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Abstract: As a result of preliminary air calcination and subsequent reduction in a flowing NH3

atmosphere of the precursor from the liquid precipitation method for the first time, pure-phase
Tb2O3 powder with an average particle size of 135 nm was prepared. The Tb2O3 magneto-optical
transparent ceramics with the average grain size of 1.3 µm were successfully fabricated by vacuum
pre-sintering and hot isostatic pressing post-treatment from the as-synthesized Tb2O3 powder. In-line
transmittance values of Tb2O3 ceramics reach 70.3% at 633 nm, 78.1% at 1064 nm, and 79.4% at
1400 nm, respectively. Thanks to the high intrinsic concentration of Tb3+, Tb2O3 ceramics present
high Verdet constants of −427.3 and −123.7 rad·T−1·m−1 at 633 and 1064 nm, which are about 3.1
and 3.4 times higher than those of commercial Tb3Ga5O12 crystals, respectively. Due to the excellent
magneto-optical properties, Tb2O3 ceramics are promising candidates for the development of Faraday
isolator toward compaction used in visible and near-infrared bands.

Keywords: Tb2O3 transparent ceramics; liquid precipitation; two-step sintering; magneto-optical properties

1. Introduction

After the discovery of the Faraday effect in 1845, magneto-optical effects such as
the Kerr effect in 1876, Zeeman effect in 1896 and Cotton–Mouton effect in 1907 have
been discovered in succession [1–3]. As a result, a variety of magneto-optical materials,
which own the magneto-optical properties, have emerged and developed subsequently,
and these are applied universally in optical communication, optical fiber current sensor [4],
optical isolator [5–8] and other magneto-optical devices. As one of the magneto-optical
effects, the Faraday effect, which can make the polarization plane of the transmitted light
nonreciprocally deflect, is widely applied in the optical isolator of lasers to ensure laser uni-
directional passing and block the reverse light effectively. The traditional Faraday isolator
magneto-optical materials mainly composed of glasses [9,10] and crystals [11] have been
developed and progressed to the practical application with the development of the laser
system. Recently, with the rapid development of the advanced processing technologies of
transparent ceramics, the advantages of transparent ceramics in mechanics, optics, thermal
properties and other aspects are increasingly prominent [12,13], which also provides a
novel thought for the development of transparent magneto-optical ceramics that can be
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applied in Faraday isolators [14]. Transparent ceramics have been considered to be the most
promising candidates to substitute the single crystals and glasses in Faraday isolators.

