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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Terbium gallium garnet (TGG, Tb3GasO;2) is an important material used as Faraday rotator in telecommuni-
cation, in interferometric facilities and in other important technological and photonic applications. TGG can be
synthesized using different methodologies, however obtaining single crystals on a large scale is still a challenge.
In this paper, for the first time, micrometric cubic single crystals were obtained from rare earths supersaturated
melted heavy metal oxide glass compositions. A systematic study of the glass composition allied to the control of
cooling parameters allowed the synthesis of micro-scale single crystals. A chemical route is proposed to isolate
the crystals from the parent glass without compromising their properties. A series of structural and spectroscopic
techniques was employed to characterize the crystals, which crystallize in the Ia 3 d space group. XRD, Raman
and EDS measurements demonstrate the formation of the Tb3GasO;5 crystalline phase and the microscopy im-
ages show the presence of microcrystals with a perfect cubic shape and size between 50 and 100 pm. Lumi-
nescence analysis indicates a green emission between 530 and 560 nm characteristic of the °D, — ’Fs transitions
of Tb®" ions and the presence of Stark components as well resolved multiplets and perfectly coherent with the
Stark components of the TGG crystal. Finally, SQUID measurements were performed on glass samples containing
crystals and on isolated crystals after removal of the glass and both presented paramagnetic behavior. The
effective magnetic moment obtained for the TGG microcrystals between 50 and 70 pm removed from the glass
was 9.7 uB, the same value as the theoretical effective magnetic moment for Tb®" ions. This achievement rep-
resents an advance in the methodologies for obtaining TGG cubes in the micro-scale range, opening the possi-
bility of mass production of such crystal and its uses in different technological photonic applications.
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1. Introduction

The development of lanthanide contend materials with photonic
properties is essential to address the main current challenges in appli-
cations such as scintillators [1], luminescent thermometry [2-4], light
emitting diodes [5,6], magneto-optical [7] and magneto-luminescent
devices [8], among others.

Special ceramics, such as those based on garnets, have attracted

attention in many recent applications. Among the garnets, those based
on aluminum and gallium are applied in many of the applications
mentioned above. RE3Gas012 and RE3Al5015 (RE = rare earth) garnet
crystals in glass matrices have recently been highlighted due to their
important fundamental and technological properties. Among the garnet-
type crystals, the terbium gallium garnet (Tb3GasO;2, TGG) is the single
crystal most used commercially as a Faraday rotator device due to its
high Verdet constant [9]. In addition to its magnetic and
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magneto-optical properties, TGG has excellent optical quality, it is me-
chanically hard, chemically stable, and has interesting luminescent
properties since the Tb* ion exhibits green emission near 544 nm due to
the ®D4—Fs transition [9-15]. TGG can be obtained in different for-
mats, such as single crystals [12], nano-powders [16], polycrystalline
ceramics [17], and bulk [18]. Several synthesis methods have been re-
ported, for example, metal-organic decomposition [19],
micro-pulling-down [20], floating-zone [21], high-temperature solid--
state method [22], co-precipitation [16], and the most popular Czo-
chralski method [23-25].

Despite the various synthesis methods, production in a large scale
faces some difficulties such as low quality of the crystal, significant long
time for crystal growth and high cost to manufacture [26]. In this way,
due to the large possibilities for TGG applications, the need to find new
methodologies of obtaining these single crystals remains in focus [26].
The synthesis of new glass compositions, as well as the advances in
understanding of the chemistry of their formation, allows us to obtain
compositions where the formation of crystals in the glass phase can be
controlled. The glass materials have a structure similar to its original
super-cooled liquid, and one of its most interesting properties is the
possibility of dispersing other chemical elements in its composition,
such as, for example, metal or rare-earths ions, and then, it is possible to
grow nanocrystals and microcrystals in the glass matrix by controlled
thermal treatment [27-30]. In addition to being able to explore the
properties of glass ceramics, there is also the possibility of removing
crystals from the glass matrix, which has not yet been explored in
literature. This approach could generate a wide range of applications.

Heavy metal oxide glasses can be a good alternative for obtaining
single crystals of TGG, as they are materials that are easy to obtain on a
large scale, they have important properties such as large window
transparency from the visible up to medium infrared region, low phonon
energy, high refractive index, and good chemical stability, among others
[30]. The growth of TGG single phase within a glassy matrix is a
complicated task. The main challenge is to obtain a glass with good
optical properties, with crystals having active terbium ions within the
crystalline phase distributed in a homogeneous way in the matrix.
Furthermore, in multicomponent compositions, other phases, in addi-
tion to TGG, can also be obtained. Promising results of obtaining
Er*/Tm>"- doped cubic YbsGasOio single-crystals dispersed in a
germano-gallate glass system were presented by Souza et al. [30]
showing that it would be possible to obtain the TGG crystal once the two
crystals belong to the same garnet family.

