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具有法拉第效应的氧化物玻璃的研究进展 
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摘  要：法拉第效应是指线偏振光穿过磁性材料后，转变为偏振面绕光的传播矢量发生旋转的椭圆偏振光的现象。偏振面的

旋转角度——法拉第旋转角(θ)是衡量磁性材料能否应用于电流传感器、磁场传感器、光隔离器及光环行器等器件的关键参

数。富含稀土离子的氧化物玻璃具有显著的法拉第效应，尤其在可见光至紫外光波段表现突出，且其磁化强度低于钇铁石榴

石(Y3Fe5O12)等铁磁或亚铁磁氧化物晶体(这类晶体已被有效用作光通信领域的光隔离器)。但在可见光至紫外光波段，这类玻

璃的透光率显著优于铁基氧化物晶体，而透光率与法拉第旋转角(θ)对材料的实际应用同等重要。本文综述了高法拉第旋转角

(θ)氧化物玻璃的最新研究进展，重点关注含稀土元素的相关材料体系，如具有反常铁磁性的氧化铕基非晶氧化物，以及通过

无容器工艺制备的富含顺磁性三价铽离子(Tb3+)的氧化物玻璃。 
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1  Introduction   
The Faraday effect is a magneto-optical 

phenomenon observed when linearly polarized light is 
incident on a magnetic material with the propagation 
direction of the light parallel to the magnetization or the 
external magnetic field. As illustrated in Fig. 1, the 
linearly polarized light is converted into elliptically 
polarized light, and the main axis-containing polarization 
plane of the latter light is rotated around the propagation 
vector with respect to the polarization plane of the former 
light by a certain angle, the Faraday rotation angle (θ). 

From a microscopic point of view, the Faraday 
effect is ascribed to the differing effects of the absorption 
of right and left circularly polarized light on single-spin 
excitation in the presence of magnetization or external 
magnetic field (Fig. 2) [1]. Here, it should be noted that 
linearly polarized light is a combination of right and left 
circularly polarized light. The excited state is split into 
two levels because of spin–orbit coupling. Owing to the 
conservation of angular momentum, right and left  

 

Note: E, M, H, and θ denote the electric field vector of linearly and 
elliptically polarized light, magnetization, external magnetic field, and 
Faraday rotation angle, respectively. The propagation direction of linearly 
polarized light is parallel to the direction of magnetization or external 
magnetic field.  

 
Fig. 1  Schematic explaining the Faraday effect 

 
circularly polarized light excites the spin into the states 
with orbital angular momentum L = +1 and −1, 
respectively. Consequently, the optical absorption 
spectrum (and hence, the wavelength dependence of the   
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refractive index) for right circularly polarized light is 
different from that for left circularly polarized light. The 
difference in the refractive index gives rise to a phase 
difference between right and left circularly polarized light, 
leading to polarization plane rotation, while the 
difference in absorption between right and left circularly 
polarized light causes elliptical polarization. 

 

Note: Owing to the conservation of angular momentum, right and left 
circularly polarized light develop different wavelength dependences of 
absorption and refractive-index, leading to the Faraday effect.  

Fig. 2  Schematic energy level diagram and excitation process 
of a single spin in the presence of magnetization or an 
external magnetic field 

 
The Faraday effect is used in electric-current and 

magnetic-field sensors, optical circulators, and optical 
isolators. The effective operation of magnetic 
material–based devices simultaneously requires high θ 
and transmittance. Thus, the magneto-optical figure of 
merit for the Faraday effect is defined as θ divided by 
absorbance. 

Magnetic materials exhibiting large Faraday effects 
include garnet-type ferrites such as Y3Fe5O12 (yttrium 
iron garnet, YIG) and Gd3Fe5O12 (GIG) [2–3]. 
Bi-substituted YIG and GIG are used as isolators in 
optical telecommunications utilizing silica glass fiber as 
an information transmission medium because of their 
very low absorbance and large θ in the optical-signal 
wavelength range (1.3–1.5 µm). However, owing to the 
presence of Fe3+, garnet-type ferrites strongly absorb in 
the visible to ultraviolet light. 