The early reported magneto-optical ceramic materials are mainly in garnet structures,
such as Tb3Ga5O12 (TGG) [15–20] and Tb3Al5O12 (TAG) [21–27]. In recent years, there
have been some research reports on sesquioxide magneto-optical ceramics with a larger
Verdet constant than the corresponding garnet structure as a result of the high intrinsic
concentration of magnetically active rare earth ions, such as terbium oxide (Tb2O3) [28–32],
holmium oxide (Ho2O3) [33–37], dysprosium oxide (Dy2O3) ceramics [38–42], etc. Among
them, the Verdet constant of Tb2O3 at 380–1750 nm, which is the highest Verdet constant
as known so far, is over three times that of commercial TGG single crystals. Nevertheless,
the oxidation when heated in air and the reversible phase transition above 1600 ◦C of
Tb2O3 bring some problems to the growth of single crystals [43] and the fabrication of
Tb2O3 ceramics. One of the effective methods to obtain Tb2O3-based ceramics is through
the preparation of solid solution of Tb2O3 and other RE2O3 such as Y2O3 and Lu2O3.
Snetkov et al. [28] prepared Tb3+:Y2O3 ceramics with Tb3+ doping concentrations of 10%,
20%, 30%, and 100% (pure Tb2O3) by hot pressing (HP) from the self-propagating high
temperature synthesis (SHS) powders. It was found that the Verdet constant of Tb3+:Y2O3
ceramics increased linearly with the rise of Tb3+ concentration. The 30%Tb3+:Y2O3 ceramics
had an equivalent Verdet constant to TGG single crystals containing 37.5 at % Tb3+, and
the pure Tb2O3 ceramics had a substantially higher value of the Verdet constant in the
entire wavelength range. Ikesue et al. [29,30] successfully fabricated high-quality magneto-
optical ceramics (TbxY1−x)2O3 (x = 0.5−1.0) (TYO) by vacuum sintering with subsequent
hot isostatic pressing (HIP) treatment using the commercial powders. The pure Tb2O3
ceramics showed the highest value of the Verdet constant: 3.8 times higher than that of
the commercial TGG. Yang et al. [44] prepared the (Tb0.5Y0.5)2O3 transparent ceramics by
flowing H2 sintering from co-precipitation synthesis powders. The transmittance reached
71.9% at 1400 nm, and the Verdet constant at 633 nm was only 1.64 times that of TGG single
crystals. Zhang et al. [45] investigated the phase transformation process of Tb2O3 when
heated in different atmosphere, providing a deep understanding of controlling and avoiding
the phase transformations of Tb2O3. The (Tb1−xLux)2O3 ceramics were then fabricated
and had a Verdet constant of −244.33 rad·T−1·m−1 at 633 nm, which was 30% higher than
that of Tb3Al5O12 materials [32]. These reports indicate that Tb2O3 ceramics have optical
properties well suited for Faraday isolators, and because of the large Verdet constant, Tb2O3
ceramics can further reduce the size of Faraday isolator devices.

The introduction of Y2O3 or Lu2O3 and the formation of solid solution have been
proved to effectively stabilize the lattice structure of Tb2O3 cell, preventing the oxidation
and raising the phase transition temperature of Tb2O3. However, the occupation of non-
magnetic active ions such as Y3+ or Lu3+ results in the obvious decrease in Verdet constant.
In addition to the method of the preparation of solid solution, by using the nano-powder
with high sintering activity and sintering aids, there is a great possibility to prepare the
pure Tb2O3 ceramics below the phase transition temperature. Balabanov et al. [31,46]
successfully fabricated RE:Tb2O3 ceramics (RE-Y3+, Lu3+, Sc3+, Ce3+, Dy3+, Ho3+, Yb3+,
Nd3+) by HP using the SHS powders. The absolute value of Verdet constant of RE:Tb2O3
ceramics decreased with the introduction of RE ions in relatively high concentration. ZrO2
has been demonstrated to be an effective sintering aid for inhibiting grain growth during
the sintering period [30]. In this paper, high sintering activity Tb2O3 nano-powder was syn-
thesized via the precipitation method. Without RE ion dopant, pure Tb2O3 ceramics with
high optical quality and high Verdet constant were obtained after vacuum pre-sintering
and the following HIP post-treatment both below the phase transition temperature. The
composition and thermal decomposition evolution of the precursor were studied. The opti-
cal transmittance and microstructure of Tb2O3 ceramics were investigated. In addition, the
wavelength dependence of the Verdet constant of the Tb2O3 ceramics at room temperature
was identified in detail.



Magnetochemistry 2022, 8, 73 3 of 13

2. Materials and Methods
2.1. Materials

Tb4O7 (99.99%, Yuelong Rare Earth New Materials Co., Ltd., Shanghai, China),
NH4HCO3 (99.995%, Aladdin Industrial Corporation, Shanghai, China), (NH4)2SO4 (An-
alytical grade, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), high-purity
concentrated nitric acid (G3, Shanghai Aoban Technology Co., Ltd., Shanghai, China) and
ZrOCl2·8H2O (99.5%, Jining Zhongkai New Materials Co., Ltd., Jining, China) were used
as raw materials.

