively high optical basicity (0.734-0.936) and
electronic oxide ion polarizability (1.785 -
2.276 A®) which indicate for their basic nature. The
results obtained are in good agreement with the
data  reported by Hasegawa [10] and
Zhao et al. [11] for other bismuth boro-tellurite
glasses. We have estimated the theoretical
refractive index of TeO,-Bi»Os-B,0s glasses using
Eq. 1. The data are listed in Table 2, column 3. As
can be seen the glasses possess high values of
refractive index in the 1.713-1.938 range. The third

order nonlinear optical susceptibility y©®, was

predicted by generalized Miller’s rule (see Egs. 5
and 6). The results are listed in Table 2, column 4.
TeO,-Bi»0s-B,03 glasses show relatively high
values of the third order nonlinear optical
susceptibility in the 0.64-2.31 x 10*% esu range
which are close to those reported in Refs. 24, 25.

This means that TeO.-Bi,03-B,O3; glasses are
probably good candidates for nonlinear optical
applications. It was established that third order
nonlinear optical susceptibility y® of the glasses
increases with increasing electronic oxide ion
polarizability, that is optical basicity and refractive
index.

As can be seen in Table 1 the glasses with high
optical nonlinearity possess high electronic oxide
ion polarizability, optical basicity and refractive
index.

Sun [20] has suggested a bond energy criterion
for glass formation and has reported comprehensive
data on single bond strength Bm-o in kcal per
Avogadro bond for various simple oxides based on
their dissociation energy Egq. Yamashita and
Kurosawa [22] have proposed a general theory of
the dielectric constant of simple ionic crystals based
on guantum-mechanical treatment of the electronic
structure of constituent ions in order to take into
account the effect of charge overlapping between
neighboring ions.

Table 2 Composition, refractive index no, third order nonlinear optical susceptibility ¥, interaction parameter A, single

bond strength Bu-o

Composition X® 1013 A, Bwm-o,

Mo esu A3 kJ/mol
Series 1 10Te0,50 Bi,0340B,03 1.730 0.64 0.036 279
20Te0,40Bi,0340B,03 1.718 0.58 0.039 297
30Te0,30Bi,0340B,03 1.713 0.56 0.042 316
40Te0,20Bi,0340B,03 1.720 0.59 0.046 334
50Te0,10Bi;0340B;03 1.745 0.70 0.051 352
Series 2 45.5 Te0,30Bi,0324.5B,0; 1.807 1.06 0.033 283
59.65Te0,25.0Bi,0315.35B,0; 1.938 2.31 0.028 272
60.2Te0,20Bi;0319.8B,03 1.893 1.79 0.033 291
Series 3 31.2Te0,45.0 Bi»0323.8B,0; 1.864 150 0.028 254
31.0Te0,40Bi,0329.0B,053 1.842 1.32 0.032 274
45.5Te0,35.0 Bi,0319.5B,0 1.895 1.81 0.028 263
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A quantitative measure of this complex
interaction is given by the so-called interaction
parameter A, which in fact for a chosen cation-
anion pair represents the charge overlapping of the
oxide ion with its nearest positive neighbor.
Therefore, the average single bond strength and the
interaction parameter represent the chemical
bonding of the glasses based on two different
approaches — on the thermodynamics and
polarizability, respectively. Both parameters of
TeO,-Bi,03-B,03 glasses were estimated by using
Egs. 7 and 8. For the calculation of the average
single bond strength of the glasses the following
values for the corresponding individual oxides were
used - 285 kJ/mol for TeO,, 103 kJ/mol for Bi>Os3
and 498 kJ/mol for B.O; (see Ref. 23). The
obtained data for both parameters are presented in
Table 2. The glasses possess small single bond
strength in the 254-352 kJ/mol range and small
values of interaction parameter in the 0.028-
0.051 A-® range. Small interaction parameter means
week interionic interactions resulting in large
unshared electron density at one averaged oxide
ion. These values of Bum.o and A suggest for the
presence of predominantly ionic character of the
bonds in the glass structure. Probably Te-O-B, Te-
0O-Bi and Te-O-Te, along with Bi-O-B and Bi-O-Bi
chemical bonds are formed in their structure.