The synthesis of crystals in glasses can occur by heat-treating the
sample above glass transition temperature or from the melt of glass
precursors at high temperatures followed by controlled cooling to
induce nucleation and consequently crystal growth [27-29]. Crystalli-
zation from the melt is a complex process that requires the formation of
supersaturated solutions, since a new phase can be precipitated only
when a system is in a non-equilibrium condition, followed by the ag-
gregation of dissolved ions to relieve the supersaturation allowing the
system to move toward equilibrium [31]. Both composition and cooling
rate conditions have an important role in determining the structural
phase and size of the resulting crystals. Furthermore, uniform nucleation
and growth are important to have crystals distributed throughout the
glass volume [31].

In this context, the objective of this work was to synthesize micro-
metric TGG single crystals embedded in heavy metal oxide glass in an
easy, controlled and reproducible way. Furthermore, a method for
extracting the crystals from the glass matrix is demonstrated. A sys-
tematic study of the structural, morphological, optical, luminescent and
magnetic properties of glass ceramics and single crystals is also
presented.
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2. Experimental
2.1. Glass ceramics preparation and crystal isolation

Multicomponent heavy metal oxide bulk glasses with molar
composition 40PbO-25Bi»03-20Ge0,-15Gaz03 and 98.5(40PbO-
25Bi303-20Ge05-15Ga03)-1.5Tb4O; were studied. The following
analytical grade raw materials were used: GeOy (99.999 %), GayOs3
(99.99 %) and Bi;O3 (99.975 %) from Alfa Aesar, PbO (99.0 % - Fluka),
Tb407 from REEtec (99.96 %). To control the quantity and the size of
crystals obtained, two methodologies were used. The first consists of
pouring the melt into the mold by melt-quenching process at different
times and the second carried out by controlled cooling of the melt inside
the furnace. In the first case, the raw materials were melted at 1250 °C
for 2 h for full homogenization. Then, samples containing terbium were
stirred at 0, 2, 3 and 4 s before being poured into a steel mold preheated
at 350 °C and labeled as (PGBG-Tb-0), (PGBG-Tb-2), (PGBG-Tb-3)
(PGBG-Tb-4) (Fig. S1 in the supplementary information), respectively.
The sample without terbium was labeled as PGBG. The glasses were
polished with sandpapers for improving their optical quality. In the
second case, the precursors were melted at 1250 °C for 2 h for full ho-
mogenization and then the furnace was set to cool down at a rate of
10 °C/min until reaching 900 °C, then the sample was removed from the
furnace at this temperature. To extract the crystals, the glass ceramic
was immersed into concentrated nitric acid during 24 h. Finally, after
dissolving the glass material, the crystals were washed with distilled
water several times and dried in an oven at 100 °C.

2.2. Characterization techniques

Optical images were collected using an optical microscope Leica
DM2500M model. The UV-Vis absorption spectra (in the spectral range
from 450 to 2500 nm) were recorded using a Varian Cary 5000
UV-Vis-Near infrared (NIR) spectrophotometer, on the polished sam-
ples of 1.5 mm thickness. Micro-luminescence data was acquired using a
Labram (Horiba) spectrometer with a laser source at 488 nm, a 150 nm
grooves grating and 50X (N.A. = 0.54) objective. Then, micro-Raman
was acquired from a spectrometer HR800 (Horiba/Jobin Yvon) with a
100X (N.A. = 0.9) objective with a CW laser operating at 532 nm. The X-
ray powder diffraction of PGBG-Tb-4 sample was carried out with a
Bruker D8 Advance diffractometer operating with a Ni filtered CuKo
radiation source at 26 angle ranging from 10 to 80° with a step pass of
0.02° and a step time of 2 s. Scanning electron microscopy images,
Energy-dispersive X-ray spectroscopy (EDS) and elemental mapping
were obtained with a microscopy JEOL-SJSMT-IT500HR. The crystals
were carbon-coated to about 5 nm thickness using a Sample Sputter
Coater SCD 050™ (Bal-Tec, Wallruf, Germany). X-ray data collection for
the single crystal was performed on a XtaLAB Synergy-S Dualflex
diffractometer, equipped with a HyPix-6000HE detector and microfocus
sealed tube X-ray source. Data was collected at 100 K using Mo K ra-
diation (A = 0.71073 A). Data collection, reduction and absorption
correction were conducted with the CrysAlisPro software. The structure
was solved with SHELXT 2018/2 program using the Intrinsic Phasing
method and refined on F? with SHELXL 2019/2 through the full-matrix
least-squares method, using Olex2 [32] as graphical interface. The
program VESTA [33] was used for preparation of graphics, as well as for
calculations concerning the coordination centers. Further experimental
details are found in Table 1.

