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Local order structure of lead borate glasses doped with
Sm,0; correlated with IR study
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Ain Shams University, Faculty of Science, Physics Department 11566 Abbassia, Cairo, Egypt

The local order structure was studied for the amorphous 0.7Pb0-0.25B,03-0.05A1,03 glasses doped with 0.5, 2.0 and 5.0
gm of Sm20s. The radial distribution analysis for both short range order (SRO) and medium range order structure (MRO)
was applied for the collected XRD data. The sine Fourier transform was performed on the extracted interference function in
the inverted space to get on the inter-atomic pair distribution function in the real space. The role of Sm,O3 introduced in the
matrix was found to modify the atomic correlated distances of the detected atomic pairs and also their coordination
numbers. This role of Sm,03 was highly observed in the samples 3 and 4 containing 2.0 and 5.0 gm of Sm;0O3 to change
AlO, and BO;3 to AlOs and BO,4 forms. Three evidenced main peaks were observed at the ranges (2.33-2.54)A, (4-4.16)A
and (6.65-6.74)A respectively with the un-doped and doped samples with Sm,03. These observed peaks were belonging to
Pb-O, Pb-Pb in the SRO and Pb-O of the second order in the MRO. The assigned pairs were arranged in the form PbO3
units while the metallic Pb-Pb pairs were of tetrahedral units. The second and successive RDF peaks are of composite
structure (can be resolved into more than one atomic pair); accordingly, a small unresolved pre and post shoulders may be
predicted in SRO and MRO regions which belonging to B-O and Sm-O correlated pairs. The other correlated pairs such as,
Al-Al and Sm-Sm were not evidenced due to their small introduced weights in the given amorphous matrix. The extracted
structural information's were correlated with the measured IR for these studied samples and the IR studies gave a good
consistency with the RDF analysis for the detected atomic pairs.
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1. Introduction

Rare-earth (RE) ion-doped glasses have been paid
much attention because of their high potential use for
optical applications such as fibers, amplifiers, lasers and
sensors. The primary objective of this strategy involves
determining the glass composition that can
homogeneously dissolve large amounts of RE oxides
(Re,03). Among the glass components, Al,O3 has received
significant consideration as the most likely matrix
composition due to its high solubility of rare-earth ions
[1,2]. Re,03 has a structure similar to that of Al,O; in
which the RE ions have a preference for eight-fold or nine
fold coordination. The charge of RE ions is compensated
by the oxygen's surrounding the AI** ions, which results in
a homogeneous dispersion of the RE ions in the glass
structure. However, in the meantime, it is difficult to
prepare a glass containing large amounts of Al,O; because
of its high melting temperature.

In recent years, considerable attention has been
devoted to the search for new materials to be used as hosts
for RE ion impurities. These ions can be incorporated
easily into several glass matrices, which can make them
suitable to achieve laser radiation due to the appearance of
sharp and unambiguous absorption bands in their optical
transmission spectra [3].

Glasses doped with RE atoms are well known as
fluorescent substances because of their high luminescence
efficiency. Glasses containing various RE ions are seen as
promising materials for quantum electronics devices such

as high power lasers [4-7]. Trivalent samarium ion has
been used as an active ion in various glass and crystal
hosts. Sm** ions yield strong emissions in visible region,
leading to lasing, both in compact fiber and planar
geometries [8]. Recently, in particular Sm?* doped
materials are of great importance with non-linear optical
hole burning which leads to using it as an optical data
storage materials [9-11]. Preparation of Sm®*-doped
glasses requires carefully optimized melting conditions
due to the instability of the divalent state of samarium.
Neverthless, the reduction process of Sm®* has attracted
relatively little attention in literature. Equilibrium of the
redox reaction responsible for reduction of Sm** to Sm**
depends on the partial pressure of oxygen in the melting
furnace, composition of the glass, crucible material,
melting temperature, cooling rate, etc. The role of Al,O3 in
the reduction of samarium in silicate glasses has been
discussed by Nogami et al. in 1998 [12, 13].