Optical isolators are important devices for 
telecommunications and high-power laser technology. In 
many optical systems, light reflection can fatally damage 

the light source, especially in high-power laser systems, 
and should therefore be avoided. Hence, optical isolators 
efficiently operating in a wide wavelength range, 
particularly in the short-wavelength region not covered 
by garnet-type ferrites, are in high demand. Magnetic 
semiconductors hold promise in this regard[4–6], e.g., 
Cd0.24Mn0.76Te thin film epitaxially grown on sapphire 
substrate using an ionized-cluster beam method exhibits 
large Faraday effect at an incident photon energy 
corresponding to the band gap of the thin film [6]. The 
corresponding magneto-optical figure of merit (400 deg) 
is sufficiently large for application to an optical isolator 
in a photon energy range of 1.8–1.9 eV (corresponding to 
a wavelength range of 650–690 nm) at room temperature 
when an external field of 5 kOe is applied. 

Rare earth–rich oxide crystals and glasses also 
effectively operate in the visible to ultraviolet range. A 
notable example is Tb3Ga5O12 (TGG), which adopts the 
garnet-type structure similarly to YIG and GIG and is 
used in singe-crystalline form as a commercial 
optical-isolator component[7]. The abundant Tb3+ ions 
give rise to large θ, especially at short wavelengths. The 
Faraday effect in oxide glasses rich in rare-earth ions has 
been extensively explored since the 1960s[8–10]. From the 
viewpoint of practical applications, oxide glasses can be 
processed into large specifically shaped substrates and 
composition-tuned to achieve optimized magneto-optical 
characteristics and are therefore superior to 
single-crystalline oxides such as TGG. 

The present paper reviews the Faraday effect in 
oxide glasses (mostly of diamagnetic or paramagnetic 
origin) at room temperature. The examined paramagnetic 
glasses are mainly those rich in rare-earth ions, in which 
case Faraday rotation is usually due to 4f–5d transitions. 
Particular focus is placed on Eu2+-containing oxide 
glasses and amorphous thin films undergoing 
ferromagnetic phase transitions. Tb3+-containing glasses 
prepared by containerless processing and exhibiting θ 
values exceeding those of oxide glasses obtained by 
conventional melt quenching are also described, and 
several examples of oxide glasses containing 3d 
transition metal ions are mentioned. In addition, the 
Faraday effect in glass-ceramics featuring nanocrystals 
embedded in a transparent glass matrix is discussed.   
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2  Faraday effect in diamagnetic oxide 
glasses 
The Faraday effect, discovered by Michael Faraday 

in lead oxide glass in 1845[11], is based on the magnetism 
of a material as mentioned above. Hence, θ increases 
with magnetic susceptibility, although other parameters 
also contribute to this phenomenon. Compared with 
paramagnetic, ferromagnetic, and ferrimagnetic materials, 
diamagnetic ones exhibit smaller magnetic 
susceptibilities and hence, smaller θ values. However,  
the magnetic susceptibility, and hence, θ of diamagnetic 
materials does not substantially vary with temperature, 
which is advantageous for practical applications[12]. 

The magnetic susceptibility of diamagnetic 
materials is proportional to the number of electrons and 
mean squared electron–nucleus distance in each 
constituent ion or atom. Hence, the Faraday effect is 
larger for glasses with ions of high-atomic-number 
elements featuring abundant electrons and outermost 
electrons located far from the nucleus. Indeed, elements 
with large atomic numbers, such as heavy metals, 
markedly contribute to large θ values of diamagnetic 
origin, and oxide glasses with high contents of PbO, 
Bi2O3, and TeO2 have been extensively investigated[13–22]. 
In addition to oxide glasses, chalcogenide glasses have 
been explored to obtain large θ by replacing the oxide ion 
with anions of large-atomic-number elements such as 
sulfur and selenium[23–30]. 

Magnetization is proportional to the strength of a 
sufficiently weak magnetic field in both diamagnetic and 
paramagnetic materials. Hence, under these conditions, θ 
linearly varies with the magnetic field or magnetic flux 
density. In addition, θ is also proportional to the light 
path length inside the magnetic material. The Verdet 
constant (V), defined as 

     V
Bl
θ

=  (1) 

is used to estimate the intrinsic strength of the Faraday 
effect, where B is the strength of the magnetic flux 
density, and l is the light path length. Table 1 summarizes 
the Verdet constants of diamagnetic oxide and sulfide 
glasses, revealing that PbO-, Bi2O3-, and TeO2-based 
glasses exhibit Verdet constants exceeding those of 
SiO2

[31] and soda lime silicate glasses[30]. In heavy 

element–containing oxide glasses, Pb2+, Bi3+, and Te4+ 
ions feature a ground-state outermost electron 
configuration of 6s2, and the electronic transition from 
6s2 to 6s16p1 contributes to the Verdet constant. Notably, 
SiO2 glass exhibits the advantage of very high 
transmittance even in the ultraviolet region (V = 70.1 
rad·T−1·m−1 at 193 nm) [32], where heavy-metal-oxide 
glasses show intense absorption. Table 1 also indicates 
that sulfide glasses possess large Verdet constants.  