2.2. Methods

The positive strike precipitation method was employed for the preparation of Tb2O3
nano-powder. Firstly, Tb4O7 powder was dissolved in a high-purity concentrated nitric
acid with stirring and heating to obtain a Tb(NO3)3 solution. After the complete dissolution
of Tb4O7 powder, the solution was filtered for the separation of insoluble impurities. The
chemical analysis was then applied to assay the concentration of the Tb(NO3)3 solution.
(NH4)2SO4 was dissolved in ultrapure water as the dispersant with 1.0 mol/L concentra-
tion. NH4HCO4 was also dissolved in ultrapure water to obtain the precipitation solution
(concentration of 1.0 mol/L). The zirconia source was from ZrOCl2·8H2O via dissolving in
ultrapure water (concentration = 0.1 mol/L). In this paper, a novel method is proposed for
a more uniform introduction of ZrO2 by liquid co-precipitation synthesis rather than con-
ventional ball milling, which can simplify the process procedure and avoid the introduction
of unnecessary impurities.

Firstly, (NH4)2SO4 solution was added to the mixed metal ions solution as a dispersant
with the ratio of n(Tb3+)/n((NH4)2SO4) equal to 1:1. The mixed solution was diluted with
deionized water to 500 mL with the concentration of Tb3+ to be 0.2 mol/L. In the process of
precipitation, 400 mL of NH4HCO3 precipitant solution was dripped into 500 mL of mixed
aqueous solution of Tb(NO3)3, (NH4)2SO4 and ZrOCl2 at the speed of 3 mL/min under
stirring, with the pH of the reaction solution increasing from 0.98 to 6.48. Subsequently, the
obtained precipitate slurry was aged for 4 h at room temperature without any disturbance.
Finally, the resultant suspension was filtered and washed repeatedly with deionized water
and absolute alcohol to remove by-products.

After drying at 70 ◦C for 36 h and sieving with a 200 screen mesh, the resultant
precursors were obtained. After the preliminary air calcination at 1100 ◦C for 4 h and
subsequently novel reduction in a flowing reducing atmosphere of NH3 at 1250 ◦C with
a holding time of 4 h, white Tb2O3 powder was obtained. The Tb2O3 powder was dry
pressed at 40 MPa and then cold isostatic pressed (CIP) at 250 MPa to obtain green bodies.
The compacted pellets were vacuum pre-sintered at 1550 ◦C for 3 h and then HIP post-
treated at 1450 ◦C for 3 h under 150 MPa Ar atmosphere. Finally, the Tb2O3 ceramics were
mirror-polished on both sides to the thickness of 1.0 mm.

2.3. Characterization

The thermal decomposition behavior of the precursor was analyzed by the ther-
mogravimetry and differential thermal analysis (TG-DTA, STA449 F3, Netzsch, Bavaria,
Germany) from room temperature to 1100 ◦C in air with a heating rate of 10 ◦C/min.
The phases of the synthesized precursor, the calcined powder and the reduced powder
were identified by the X-ray diffraction (XRD, D8 Advance, Bruker AXS GMBH, Karl-
sruhe, Germany) using Cu Kα radiation (λ = 0.15418 nm) in the range of 2θ = 20–80◦. The
morphologies of these powders were measured by the field emission scanning electron
microscopy (FESEM, SU9000, Hitachi, Tokyo, Japan), and the mean particle size was esti-
mated by measuring the diameters of at least 300 particles in the FESEM micrographs. The
microstructures of the Tb2O3 ceramics were investigated by a field emission scanning elec-
tron microscopy (FESEM, Magellan 400, FEI, Hillsboro, OR, USA). The average grain size of
Tb2O3 ceramics was measured by using a statistical method, thanks to the Nano Measure
software, with at least 500 grains counted. The in-line transmittances of the mirror-polished
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Tb2O3 ceramics (thickness = 1.0 mm) were measured by a UV-VIS-NIR spectrophotometer
(Model Cray-5000, Varian, CA, USA) in 300–1400 nm range. The polarization extinction
method was used to measure the Verdet constant of the Tb2O3 ceramics in this work.
Specifically, two measurement techniques were carried out to measure the wavelength
dependence of the Verdet constant: (1) using probe laser sources, 405, 532, 658, 808, 980, and
1064 nm diodes and 632.8 nm He-Ne laser were utilized as probe laser radiation sources;
(2) using the polarization stepping method, as described in Refs. [37,47]. According to
the formula of Faraday rotation angle: θ = VBd, the Verdet constant (V) can be shown as:
V = θ/(B·d), where θ defines the Faraday rotation angle, V represents the Verdet constant,
B shows the applied magnetic field, and d donates the length of magneto-optical materials
(d = 2.0 mm).

