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Glass system xTbp03-40WO3-(60-x)B203, with x = 20; 22.5; 25 and 27.5 mol% were prepared by melting-
quenching method. The samples were cut, polished and characterized by thermal, structural, optical, lumines-
cent, magnetic and magneto-optical techniques aiming at applications in optical and magneto-optical devices. All
terbium-containing samples exhibit magnetic response to neodymium magnets at room temperature. In addition,
they feature thermal stability above 100 °C, wide transparency in the visible and near infrared region. Magnetic
susceptibility measurements revealed the paramagnetic character of the terbium, with high Curie constants and
antiparallel spin alignment. An ascending pattern in the Verdet constant was discerned as the concentration of
Tb,03 increased, culminating in a measurement of -124 rad-T~*-m ™! at 632.8 nm for the sample containing 27.5
mol% Tb,0s. This value closely approximates those observed in terbium-borogermanates glasses and single-
crystal TGG, representing an alternative for the development of novel, cost-effective magneto-optical vitreous

materials.

1. Introduction

Nowadays, transparent glasses with magneto-optical (MO) proper-
ties are of great technological interest, due to the wide range of possi-
bilities of applications including modulators, magneto-optical isolators,
information storage devices, spintronic, magnetic and current sensors
and magneto-optical glasses and fibers [1-8].

The magneto-optical effects are more pronounced in crystals con-
taining a high concentration of ions with high paramagnetic suscepti-
bilities, such as Fe>* and, among the lanthanides, the trivalent terbium
ion (Tb3+) has electronic configuration 48 4f75d1, with total angular
momentum, J = 6, which promotes one of the highest values of total
magnetic moment, being commercially applied in monocrystalline
Faraday rotators such as yttrium iron garnet (YIG, +232 rad. T"L.m ! at
1.86 pm), terbium gallium garnet (TGG, —134 rad. T~ *.m ! at 632.8 nm)
and terbium aluminum garnet (TAG, —174 rad. T L.m! at 632.8 nm)
[9-12]. However, the difficulty of synthesizing and modeling single
crystals with dimensions greater than 10 cm limits their use in photonic
devices, in addition to glasses with a high concentration of iron,

* Corresponding authors.

generally, they can only be used as Faraday rotators in the infrared re-
gion, due to the high absorptions in the visible region. Thus, the
development of new glass compositions containing a high concentration
of Tb®" ions has become an interesting alternative, with
magneto-optical glasses exhibiting Verdet constants in the same
magnitude as monocrystalline MO materials.

Several glass systems have high solubility for lanthanides, such as
germanates[13], borates[14,15], borogermanates [1,2,16], gallo-
germanates [17], boro- and alumino-silicates [18-21] as well as phos-
phates [22-24]. The search for better and more efficient MO glass
systems must ally four basic properties: high paramagnetic ions con-
centration, high refractive index, low absorption coefficient (in the
operational spectral region) and high thermal stability against devitri-
fication, to obtain large bulk samples and eventually optical fibers.
Borotungstates [25-32], fulfil these requirements, presenting high sol-
ubility of LnyOs, high refractive index (1.8-1.9) due to the higher
polarizability of tungsten atoms, besides to be transparent from the
visible to near infrared, include the telecom region (1.55 pm).

This work consisted of the synthesis and characterization of the
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glassy system based on xTby03-40WO3-(60-x)B203 (where 15 > x > 30
mol%). The samples were obtained by melt-quenching and character-
ized by means of thermal analysis, X-ray diffraction, Raman scattering,
FTIR, UV-Vis, fluorescence spectroscopies and magnetic and magneto-
optical analysis. In order to access additional structural information,
especially about the local environment of boron using !'B Solid-State
NMR, paramagnetic terbium ions have been replace for diamagnetic
lanthanum cations.

2. Materials and methods
2.1. Synthesis of samples

Samples were prepared by the traditional melt-quenching technique,
using chemical-grade tungsten oxide (WOs, 99.8 % AlfaAesar), boric
acid (H3BOs, 99.9995 % AlfaAesar Puratronic) and terbium oxide
(Tb50s3, 99.99% Fox-Chemicals GmbH). To obtain vitreous boron oxide,
thermal dehydration of boric acid was performed at 500 °C for 30 min in
an electric furnace.

Then, the other compounds, previously homogenized, were placed
into the Pt crucible together with B,O3 and melted in an electric furnace
at 1250 °C for 1 h. After that, the furnace temperature is raised to
1350 °C for 10 min, aiming to reduce the viscosity of the molten glass.
The glasses were formed by quenching the liquid into a steel mold kept
at 590 °C and left at this temperature for 4 h for annealing before being
slowly cooled down (1 °C . min~1) to room temperature to reduce re-
sidual mechanical stress.

2.2. Characterization

Characteristic temperatures were measured by differential scanning
calorimetry using the Netzsch DSC Pegasus 404 PC equipment, using
small glass pieces (few mg) in a Pt pan at a heating rate of 10 °C/min up
to 900 °C with a precision of + 3 °C for glass transition (Tg) and onset of
crystallization (Tx).