The main task of this work is to investigate the
structure of 0.7Pb0-0.25B,03-0.05Al,03-xSm,0; glasses
(x=0.0, 0.5, 2.0 and 5.0 gm) using XRD data Fourierly
transformed to obtain radial distribution function (RDF),
real space information's in both SRO and MRO, giving an
evidence to the role of Sm,0; introduced in the studied
amorphous matrix and correlate them with IR study for
these specimens.
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2. Experimental work
A. Preparation of the glass specimens

Glass system of 0.7Pb0-0.25B,03-0.05Al,0; with
varing doping amounts of samarium oxide ranging from
0.0 to 5.0 gm are prepared by mixing appropriate weights
of raw materials, HsBOs, PbsO, and Al,O3 of grade purity
in porcelain crucibles. The mixture is heated in an electric
furnace at 1223 K. Synthesis process is continued for 2
hours to ensure complete homogeneity .Then, the melt is
poured and preheated onto circular stainless steel mold of
radius 1.3 cm and the samples are annealed at temperature
673 K to avoid and minimize the stress-strain in the fresh
samples.

B. Hydrostatic density measurements

The densities of the prepared glass samples were
measured in an indirect method based on Archimedes'
principle using xylene as immersion liquid according to
the equation:

wt, 3
p = ————— X g/cm
wt,— wt,
Where:
1. p is the required glass sample
density.
2. wt, the weight of the glass
sample in air.

3. Wty the weight of the glass

sample in the immersing
liquid.
4. pqg the density of the

immersing liquid.
The composition and the density of the glass samples
used in investigated optical and structural properties are
shown in Table 1.

Table 1. Composition and density of the glass batches.

N gram
Glass | COmPosition % (per batch) Density
"0 18,0, | PbO | ALO; | SM,0; glem
5.143
W |25 |70 |5 0.0
5.025
@ |25 |70 |5 05
5.131
@ |25 |70 |5 2.0
5.291
@ |25 |70 |5 40

C. XRD apparatus setup

The present data were collected by using Philips
(X'pert MPD) diffractometer using the Bragg-Brentano
para-focusing technique. Highly monochromated Cu-
radiation (wavelength A= 1.54051A) was used. The step
scan mode was applied in the 20-range (4-157.4612°). The
step size (A20= 0.04°) and the counting time was 10 sec.
for each reading. The corresponding accessible maximum
scattering vector magnitude, K, was 8.0 A™. The air
scattering was avoided by a suitable applied arrangement
of XRD system. The receiving and divergence slits were
properly chosen in both small and large 26-ranges, in order
to improve the qualities of data collected as it could as it
possible.

D. IR absorption measurements

Fourier transform infrared (FTIR) absorption spectra
of the studied glasses are measured in the range 4000-500
cm, using the KBr-pellet method at room temperature. A
recording  spectrophotometer  type, Jasco V-570
UV/VIS/NIR (Japan), is used.

3. Results and discussion

The scattered intensity in the K-space is corrected for
the polarization and absorption, scaled and normalized to
get on the self scattered intensity and the structure factor
S(K) [14-16].

Fig. 1 depicts the structure factor of the investigated
amorphous matrix, free and doped with 0.5, 2.0 and 5.0
gm of Sm,Oz; in the reciprocal space (K-space;
K=4nsinb/A, A=1.54051A and Kn=8.0A") using the
cupper radiation source. A pre-shoulder to the first
scattering peak is observed at 1.32A™ for all the set of
samples. This shoulder is related to the structure of the
MRO arranged atomic pairs [17, 18] and it may be related
to the B-O atomic pairs in the SRO due to its correct
position in belonging to these atomic correlations having
nominally small weights in the amorphous matrix. Also, it
is clear that this shoulder location is independent of the
introduced Sm,03 component in the prepared lead- borate-
aluminate samples. The next more sharper peak which
belongs to SRO structure is evidenced at ~2.00A™ for all
the investigated samples. The third assigned scattering
peak is of composite structure and is located at about
3.253A" with a broadening 3.0-3.481A™ with a post
shoulder at 3.651A™ and the second sample had this third
K at 3.2310A™ with the same previous broadening as in
sample one but, with a post shoulder at 3.6720A™. The last
two samples (doped with 2.0 and 5.0 gm of Sm,0s) had
the first K with its pre-shoulder as in the previous two
samples; at 1.32 and 2.0A™" respectively. The next higher
K-space peaks for sample three are located at: (3.19-4.07),
453, (4.88-5.67), 5.86 and (6.52-7.61)A™ respectively.
The sample four has a more extent K's; for K, which is
assigned at ~ 3.314-4.24A™ with the next higher K
locations at 4.956-5.6A*, 6.4-6.8A™" and finally Ks at
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7.641A™. The previous K-ranges for the investigated
samples are given in Table 2. The observed K, to ~ 8.0A"
L will only give the ability of RDF analysis to be limited to
the MRO extracted information's without extended data
resolution, taking in mind the less availability of XRD
normal sources signal to noise ratio compared with data
collected of storage rings producing synchrotron beams.