The Faraday effect in diamagnetic oxide glasses has 
been exploited in electric-current transducers based on the 
sensing of current-generated magnetic fields[14, 17, 18, 33–38] 
and exhibiting the benefits of reduced noise and wide 
measurement range. Sensing performance was explored 
for diamagnetic oxide glasses including TeO2–ZnO– 
Na2O[14, 33], PbO–B2O3

[18], PbO–Bi2O3–GeO2–B2O3
[19], 

TeO2–PbO–ZnO–BaF2
[34], TeO2–Bi2O3–Li2O–ZnO[35], 

flint glass (a type of lead silicate glass) [36], and SiO2
[37] 

systems. Bulk and fiber forms of these glasses were 
examined. According to Eq. (1), larger θ values are 
expected for the fiber form because of its longer light 
path. 
 
Table 1  Verdet constants of heavy-metal-oxide, sulfide, 

SiO2, and soda lime silicate glasses 

Glass composition 
Verdet constant/ 

(rad·T–1·m–1) 
Wavelength/ 

nm 
Reference  

20TeO2·80PbO 37.2 700 [13] 

75TeO2·20ZnO·5Na2O 28.1 633 [14] 

70TeO2·20ZnO·5Na2O·5BaO 25.2 633 [15] 

80TeO2·15ZnO·5BaO 32.8 632 [16] 

50.8TeO2·29.2PbO·20B2O3·10TiO2 55.1 633 [17] 

80PbO·20B2O3 51.1 633 [18] 

55PbO·25Bi2O3·15GeO2·5B2O3 44.2 633 [19] 

45PbO·45Bi2O3·10SeO2 38.7 633 [20] 

SiO2 3.7 633 [31] 

Soda lime silicate 5.5 600 [30] 

As2S3 61 633 [23] 

80GeS2·20Sb2S3 73.6 635 [24] 

75GeS2·25Ga2S3 40.1 635 [25] 

60GeS2·15In2S3·25PbI2 83.2 635 [26] 

The approximate composition of soda lime silicate glass is 67.5% (in mass 
fraction, the same below) SiO2, 9.0% CaO, 8.5% Na2O, 8.5% K2O, and 
several mass fraction of Al2O3, ZnO, TiO2, and Sb2O3

 [30].   
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3  Faraday effect in paramagnetic oxide 
glasses containing rare-earth ions 
This section deals with the Faraday effect in oxide 

glasses rich in rare-earth ions, which are a prototype of 
paramagnetic glasses. Early pioneering works on the 
Faraday effect in paramagnetic oxide glasses have been 
performed by Berger et al.[8] and Rubinstein et al.[9] for 
trivalent rare-earth phosphate and borate glasses, 
respectively. Verdet constants were measured at different 
wavelengths for glasses containing trivalent rare-earth 
ions except La3+ and Lu3+, which possess no magnetic 
moments, as well as Pm3+, which is radioactive. Large 
Verdet constants were observed for Ce3+, Pr3+, Tb3+, and 
Dy3+, and small ones for Sm3+, Eu3+, Gd3+, and Tm3+. 
Shafer et al. [10] discovered that EuO–Al2O3–B2O3 glasses 
containing Eu2+ exhibit fairly large Verdet constants 
despite the small contribution of Eu3+ to the Faraday 
effect demonstrated for the abovementioned phosphate 
and borate glasses. Thus, the Verdet constant depends on 
the valence state and type of rare-earth element, which 
can be attributed to the differences in the magnitude of 
the magnetic moment of rare-earth ions and spin 
transition process described below. To date, numerous 
works have focused on the Faraday effect in fluoride and 
oxide glasses containing rare-earth ions[39–95]. 