3. Results and Discussion

Figure 1 presents the TG-DTA-DTG curves of the as-synthesized precursor. The values
consisting of a DTG curve are from the first derivative of the TG curve, which can help to
clearly distinguish each thermal decomposition stage. The thermal decomposition process
of the precursor with the total weight loss of 26.7% can be divided into four main stages.
The weight loss of about 3.4% below 141 ◦C is derived from the removal of residual ethanol,
absorbed water and partial crystallized water, and the endothermic peak is centered at
about 73 ◦C. The weight loss of 7.5% in the second stage from 141 to 313 ◦C is ascribed to the
removal of ammonium radical and the dehydration, and the endothermic pick located at
258 ◦C is mainly assigned to the dehydration of the O-H groups and the removal of residual
water. The weight loss of about 15.1% between 313 and 900 ◦C is the result of the further
dehydration of the O-H groups and the decomposition of carbonate. No significant weight
loss happens between 850 and 900 ◦C, implying that the precursor has almost decomposed
into terbium oxide and mainly in the form of TbO1.714 (Tb7O12) phase [45]. There is a
slight weight loss about 0.7% between 900 and 1000 ◦C, deriving from the decomposition
of sulfate as well as the deoxidization reaction of terbium oxide from TbO1.714 to TbO1.5
according to Ref. [45], and the corresponding endothermic peak is situated at near 930 ◦C.
No obvious weight loss is observed above 1000 ◦C, presenting that the carbonate and
sulfate in the synthesized precursor have been decomposed completely after 1000 ◦C.
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Figure 2 shows the FTIR spectrum of synthesized precursor. The precursor shows a
wide absorption band from 3700 to 2640 cm−1 and centered at about 3400 cm−1, which
is relevant to the stretching vibration of free OH− groups (about 3000–3700 cm−1) and
the bending vibration of H-O-H from the molecules water in the precursor (symmetric
ν1 and anti-symmetric ν3, 3200–3500 cm−1) [48]. The 1628 cm−1 shoulder is originated
from the bending mode (ν2) of the H-O-H [49]. These peaks at 1508, 1416, 1086, 836, 760
and 688 cm−1 are all bound up with the existence of CO3

2−. Two absorption peaks in the
regions of 1508 cm−1 (asymmetric ν3) and 1416 cm−1 (symmetric ν3) are defined as the
stretching mode of the C-O bond in CO3

2− groups [50]. The splitting at this band can be
ascribed to carbonate ions located at a crystallographically non-equivalent site [51,52]. The
peak centered at 1086 cm−1 is characteristic of the ν1 symmetric stretch of CO3

2−, which
may overlap the weak peak of SO4

2− located at about 1100 cm−1. These peaks at 836, 760
and 688 cm−1 are assigned to the δ out-of-plane bending vibration, ν3 and ν6 vibration
of CO3