Fig. 2 shows the "Radial Distribution Function”, RDF
(Atoms/A), versus the radial distance r (A) for amorphous
0.7Pb0-0.25B,0;-0.05Al1,0; doped with 0.0, 0.5, 2.0 and
5.0 gm respectively of Sm,0;. The first ordered shell is
belonging to Pb-O correlated pairs and is centered at
2.313A for the first un-doped sample, shifted to 2.421A in
the second one and is shifted to ~2.541A in the last two
samples (doped with 2.0 and 5.0 gm of Sm,03). This shell
is highly disordered having an area of ~2.511 atoms which
means that P-O pairs are arranged in the form PO,
triangles form. It is clear that the doping of Sm,0; in the
amorphous matrix changes only the bond distance
correlation of Pb-O by about 0.32A without changing its
arranged form of triangles. The second observed RDF
peak for un-doped sample is evidenced at 4.11A having a
coordination number of 4.0 which is belonging to Pb-Pb
atomic correlations. This peak for the first sample having a
pre-shoulder at 3.30A which is due to B-O correlations
formed of BO; units and a post shoulder at 4.86A which
attributable to Pb-O correlated second order pairs arranged
also in the form PbO; in the medium range order (MRO)
structure. The next broadened peak is centered at 6.75A
which is belonging to Pb-Pb second order atomic pairs
having a coordination number 4.0. This third main peak
can be resolved into two preceded peaks at 6.25A and
6.55A which are attributed to, may be, Al-O and Pb-O
pairs each of which had a tetrahedral form of AlO, and
PbO, respectively. In the second sample (Sm,03;=0.5 gm),
a shift to a longer distance is observed in the first two
peaks to be located at 2.42A and 4.16A respectively with
nearly the same previous coordination numbers as in
sample one, while the third peak is shortened to be at
6.63A. One can observe an evolution of good Gaussian
shape for the second peak; also the absence of pre and post
peak shoulders as observed in the first un-doped sample
(Sm,03=0.0 gm). The Pb-O correlations are still centered
at 2.42A having the form PbO; and the second peak can be
analyzed into more than one atomic pair correlation. This
second peak as a composite structure peak is formed of
BO; coordination's at ~3.4A, Pb-Pb pairs of tetrahedral
arrangement at 4.16A and Sm-O correlations, may be, at
~4.56A having SmO; form. These observations may be an
indication to the replacement of Pb-O second order
correlations (as noted in sample one) by Sm-O coordinated
units. The third observed peak in the second sample which
was assigned at 6.63A is due to Pb-Pb correlations
preceded also by AlO, units at about 6.10A and PbO, units
at ~6.21A respectively.

In the third sample (Sm,05=2.0 gm), a large structural
modifications can be detected due to the introduction of
Sm,03 as a modifier component. The first coordination
shell is evidenced at a longer distance ~2.552A and the
second main coordination shell is highly shortened to be at