The Verdet constant of a paramagnetic material, e.g., 
rare earth-containing oxide glass, is related to the spin 
transition (Fig. 2) as[96] 

2 2

2 2
B

4π j

j j

C
V

g ch v
v

v
χ

µ
=

−∑  (2) 

where χ is the magnetic susceptibility, ν is the frequency 
of incident light, g is the Landé g factor, µB is the Bohr 
magneton, c is the velocity of light in vacuum, h is the 
Planck constant, νj is the frequency of the jth transition, 
and Cj is the transition probability of the jth transition, 
respectively. For the magnetic susceptibility of a 
paramagnet, the following Curie’s law holds:  

2

B

 
3
N
k T
µχ =  (3) 

where µ is the magnetic moment, N is the number of 
magnetic moments per unit volume, kB is the Boltzmann 
constant, and T is the absolute temperature. Eq. (2) and 
Eq. (3) suggest that the magnitude of the Verdet constant 
(|V|) increases with N, i.e., with the content of rare-earth 

ions for oxide glasses rich in rare-earth elements. Thus, 
since the abovementioned pioneering works on rare-earth 
phosphate and borate glasses, numerous studies have 
attempted to maximize the content of rare-earth ions in 
glasses. Eq. (2) and Eq. (3) also indicate that the 
contribution of a rare-earth ion to the Verdet constant is 
positively correlated with its magnetic moment. Hence, 
the fact that Tb3+, Dy3+, and Eu2+ give rise to high |V| can 
be explained by the large theoretical magnetic moments 
of these ions (9.7, 10.6 μB, and 7.9 µB for the 
paramagnetic states of Tb3+, Dy3+, and Eu2+, respectively). 
The theoretical magnetic moment of Eu3+ is zero, 
whereas the experimental one is 3.4 µB because of Van 
Vleck paramagnetism. The difference in the 
magnetic-moment magnitude between Eu2+ and Eu3+ is 
one reason of why Eu2+ brings about large |V| in oxide 
glasses whereas Eu3+ does not. 

A single-oscillator model based on the Van 
Vleck–Hebb theory [Eq. (2)] is often used to analyze the 
Faraday effect in oxide glasses rich in rare-earth ions. In 
other words, only the single process of spin excitation 
that leads to the Faraday effect is considered. This model 
provides the following relation:  

2
B

2 2
t t

1 1
4π
g ch

V C
λ

χ
µ

λ
 

= − 
 

 (4) 

where λ is the wavelength of incident light, λt is the 
effective transition wavelength, and Ct is the effective 
transition probability. Eq. (4) indicates that the inverse of 
the Verdet constant is proportional to the square 
wavelength of incident light. The validity of this relation 
has been confirmed for many oxide glasses containing 
rare-earth ions. Fig. 3 depicts this relation for 
15EuO⋅85[xNa2O⋅(1−x)B2O3] glasses with x = 0.1, 0.2, 
and 0.3[64], revealing that it holds for all compositions. 
Based on the horizontal intercept of the corresponding 
straight-line fits, λt for x = 0.1, 0.2, and 0.3 equals 386, 
403 nm, and 417 nm. As the Faraday effect in rare 
earth-containing oxide glasses is based on the electronic 
transition from the 4f ground state to the 5d excited state, 
λt corresponds to the energy difference between these 
states. For EuO–Na2O–B2O3 glasses, the inverse of λt, 
i.e., the energy difference between 4f (strictly speaking, 
8S7/2) and 5d states, monotonically decreases with an 
increase in the optical basicity of the glass defined by 
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Duffy et al. [97–98]. A large optical basicity corresponds to 
a high electron density on the oxide ions constituting the 
glass structure, leading to a stronger crystal field around 
Eu2+. Consequently, the crystal field splitting increases, 
and the energy difference between the 4f and 5d states, 
i.e., the inverse of the effective transition wavelength, 
decreases.  

 
Note: Closed circles represent experimental data, and solid lines represent 
linear fits based on Eq. (4) [64].  
Fig. 3  Relation between the inverse of the Verdet constant and 

square of incident-light wavelength for 15EuO⋅85 
[xNa2O⋅(1 − x)B2O3] glasses 

 
Eq. (4) suggests that |V| increases with an increase in 

Ct and λt at a fixed wavelength. As described above, Ce3+ 
and Pr3+ can lead to large |V| despite having smaller 
magnetic moments than Dy3+ and Tb3+. The large |V| 
values of oxide glasses containing Ce3+ and Pr3+ are 
ascribable to the large Ct values of these ions. For Eu2+, not 
only the large magnetic moment but also the long effective 
wavelength (λt) can contribute to the increased |V|.  