With a view to confirm the presence of such
bonds the structure of the glasses in the present
study was investigated by means of IR
spectroscopy. The IR spectra of TeO,-Bi,O3-B203
glasses are shown in Figs. 1-3. In the spectra of the
glasses from Series 1 (Fig. 1) it can be seen the
presence of two well-defined bands at 1338-
1164 cm* range, a band at 1014-1001 cm™ and two
low frequency bands at about 670 cm? and
440 cm?. The intensity of the band at about
670 cm™ increases and that of the band at about
440 cm* decreases with the TeO, content increase
and Bi,Os content decrease.

In the spectra of the glasses from Series 2
(Fig. 2) it can be seen the presence of two well-
defined maxima at 1325-1316 cm™ and 1210-1206
cm? respectively, weak maxima at 1071-1017 cm'?
and strong band at about 658-649 cm?® with a
shoulder at 750-742 cm™ .

The spectra of the glasses from Series 3 are
similar each other. A broad band in the 1325-
1206 cm* could be observed along with weak band
at around 1045-1022 cm? in the high frequency
range. In the low frequency range four or five
bands exist, namely at 759-713 cm? , 658-633cm™ ,
617 cm™ , 562-548 cm™ and 438-433 cm™. The last
band decreases its intensity with Bi»Os decrease.
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The change of the tellurium coordination
polyhedron from TeOs to TeOs, the change of
boron coordination polyhedron from BOs; to BO4
and existence of BiOg and BiOsz groups are well
known from structural investigations of different
tellurite, borate and bismuthate glasses [7, 25-30].
Arnaudov et al. [26] and Dimitriev et al. [27] have
studied the Te-O stretching vibrations of a-TeO;
and 16 crystalline tellurites built up by TeOs, TeOq
or combinations of these polyhedra as well as series
of tellurite glasses containing similar polyhedra.
The characteristic stretching vibrations of these
structural groups are located in the 670-635 cm'
range. According to IR- spectral data for large
number of bismuthate crystals and glasses collected
by lordanova et al. [30] the stretching vibrations of
BiOs are in the 480-420 cm™ range while those of
BiOs groups are around 860-840 cm™,

\
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Fig. 1. IR spectra of the TeO-Bi»03-B,0s glasses from
Series 1.
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Fig. 2. IR spectra of the TeO,-Bi,03-B,0s glasses from
Series 2.

The characteristic bands of boron containing
crystals and glasses are in the high frequency range
of the spectra in which are located the stretching
vibrations of BOs; and BO, structural groups.
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Fig. 3. IR spectra of the TeO»-Bi»03-B,03 glasses from
Series 3.

According to the review article by
Gautam et al. [31] on infrared spectroscopic studies
of borate glasses with different additives the
asymmetric stretching vibrations of B-O bonds of
trigonal BOs units could be observed in the 1480-
1200 cm™? range. The band at about 1345-1235 cm
is connected with the presence of pyroborate and
orthoborate groups. The absorption maxima at
about 1015 cm™ gives information of the presence
of pentaborate groups containing both BO; and BO4
units. The bonds at about 1046-1020 cm™ are
assigned to the B-O stretching vibrations of BO4
units. Similar results about the vibrations of BOs
and BO4 units in the structure ZnO-Bi,03-B,0; and
CdO-Bi;03-B,0; have been reported also by
Saritha et al. [32] and Pal et al. [33].

On the basis of the discussion mentioned above
the following assignment of the bands in the spectra
of TeO,-Bi,03-B,03 glasses is made. The bands in
the 1338-1278 cm™ range and the bands at 1229-
1196 cm™ range are assigned to the asymmetrical
stretching vibrations of BOs units in pyro- and
orthoborate superstructural units. The absorption
maxima in the 1071-1001 cm™ range is attributed to
the stretching vibrations of BO, units. The
absorption band around 670-650 cm is probably
due to overlapping between asymmetrical
stretching vibrations of axial Te-O bonds in the
TeO4 groups and asymmetrical stretching vibrations
of TeOsz pyramidal groups. The shoulder at 760-
713cm? could be assigned to symmetrical
stretching vibrations of equatorial Te-O bonds in
TeO4 groups or to symmetrical stretching vibrations
of TeOs groups. The band around 440 cm? is
attributed to the Bi-O stretching vibrations of BiOs.
The observed structural units namely BOs, BO,,
TeOs;, TeO4 and BiOg are interconnected in the
structure of the TeO»-Bi,03-B.03 glasses by B-O-
B, B-O-Te, B-O-Bi, Te-O-Te and Bi-O-Bi chemical
bonds.