The vitreous state of the samples studied was evaluated by X-Ray
diffraction analysis (XRD) collected on a PANalitycal X'pert PRO MPD
diffractometer in Bragg—Brentano 6—6 geometry, equipped with a sec-
ondary monochromator and X'Celerator multi-strip detector. Each
measurement was made within an angular range of 20 = 8 — 80°. The Cu
Ko radiation was generated at 45 kV and 40 mA (A = 0.15418 nm).

The densities, p, were obtained by the Archimedes method, by
immersing the samples in diethylphthalate at room temperature,
measured by a mercury thermometer, on a Precisa XT 220A analytical
balance (error of + 0.0001 g). Each sample was measured five times,
immersing and cleaning it properly after each immersion. Later, the
mean and the standard deviation were calculated for each sample (+
0.0005 g).

Raman spectra were recorded from 200 to 2000 cm ! with a confocal
micro-Raman spectrometer LabRAM HR Evolution (Horiba Jobin Yvon)
equipped with a Synapse CCD detector using a 532 nm radiation from a
diode pumped solid state laser (output power = 20 mW) using a mi-
croscope with a 50x objective (NA = 0.27, Olympus).

Fourier-transform infrared spectroscopy (FTIR) analyzes carried out
in the NICOLET IS5 equipment, Transmission module iD1 Transmission -
Thermo Scientific. 4000-400 cm ™! scan, 64 scan background, 64 scan
sample analysis, 2 cm-1 resolution. Samples were diluted in KBr for
Merck spectroscopy and pressed in a pastillator for 1 min, under a
pressure of 5 tons.

1B solid-State Nuclear Magnetic Resonance (NMR) were performed
under Magic Angle Spinning (MAS) conditions (MAS rate 30 kHz) with a
Bruker Avance III 500WB spectrometer (Bo=11.7 T) equipped with a
MAS BL2.5 DVT X-1H probe. !B MAS NMR spectra were recorded using
a single short-pulse sequence with a n/8 pulse length of 1 ps and an
optimal recycle delay ranging from 5 to 50 s depending on the analyzed
sample. Solid KBF4 (Biso[1'B]=0.50 ppm) was used as secondary
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reference compound to calibrate the 1B NMR shift scale.

Transmission spectra in the Ultraviolet-visible-near infrared spec-
trometry and in the IR ranges were obtained using an Agilent Cary 5000
(UV-Visible-NIR) and Bruker Equinox 55 (FTIR) spectrometers,
respectively.

Photoluminescence measurements were made at room temperature
using a Horiba Jobin Yvon Spectrofluorimeter, Model Fluorolog-3
FL3-122.

Magnetic susceptibility was collected using a Quantum Design
MPMSXL magnetometer in the temperature range of 5-150 K under 100
Oe (= 0.0001 T) in a zero-field cooling mode (ZFC). Field cooling results
presented the same behavior.

The Faraday effect was measured at room temperature using a home-
made optical setup. A 632.8 nm He-Ne laser beam passes through a
polarizer and then through a solenoid with a tunable magnetic field up
to 0.13 T. The beam then passes through another polarizer, rotated from
90° before reaching the photodetector. The errors associated to mea-
surement of the rotation angle of the laser is 1°. The length of the
samples were ~20 mm, corresponding to the optical path. The glasses
were put into the solenoid and the first measurement was done without
magnetic field. Then, after apply the magnetic field, the second polarizer
is rotated to reset the maximum signal at the photodetector. This pro-
cedure was reproduced five times for each sample and the values
recorded were used to obtain the average. As V is temperature depen-
dent, the measurements were all taken at 22 °C. The magnetic field was
calibrated using a gaussmeter and confirmed by measuring of the
commercial TGG single crystal (—134 rad. T L.m™1).

3. Results and discussions

Fig. 1 presents the ternary diagram for TbyO3-WO3-B2O3 ternary
system studied, with the green spheres indicating the glassy samples and
the red squares the samples that crystallized already in the pouring,
showing that the system presents a reduced glass-forming region. We
will focus on the series of samples xTby03-40W0O3-(60-x)B203 in which
it was possible to produce glassy materials with high concentration of
Tby03 and WO3 without detecting crystallization. The high concentra-
tion of WOj3 increases the density and refractive index of the samples,
and the TbyO3 contains the paramagnetic ion of interest, all desirable
characteristics for Faraday rotators [34].

Batches of 7.0 g of xTby03-40WO3-(60-x)B203, x = 15, 20, 22.5, 25,
27.5, 30, samples were prepared by the traditional melt-quenching
technique, as specified. Samples with 20, 22.5, 25 and 27.5 mol%
TbyO3 presented a very glassy and homogeneous appearance, however
the samples containing 15 and 30 mol% TbyOs presented signs of
crystallization after quenching, showing how the glass-forming region in

@ glass
= crystal|

B2O;

Fig. 1. Ternary diagram of compositions in the Tb,03-WO3-B,O3 system. Green
spheres correspond to glass samples and red square to crystallized
compositions.
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this condition is limited.