2−, respectively [52,53]. Based on the above analysis, the precursor is the terbium
hydroxycarbonate with crystal water [53].
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A novel treatment method of air calcination and NH3 reduction is adopted to obtain
pure Tb2O3 nano-powder. The as-synthesized precursor was firstly calcined at 1100 ◦C
for 4 h in air to completely remove the carbonate and sulfate in the precursor, avoiding
the possible residue of carbon or sulfur, which was hardly removed by the subsequent
sintering under an oxygen-free environment. The resultant dark brown powder was
subsequently reduced at 1250 ◦C for 4 h in a flowing reducing NH3 atmosphere to obtain
white Tb2O3 powder. Figure 3 displays the XRD patterns of the precursor, the calcined
and the reduced powders. The precursor presents a certain crystallinity. Unfortunately,
there is no corresponding standard card in the database. After calcination at 1100 ◦C
for 4 h in air, the main diffraction peaks of the calcined powder are well consistent with
the standard patterns of Tb7O12 (trigonal, R-3(148), PDF#34-0518) and Tb11O20 (triclinic,
P-1(2), PDF#65-4511) intermediate phases [54]. The air calcined powder is proved to be the
mixture of Tb7O12 (2Tb2O3·3TbO2) and Tb11O20 (2Tb2O3·7TbO2) phases with coexisting
trivalent and tetravalent oxidation states, rather than the Tb2O3 phase as illustrated in
Figure 1, due to the oxidization of Tb2O3 during the cooling process in air. The Tb2O3
phase with only a trivalent oxidation state is unstable both during the heating and cooling
process in air, and an oxygen-free atmosphere is necessary for the fabrication of Tb2O3
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ceramics. The similar XRD patterns of powder are also presented for the powder prepared
by SHS in air [46,55]. Reducing of the air calcined powder in a flowing of NH3 atmosphere
results in the reduction of terbium ions converting to the trivalent state. The diffraction
peaks of the reduced powder are in good accordance with the diffraction pattern of cubic
phase Tb2O3 (Ia-3(206), PDF#65-3180), and no impurities or secondary phases are observed,
meaning that the precursor can be effectively converted to Tb2O3 powder with a cubic
structure after air calcination and NH3 reduction. It is the first time that pure phase Tb2O3
powder is synthesized by the liquid precipitation method followed by air calcination and
subsequent NH3 reduction to the best of our knowledge. The Tb2O3 powder displays a
better crystallinity than the calcined powder according to the narrower diffraction peaks.
The corresponding average crystalline size (DXRD) can be figured out through the Scherrer
formula [56]:

DXRD = 0.89λ/(β ·cos θ), (1)

where λ is on behalf of the Kα radiation wavelength of the Cu target (λ = 1.542 Å), β
represents the full width at half-maximum (FWHM) of the diffraction peak, and θ is the
Bragg angle. The calculated result DXRD of Tb2O3 powder is 59 nm. The combination
of liquid precipitation synthesis and air calcination as well as NH3 reduction is strongly
recommended for the preparation of Tb2O3 nano-powder.
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Figure 4 displays the FESEM micrographs of the as-synthesized precursor, the calcined
powder and the Tb2O3 powder. The precipitated precursor presents a two-dimensional
needle or flake structure with a thickness of several nanometers and a length of several
hundred nanometers, as shown in Figure 4a, and the precursor is relatively loose and
slightly agglomerated. After heat treatment, the morphology of the powder changes greatly,
and the precursor is fully collapsed into the uniform particles. The air calcined powder
and Tb2O3 powder after reduction treatment have the similar morphologies and consist of
near-spherical primary particles. It is noticed that sintering necks appear between powders,
implying that a slight sintering phenomenon occurs between powders. According to the
FESEM micrograph in Figure 4c, the particle size of the Tb2O3 powder is roughly counted,
and the particle size distribution can be appreciated more quantitatively in Figure 4d. It can
be figured out that the Tb2O3 powder shows a narrow particle size distribution. The particle
size of the obtained Tb2O3 powder is principally distributed in the range of 60–180 nm,
in which the range of 100–120 nm accounts for the largest proportion. The obtained
Tb2O3 powder with the average particle size of about 135 nm and a unimodal particle-size
distribution helps to realize the uniform densification and reduce the coordination number
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of pores during the ceramic sintering process, and it is instrumental in the preparation of
transparent ceramics with high quality.

