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The nature of the Sm—0O bond of samarium-activated alumino-borate-based glasses prepared via the
melt-quenching technique was investigated using the Ligand field parameters. Crystal field strength (D,/B)
and Racah parameters B and C were derived from the high-energy region of the absorption spectra. B and C
are parameters that describe the influence of the inter-electronic force of repulsion in an atom and hence
approximate the strength of the Sm—0 bond. The absorption spectra revealed nine bands of transitions from
the lower SHs> energy level of Samarium to higher °Psp, *I11, °H;, and °Fy levels (j = 15/2, 1/2, k = 11/2,
9/2, 7/2, 5/2, and 3/2). The Sm-O bond in the prepared glass samples is less covalent due to the high values
of Dy, B, and C. While the crystal field (Dy) and Racah parameters (B and C) decreased with an increase in
Sm’* contents, the crystal field strength (D,/B) increased from 7.87 to 7.89. The observed trend affirmed the
attenuation of the ionic nature (increase in the covalency) of the Sm—0O bond in the glass host. The observed
less covalent nature of Sm—O bond was complemented further by the negative values (—0.7444, —0.9018,
—0.8821, and —0.8821 for GS0.5, GS1.0, GS1.5, and GS2.0, respectively) of the evaluated bonding parame-
ters of all the glass samples. The prepared glass samples have the required features for laser applications.
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C ucnonvzosanuem napamempos nos aueanod ucciedosana npupooa céazu Sm—0 6 akmueuposanHvix
camapuem anomMob0pamublX CMeKNax, NONYYeHHbIX MemoOOM 3aKaKu pacniasa. Hanpsascennocmv Kpu-
cmannuyeckozo nona (Dy/B) u napamemper Paxka B u C noiyyensi u3 6biCOKOIHepeemuueckou obracmu
cnekmpog noznowenus. Ilapamempor B u C onucwiearom enusiHue MeniCaieKmpoHHOU CUlbl OMMAIKUBAHUS.
6 amome u, c1edosamenvho, annpokcumupylom cuny céazu Sm—0. B cnexmpax noznoujenusi oonapyiceHsl
0e6simb NONOC Nepexo006 ¢ HUNCHe20 dHepeemuyeckozo ypoens °Hs; camapus na 6onee évlcokue ypoeui
°Psn, ‘110, 6['[]‘ u °F} G=15/2 172, k=11/2,9/2, 7/2, 5/2 u 3/2). Csa3b Sm—0 6 0bpazyax cmexkon menee Ko-
eanenmua us-3a evicokux 3uavenui Dy, B u C. Kpucmannuueckoe none (Dy) u napamempur B u C ymenvuia-
jomest ¢ pocmom codepacanus Sm*>", Dy/B yeenuuusaemcs om 7.87 do 7.89. Tenoenyus noomeepocoaem
ociabnenue UoHHO20 Xapaxmepa (yeeaudenue kosarenmuocmu) cesasu Sm—0 6 cmekne-xosaune. Menee xo-
sanenmuwiti xapaxmep cesasu Sm—0 donoanen ompuyamenvivimu 3nadenusmu (—0.7444, —0.9018, —0.8821
u —0.8821 ona GS0.5, GS1.0, GS1.5 u GS2.0 coomeemcmeenHo) OyeHeHHbIX NAPAMEMPO8 CKICUBAHUSL 8CEX
obpazyos cmexna. [lpucomosnennvle 006pasyvl cmekia 001a0a0m HeoOX0OUMbIMU XAPAKMEPUCTIUKAMU
07151 1a3ePHbIX NPUMEHEHUI.

Knrwoueswle cnosa: camapuii, bopamuvle cmexia, iueanonoe noie, napamempul Paka, nasep.

** Full text is published in JAS V. 90, No. 5 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 90, No. 5 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Introduction. Rare earth (RE) ions contribute immensely to contemporary scientific and technological
advancements, particularly in the field of laser technology [1]. An efficient design of solid-state lasers requi-
res an in-depth understanding of the spectroscopic properties of the RE ion-containing host matrix [2]. These
properties are influenced by the nature of the bond formed by the rare earth ion with the host [3]. Conse-
quently, a suitable, reliable, and efficient host is the key issue [4, 5]. Borate-based glasses prove to be stable
hosts for rare earth ions due to their uniform and unique spectroscopic attributes [6-9].