The glassy samples were cut and polished for further optical char-
acterizations, as seen in Fig. 2a. All samples show magnetic behavior,
being attracted by commercial neodymium magnets (N52) at room
temperature (Fig. 2b). The acronyms, nominal compositions, in mol%
and cationic percent of investigated samples are summarized in Table 1.

3.1. XRD, thermal analysis, density and optical basicity

The formation of vitreous phases was verified by XRD and thermal
analysis as shown in Figs. 3 and 4a., respectively [35,36]. Lines for
determining characteristic temperatures have been drawn as eye guides
to facilitate understanding in Fig. 4a. The diffractograms reveal the
presence of crystalline phases for samples 15Tb40W and 30Tb40W,
indicating a low stability against devitrification for such compositions.
The high concentration of Tb203 (> 27.5% mol) favors the precipitation
of a TbBO3 hexagonal phase group P63/mmc, JCPDS file number
(01-074-1933) which corresponds to DyBOs, showed in Fig. 3. For
15Tb40W we have identified triclinic phase group P-1, Tb;;099
(03-065-3996). For concentrations below 15 mol%, polycrystalline
precipitation occurs, characteristic of rare earth borates [37]. On the
other hand, samples 20Tb40W, 22.5Tb40W, 25Tb40W and 27.5Tb40W
did not present such peaks and exhibit the diffraction halos character-
istic of glassy materials.

Fig. 4b shows the glass transition temperature (Tg) and thermal
stability parameter, AT (AT = Tx-Tg), variation, with lines drawn con-
necting specific points to facilitate understanding. From Tg variation,
that increases as a function of the content of terbium, passing from 589
to 648 °C for samples containing 20 and 27.5 mol% of Tb,Os3, respec-
tively, increasing almost linearly as a function of the molar percentage of
Tb203. AT ranges from 97-149 °C for the less concentrated samples and
for the 27.5Tb40W sample it drops to 140 °C. This decrease is related to
a lower stability of the glassy phase, tending towards a crystallized
phase with higher concentrations of TbyOs. For 20Tb40W and
22.5Tb40W samples, we observed two crystallization peaks, referring to
TbBO3 and Tb;;0yp phases that form. As for the 25Tb40W and
27.5Tb40W samples, only a wider peak is observed, referring to the two
phases crystallizing simultaneously.

One of the information that can be obtained using the density of the
samples is the terbium ion effective concentration (Np3,), that is, the
effective amount of trivalent lanthanide ions that entered the structure
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of the glass matrix and contributes to the magneto-optical effect
[38-40]. This ionic density is calculated using Eq. (2):

ZXPN A

o @

Nrps v (ion.cm_3) =

Where x is the mole fraction of Tby03, Ny is the Avogadro constant,
and M is the average molecular weight for each composition.

Theoretical optical basicity (Ay) is obtained from the Lewis acid-
base theory and electronic polarizability [41-43] and is often used to
determine the ability to donate electrons from oxygen in a glass matrix.
It is used to classify the covalent/ionic ratios of the glasses since its value
is inversely proportional to covalence. Ay, can be correlated with the
structural properties, such as an increase in non-bridging oxygens (NBO)
generated by the introduction of a modifier in the glassy matrix, or with
the optical constants refractive indices, and Verdet constants, due to the
change in the polarizability [42,43]. According to Duffy [43,44] and Liu
etal. [45]., alower value of Ay, reflects a lower content of NBO, so lower
oxidation numbers of positively charged cations in the glass composition
are consequently preferred, while higher Ay is related to higher
refractive indices. The expression Eq. (3), proposed by Duffy, allows us
to calculate the optical basicity.

A= xii ©)

Where the mole fraction for one of the glass precursors (x;) and the
theoretical intrinsic optical basicity value of an individual glass pre-
cursor (A;) for BoOs, WOs3, TbyOs, are respectively 0.425, 1.045 and
0.954 [46,47]. The variation of the Ay, as a function of the terbium oxide
content is better shown in Fig. 5, with lines drawn connecting specific
points, acting as a guide for the eyes.

The Ay, values increased as a function of the Tb,O3 concentration,
passing from 0.922 to 0.938 from sample 20Tb40W to 27.5Tb40W
respectively. This can be understood as an increasing in the NBO units
due to the higher concentration of Tb®ions in the glass network. The
addition of the Tb®"ions together with the decrease of the boron oxide
contributes to the depolymerization of the borotungstate chain in the
glass, which is better observed and discussed in the structural properties
analysis section. To summarize this set of characterizations, character-
istic temperatures obtained by DSC, densities (p), terbium ion effective
concentration (N1p3,) and theoretical optical basicity (Ag,) are resumed
in Table 2.