around 4.0A and a good resolved shoulder is observed at
~4.85A. The third ordered shell is elongated again to be at
6.80A with a pre-shoulder at 6.0A. The observed changes
in the coordinated pairs are in the SRO arranged units,
PbO; have no, change while BO; units changed to BO,
forms at 3.55A. In the MRO region, Pb-Pb coordinated
atomic pairs had 4.0 coordination number, and SmO;
building units are predicted at 4.85A. The third main peak
which is stretched to be at 6.80A (Pb-Pb second order
pairs of coordination number 6.0) is preceded by AlO, and
PbO, building units. The tetrahedral units of AlO, and
PbO, are located at 6.0A and 6.40A respectively. One can
observe from RDF of the third sample containing 2.0 gm
of Sm,0s, that the introduction of Sm,05 in the matrix will
highly manifest the appearance of both Sm-O and Al-O
pairs at 4.85A and 6.00A respectively and changing the
coordination number of metallic Pb-Pb pairs from 4.0 to
6.0 atoms.

In the last sample having Sm,O; content of 5.0 gm,
the first coordinated sphere of PbO; units is centered as
before in sample 3 at ~2.551A followed by the two main
observed peaks at 4.08A and 6.65A respectively. One can
observe the disappearance again of the pre and post
shoulders attached to the second and third peaks as noticed
in the previous third sample, instead a broad valley is
created between these second and third peaks. This can
give an indication to the highly stabilized ordered pairs
inside both SRO and MRO regions with the high
introduced Sm,0O3 content. The two main successive long
distance peaks may be resolved into more than one
contribution as given before. The Sm-O correlations are
completely disappeared giving a chance for AlO, units to
be changed into AlOg octahedral units at almost 6.10A
followed by PbO, at ~6.40A and the peak maximum for
Pb-Pb of second order correlations are located at 6.65A
smaller by about 0.15A compared to the previous third
sample. The degree of the matrix disorder may increase
due to the dissociated Sm-O pairs into separate Sm-ions, in
the meantime, increasing of bonded oxygen atoms to the
Al-O correlations to be in the form of AlOg units.

Despite the increased broadening of RDF peaks in
sample 4 a new evolved small peaks may be observed at
about 8.05A and 8.55A respectively compared to other
previous samples which indicates to an increased order
beyond the MRO structural region. It should be noted that
the good flattening of RDF beyond the first three main
peaks in the first two samples compared to the last two
samples can be interpreted in terms of two reasons: the
first one is the quality of XRD collected data in K-space
(as an example, the signal/noise ratio of X-ray applied
beams) and the second reason is produced from the role of
modifier(s) introduced in the main amorphous matrix as
Sm,0; in our investigated samples. The data truncated
range in K-space as well as the other implemented
parameters are fixed for all samples to perform the Fourier
transform and to get on RDF real space information's in
both SRO and MRO regions. The extracted information's
are highly settled and having a good stability for peak
positions, peak areas and peak "Full Width Half
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Maximum" (FWHM), (R, N, o), for all the treated
samples.

Unfortunately, the articles published for the RDF
analysis for the given prepared samples; 0.7PbO-
0.25B,03.0.05Al,05-xSm,05(x=0.0, 0.5, 2.0 and 5.0 gm)
are very rare despite many articles are involved for other
physical studies.

4. Bond angle distributions in the
investigated samples

The investigated samples of 0.7Pb0O-0.25B,03.
0.05Al1,05-xSm,05(x=0.0, 0.5, 2.0 and 5.0 gm) having the
bond linkages in the SRO of Pb-O-Pb distribution as:
126.021° for the un-doped sample and this angle decreases
with the introduction of Sm,0; as 0.5 gm in the matrix to
be 118.304° which means that the contribution of Sm,03
inside this amorphous system relaxes the Pb-O-Pb
correlations connected in the SRO range. This behavior is
highly evidenced in the following samples having larger

Sm, 03 content (2.0 and 4.0 gm respectively). The last two
samples had Pb-O-Pb of lower angles as before, 103.93°
and 106.864°. As a consequence, the increased Sm,0;
content in the given samples increases the relaxation of
the lead oxygen correlated bonds despite the extension
occurred in Pb-O pairs from 2.323A to 2.541A, but this
extension in Pb-O bonds is associated with a shortening in
Pb-Pb pairs from about 4.16A to ~4.0A. Accordingly, the
Sm,0; role in the studied samples is well established as a
modifier in bond lengths and bond angles in SRO range
and changing the bond lengths and bond coordination in
MRO in an appreciable weight compared to the degree of
angle relaxations. As noted previously, also for the bond
linkages Pb-O-B the role of introduced Sm,0j in the given
amorphous matrix was to relax these bond angles having
the values: 90.5168°, 89.2058° and 88.1394° respectively,
but for the last sample the presence of B-O in the MRO
(3.30-3.55A) was not revealed. These findings are
supporting the previous XRD structural information's
reported in the above section.