Whereas Eu2+ causes a large Faraday effect, Gd3+ 
does not, although these ions have the same ground-state 
electronic configuration (4f7) and hence, magnetic 
moment (7.9 µB). This behavior is attributable to the 
energy difference between the 4f and 5d states, which is 
much larger for Gd3+. Hence, λt for Gd3+ is shorter than 
that for Eu2+, and the former ion cannot provide a large 
|V|, especially in the visible range.  

As described above, glasses with higher contents of 
rare-earth ions should exhibit larger |V| values. However, 
rare earths typically induce crystallization when present 
in oxide glasses at high levels. This problem can be 
overcome using containerless processing[99–100], which 
has been proven effective for expanding the glass-forming 
region of many systems and creating glasses with novel 

compositions unattainable by conventional melt 
quenching. For instance, containerless processing has 
been used to fabricate La2O3–Ga2O3 glasses with a wide 
composition range[101]. These glasses are transparent in a 
broad wavelength range (ultraviolet to mid-infrared), 
show low phonon energy, and can include large amounts 
of Er3+ and exhibit intense photoluminescence without 
concentration quenching even at high Er3+ contents[102]. 
Containerless processing has been applied to oxide 
glasses showing the Faraday effect, e.g., Suzuki et al[69]. 
prepared Tb2O3–Al2O3–B2O3–SiO2 glasses, achieving 
Tb2O3 contents exceeding those achievable through 
conventional melt quenching. Fig. 4 presents the 
wavelength dependences of the Verdet constants of 
Tb2O3–Al2O3–B2O3–SiO2 glasses and single-crystalline 
TGG, revealing that all glasses exhibit |V| values 
exceeding that of TGG over the whole wavelength range. 
The largest |V| is observed for the glass denoted as 60T, 
which contains 60% (in mole fraction) Tb2O3 and has 
been commercialized as an optical isolator for 
Nd3+:Y3Al5O12 (Nd:YAG) lasers by Nippon Electric 
Glass Co., Ltd. Sasaki et al.[71] used containerless 
processing to prepare Tb2O3–Dy2O3–B2O3 glasses with 
|V| values exceeding that of single-crystalline TGG. Xie et 
al.[61] prepared B2O3–Ga2O3 (Al2O3) glasses containing 
Tb2O3 and Ce2O3 via containerless processing, revealing 
that their |V| values (98.8–202.6 rad·T−1·m−1 at 633 nm) 
exceeded that of TGG.  

 

Fig. 4  Wavelength dependence of the Verdet constant for 
Tb2O3–Al2O3–B2O3–SiO2 glasses prepared via 
containerless processing and single-crystalline TGG 
(Tb3Ga5O12) [69]     
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The Verdet constants of several rare earth–rich oxide 
glasses are listed in Table 2. During these five years, 
most studies on the Faraday effect in paramagnetic 
glasses have focused on Tb2O3-based glasses. Table 2 
indicates that |V| monotonically increases with the 
increasing Tb3+ content of Tb2O3-rich glasses. Optical 
absorption spectra and magneto-optical figures of merit 
were reported for some Tb2O3-rich glasses[61, 69, 72–74]. For 
Tb2O3–Al2O3–B2O3–GeO2–P2O5 glasses, the figure of 
merit increases with increasing/decreasing wavelength, 
peaking at 420–450 nm depending on the Tb2O3 content, 
in a wavelength range between 400 nm and 800 nm[72]. 
The tendency that the figure of merit increases in the 
visible but decreases in a shorter wavelength region as 
the wavelength decreases was also observed for Tb2O3– 
Ga2O3–B2O3 glasses[73]. The reduced figure of merit in 
the shorter-wavelength region is ascribable to the 

 

Table 2  Verdet constants of rare earth–rich glasses 

Glass composition 
Verdet constant/ 

(rad·T–1·m–1) 
Wavelength/ 

nm 
Reference  

27.2Ce2O3·72.8P2O5 –50.3 635 [8] 

25.4Tb2O3·74.6P2O5 –55.3 635 [8] 

28.5Dy2O3·71.5P2O5 –57.3 635 [8] 

14.6Tb2O3·12.4Pr2O3·73.0B2O3 –89 635 [9] 

15.4Dy2O3·13.1Pr2O3·71.5B2O3 –84.4 635 [9] 

35Tb2O3·15Al2O3·30B2O3· 
15GeO2·5P2O5 

–140.15 632.8 [72] 

40Tb2O3·3Li2O·2MgO·15B2O3· 
40GeO2 

–143.04 633 [76] 

45Tb2O3·5Ga2O3·35B2O3·15GeO2 –105 650 [78] 