Magnetization measurements have been carried out using a VSM-
SQUID from Quantum Design PPMS3 with a DC field ranging from 70
to 70 kOe at 5 and 300 K. Temperature-dependent magnetic suscepti-
bilities were studied under a magnetic field of 100 Oe and temperature
ranging from 5 to 300 K. The diamagnetic correction was done from the
undoped glass.
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Table 1

X-ray experimental details for the single crystal.

Crystal data
Chemical formula
Ml'

Crystal system, space group
Temperature (K)
a@d

V(A%

Z

Radiation type

# (mm™)

Crystal size (mm)

Data collection
Diffractometer
Absorption correction

Tmins Tmax

N° of measured, independent and
observed [I > 20(I)] reflections

Rint

(sin 0/Mmax A1

Refinement

RI[F* > 26(F?)], wR(F?), S
N° of reflections

N° of parameters

Apmax, Apmin (6 A~)

Tb3Gas012
1017.36

Cubic, Ia 3 d

100

12.3539 (3)
1885.44 (14)

8

Mo Ko

36.32

0.14 x 0.11 x 0.11

XtaLAB Synergy, Dualflex, HyPix
Gaussian Numerical absorption correction
based on gaussian integration over a
multifaceted crystal model. Empirical
absorption correction using spherical
harmonics, implemented in SCALE3
ABSPACK scaling algorithm.

0.062, 0.126

1740, 211, 196

0.039
0.675

0.022, 0.060, 1.30
211

18

1.14, —0.85

DS

PGBG-Tb-0 PGBG-Tb-2

a) PGBG

¥ i

T
©
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3. Results and discussions

The 98.5(40Pb0O-25Bix03-20Ge05-15Gaz03)-1,5Tb40; composition
was chosen based on a previous work reported by Nalin, M et al. [29],
which has demonstrated the possibility of obtaining YbsGas0;; single
crystals doped with Er®*/Tm3" in a germano-gallate glass system con-
taining 3 mol% of rare-earths. However, in this paper, the concentration
of 1.5 mol% of terbium oxide (Tb407) was sufficient to present the su-
persaturated condition for the formation of crystals from the glass melt.

Fig. la shows the photograph of the samples obtained and it is
observed that with increasing stirring time, before pouring the melted
glass into the steel mold, there is an increment in the opacity of the glass.
In Fig. 1(b-e), it is possible to verify from the optical microscopy images
that crystal formation occurred in all PGBG-Tb samples. These crystals,
with size between 10 and 20 pm, are composed of smaller crystals
forming polycrystals. The shape of this polycrystalline material is gov-
erned by the symmetry of the single crystals that compose it. In this
manner, the shape of the polycrystals in Fig. 1b—e is related to the cubic
crystal system, as described through X-ray diffraction techniques (see
below). It is possible to observe a greater opacity in the sample as the
stirring time increases which may have occurred due to a qualitative
increase of crystals. For the PGBG-Tb-4 sample, it is possible to observe,
in addition to the polycrystals, the formation of some cubic crystals with
more defined faces, suggesting the formation of single crystals due to the
longer time for organization of the structure.

The X-ray diffractogram of sample PGBG-Tb-4 shows a diffuse-halo
of diffraction at 28° (Fig. S2 in the supplementary information), char-
acteristic of amorphous glasses, which indicated that the amorphous
state remains in the sample despite the large number of crystals
observed microscopically. Furthermore, it presents the diffraction peaks
at 28.9°, 32.3°, 35.5°, 53.3° and 59.7°, which were indexed to the

Fig. 1. (a) Photography of PGBG pristine glass and PGBG-Tb samples. Optical microscopy images of (b) PGBG-Tb-0, (¢) PGBG-Tb-2, (d) PGBG-Tb-3 and (e) PGBG-

Tb-4.
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crystalline phase of Tb3GasO12 that crystallizes in the cubic space group
Ia-3d (ICSD-20831). The peaks were assigned to the planes 004, 420,
422, 046 and 080, respectively. These results confirm that the glass
ceramic obtained is composed of the glass phase and the TGG crystals.