Table 2. The K-maxima in the reciprocal space, A, for the investigated amorphous samples of lead borate aluminate

doped with Sm,0s.
Sample Sm,0; Kl(Sh) K, Ks Ky Ks Ks K; Kg Ko Kio
Number (gm)
1 0.0 1.32 20| 33 | 428 | 504 | 6.05 | 6.63 | 7.16 | 7.45 _
2 0.5 1.32 20| 33 | 428 | 504 | 6.05 | 6.63 | 7.16 | 7.45 _
3 2.0 1.32 20 | 3.24 | 395 | 4.78- | 6.6 7.0 | 7.56 _ _
5.6
4 5.0 1.32 20 | 3.28 | 3.75 4.2 496 | 516 | 5.52 | 6.36- | 7.64
6.85

3.2

238

2.4

20

S(K)

1.6

1.2

0.8

04 5

0.0

0.0 0.9 18 27 36 45 54 6.3 7.2 8.1
K [1/A]

Fig. 1. Total structure factor S(K) versus K for a-
0.7PbO-O.258203-0.05A|203-X8m203; x=0.0, 0.5, 2.0 and
5.0 gm respectively from bottom to top.

RDF Atoms/A
=

0.0 0.8 16 24 3.2 4.0 4.3 5.6 6.4 7.2 8.0
R.A

Fig. 2. Total RDF of a-.70Pb0O-0.25B,03-0.05Al,0,
doped with Sm,03 of 0.0 gm, 0.5 gm, 2.0 gm and 5.0 gm
respectively from bottom to top.

5. IR studies

The IR spectrum of sample "1" (0.0 gm of Sm,03)
shows many bands in the ranges 1100-1500 cm™, 800-
1100 cm™ and ~700 cm™. The first region is attributed to
the asymmetric stretching relaxation of the B-O bond of
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triangles BO; units, the second is due to the B-O bond
stretching of the tetrahedral BO, units, and the bond
observed around 700 cm™ is due to bending mode of B-O-
B linkages in the borate networks. The absence of band at
806 cm™ indicates the absence of boroxol rings [19].
Ultimately, the glass sample consists of BO; and BO,
groups linked randomly.

Actually, the bands due to BO; and BO, groups
apparently take place while suffering shifts toward lower
wave numbers where the citations of their locations in
literature cover higher values of wave number. The range
950-1085 cm™ was attributed to BO, by Upender G. et al.
[20], 1023 cm™ by Virender Kunder et al. [21], 990 cm™
by Andelean 1. et al. [22] and 1004 cm™ by Motke S.G. et
al. [23].

For BO; units, bands at 1333-1390 cm™, Upender G.
et al. [20], 1445 cm™ Virender K. et al. [21], 1400 cm™
[23,24], 1420 cm™, Andelean 1. et al. [22], 1357 cm™,
Motke S.G. et al. [23, 24]. The appearance of these bonds
in the spectrum of sample "1" at lower wave numbers than
generally reputed values can be attributed to the effect of
PbO. Lead incorporation into glass matrix does not
originate new FTIR bonds, however, it can be concluded
that the shift of the vibrational bond from higher to lower
wave number is ascribed to the increase in the bond length
of B-O groups [21].