45Tb2O3·3ZnO·15B2O3·32GeO2· 
5P2O5 

–168.55 633 [79] 

60T glass (Al2O3-B2O3-SiO2 with  
60 mol% Tb2O3) 

–234 633 [69] 

58Tb2O3·42B2O3 –229 633 [71] 

30Tb2O3·40TbF3·30(SiO2-B2O3) –146.91 638 [75] 

40Tb2O3·10Dy2O3·16.7B2O3· 
10Ga2O3·10SiO2·3.3P2O5 

–185.3 632.8 [50] 

30Tb4O7·8Dy2O3·11PbO·25B2O3· 
12SiO2·14GeO2·0.5Sb2O3 

–162.9 633 [77] 

45Tb2O3·1Pr6O11·32GeO2· 
15B2O3·3ZnO·5P2O5 

–175.22 633 [74] 

53Tb2O3·0.5Ce2O3·7Ga2O3· 
39.5.B2O3 

–202.6 633 [61] 

40Tb2O3·10Ho2O3·3ZnO· 
20B2O3·32GeO2·5P2O5   

–172.65 633 [60] 

34.2EuO·14.8Al2O3·50.7B2O3 –139 600 [10] 

30EuO·70B2O3 –106 600 [64] 

58EuO·12Al2O3·20B2O3·10SiO2 –300 633 [68] 

interband transition of the glass. An Al2O3–B2O3–SiO2 
glass with 60% (in mole fraction) Tb2O3 exhibits a large 
figure of merit exceeding that of single-crystalline TGG 
in the visible range[69].  

From the viewpoint of practical applications, not 
only |V| and the magneto-optical figure of merit but also 
other factors including thermal stability and chemical 
durability are crucial. The thermal stability of glass is 
commonly discussed in terms of its glass transition 
temperature (Tg) and difference (∆T) between Tg and the 
crystallization temperature. For example, Tg and ∆T were 
reported to be 600–650 °C and approximately 140 °C, 
respectively, for Tb2O3–TbF3–SiO2–B2O3 glasses[75], 
representing sufficient thermal stability. Tb2O3-rich 
glasses tend to show an increase in Tg and a decrease in 
∆T with increasing Tb2O3 content[61, 69]. Nonetheless, the 
relatively high Tg of these glasses ensures good thermal 
stability. Chemical durability was examined for 
Tb2O3–GeO2–B2O3–ZnO–P2O5 glasses doped with 
rare-earth ions[74]. These glasses were found to be highly 
resistant to water and basic aqueous solutions but readily 
dissolved in aqueous HCl. The poor acid resistance of 
Tb2O3-rich glasses was ascribed to the similarity between 
the chemical properties of rare-earth oxides and 
alkali-metal and alkaline-earth-metal oxides. Furthermore, 
Tb2O3–GeO2–B2O3–ZnO–P2O5 glasses were found to 
provide protection from γ-rays[81]. 

Rare-earth oxide–based paramagnetic glasses as 
well as the abovementioned diamagnetic glasses find 
applications in magnetic-field sensing[55, 83], current 
sensing[75, 82], and optical isolation[103]. Moreover, 
Tb2O3–Li2O–CaO–B2O3 glasses can be used to fabricate 
waveguides[84]. 

4  Faraday effect in Eu2+-containing 
ferromagnetic amorphous oxides 

The fundamental magnetism of transition metal-rich 
ionic glasses, including oxide and fluoride ones, is 
interesting from at least two aspects. First, these glasses 
can be classified as random-spin systems with strongly 
frustrated magnetic moments, as exemplified by the 
so-called spin glasses[104–105]. Spin glasses have been 
extensively characterized from the experimental and 
theoretical points of view, and some physicists who 
greatly contributed to the progress in theoretical 
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interpretation of spin glass and application of the theory 
to other fields received Nobel prize in physics[106]. 
Second, considering the abundance of ferromagnetic 
amorphous alloys, a question arises whether it is possible 
or not to obtain ionic glasses that undergo ferromagnetic 
phase transition. The ferromagnetism observed in 
amorphous alloys is essentially the same as that in 
crystalline metals and alloys; both amorphous and 
crystalline alloys possess Curie temperatures at which 
they exhibit second-order phase transitions between 
ferromagnetic and paramagnetic states. 