Magnetochemistry 2022, 8, x FOR PEER REVIEW 7 of 13 
 

 

unimodal particle-size distribution helps to realize the uniform densification and reduce 
the coordination number of pores during the ceramic sintering process, and it is instru-
mental in the preparation of transparent ceramics with high quality. 

 

 

Figure 4. FESEM images of the precursor (a), the air calcined powder (b), the Tb2O3 powder (c), and 
the particle size distribution histogram of the Tb2O3 powder (d). 

Using the synthesized Tb2O3 powder, Tb2O3 transparent ceramics were successfully 
obtained by the subsequent two-step sintering schedule consisting of vacuum pre-sinter-
ing at 1550 °C for 3 h and HIP post-treatment at 1450 °C for 3 h under 150 MPa Ar atmos-
phere. Figure 5 shows the in-line transmission curve from the visible to near-infrared 
wavelength range and the appearance of the Tb2O3 ceramics with 1.0 mm thickness after 
double-side polishing. The Tb2O3 ceramics exhibit relatively good transparency in the vis-
ible to near-infrared wavelength range. The in-line transmittance values are about 70–80% 
in the 600–1400 nm wavelength range, and the values reach 79.4% at the wavelength of 
1400 nm, 78.1% at 1064 nm, and 70.3% at 633 nm, respectively (the theoretical transmission 
≈80.1%). There is a slight decrease in the in-line transmittance with the decrease in wave-
length, particularly in the short-wavelength region, which implies the Rayleigh scattering 
inside the sample. In addition, oxygen vacancy derived from the weak reducing environ-
ment during vacuum pre-sintering and the HIP post-treatment period also plays the role 
of absorption center and brings about the decrease in transmittance. The cutoff edge is 
situated at about 346 nm. The relatively strong absorption peak centered at 484 nm is at-
tributed to the 7F6→5D4 transition of Tb3+. 
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Using the synthesized Tb2O3 powder, Tb2O3 transparent ceramics were successfully
obtained by the subsequent two-step sintering schedule consisting of vacuum pre-sintering
at 1550 ◦C for 3 h and HIP post-treatment at 1450 ◦C for 3 h under 150 MPa Ar atmosphere.
Figure 5 shows the in-line transmission curve from the visible to near-infrared wavelength
range and the appearance of the Tb2O3 ceramics with 1.0 mm thickness after double-
side polishing. The Tb2O3 ceramics exhibit relatively good transparency in the visible to
near-infrared wavelength range. The in-line transmittance values are about 70–80% in the
600–1400 nm wavelength range, and the values reach 79.4% at the wavelength of 1400 nm,
78.1% at 1064 nm, and 70.3% at 633 nm, respectively (the theoretical transmission ≈80.1%).
There is a slight decrease in the in-line transmittance with the decrease in wavelength,
particularly in the short-wavelength region, which implies the Rayleigh scattering inside
the sample. In addition, oxygen vacancy derived from the weak reducing environment
during vacuum pre-sintering and the HIP post-treatment period also plays the role of
absorption center and brings about the decrease in transmittance. The cutoff edge is
situated at about 346 nm. The relatively strong absorption peak centered at 484 nm is
attributed to the 7F6→5D4 transition of Tb3+.
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Figure 5. Photograph and in-line transmission curve of the synthetic Tb2O3 ceramics (thickness = 1.0 mm).