The optical absorption spectra of samples in UV-Vis-NIR wavelength
range are shown in Fig. 2 (a). Several absorption bands would appear
before 500 nm assigned to the transitions of Tb3* ions, however, the f-f
absorption bands are covered by the UV cut-off edge that limits the
transmission window. The broadened bands originating from f-f tran-
sitions of Tb>* ions are observed in the NIR range. In this region, bands
around 1780, 1890, 1950 and 2215 nm appear due to transitions within
ground state multiplets "F¢ — "Fo, 'F1, 'F5 and "F3 levels of Tb* ions,
respectively [34]. However, it could be noticed that, with the increase
pouring time, the absorption bands become progressively more defined.
Absorption band profile is modified due to a change of the magnitude

PGBG
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and symmetry of the coordination sphere of the Tb3* ions energy levels.
This is because for samples where the pouring time is shorter, the rare
earths are present in both glass and crystalline phases. However, ab-
sorption from amorphous structure, such as that of glass, leads to
broader absorptions, since the environment around the rare earth is not
homogenous in the atomic scale, and small changes in angles and bond
distances can be expected [35]. Thus, for the first samples, the main
emission coming from Tb®* ions from glass phase. On the other hand,
rare earth ions embedded into organized arrangements, such as those of
the single crystals, present more defined emissions, arising from the
so-called Stark levels. Thus, due also to greater crystal precipitation,
presented in samples with longer pouring times, the emission bands are
also more defined, such as those seen in Fig. 2e. In this perspective, one
can suggest the Tb®" ions are likely to occupy crystalline environments
due to the lower number of symmetrical sites and lower degeneracy of

b) 10—_

0_

Y (um)

700

600

-10

10 0
X (pm)

Fig. 2. (a) UV-Vis-NIR spectra obtained for PGBG and PGBG-TB samples (the spectra have been moved vertically for better viewing), (b) Optical microscopy image
of a representative crystal of the sample PGBG-Tb-0, (c¢) Normalized Raman spectra acquired forPGBG-Tb-0 vitreous phase, TGG-PC and TGG commercial pattern, (d)
micro-Raman map for band at 356 cm ™!, (e) Emission spectra acquired for PGBG-Tb-0 vitreous phase, TGG-PC and TGG commercial pattern and (f) Luminescence

map for emission bands between 530 and 560 nm.
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Tb3* energy levels.

The structural changes were evaluated carrying out a micro-Raman
experiment. For the measurement performed in the vitreous phase
(PGBG-Tb-0), the spectra presented broad bands characteristic of a
glassy material corresponding to the range of 300~800 cm ™! [30]. The
bands in the regions around 380, 520 and 765 cm ™! are assigned to the
vibration modes of Ge-O-Bi/Ga-O-Bi bonds, Ge-O-Ge or Ga-O-Ga bonds
in GeO4 or GaOg4 units and Ge-O- bonds involving non-bridging oxygen
units, respectively [36,37]. In general, the glass network is composed of
a germanate chain with GaO4 polyhedra cross-linking the GeO4 units
[30]. Regarding crystallization, the micro-Raman spectra of the poly-
crystalline Tb3GasO12 (TGG-PC) inside the glass and of a TGG crystal
reference are presented in Fig. 2c. To complement the analysis and
demonstrate the glass/crystal phase separation, a Raman cartography
was collected (Fig. 2d). An area of =~ 30 x 30 pm? was mapped with 1
pm step along X and Y axes. The map was generated for the band at 356
cm ™}, assigned to vibrational modes of GaOg units and shows the dif-
ference in composition between the glassy and crystalline part of the
sample. The Raman bands for the TGG-PC inside the glass showed a
profile very similar to the TGG crystal reference and the spectra reported
in the literature for RE3GasO;3 structures [38-40]. The band assign-
ments of this type of crystal analyzed by group theory are described by
Monteseguro et al. [40].

To evaluate the luminescent properties of terbium ions in a glassy
and crystalline environment, a micro-luminescence mapping was per-
formed in a 30 x 30 pm? area using for excitation a 488 nm wavelength.
The map was generated for emission bands between 530 and 560 nm
(Fig. 2f). Two luminescence spectra (Fig. 2e) were extracted from the
map one for PGBG-Tb-0 vitreous phase and other for TGG-PC region.
Emission spectra were normalized at 547 nm, which is originated from

800 Bi
a) 22 pGBRG-Tb-0 (1)
600
7,
ot
c
g 400
(&)
200
0 L‘L .r'f' - JI L “‘I w‘ -
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the °D4 — ’Fs transitions. In addition to this green emission, yellow and
red emission bands were observed at 587 and 624 nm and have been
assigned to °D4 — 7Fj (J = 4 and 3) transitions of Tb>* ions, respectively
[9,10]. A qualitative comparison between the spectra shows the Stark
splitting of Tb®* ions energy levels in the spectrum of the TGG-PC
sample in relation to the glassy part, suggesting that the Tb®" ions are
in chemical environments with a lower diversity of symmetry sites,
which led to lower degeneracy of the Tb>* energy levels. The emission
spectrum from the commercial TGG crystal was obtained for comparison
and corroborates the suggestion of the presence of terbium in TGG
crystals precipitated in the glass matrix.