The structural and lasing attributes of rare earth-doped glasses are strongly influenced by the nature of
the existing RE-O bond [10]. The number of ligand atoms surrounding the RE ion is determined by the RE
ion size, whereas the charge determines the strength of the bond formed with the ligand anions [11]. Crystal
field strength (D,/B) and Racah parameters B and C (obtainable from the high energy region of the absorp-
tion spectra) are the ligand field parameters used to establish the nature and properties of the RE-O bond and
hence unravel the lasing potentials of the concerned host. Crystal field (D,) arises from the ligand atoms sur-
rounding the rare earth ion, distortion of the 4f shell by the ligand field influences the magnetic and spectro-
scopic properties of the RE ion. Dy is a critical parameter that dictates the probability of numerous laser tran-
sitions [12]. For an atom with more than one electron, there exists an inter-electronic force of repulsion be-
tween the electrons [13]. Racah parameters B and C are responsive to the local symmetry and hence deter-
mine the degree of the inter-electronic force of repulsion and thus the covalency of the RE-O bond. To de-
termine Racah parameters B and C, lower wavelength absorption band positions vi, v2, and v3 are used. The
lower the Racah parameters B and C, the higher the covalency of the RE-O bond [14, 15].

The nephelauxetic effect is a shift in the absorption transition energy due to the distortion of 4f orbitals
caused by the RE complexing ligands [16, 17]. Nehelauxetic ratio () and bonding parameter (d) are also
useful in determining the nature of the RE-O bond.

This paper reports the ligand field parameters, nephelauxetic ratio, and bonding parameters of samari-
um-activated alumino-borate glass prepared using the melt-quenching technique. The aim is to disclose the
nature of the Sm—O bond in the proposed glass matrix as a function of Sm*" concentration. This will unravel
the potential of the host matrix for laser application. The choice of Sm®" RE and borate-based glass host was
influenced by the reports of [18-20].

Experimental. A series of Sm>" activated alumino-borate glasses of composition (70-y)B203-15BaSO4-
15Te02-ySm,03 (0.5 < y < 2.0 mol.%) was prepared using the melt-quenching technique. Analytical grade
powder chemicals (Sm203, B2O3, BaSOy4, and TeO,) > 99% purity obtained from Sigma Aldrich were used
as constituents. Proper weighing of the chemicals was done using Mettler Toledo digital scale. The chemi-
cals were thoroughly mixed in an alumina crucible and then thawed in an electric furnace at 1300°C for one
hour. Quenching of the melt was done on a steel cast preheated at 300°C for 1 h. The glasses were annealed
at 400°C for three hours and then allowed to cool to room temperature. Table 1 shows the details of the glass
compositions and their codes. The refractive indices of the samples were calculated from the absorption
spectra through bandgap energy obtained using Tauc’s plot.

TABLE 1. Sample Codes, Compositions and Refractive Indices

Glass code Starting composition, mol.% Obtame'd Al2Os Refractive index, n
concentration, mol.%
GS0.5 ]69.5B»03-15BaS04-15Te0,-0.5Sm>0;3 16.0 2.2129
GS1.0  [69B,03-15BaS04-15Te0,-1Sm»03 17.0 2.2194
GS1.5 [68.5B,03-15BaS04-15Te0,-1.5Sm»0; 17.0 2.2203
GS2.0  [68B203-15BaS04-15Te0,-2Sm»03 18.0 2.2288