Figure 6 shows the microstructure of the Tb2O3 transparent ceramics and the grain
size distribution. It is discovered that the Tb2O3 ceramics consist of uniform grains with
different crystal orientations, and no secondary phase or abnormal growth is observed.
There are a very few intergranular closed pores of nano-size seated at the trigeminal grain
boundaries, which lead to the slight reduction in the in-line transmittance in the visible
range. The grain boundaries are very clear and clean. It is also notable that the polishing
post-treatment for the Tb2O3 ceramics is a bit rough, and there are many scratches on the
polished surface of the Tb2O3 ceramics, which also bring out the decrease in the measured
values of in-line transmittance. The grain size distribution and the cumulative percentage
are displayed in the histogram in Figure 6b. Statistical values of the grain size of Tb2O3
ceramics predominantly range from 0.8 to 1.6 µm with the largest proportion range being
1.2–1.4 µm. The statistic average grain size of the Tb2O3 ceramics is approximately 1.3 µm,
which is far smaller than the reported values.
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Magneto-optical materials with a large Verdet constant can be realized through con-
taining a high intrinsic concentration of magnetically active rare-earth ions such as Dy3+,
Tb3+ and Ho3+, which are paramagnetic and possess large magnetic moments because of



Magnetochemistry 2022, 8, 73 9 of 13

the electronic transition 4fn→4fn−15d. A Van Vleck–Hebb equation is usually applied to
figure out the Verdet constant of rare-earth ions doped materials [7,9,57]

V =
4π2Nv2µ2

eff
3chkTgµB

∑
n

Cn

v2−v2
n

, (2)

where c represents the speed of light, h means Planck constant, k indicates Boltzmann
constant, T implies temperature, g is the Lande splitting factor, µB displays the Bohr mag-
neton number, N shows the paramagnetic ion concentration, µeff is the effective magnetic
moment, v expresses the light frequency, vn is the frequency related to the excited state,
and Cn denotes the transition moments, respectively. When talking about the paramagnetic
rare-earth ions, Equation (2) can be reducible to a single oscillator model to illustrate the
wavelength dependence of the Verdet constant, which is in the form as shown below [57]:

1/V = a(λ 2−λ2
0

)
, (3)

where a and λ0 are approximation parameters. λ0 is the effective transition wavelength
of the rare earth ion. Constant a is independent of the wavelength and determined by
the concentration of paramagnetic ions, the refractive index of the material and the effec-
tive transition probability [31]. Theoretically, the inverse of the Verdet constant 1/V is
proportional to λ2 according to Equation (3).

The Verdet constants of the Tb2O3 ceramics are measured by probe laser sources and
by the “polarization stepping” method in this work, and the difference between the values
of Verdet constant measured by the two methods are both less than 4% at 633 and 1064 nm.
The measured values of the Verdet constant at some certain wavelengths are presented in
Table 1. Tb2O3 transparent ceramics show more than 3 times higher values of the Verdet
constant than TGG single crystals in the whole wavelength range, and the advantage is
not monotonic, decreasing from 3.6 times at 405 nm (V(Tb2O3) = −1620.8 rad·T−1·m−1,
V(TGG) = −453.2 rad·T−1·m−1) to 3.0 times at 658 nm (V(Tb2O3) = −369.3 rad·T−1·m−1,
V(TGG) = −122.1 rad·T−1·m−1) and then further increasing to 3.4 times at 1064 nm
(V(Tb2O3) = −123.7 rad·T−1·m−1, V(TGG) = −36.7 rad·T−1·m−1).

Table 1. Verdet constants of Tb2O3 ceramics at different wavelengths and the Verdet constants of
TGG crystal in Ref. [58] for comparative measurement.