The interest in random-spin systems has triggered 
research on the magnetic properties of oxide and fluoride 
glasses rich in transition-metal ions. Verhelst et al.[107] 
measured the alternating-current (AC) magnetic 
susceptibilities of CoO–Al2O3–SiO2 and MnO–Al2O3– 
SiO2 glasses at varied temperatures and found that the 
susceptibility–temperature plots exhibited cusp-like sharp 
peaks at certain temperatures. For CoO–Al2O3–SiO2 
glasses, Rechenberg et al.[108] observed the long-time 
relaxation behavior of remanent magnetization. Sanchez 
et al.[109] explored the temperature dependence of AC 
magnetic susceptibility for FeO–Al2O3–SiO2 glasses at 
varied frequencies of AC magnetic fields and found that 
the spin-freezing temperature (Tf), at which susceptibility 
is maximized, increases with frequency. The frequency 
dependence of Tf was analyzed using the Vogel–Fulcher 
law. Shaw et al.[110] obtained zero-field-cooled (ZFC) and 
field-cooled (FC) magnetic susceptibilities as functions 
of temperature for Fe2O3–P2O5 glasses. The ZFC 
susceptibility exhibited a cusp-like peak at Tf and 
decreased with decreasing temperature below Tf, whereas 
the FC susceptibility was almost independent of 
temperature below Tf. Both ZFC and FC susceptibilities 
showed the same temperature dependence above Tf. 
Renard et al.[111] measured the temperature dependence of 
AC magnetic susceptibility for PbMnFeF7 and 
Pb2MnFeF9 fluoride glasses, revealing that the cusp-like 
peak at Tf became rounded when a direct-current (DC) 
magnetic field was applied simultaneously with the AC 
magnetic field. 

Akamatsu et al.[112–116] examined the magnetic 
properties of iron oxide–based glasses, including 
Fe2O3–TeO2, Fe2O3–Bi2O3–B2O3, FeO–Fe2O3–P2O5, and 

Fe2O3–R2O3 (R = Sm, Gd, and Tb)–Al2O3–B2O3 systems, 
focusing on the effect of aging in a magnetic field for 
20Fe2O3·80TeO2. This glass was cooled to 3 K at 
0.2 K·min−1 in the absence of a magnetic field. Then, a 
DC magnetic field of 5 Oe was applied, and susceptibility 
was measured upon warming at 0.2 K min−1 until a 
stopping temperature (Ts) was reached. At Ts, the sample 
was kept for 5.5 h, and the time dependence of magnetic 
susceptibility was measured. Subsequently, the sample 
was warmed at 0.2 K·min−1, and susceptibility was 
obtained. The results of these measurements are shown in 
Fig. 5[112]. In this case, Ts equaled 4 K and 5 K. Magnetic 
susceptibility increased with time at each Ts during aging 
(Fig. 5, inset), decreasing with an increase in temperature 
after aging. Eventually, susceptibility merged with the 
reference curve obtained for the ZFC process without 
aging at any temperature. This phenomenon was 
attributed to the rejuvenation effect. The inset of Fig. 5 
indicates that magnetic susceptibility logarithmically 
scaled with time during aging in a magnetic field.  

 

Note: For the ZFC process, aging in a magnetic field was performed at Ts = 
4 and 5 K for 5.5 h. The rejuvenation effect was observed. Inset represents 
the time dependence of magnetic susceptibility at 4 K and 5 K.  
Fig. 5  Zero-field-cooled (ZFC) and field-cooled (FC) 

magnetic susceptibility as a function of temperature 
for 20Fe2O3·80TeO2 glass [112]. 

 
The abovementioned phenomena observed for oxide 

and fluoride glasses containing transition elements reveal 
that these glasses experience spin glass transitions at low 
temperatures. The temperature dependence of magnetic 
susceptibility of these ionic glasses at temperatures 
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sufficiently exceeding Tf obeys the following 
Curie–Weiss law instead of Eq. (3):  

( )
2

B w3
N

k T T
µχ =
−

 (5) 

Here, Tw is the Weiss temperature and takes a negative 
value for all ionic glasses described above, which 
indicates the dominance of the antiferromagnetic 
interaction. The combination of (1) magnetic frustration 
arising from the antiferromagnetic coupling among the 
nearest-neighbor magnetic moments and (2) the random 
distribution of magnetic moments due to the random 
glass structure inevitably leads to a spin glass phase. 