Indeed, formation of Pb-O-B bond leads to shift of B-
O band to lower wave number [24]. Similarly,
incorporation of Pb into Te glasses was found to strongly
shift the shoulder at 770 cm™ towards 730 cm™ which was
attributed to the higher polarizability of Pb-O-Te linkage
than Te-O-Te [25]. According to Krogh Moe's model [26]
the structure of boron oxide glass consists of a random
network of planar BO; triangles with a certain fraction of
the six membered (boroxol) ring [26, 27]. In glass
structure Pb?* cations play the role of network modifier
when these cations are ionically bonded. On the other
hand, if Pb-O bond is covalent, Pb?" cation will act as
glass former. Because the dual role of lead ions may
disrupt the glass network and form BO, tetrahedral units.
The addition of Sm,03 in increasing amounts (0.5 — 4gm)
appears to suppress the effect of PbO whereby a
progressive shift of BO, and BO; bands toward higher
wave number is noted (Figs. 4,6). Usually, a shift of
absorption bands to higher wave numbers occurs as a
result of an increase in the degree of polymerization of
structural network units of glass system [20]. This is
accompanied by a progressive increase in the band at 465
cm™ showing its maximum appearance in the spectrum of
sample having 4.0gm of Sm,0s. This band is due to Pb-O
stretching of PbO (Litharge) [28]. The effect is also the
appearance of the small band at 420 cm™ due to Al-O
pairs. The freeing of PbO and probably AI-O from
involvement in glass network is the reason for increasing
the hygroscopic nature of the resulting glass matrix as
inferred from the clear appearance of bands due to H-
bonded water (3445, 1644 cm™), and also the bands due to
OH groups (3730 cm™). Thus, up to 2 % the Sm,05 acts as
glass modifier.

Increasing the content of Sm,0; to 2.0gm, the
spectrum shows the band due to BO, shifted to higher

frequency while composed of two maxima at 951 and
1035 cm™. The appearance of the latter band more defined
compared to the case of sample "1", meanwhile of
intensity comparable to that at lower wave number implies
that at this level of Sm,0O; the BO, groups comprise B-O
bonds of different lengths. The band due to BO3; groups
show relatively narrower profile than sample "1" with
apparent increased intensity based on the comparison with
the intensity of the bands due to BO,. It can be concluded
that Sm,0; at 4.0gm content acts as glass modifier and
former. This may find support through inspecting the
region 400 — 500 cm™ that shows the bands due to Pb-O
and Al-O barely visible.

It can be suggested that addition of Sm,0O5 content of
> 3.0 gm both glass formation and modification processes
are taking place. It has been reported that in Sm,05- B,O5-
SiO,- Al,O5 glass, Sm** exists as a network modifier. The
higher Sm*" concentration was, the more units of BO,
transformed to BO,. Nevertheless, with the increase of
Sm*®* ions, the distances between rare earth ions would be
shortened, and the dipole-quadrupole interactions would
be enhanced between Sm*" ions which resulted in Sm*
concentration  quenching.  The  optimum  Sm*
concentration was about 1 mole % [29].

This may explain the change observed in the behavior
of added Sm,0; i.e. concentration quenching. In the
present case it seems that this has been occurred starting
with > 3.0 gm Sm,0s.
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6. Conclusions

1. The correlated Pb-O and Pb-Pb pairs are evidenced in
both SRO and MRO ranges in the investigated samples
and arranged in the form of triangles and tetrahedral units.
2. The introduction of Sm,03; with small weights in the
given amorphous matrix can highly modify the structure of
the MRO region. The AlO, pairs can be changed to AlOg
pairs and also BOs pairs could be changed to BO, units.

3. Also, the introduced Sm,03 in the studied glasses will
highly distort the correlated pairs due to the formation of
dangling bonds; Sm-..., separate ions of Sm®* and
increased bonded oxygen's to the other pairs of B-O and
Al-O.

4. The formation of Sm*" ions beside Sm** ones in these
samples can not be evidenced in the exact ratio and Sm-O
correlations are arranged in the SmO; units in the MRO
region.

5. The addition of Sm,O; with an increased ratio to the
investigated amorphous matrix was found to relax the
correlated linkages of Pb-O-Pb and Pb-O-B in the SRO
region.

6. The IR measured for these samples give a good support
to the RDF extracted information's and good agreement.
The IR studies did not evidence the presence of Pb-Pb
metallic pairs and also the Sm-Sm correlated MRO pairs.
7. The IR investigation evidenced well the presence of Al-
O, Pb-O and both of BOzand BO, correlated pairs.
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