Neodymium magnet ring - N52

Fig. 2. a. Samples after cut and polishing with their respectives names. b. sample with 25 % mol Tb,O3 being attracted by a neodymium magnet ring (N52).
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Table 1
Series of Tb-containing borotungstate glasses.
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Samples Nominal compositions (mol%) Nominal compositions (cat mol%) Phase separation after melt-quenching
Tby03 WO3 B,03 TbO3/2 WO3 BO3/s
15Tb40W 15 40 45 18.75 25 56.25 Yes
20Tb40W 20 40 40 25 25 50 Non
22.5Tb40W 22.5 40 375 28.125 25 46.875 Non
25Tb40W 25 40 35 31.25 25 43.75 Non
27.5Tb40W 27.5 40 32.5 34.375 25 40.625 Non
30Tb40W 30 40 30 37.5 25 37.5 Yes
Tb-O [15,51,52]. In the region between 600 and 1000 em™, there is an
envelope, corresponding to W-O stretching modes. The large band at
Tb":m triclinic P-1 (JCPDS - 03-065-3096) 720 and 850 cm ™! contains mainly the contributions from tungsten
R Aa A

30Th40W

|
N TP

27.5Thdow
25Th4ow
W“‘ 22.5Th40W

H H " 20Th40W

15Th40W/|
l TbBO, hexagonal P63/mmc (JCPDS — 01-074-1933)
l A ‘ | P | A AA A

10 20 30 40 50 60 70 80
20 (%)

Fig. 3. XRD for the samples xTb40W, with the crystalline phases TbBO3 hex-
agonal P63/mmc, analogous to DyBO3 (JCPDS - 01-074-1933) and Tb;104 P-1
triclinic (JCPDS - 03-065-3996).

3.2. Structural properties

Raman spectra of the samples xTb40W can be seen in Fig. 6a, with
the respective bands attributions presented in Table 3. These Raman
spectra are dominated by the tungsten associated modes at 350, 850 and
960 cm ! as the polarizability of tungsten is much higher than that of
boron. The boron structural units will be more easily determined by IR
and 'B- NMR. Fig. 6a also shows the Raman spectrum of the sample
25La40W used for comparison purposes.

The Raman spectra show three main regions. At low frequencies
(200-600 cm’l), it is possible to identify a broad band centered at ~350
cm ! that can be assigned to a coupling of vibrations, including bending
modes of [W06]6_ octahedral [38,48-50], with the stretching modes of

——20Tb40W tExo (a)
=22 5Tb40W } Endo
———25Tb40W

——27.5Th40W Tx

Heat Flow (a.u.)

400 500 600 700 800 900
Temperature (°C)

1000

species in a 3D network, respectively W-O-W symmetric and asymmetric
stretching modes of the distorted [W06]6’ octahedral in non-crystalline
lattices, while the ~950 cm™! band refers to stretching mode of W-O~
having an ionic bonding with Tb®*. The assignments of such bands have
already been intensively discussed in the literature and they can be
found in the following references [48,49,53,54]. According to Raman,
there is a small variation in the relative intensity vV[W-O¢~ / v[W-O-W],
regarding due to the increasing in the concentration of Tb3* and
consequent decreasing in B;Os. The higher concentration of (WO~
(~950 cm 1) and consequently non-bridging oxygen (NBO), agrees with
the data obtained for optical basicity.

As observed, the substitution of Tb®* by La>* does not seems to affect
the structure of the glasses. It will be important, once NMR data cannot
be obtained from terbium-containing glasses, due to its high para-
magnetic behavior.

For a more accurate analysis of the contributions of boron

0.940 6.8
[
B les
0.935
el
| —
. 6.4
iE «
0.930 - )
< (2]
s 6.2
| | 5.
L] -
0.925
6.0
0.920 ; T . ; 5.8
14 15 16 17

N1ps+ (102 ion . cm™)

Fig. 5. Theoretical optical basicity (Ay,) and density (p) for the samples varying
the ion effective concentration of Tb3",

o5 (b) i ¥ s
630 * 135
>
) -
-
615 g =120 Q
600 105
585 % T T T +90
20 22 24 26 28

Tb,0, (mol %)

Fig. 4. a. DSCs curves and b. Tg and AT obtained for samples with different contents of Tb,O3 in the ternary system.
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Table 2

Thermal and physical properties of the glass samples: Tg (glass transition tem-
perature), Tx (onset of the crystallization temperature), AT (thermal stability
parameter), p (density), Nrp3, (terbium ion effective concentration) and Ay,
(theoretical optical basicity).

Samples Tg Tx AT p Ntb3+ Ath
(£3°C)  (£3°C) (£3°C)  (+0.005g  (10*
cm ™) ion.
cm’3)
20Tb40W 589 686 97 5.860 13.8 0.922
22.5Tb40W 617 736 119 5.904 14.5 0.927
25Tb40W 632 781 149 6.123 15.5 0.933
27.5Tb40W 648 788 140 6.629 17.2 0.938
e 20Tb40W
(a ) 22 5Tb4OW )
25 Tb40W
27 5Th40W

w25 240W

Intensity (a.u.)