CONCLUSION

The polarizability approach based on the
Lorentz-Lorenz equation has been applied to TeO--
Bi»0O3-B,03 glasses. It was established that the
glasses possess high refractive index (1.713-1.938),
high electronic ion polarizability (1.785-2.276 A%)
and high optical basicity (0.734-0.936). The
theoretical  third order  nonlinear  optical
susceptibility y® was determined and it was found
that the glasses possess high values of ¥® in the
0.64-2.31x10" range. It was established that the
glasses have small single bond strength and
interaction parameter, thus suggesting the presence
of weak chemical bonds. Such bonds, namely B-O-
Te, B-0O-Bi, Te-O-Te and Bi-O-Bi probably
interconnect TeO4, TeOs;, BiOs, BO3z and BO.4
groups which were confirmed by IR spectral
analysis of the glasses. The high polarizability of
oxide ions in these bonds accounts to the observed
linear and nonlinear optical properties of the
glasses.
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CHUHTE3, CTPYKTYPA U HEJIMHEWHU OIITUYHU CBOVMICTBA HA
TEJIYP-BUCMYT-BOP OKCHUJHU CTHKIIA

T. P. Tamesa, B. B. /lumutpoB

Kamedpa ,, Texnonozus na cunuxamume ““, XuMukomexHoi02u4en u Memaiypeusien yHueepcumen,
oyn. Kn. Oxpuocku 8, Coghusn 1756, Bvaeapus, e-mail: tina.tasheva@gmail.com

ITocTpnumna va 7 HoemBpu 2016 r.; npueta Ha 3 ssuyapu 2017 .
(Pestome)

TeO,-Biz03-B203 cThkiia 0sixa CHHTE3MPAaHH IOCPEACTBOM PS3KO OXJIaXKJAaHE Ha CTOMMIKH. berre
NPWIOXKEH MNOJSPU3ALMOHHUS NOoAXol, ©OasupaH Ha ypaBHeHuero Ha Jlopentu-Jlopenu. Onrudeckara
OCHOBHOCT M KHCJIOpOJHATa IMOJIIPU3YEMOCT OsiXa ONpeAeeHH. YCTaHOBEHO €, Y€ CTBhKJAaTa MPHUTEXaBaT
CPaBHHUTEIHO BUCOKHM CTOMHOCTH 3a omTudeckaTa ocHOBHOCT (0.734-0.936) m kuciopoiHata €leKTpOHHA
nosspusyemoct (1.785-2.276 A®). TeopeTuunusr mokasaten Ha HpedynBaHe ChIIO Oele ompeneneH. Ha
HEroBa OCHOBAa O€lIe ONpejieicHa HeJMHEHHAaTa ONTHYECKa BB3NPUEMYMBOCT OT TpeTH mopsabk ¥
nocpeicTBoM MunepoBoto mpasuio. CThKIaTa IIPUTEKABAT CPaBHUTENHO BUCOKU croiinocth 3a & (0.64-
2.31x10™ esu). XMMHUYECKOTO CBBP3BAHE € M3SACHEHO, HAa OCHOBATA HA €/IHA OCPEIHEHA KATHOH-KUCIOPOJL
(M-O) xumuyHa Bpb3Ka, HOCPEICTBOM MapaMeThpa Ha MEXAYHOHHO B3aMMOJECHCTBUME M 3/ApaBHHATa Ha
Bpb3KaTa. YCTAaHOBEHO €, Y€ CThKJIaTa NMPHUTEKAaBaT CPABHUTEIHO HUCKM CTOMHOCTM 3a 37paBHHATa Ha
XHUMUYHATa Bpb3Ka (352-254 kJ/mol) u HECKH CTOWHOCTH 32 mapamMeThpa Ha MEXIYHOHHO B3aMMOJICHCTBHE
(0.051 1o 0.028 A=), Tesu pesyaraTd Npeanonarar HAIMYMETO Ha C1abHW XMMUYHH BPB3kd Mexay TeOs,
TeOs, BiOs, BOs u BOsrpynute, notespaeHu upe3 MY criekTpasieH aHamus.

Knwuosu ()y./nu: OKCUOHU CmvKia, nojspusyemocnt, onmu4ecKka OCHOBHOCN, XUMUYECKO C6bp3eane, u4d
CneKmpocKonus, HenUHeluHU ONMUYHU mamepuaiu.
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