EDS and SEM measurements were collected and shown in Fig. 3. The
signals obtained from EDS in the PGBG-Tb-0 glass area (1) in Fig. 3a
were attributed to Ga at 0.95 (edge L1) and 1.098 keV (edge Lal), to Ge
at 1.19 keV (edge Lal), to Bi at 2.42 keV (edge Mal2) and to Pb at 1.84
keV (edge Mx). The shoulder at 1.24 is attributed to Tb (Ec(M5)). The
EDS results for TGG-PC area (2) shows that the chemical composition of
crystals contains Tb with signals at 1.24 (Ec(M5)), 6.27 (edge Lal), 6.97
(edge Lp1) and 7.36 (edge Lp2) and Ga with energies attributed at 0.95
(edge L1) and 1.098 keV (edge Lal) (Fig. 3b). Fig. 3c shows first an SEM
image of a crystal exposed on the glass surface and then the elemental
mapping: Tb (signal at 6.27 keV), Ga (at 1.098 keV), Ge (at 1.19 keV), Pb
(at 1.84 keV), Bi (at 2.42 keV). In the case of the elements Ge and Ga,
they have close atomic numbers, thereby exhibiting similar transitions,
making it difficult to separate both signals. However, for the other ele-
ments, it is possible to clearly differentiate regions 1 and 2. The green
and magenta colors represent that the respective Tb and Ga elements are
present on the crystals while three other figures (Ge, Pb and Bi) show
that such elements are preferentially founded in the glassy phase, since
in the crystal (region 2) there is an absence of these elements.

Fig. 3. (a) SEM-EDS spectrum of PGBG-Tb-O glass (point 1 in Figure c), (b) SEM-EDS spectrum of TGG crystal (point 2 in Figure c) and (c¢) SEM image and the

respective elemental mapping results of each element for sample PGBG-Tb-0.
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These results show that it is possible to use a heavy metal glass as
reactor to obtain TGG-PC dispersed throughout the glass matrix. It is
important to highlight that the crystals were formed in the bulk during
pouring, without the need for any further thermal treatment. Further-
more, the data have indicated that with the increase in the time for
crystal formation, it would be possible to obtain monocrystals and
possibly larger crystals. For this reason, based on this set of data, a new
strategy for the growth of these crystals has been implemented.

In this new approach, the PGBG-Tb vitreous precursors were melted
at 1250 °C and then cooled inside the furnace at a rate of 10 °C/min until
they reached 900 °C, during a total of 35 min and then, the crucible was
removed from the furnace. Using this methodology, it was possible to
obtain crystals between 50 pm and 100 pm with a perfect cubic shape
(see Fig. 4a). This glass ceramic was immersed into concentrated nitric
acid for 24 h and in this way, the vitreous part was dissolved, and the
crystals could be recovered in large quantities and characterized. Fig. 4b
shows a scanning electron microscopy image of one of the crystals ob-
tained and extracted from the glass showing in detail the topography of
the TGG-SC. In this scale, it is possible to observe that the acid does not
attack the surface of the crystalline structure. This new methodology for
obtaining TGG-SC opens a range of new applications in which these
micro single crystals can be exploited, such as microleds.

The structural determination of the crystal was carried out using
Single-crystal X-ray diffraction, which confirms that the synthesized
minerals are composed of terbium gallium garnets single crystals (TGG-
SC). The garnet crystallizes in the cubic system, with a = 12.3539 Aand
space group Ia 3 d, as expected for lanthanide gallium garnet [40]. The
obtained crystal structure is depicted in Fig. 4c, in which it is possible to
see the Tb®" cations coordinated to eight oxygen atoms, and two inde-
pendent units of Ga>* cations, one of which is hexacoordinated in an
octahedral geometry, while the other is tetracoordinated, in a tetrahe-
dral geometry, with 7’4 = 0.98. The calculated distortion index (D) for Tb
is 0.02017, while it is zero for the Ga atoms, highlighting the regularity
of the coordination sphere. The quadratic elongation (<A>) for the Ga
atoms is of 1.0077 for the Ga hexacoordinated (Gal) and 1.0148 for the
tetracoordinated (Ga2). These parameters agree with those found for
TGG structures from the ICSD database (coll. codes: 20831, 84875 and
184934), which present D value ranging from 0.01665 to 0.02174 for Tb
and zero for Ga atoms, and <A> between 1.0044 and 1.0102 for Gal and
between 1.0105 and 1.0183 for Ga2. The Tb>" cations are 3.783 A from
each other, while the separation between different Ga>" atoms
(Gal-Ga2) is of 3.453 A and between two tetracoordinated Ga atoms
(Ga2-Ga2) is 3.783 A. The values found for the similar structures in the
database are in agreement with these values (Tb---Tb: 3.778-3.781 A;
Gal-Ga2: 3.449-3.451 A; Ga2-Ga2: 3.778-3.781 A). Meanwhile, the
distances Thb1-Gal and Tb1-Ga2 are 3.453 A and 3.088 A, respectively,
and Gal-Gal is 5.349 A, also in agreement with the values taken from
similar structures (Tb1-Gal: 3.449-3.451 A; Tb1-Ga2: 3.085-3.087 A;
Gal-Gal: 5.343-5.347 A). A complete list of geometric parameters can
be found in the Supplementary Material (Table S1).