EE’&
Normalized absorbance (a.u.)

800 1200 1600

Wavenumber (cm™)

400 800 1200 1600 400
Raman shift (cm™)

Fig. 6. a. Raman scattering spectroscopy and b. Normalized infrared absorp-
tion spectra, obtained by DRIFT, for xTb40W samples and 25La40W.

Table 3
Band assignments of the main vibrational modes for the xTb40W glasses.
Band Raman IR Assignments References
observed
(em™)
350 Yes X Coupling of & [WOg] © units and v [15,38,
Tb-O modes 48-52]
640-690 X Yes & modes of BO3 units [15,33,51,
52,55]
760 Yes Yes vs W-O-W of the distorted [38,48-50]
[WO4]®~ octahedral in non-
crystalline lattices
840 Yes Yes Vas W-O-W of the distorted
[WOe]®~ octahedral in non-
crystalline lattices
950 Yes Yes v (W-Op)~ of the distorted
[WOg]®~ octahedral in non-
crystalline lattices
1060 X Yes v B-O of tetrahedral [BO4]~ units [15,33,51,
1200-1500 X Yes v modes of pyroborate [BBO,1%~ 52,55]

and metaborate [B@,0]

(Own authorship).

environment in the structural part, we have combined IR spectroscopy
and ''B-NMR analysis. However, as indicated above, terbium containing
glasses cannot be investigated using NMR due to the paramagnetic
response of the terbium ions which affect the magnetic response. To
bypass such limitation, a glass with substitution of terbium by
lanthanum was prepared with the composition
25Las03-40W03-35B,03 (25La40W) which is suitable for NMR char-
acterizations. Infrared spectrum for the composition 25La40W is re-
ported in Fig. 6b together with the spectra of others terbium-containing
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samples. It can be observed that there are few differences between the
spectra, suggesting that the Tb/La substitution presents only few
structural changes. It denotes that the substitution allows some com-
bined IR -NMR structural characterizations.

Fig. 7 shows the !B MAS-NMR spectrum of sample 25La40W, which
can be described as the sum of four components associated with two
different trigonal (BOs3) and two distinct tetragonal (BO4) sites.
Regarding the BO3 environments, the two NMR signals are characterized
by 8iso= 16.9 ppm and &;5,= 19.6 ppm and different quadrupolar pa-
rameters (Cq and 7). According to Stebbins et al. [56] these two sites
could correspond to distorted trigonal site with one or two non-bridging
oxygen, respectively. Note that the refined Co and n parameters
extracted from the fitting of the NMR spectrum are also in accordance
with the work of Stebbins et al.. The signals observed at lower NMR shift
values are assigned to BO4 environments [56]. Then, the relative pro-
portion of BO4 and BO3 units was estimated to 34 % of boron in tetra-
hedral sites and 66 % in trigonal sites. Considering these results and the
fact that the infrared response associated with boron in both lanthanum
and terbium glasses are almost identical, one can assume that both
25Tb40W and 25La40W samples may present similar proportion of BO4
and BO3 environments.

Focusing on the IR spectra, Fig. 6b, the band around 640-690 cm ™},
can be assigned to bending vibrations of BO3 units [15,33,51,52,55]. In
the region between 760 and 840 cm ™}, attributed to vs and v, W-O-W
from distorted [W06]6’ octahedra, and shoulder in 960 cm ! attributed
to ,(W-Op)~ of the distorted [WO6]6’ octahedra [38,48-50]. At 1060
cm ™!, the characteristic stretching modes of BOy4 units arises followed by
bands in the region from 1200 to 1500 cm ™" that can be attributed to the
BOj3 triangular structural units, being formed by pyroborate [B@02]*
and metaborate [B@,0], respectively [15,33,51,52,55]. The broad-
ening of the band at 1200-1500 cm™! can be attributed to a large
dispersion of ionic interaction between Tb®" ion and borate structural
units. When the terbium concentration increase, the intensities of the
bands attributed to meta and pyro trigonal borate units tends to increase
relatively to the low frequency part of the spectra. It may indicate an
increasing in the amount of non-bridging oxygen on borate trigonal
units participating in the charge compensation of terbium ions, which is
also in agreement with the optical basicity data.

The NMR, Raman and infrared spectroscopy analysis agree and have
highlighted the importance of both tungsten and borate network on the
environment of terbium ions within the glassy structure. This combined
influence of both networks could be a key structural particularity to
facilitate the incorporation of high concentration of rare earth ions.