Room temperature UV-Vis-NIR absorption analysis was carried out at a range of 300 to 1800 nm using
a 3600Plus Shimadzu spectrometer. Emission spectra under 402 nm excitation and through a wavelength
range of 300 to 750 nm were recorded using a Fluoromax-4C spectrofluorometer. XRD analysis of the pow-
dered glasses was done using a Rigakusmartlab diffractometer through 26 range of 0 to 100°. The elemental
composition was analyzed using energy dispersive X-ray measurements in the range of 0 to 20 keV at
a resolution of 10°® m, using an Oxford X-Max“100TLE fluorescence spectrometer. The densities of the
glass samples were calculated using Archimedes’s principle.
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Results and discussion. XRD and EDX analyses. The absence of sharp peaks from the X-ray diffrac-
tion (XRD) pattern of the synthesized glasses confirmed their amorphous nature [21]. Figure 1 elucidates the
XRD pattern of the as-quenched samples. Figure 2 illustrates the EDX spectra of all the developed glasses in
the energy range of 0-20 keV. The successful incorporation of the individual elements in the glass sample
and their corresponding wt.% is evident therein. Aluminium was manifested from the employed alumina
crucible. Moreover, the uniformity and homogeneity of the individual elements as revealed by EDX-
mapping analysis are shown in Fig. 3.
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Fig. 1. XRD pattern of the synthesized glasses: CS0.5 (/), and CS1.0 (2).
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Fig. 2. EDX quant results of the synthesized glasses along with the electron layered image.
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Fig. 3. EDX elemental mapping of the glasses showing the elemental homogeneous distribution.

Optical absorption. UV-Vis-NIR absorption spectroscopy is among the most important optical analyti-
cal techniques because of its simplicity, high precision, flexibility, less time consumption, and cost-
effectiveness [22]. It involves the study of electronic transitions from lower to higher energy levels due to
the absorption of electromagnetic radiation in the UV-Vis region by a given sample. Electronic energy levels
are largely spaced when compared with vibrational or rotational energy levels; as such, only photons with
sufficient energy can cause electronic transitions. Figure 4 depicts the high and low energy region absorption
spectra of the synthesized glasses. While the low energy region discloses three eminent transitions
of $Hsp—°P, ®Hsp—*G, and °Hsp—*I terms, the high energy region displays seven distinct transitions
of ®Hs»,—°F and ®Hsn—°H terms. Generally, the absorption spectra revealed nine prominent ®Hs,—°Ps,
SHsp—*1112, ®*Hsp—°H;, and Hsp—SF, (j = 15/2, 1/2, k = 11/2, 9/2, 7/2, 5/2, and 3/2, respectively) bands
of samarium transitions [23-25]. It is known that Sm** ions do not absorb from the ground state in the
570-900 nm region; hence, the absence of absorption peaks in the region, which may be attributed to forbid-
den spin-selection rules [26, 27]. Hyper-sensitive transitions ®Hsp—°F3p, *Hsp—SFsp, °Hsp—°F75, and
Hs,—°Fo adhered to the quadropole selection rules |AT| < 2, |AL|<2 and AS =0 [28]. Optical proper-
ties and ligand field parameters (D, B, and C) of the prepared samples are derivatives of the lower wave-
length region of the measured absorption spectra. The optical and physical properties of the prepared glass
systems as deduced from our earlier report [27] are presented in Table 2.

TABLE 2. Physical and Optical Properties of the Synthesized Glasses

Parameter Glass sample
GS0.5 GS1.0 GS1.5 GS2.0
Indirect bandgap, eV 2.511 1.826 2.169 2.655
Direct bandgap, eV 3.612 3.458 3.533 3.582
Urbach energy, eV 0.535 0.560 1.834 1.790
Dielectric constant 3.091 3.095 3.098 3.104
Optical dielectric constant 2.091 2.095 2.098 2.104
Reflection loss, % 7.556 7.572 7.585 7.608
Electronic polarizability 21.166 21.189 20.753 20.667
Molar mass, g/mol 109.073 110.468 111.864 113.259
Molar volume, cm?/mol 39.766 38.913 38.691 38.634
Polaron radius, 107°m 2.052 1.617 1.410 1.280
Inter-ionic distance, 10™'%m 5.093 4.013 3.499 3.177
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Fig. 4. (a) Lower wavelength absorption region, (b) Higher wavelength absorption region
for the synthesized glasses.