Wavelength
(nm)

V(Tb2O3) in Absolute
Value (Rad·T−1·m−1)

V(TGG) in Absolute
Value (Rad·T−1·m−1) V(Tb2O3)/V(TGG)

405 1620.8 453.2 3.6
532 672.4 196.5 3.4
633 427.3 136.2 3.1
658 369.3 122.1 3.0
808 235.0 74.8 3.1
980 150.1 48.7 3.1
1064 123.7 36.7 3.4

The inverse of the Verdet constant as a function of λ2 for the Tb2O3 ceramics is
plotted in Figure 7 in light of Equation (3). There is an apparent positive linear correlation
between 1/V and λ2, according to Figure 7, which is consistent with the Van Vleck–Hebb
single oscillator model in the visible and near-infrared range. The effective transition
wavelength λ0 of the Tb3+ ion and the wavelength independent constant a for the Tb2O3
ceramics are obtained by fitting the experimental results in Table 1 (the absolute values
of the Verdet constant at different wavelengths). The effective transition wavelength λ0 is
approximately 299 nm, corresponding to the 4f 8→4f 75d transition of the Tb3+ ion. λ0 can
marginally change in different materials in theory, which is due to the fact that the energy
levels of the rare-earth ions differ in different materials. The coefficient a is fitted to be
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0.00769 (T·m)/(rad·µm2) with the matching factor R2 equal to 0.999 for Tb2O3 ceramics in
this work, which is within the range of linear behavior.
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The wavelength dependence of Verdet constant of Tb2O3 ceramics is shown in Figure 8
(green dot for the polarization stepping method and red circle for the probe laser sources),
and the approximation fitting line in the form of V = 1

a(λ 2−λ2
0)

(a = 0.00769 (T·m)/(rad·µm2)

and λ0 = 299 nm) is displayed by a red dashed line. In addition, the approximation V(λ) of
a TGG crystal is shown in Figure 8 by a black circle as a comparison [58]. The prepared
Tb2O3 ceramics present three times larger values of the Verdet constant than those of TGG
single crystals in the entire measured wavelength range. The magnetic field value at the
center of the magnet system obeys the law H~ln(D/d); there, D and d are the external and
internal diameter of the magnetic system. Using a magneto-optical element of the same
length and diameter with a Verdet constant three times greater will reduce the magnitude
of the H by the same amount, resulting in a magnet volume/mass/cost reduction of more
than 10 times for standard magnetic systems due to the logarithmic law. Concerning the
transmittance bands in the visible to near-infrared region, Tb2O3 ceramics are promising
alternative materials of TGG single crystals and can be competitively applied in Faraday
devices operating in visible and ~1 µm (lasers based on Yb and Nd doped materials).
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4. Conclusions

White Tb2O3 powder with the average crystalline size of 59 nm and the average
particle size of 135 nm was successfully prepared via the liquid precipitation method with
subsequent reduction in the NH3 flow for the first time. Tb2O3 transparent ceramics were
fabricated by the two-step sintering method containing vacuum pre-sintering and HIP post-
treatment at relative low temperatures from the as-synthesized Tb2O3 powder. The Tb2O3
ceramics with the thickness of 1.0 mm present high values of in-line transmittance: 79.4%
at 1400 nm, 78.1% at 1064 nm, and 70.3% at 633 nm, respectively. The microstructure of the
Tb2O3 ceramics appears virtually dense, with a tiny amount of residual nano-size pores
and the average grain size of approximately 1.3 µm. These pores result in the decrease in
the in-line transmittance in the short-wavelength regions. The future work on the increase
in optical quality will concentrate on the removal of the residual nano-size pores with
both the improvement of the sintering conditions and the optimization of the synthesized
Tb2O3 nano-powder. The wavelength dependence of the Verdet constant of the obtained
Tb2O3 ceramics was studied in 405–1064 nm (V = −427.3 rad·T−1·m−1 at 633 nm and
V = −123.7 rad·T−1·m−1 at 1064 nm) at room temperature. The Verdet constant of Tb2O3
ceramics is about three times larger than that of TGG materials in the measured visible
to near-infrared range, especially, it is about 3.4 times larger than TGG single crystals at
the concerned 1064 nm. The high transparency and large Verdet constant make Tb2O3
transparent ceramics more advantageous and competitive for a Faraday isolator used in
the visible to near-infrared region.
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