10F 25Lad0W
BO; BO,
trigonal  tetrahedral
08} 66+2% 34%2%
3 - 8iso = +2.7 ppm
- . Cq = 0.49 MHz
o6t B0 = *19.6 ppm n =060
c Cq =2.60MHz
£ n=027 BO,M] BO,[1]
o 04r
=
z o
0,2 8o = +16.9 ppm 8iso = -2.5 ppm
“[  Cp=265MHz
- L BO,[2]
n=0.20 BO;[2]
010 T T T T T T 1
50 40 30 20 10 0 -10 -20

B shift (ppm)

Fig. 7. 'B MAS-NMR spectrum of the sample 25La40W, mimetizing sample
25Tb40W. (Bo=11.7 T, MAS rate 30 kHz).
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3.3. Optical and luminescent properties

Fig. 8a shows the absorption coefficient of the terbium-containing
samples, with the band gap energy values shown in Table 2. The ab-
sorption bands at 0.486, were assigned to the Tb®" 4f—4f transitions from
the "Fg ground state to the excited states °D,. The broad absorption band
at A > 1.5 pm corresponds to the 7P — 7F0,1,2 transition of the Tb®* ions
[42,57-61]. The other characteristic absorptions of the Tb®" ion of
wavelengths smaller than 486 nm do not appear as they have higher
energies than the band gap of the glasses [42]. The short wavelength
cut-off (Ayy) also increases from 357 to 388 nm for the 20Tb40W and
27.5Tb40W samples, respectively, due to structural changes, as seen in
the previous section. The infrared cut-off starts with the presence of a
shoulder referring to an absorption band around 3.7 pm.

Fig. 8b shows the luminescence (PL) spectra for the samples. The PL
peaks, corresponding to 4f-4f transitions with excitation in 379 nm, at
415 (°D3 — 5Fs), 440 (°D3 — °Fy), 487 (°D,4 — ’Fe), 543 (°D4 — "Fs), 583
(°Dy4 — "F4), 621 (°Dy — "F3), 652 (°Dy — "F2), 667 (°Dg — "F1) and 679
nm (°D4 — 7F0) [57-61]. The signal-to-noise intensity is low, allowing
to identify transitions 5D3 — “Fy and °D4 — 7F2,1,0, of relative low in-
tensity. It is observed that these samples present low luminescence in-
tensities, not visible to the naked eyes, with few variations in intensities,
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indicating that the chemical environment for these Tb>* concentrations
does not show great differences, as revealed by the structural study. Low
intensity is also characteristic of luminescence quenching effects, when
high concentrations of the lanthanide ion allow the transfer of excitation
energy between neighbours. For several glass systems, quenching can be
observed above 3.0% in mol of Tb>* and, for this system, we have 20 -
27.5% in mol of Tb2O3, extremely high concentrations to guarantee the
paramagnetic effect in the matrix and, therefore, the quenching process
was already expected. In addition, the energy difference of the 5p; o
5D, and "Fg < "Fe levels is very close (~5700 cm 1), which allows the
cross-relaxation quenching process between neighbouring Tb®* to
occur. Fig. 8d illustrates the excitation process for Tb>" ions, the >D4 —
7F; emissions and the cross-relaxation energy transfer process between
Tb3" ions. However, even if the rare earth element’s concentration is
high, weak radiative transitions from the °Dj level are still observed in
the 400-480 nm range.

Fig. 8c shows the CIE 1931 chromaticity diagram, which uses the
emission spectrum of the samples to determine the final emitted color.
From this Figure, we observed that the emitted colours are concentrated
in the same region of the graph, with small variations between the dots,
illustrating that the luminescence spectra do not change considerably as
a function of the concentration of Tb>" ions.
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Fig. 8. a. Absorption coefficient spectra, b. Emission spectra showing the 4f- 4f (°D4 and °D3 —) transitions under Aeye = 379 nm., c. CIE 1931 chromaticity diagram
for samples xTb40W, and d. Partial energy level diagram of Tb®" illustrating the excitation ’Fg—°D3+°Gs, non-radiative decay (NR; *D3—°Dy,), emissions *Ds—"F},

and cross-relaxation process (CR) between two neighbouring Tb** ions.
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3.4. Magnetic properties

Egs. (5) and (6) presents the dependencies of Verdet constant, that
can be evaluated by presents diamagnetic (V4,) and paramagnetic
(Vpara) contributions, respectively.

Viia = ( & > dn )

m.c) dv

where e is the elementary charge, m, is the mass of the electron, c is the
speed of light, v is the frequency of the incident light, and dn/dv is the
refractive index dispersion [41,62,63].

47[2 IVRI./2 Cn
Viara = —; v 6
g (CWBNA) ¢ x,,m;(yz ~5 6)

where h is the Planck constant, Ny is the number of paramagnetic species
(R) per unit volume (R . cm_3), C, is related to the transition probabil-
ities, vy, is the transition frequencies, ug is Bohr magneton, g is Landé g-
factor, and yparq is the paramagnetic susceptibility [41,64-66].

It is expected that glasses with high concentrations of terbium have a
relevant paramagnetic contribution, therefore, the study of magnetic
susceptibility becomes interesting for the magneto-optical study, since y
is directly proportional to V.