Ligand field parameters. Racah parameters (B and C). Using the measured absorption spectra, the co-
valency of the Sm—O bond in the prepared glass matrices was explored via Racah parameters. For the evalu-
ation of B and C, the absorption bands vi, v2, and vs are selected from the high energy region where the tran-
sitions are allowed, as shown in Fig. 4, wherein Eqgs. (1) to (4) [14, 29] were used in the evaluation process:

D, =v,/10, )

_2vi 4+ V5 —3vv, @
15v, =27v,

C=(vs-4B-10D,)/3. 3)

Table 3 presents the values of the calculated ligand field parameters. The magnitude of B decreased
with an increase in Sm** contents from 316.72 cm™ for GS0.5 to 315.86 cm™ for GS2.0, while in a similar
trend, the value of C decreased from 4348 cm™! for GS0.5 to 4346.2 cm™! for GS2.0. The decay in the values
of B and C with an increase in Sm>" concentration indicated the growth in the covalency of the Sm—O bond [30].
The symmetry of local Sm®" sites decreased with Sm®" contents due to the delocalization of additional 4f
electrons [14, 29]. The observed B and C trends are required for laser applications [29].

TABLE 3. Ligand Field Parameters for the Prepared Glass Samples

Glass code Ligand field parameters
B(x0.01 cm™) | C(#0.06 cm™) | D, (£0.004 cm™") D,/B Reference
GS0.5 316.72 4348.00 2493.80 7.87 This study
GS1.0 316.41 4346.79 2493.50 7.88 This study
GS1.5 315.94 4345.42 2493.00 7.89 This study
GS2.0 315.86 4346.2 2492.90 7.89 This study
TZS1 244.68 1886.29 1834.86 7.50 [14]
MZSPEAg0.1 82.85 8274.94 2544.53 30.71 [28]
Ni00.05 1018.90 3601.80 870.00 -3.45 [30]
CsPF6:Mn*" 617.00 3787.00 2127.00 [31]

Crystal field variables (D, and D,/B). The evaluated crystal fields (D,) and crystal field strength (D,/B)
were outlined in Table 3. The observed higher value of the crystal field strength (>2.3) for all the glasses
suggests the concentration of Sm** ions in a strong crystal field environment within the glass host [32, 33].
The increase in the values of the crystal field strength with an increase in Sm>* contents accelerates the
switching of the ligand field from strong to stronger ligand sites [34, 35]. Hence the strength of the Sm—-O
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bond, and by extension, the optical properties of the present host, are tunable by varying the Sm** concentra-
tion. Figure 5 exhibits the variation of D,/B as a function of Sm®" contents. The observed strong ligand field
strength environment of the studied host is an indication of its ability to strongly resist wear and thermal
shock; a required feature for laser application [36].
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Fig. 5. Variation of crystal field strength as a function of Sm** content.

Nephelauxetic ratio and bonding parameter. It was observed that when rare earth ions are doped
in glass matrices, the center peaks of the absorption transitions are slightly displaced in comparison with that
in an aqueous solution. This effect is known as the Nephelauxetic effect and is a consequence in response to
the deformation of 4f orbitals. The nephelauxetic ratios () for all the absorption transitions herein were ob-
tained by comparing the wavelength with that in an aqueous solution. Being sensitive to the Sm** environ-
ment, B can be used in unraveling the nature of Sm**-O bonding through c. From the B values, o for each
sample was determined by applying the equations of [27]. The evaluated bonding parameters of the synthe-
sized glasses are —0.7444, —0.9018, —0.8821, and —0.8821 for samples GS0.5, GS1.0, GS1.5, and GS2.0, re-
spectively. These values confirmed the migration of the Sm—O bond from ionic to covalent nature with an
increase in Sm*" content.

Conclusions. The evaluated ligand field parameters Dy, B, and C of the prepared glasses ascertained the
nature of Sm—O bonding and hence disclosed the spectroscopic attributes of the glass hosts. Reduction in the
values of B and C with increasing Sm*" contents signified the delocalization of 4f electrons and the subse-
quent increase in the covalency of the Sm—O bond. The high value of D,/B (7.87 to 7.89 for GS0.5 to GS2.0)
is a testimony to the strength of the glasses. Generally, the synthesized glasses are less covalent as confirmed
by the negative values of the bonding parameter but the covalency increases with increasing Sm>" contents.
The prepared glass samples have the required features for solid-state laser applications.
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