In Fig. 4d it is possible to see the green emission arising from the TGG
cubic crystals after excitation with a blue LED light (488 nm). As already
explained, such emission comes from the 5D4 — "Fg transition of Tb3*
present into crystalline sites of the structure, as confirmed by the
appearance of the Starks emissions observed in Fig. 4e. Even if the molar
content of Tb%" in the crystals would lead to quenching the emission, the
luminescence of the crystals is intense enough under illumination of a
weak LED of 488 nm source. Thus, the use of such crystals as green
micro-LED's is also promising.

The micro-Luminescence and micro-Raman mapping were obtained
from the square surface of one crystal, and it is possible to observe the
homogeneity of the luminescence and Raman spectra over the entire
surface (Fig. 4f-g). Furthermore, the luminescence spectrum of the
single crystal, (Fig. 4f), exhibits a higher definition of Tb>" ion energy
levels compared to the polycrystal (Fig. 2e). The Raman spectrum profile
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obtained for the TGG-SC, (Fig. 4g), also presents bands with higher
definition than the TGG-PC shown in Fig. 2¢, in addition, the TGG-SC
spectrum is very similar to that of the commercial TGG obtained by
Czochralski.

This data set presented in Fig. 4 shows the accuracy of the super-
saturated solution methodology for obtaining TGG single crystals from
the glass melt.

Finally, the magnetic properties of PGBG-Tb glasses were investi-
gated by measurements of magnetic susceptibility in the temperature
range from 5 to 300K. The ZFC molar magnetic susceptibilities of the
glasses, as a function temperature (for samples obtained in different
pouring times), were measured with an applied magnetic field of 100 Oe
and the results are shown in Fig. 5a. The FC curves were not shown here,
as they present the same behavior as the ZFC curve and are presented in
the supplementary material (Fig. S3). Similar behavior was reported
before and support the results [10].

The magnetic susceptibility vs. temperature curves of samples were
fitted according to the Curie—Weiss Law, y,, = C/T — 0+ y,, where C is
the Curie constant, 0 is the Weiss temperature and y, represents the
temperature-independent term, which is related to diamagnetic contri-
bution. Negative 6 values were obtained (see Table 2), indicating the
presence of weak antiferromagnetic interactions between Tb®* ions. As
shown in Table 2, the absolute value of Weiss temperature increases
with longer pouring time, suggesting that the antiferromagnetic inter-
action between terbium ions strengthens. This strongly indicates the
formation of TGG crystals, supporting previous results. PGBG-Tb-
0 sample contains fewer TGG crystals compared to the PGBG-Tb-4
sample and consequently, presents higher concentration of terbium
ions into the glass matrix, leading to weaker antiferromagnetic in-
teractions. Finally, it is important to highlight that the values obtained
from the Curie-Weiss law fits from the yy; x T data are sufficiently close
to zero, indicating the presence of paramagnetic behavior. Our results
did not show a significant difference between the ZFC and FC mea-
surements, indicating that the PGBG-Tb samples are not super-
paramagnetic and confirming that magnetic nanoclusters are not
formed. In fact, all our findings point to the formation of bulk TGG
structures.

The Curie constant depends on factors such as the number of mag-
netic domains (N), the Landé factor (g), the total angular momentum (J),
the Boltzmann constant (kp,) and Bohr magneton (up) [41,42]. The Curie
constant values are resumed in Table 2. According to the data, a
decrease in the Curie constant, as the pouring time increases, was
observed. This behavior is directly related to the increase in the number
of crystals, due to a greater number of magnetic domains, as well as due
to the intensifying antiferromagnetic interactions between both Tb%*
ions in the glass matrix and in the crystals, corroborating to the observed
decrease in the Curie constant.