Fig. 9 shows the temperature dependence of the magnetic molar
susceptibility yparq. An asymptotic behavior when the temperature tends
to 0 K is observed, which is consistent with the paramagnetic behavior.
Total molar magnetic susceptibility comes from the sum of diamagnetic
contributions (y4i) and paramagnetic contributions (ypea) of each
sample, as shown in Eq. (7):

Xt = Xpara T Xdia @)

Diamagnetic susceptibilities were calculated according to Bain and
Berry [67], which takes into account the mol% of each atom present in
the Tby03-B203-WO3 system and their respective tabulated values of
diamagnetic susceptibility of each atom.

The refined values of the constants for the terbium samples are
shown in Table 4. In the inset of Fig. 9 is shown the inverse of para-
magnetic susceptibility (1/y) versus temperature, varying linearity,
which demonstrates that the samples follow the Curie-Weiss law [64,68,
69], like Eq. (8) which is used to determine these characteristic con-
stants with the intercept and slope of the linear fit.
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Fig. 9. Temperature dependence of the paramagnetic molar susceptibility for
all samples.
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where C is the Curie constant, and 6 is the Weiss temperature. The Curie
constant value can be used as a method of verifying the concentration of
Tb%" ions in the samples, based on the targeted chemical composition,
comparing the calculated Curie constant with experimental. The
calculation of the Curie constant will depend on the total magnetic
moment of the ion (J), which in turns depends on the ground state of
each ion. Eq. (9) shows respectively those relations.

2
Hp 2 1 2
C=—. = —. J(J+1 9
by = g e VU] ©
where kg is the Boltzmann constant, up is the Bohr magneton, . is the
disordered state total magnetic moment, J is the total angular mo-
mentum quantum number and g is the Landé g-factor, which is also a
term dependent on the ground state of each ion, as shown in the Eq. (10).

JI+1)+SS+1) —LIL+1)

=1
g =1+ 2 +1)

10$)

where S and L are quantum numbers describing the total spin angular
momentum, and total orbital angular momentum, respectively.

For Tb%*, its fundamental level is 7F6, and, redoing the calculations,
we obtain a gJ = 1.50, plesr = 9.72 and C = 11.81 emu.K.Oe.mol-1. From
the theoretic value of C, we can probed the percentage of ions Tb>* and
TbyO3 present in the samples, also shown in Table 4, with the percentage
of error of the expected value during the synthesis and the probed after
the magnetic susceptibility measurement and the related calculations.

It is noted that the differences between the expected and calculated
ranged from 0.82- 5.78 % for the glassy samples show a good correlation
between targeted and experimental values. This is correlated with the
increase in paramagnetic species in the glass. The 6, on the other hand,
has a nonlinear behavior, decreasing with terbium concentration up to
the 25Tb40W sample and increasing again for the more concentrated
samples. The high values of the Curie constant reveal that the samples
have high magnetic susceptibility. As discussed earlier, negative Weiss
temperature values indicate that the spins are aligned antiparallel,
causing low antiferromagnetic interactions.

Inset shown the inverse of susceptibility (1/)para) versus tempera-
ture, varying linearity and follow the Curie-Weiss law.

The results from our study reveal elevated susceptibility values in
comparison to those found in the literature. Table 5 presents the Curie
constants and Weiss temperature values for the glass samples discussed
in this article, juxtaposed with corresponding values from existing
literature. The tellurite [701], iron-phosphate [71,72],
iron-aluminoborate [73] and aluminosilicate [74] glasses presented
comparable or higher values, but these glasses do not have good trans-
parency in the visible region, reducing their range of applications for
MO devices.

3.5. Magneto-optical properties

In this work the Verdet constant values (V, rad.T 'm~') were ob-
tained experimentally, using the Faraday effect, using the relation
showed in Eq. (11).

B=B.1.V an

where B is the magnetic field, [ is the optical path and  was the average
of 5 measurements for the angle of light rotation after the application of
a magnetic field (0.13T).

In Fig. 10a, the Verdet constant values for some reference crystals
and several Tb-containing glasses are presented [9,12,23,77-79] using
lasers in the 630-650 nm range. As observed, the magneto-optical effect
tends to increase linearly with increasing of Np3,, with a dotted line
drawn demonstrating this tendency. Fluoride glasses [80] have the
lowest Ntp3, values, reflecting, proportionally, the smaller Verdet con-
stant. The Verdet values increase from phosphate glasses [24,62],
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Table 4
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Theoretical diamagnetic susceptibility (y4ia), Weiss temperature (8), Curie constant (C) for two units systems (cgs in Oested, Oe, e SI in Tesla, T) and probed Tb,03%

mol for each sample.

Samples Xdia 0 C C [Tb>03]

(*107° emu.mol 1) X) (emu . Oe~ ! . mol™ %) A.m>. T '.mol™) (% mol)

targeted probed error%
20Tb40W —48.96 —4.28 4.68 46.76 20 19.79 1.04
22.5Tb40W —49.90 —4.67 5.36 53.59 22.5 22.69 —0.82
25Tb40W —50.84 —6.51 6.25 62.48 25 26.45 -5.78
27.5Tb40W —51.78 —4.38 6.77 67.66 27.5 28.64 —4.15
Table 5 interest for producing cost issues. Indeed, borotungstate are approxi-

able

Comparison between different Curie constant (C) values and Weiss temperature
(0) for samples from this work and examples from the literature.

Glass matrix Concentration C 6 (K) References
paramagnetic (emu .
species (% mol) Oet.
mol 1)
Borotungstate 27.5 % Tb,03 6.77 —4.38 This work
25 % Tb,03 6.25 —6.51
22.5 % Tby03 5.36 —4.67
20 % Tb,03 4.68 —4.28
Borogermanate 10 % Tb,40, 4.29 —0.869 [1]
Borogermanate 20 % Gd»03 3.124 —1.56 [2]
Gallogermanate 25 % Gd,03 3.311 35.34 [17]
Aluminophosphate 9.52 % Dy503 3.66 X [75]
Iron tellurite 25 % MnO, 7.28 —5.098 [70]
Iron phosphate 43 % Fe,03 (wt%) 3.98 —54 [71]
Iron phosphate 57.1 % FeO 4.82 -11.6 [72]
Iron 20 % Gd,03 8.2 -3.2 [73]
aluminoborate
Aluminosilicate 11.8 % Co 5.61125 —-95 [74]
12.3 % Mn 6.0552 —194
Boromolibdate 21.25 % Gd,03 1.672 -0.7 [76]

passing for fluorophosphates glasses [23,62,80,81], aluminosilicate
glasses [62,65,82-84], borate glasses [62,80,85,86] and borosilicates
[84,87-89]. Currently, the glasses with the highest N3, and, conse-
quently, the highest Verdet constant, are borogermanate [1,16,42,90,
91] and borogermanosilicate glasses [18,41,92-94]. The results ob-
tained for the glasses studied in present work are shown as red squares.
The Verdet constants obtained for samples 20Tb40W, 22.5Tb40W,
25Tb40W and 27.5Tb40W were —60, —71, —91 and —124 rad. T 'm ™,
respectively. Those glasses present high verdet constant and are also of

mately 10 times cheaper to be produced compared to borogermanate
due to the high cost of germanium oxide. Besides that, borotungstate are
prepared in lower temperatures (1350 °C) while borogermanate need
temperatures around 1500-1550 °C depending on the content of
terbium oxide.

Fig. 10b shows the same graph V versus Ntp3., but focused only on
the samples of this work, comparing them with monocrystals containing
terbium used as commercial Faraday rotators. Lines were drawn con-
necting specific points as a guide for the eyes. The samples of this study
exhibit high Verdet constant values, very close to the commercial crystal
TGG and borogermanate glasses, being, therefore, materials with high
relevance in the field of magneto-optics.

3.6. Conclusion

In summary, we have reported the synthesis and characterizations of
high Tb,03 content borotungstate glasses. A very limited glass forming
domain has been determined and a complete structural analysis tends to
point out the combined influence of borate and tungstate networks on
the environment of terbium ions. This structural aspect could facilitate
the glass formation at such high loading of rare earth ions. Even at high
concentrations, characteristic emissions of the Tb®" ion can be deter-
mined, also opening space for multifunctional applications.

Their magnetic properties showed high Curie constant values, un-
precedented for a borotungstate system and even high compared to
literature. Weiss temperature demonstrated that the studied system
presents antiparallel spin alignment. The values obtained for the
magneto-optical constant, V, exhibit an unprecedented occurrence
within borotungstate system, and are comparable to commercial
magneto-optical materials, such as borogermanate glasses and

a)
@ Aluminosilicate 2.=630-650 nm
@ Borate
-400 1 Borogemanate
Borogemanosilicate
@ Borosilicate
@ Fluoride
@ Fluorphosphate
—~_ | @ Phosphate
) 300 % Crystals
‘_E. B This work TAG
H 4
; LiTbF, | TGG .-
T 200+ s
= ‘\ * /-
> Vi
>
-100 oy’
% o
0o%
0 —

b)
Y Crystals
-l - xTb40W v --175
TAG
--150
LiTbF TS,G ‘:;
11bF,
-l * | -
j 125 ¢
/ 3
/ 100 =
*/* L-75
* -50

0 6 12 18 24
Nopyss (102! . cm™)

Fig. 10. a. Variation of the Verdet constant by concentration of Tb®*

3013 14 15 16 17 18

Noyss (102" . cm™)

ions for the samples (red squares), some reference crystals (black stars) and different glass

families (spheres): aluminosilicates (black), borates (red), borogermanates (orange), borogermanosilicates (yellow), borosilicates (green), fluorides (turquoise),
fluorophosphates (blue) and phosphates glasses (purple). b. Behavior of the Verdet constant of the xTb40W samples of this work (red squares) compared with
commercially used crystals (black stars). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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monorystals, being a cheaper replacement alternative for magneto-
optical devices operating from the visible up to the middle infrared,
including the telecom range, optical switchers, and even magneto-
optical sensors.
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