Measurements of M x T curves (Fig. 5b) were obtained to determine
the magnetic susceptibility of TGG crystals outside the glass matrix,
within the temperature range from 5 to 300 K. TGG crystals with sizes
ranging from 10 to 20 pm (TGG-PC) and from 50 to 70 pm (TGG-SC)
were used to obtain these curves. The temperature-dependent magnetic
susceptibility curves were fitted using the Curie-Weiss law, with the fits
(red lines) shown in both Figures. The values extracted from these fits
are presented in Table 2. The effective magnetic moment, pef, was

calculated using Curie constant as p,; = y/3ksC/Napg, where kg is the

Boltzmann’s constant, N is the Avogadro’s number, and pp is Bohr
magneton. The calculated effective magnetic moment for Tb®* ions was
slightly lower than the theoretical value of 9.72 pp per Tb atom. In the
same direction, the calculated pegr for Tb®* ions was a little lower than
the theoretical value in the glasses, except for the PGBG-Tb sample
which contains low crystal concentration and for larger TGG-SC. The pef
values, systematically, decrease with increasing crystal size in the PGBG-
Tb samples, deviating from the theoretical value. This behavior can be
attributed to the partial quenching of angular momentum induced by
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Fig. 4. (a) Optical microscopy image of TGG single crystals inside glass, (b) Scanning electron microscopy image of TGG-SC, (c¢) Crystal packing for TGG-SC obtained
using the Vesta software, highlighting the TbOg, GaOg and GaO,4 units, (d) Photograph of crystals under ultraviolet lamp, (e) Emission spectra acquired for TGG-SC,
TGG-PC and TGG commercial pattern, (f) Luminescence map for emission bands between 530 and 560 nm, (g) Normalized Raman spectra acquired for TGG-SC, TGG-
PC and TGG commercial pattern and (h) TGG-SC micro-Raman map for band at 356 cm™.
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Fig. 5. (a) Temperature dependence (ZFC) of the magnetic susceptibility (ym x T) at 100 Oe for PGBG-Tb samples for different pouring times (the inset shows the
temperature dependence of the inverse of the magnetic susceptibility (1/¢m)), (b) ym x T curves of TGG-PC (10-20 pm) and TGG-SC (50-70 pm), the inset shows the
1/ym curves. The solid red lines, in both Figures represent the fit to the Curie-Weiss law. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

Table 2
Parameters obtained by fitting the data with the Curie-Weiss law from 5 to 300
K.

Sample C (emu K mol™) Hesi(Hb) O(K)

PGBG - Tb0 47.7 9.7 —0.44
PGBG - Tb2 45.4 9.5 -0.50
PGBG - Tb3 42.7 9.3 —0.54
PGBG - Tb4 40.4 9.0 —0.64
Crystals (10-20 pm) 321 9.3 —2.29
Crystals (50-70 pm) 34.8 9.7 -2.12

the crystal field [43] and/or the competition between the magnetic
moments of the Tb ions in the glass matrix and those within the crystals.

The Weiss temperature is negative for both crystal sizes, confirming
that the interactions between the Tb crystals are antiferromagnetic.
Notably, the results reveal that these antiferromagnetic interactions are
stronger in pure TGG crystals than in those embedded within the glass
matrix. Additionally, for crystals embedded in the glass, an increase in
the absolute value of the Weiss temperature is observed, suggesting that
crystal size influences the strength of the antiferromagnetic interactions.
Additionally, XRD results showed that the crystals within these samples
(PGBG-Tb samples) are polycrystalline, which could also contribute to
this behavior. This enhancement of antiferromagnetic interactions with
increasing crystal content can be explained by the progressive incor-
poration of Tb®" ions into the well-ordered garnet lattice. In the TGG
crystalline phase, the Th3* spins adopt a multiaxial AFA-type antifer-
romagnetic structure, with moments aligned along the (100) directions
of the cubic unit cell and distributed across multiple sublattices [44,45].
This configuration arises from strong Ising-like anisotropy imposed by
the crystal field and can be quantitatively understood using models
based purely on dipolar interactions [46,47]. As the crystalline fraction
increases, more Tb" ions participate in this network, reinforcing mag-
netic coupling and leading to more negative Weiss temperatures, as
observed. These findings are consistent with prior studies of rare-earth
garnets [43,46].

In Fig. 6(a-d) are shown the magnetization curves of the samples
(PGBG-Tb, TGG_PC and TGG-SC) as a function of the applied dc

magnetic field at 5 and 300 K. The magnetization nearly saturated under
magnetic fields exceeding 60 kOe. No hysteresis loop was observed
down to 5 K in any of the four PGBG-Tb samples, as expected, since
paramagnetism is attributed to the Tb®" ions. Instead, the isothermal
magnetization curves display typical paramagnetic characteristics.
Given this paramagnetic behavior, the Brillouin model can be applied, as
described by the equations:

M:ngBBj(x) eq. 1
27 +1, 1, 1
o= % — — *coth (= .2
j(x) % coth % cot (2jx> eq
Jgus
=—_°'B eq. 3
K(T +To) d

Where M is magnetization per unit of mass, N is the number of magnetic
ions per unit cell, g is the Landé factor, J is the total angular momentum,
H is the magnetic field, and Ty is a phenomenological parameter that
represents any magnetic interaction that prevents spins from being
completely aligned even in the strongest magnetic field [35]. It is known
that the magnetic contribution of the TGG samples is due to the presence
of Tb3+, therefore we can define g = 1.5 and J = 6 [42]. The fits (red
lines) present a good correlation with the experimental data, as shown in
Fig. 6. According to Fig. 6a, an increase in saturation magnetization is
observed with the increase in stirring time during the synthesis process
of the PGBG samples. This can be attributed to the fact that a longer
stirring time leads to an increase in both the number and size of crystals
formed.

The crystals exhibit significantly higher saturation magnetization
compared to those embedded in the glass matrix. Furthermore, larger
crystals show a slight increase in saturation magnetization at both
temperatures analyzed (300 K and 5 K). This behavior is also evidenced
by the decrease in saturation magnetization as the size of the crystals in
the glass matrix increases, as illustrated in the inset of Fig. 6¢c. The
magnetic properties of crystals outside the glass matrix differ signifi-
cantly from those within it. Pure crystals exhibit strong antiferromag-
netic behavior, whereas this effect is reduced by approximately one
order of magnitude in embedded crystals. Additionally, the
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Fig. 6. Magnetization as a function of the applied magnetic field (M x H) is shown for (a) and (b) PGBG-Tb at 5 K and 300 K, respectively, and for (¢) and (d) crystals
extracted from the glass matrix at 5 K and 300 K, respectively. The inset of Figure (c) displays the M x H curves for crystals of sizes 10-20 pm and 50-70 pm

embedded within the glass matrix.

magnetization curves of pure crystals show a saturation magnetization
that is an order of magnitude higher than that of crystals incorporated
into the glass matrix. This behavior aligns with experimental results for
embedded crystals, which reveal a direct relationship between increased
pouring time and enhanced antiferromagnetism, as evidenced by the
Curie temperature and Curie constant analysis presented in Table 2. For
the glass-embedded crystal samples, the saturation magnetization (Ms)
values at 5 K were 5.25 emu/g (PGBG-Tb-0), 5.64 emu/g (PGBG-Tb-2),
5.76 emu/g (PGBG-Tb-3), and 6.01 emu/g (PGBG-Tb-4), corresponding
to a relative increase of approximately 14.5 % from the shortest to the
longest pouring time. This enhancement is attributed to the higher de-
gree of crystallinity and the increasing number of magnetically active
Tb3* ions incorporated into the TGG phase. For the isolated crystals, the
effect is even more pronounced. The Ms values reached 80.97 emu/g for
crystals sized 10-20 pm and 86.92 emu/g for those sized 50-70 pm,
reflecting the significantly higher concentration of ordered Tb3* jons in
the bulk crystalline state compared to the smaller embedded crystals
within the glass matrix.

4. Conclusion

This paper reports the synthesis of terbium gallium garnets (TGG)

48886

from melted heavy metal oxide glass compositions without further
thermal treatment. The adjustment of the cooling temperature allows
obtaining poly and single crystalline phases of Tb3Gas012 with different
sizes. A chemical route was proposed to isolate the crystals from the
parent glass without compromising their properties. Single-crystal X-ray
diffraction confirmed the formation of the cubic phase with Ia 3 d space
group for isolated single crystals. The luminescence results for both the
glass-ceramics and the isolated crystals show the presence of well-
defined Stark levels 543, 548 and 553 nm, indicating that the Tb3*
ions are in crystalline environments with a smaller number of symmetric
sites and coherent with the Stark components of the TGG crystal. Crys-
tals of medium size between 50 and 70 pm exhibit a magnetic behavior
characteristic of antiferromagnetism, more pronounced in pure crystals
than in those embedded in the glass matrix, which was corroborated by
the Weiss temperature (2.12 K) and effective magnetic moment data
(9.7 pB). This achievement represents an advance in the methodologies
for obtaining magneto-optical TGG cubes in the micro-scale range,
opening the possibility of mass production of such crystal and its uses in
different technological applications.
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