In contrast, a positive Tw was found for an amorphous 
silicate with a composition of Eu2+

0.12Eu3+
0.02Si0.31O0.55

[117], 
suggesting that the interaction among the Eu ions in this 
material is ferromagnetic. However, Tw was as low as 1 K, 
and the ferromagnetic transition did not occur above at least 
1.5 K. Conversely, the 60.0EuO·11.0Al2O3·19.5B2O3·9.5SiO2 
glass exhibited a clear ferromagnetic–paramagnetic 
transition at 2.2 K[118]. EuO–Al2O3–B2O3–SiO2 glasses 
also show large Faraday effects at room temperature.  

Fig. 6a illustrates the wavelength dependence of the 
Verdet constant for EuO–Al2O3–B2O3–SiO2 and other glasses 
[46.7EuO·13.3Al2O3·13.3B2O3·26.7SiO2 (47EABS), 
58.0EuO·12.0Al2O3·20.0B2O3·10.0SiO2 (58EABS), 
30EuO·15Na2O·55SiO2 (+) [66], 30Tb2O3·70B2O3 (×) [62], 
and 40Tb2O3·10Dy2O3·16.7B2O3·10Ga2O3·10SiO2·3.3P2O5 

(*)[50]] [68]. The |V| of 58EABS (378 rad·T−1·m−1) exceeds 
that of the containerless processing-derived 60T glass 
shown in Fig. 4. Fig. 6b indicates that the inverse of the 
Verdet constant is proportional to the square of the 
wavelength of incident light, confirming that Eq. (4) is a 
good approximation.  

The ferromagnetic transition was also demonstrated 
for amorphous EuO–TiO2 thin films prepared by pulsed 
laser deposition[119]. Fig. 7 depicts the temperature 
dependence of magnetization for amorphous EuTiO3 
(a-ETO) and Eu2TiO4 (a-2ETO) thin films, revealing a 
drastic increase at a certain temperature upon cooling, 
which suggests a paramagnetic-to-ferromagnetic phase 
transition. The transition temperature, i.e., Curie temperature 
estimated from the inflection point of the magnetization– 
temperature curve (arrows in Fig. 7) is 5.5 K and 14.0 K 
for amorphous EuTiO3 and Eu2TiO4, respectively. A 

comparison  

 

Fig. 6  Faraday effect in EuO- and Tb2O3-based glasses [68] 

 

Fig. 7  Relationship between magnetization and temperature 
for amorphous EuTiO3 (a-ETO) and Eu2TiO4 (a-2ETO) 
thin films, revealing the occurrence of a ferromagnetic 
transition in both cases. Arrows represent the Curie 
temperature [119] 

 
of these values with those of the corresponding 
crystalline counterparts reveals interesting results. 
Crystalline EuTiO3 and Eu2TiO4 are an antiferromagnet 
with a Néel temperature of 5.3 K[120] and a ferromagnet 
with a Curie temperature of 9 K[121], respectively. First, 
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amorphous EuTiO3 is ferromagnetic, although its 
crystalline counterpart is antiferromagnetic. The 
magnetic transition temperatures of these two phases are 
almost identical. Second, both crystalline and amorphous 
phases of Eu2TiO4 are ferromagnetic, although the Curie 
temperature is higher for the amorphous phase. These are 
very rare phenomena, as the magnetic transition 
temperature of amorphous oxides is usually much lower 
than that of their crystalline counterparts. For instance, 
crystalline YIG, which exhibits a large Faraday effect and 
is commercially available as an optical isolator for optical 
telecommunications, is ferrimagnetic and has a Curie 
temperature of 560 K[122], whereas the magnetic phase 
transition temperature of its amorphous state is only 
40 K[123]. Moreover, although crystalline BiFeO3 is 
antiferromagnetic below 643 K[124], its amorphous 
counterpart exhibits a spin glass transition at 20 K[125]

. 
 

The ferromagnetism of amorphous EuTiO3 and 
Eu2TiO4 is ascribable to the local structure or 
coordination environment of Eu2+. The mechanism of 
ferromagnetism observed for oxides containing Eu2+ ions 
is schematically illustrated in Fig. 8[121]. A 4f spin in one 
Eu2+ can be excited to the 5d level and then transferred to 
the 5d level of the nearest-neighboring Eu2+ with a 
certain probability. The transferred spin interacts with 
existing 4f spins in the nearest-neighboring Eu2+ so that 
all spin magnetic quantum numbers of 4f and 5d 
electrons are the same according to Hund’s rule. 
Consequently, the magnetic moments of nearest- 
neighboring Eu2+ become parallel to each other.  

 

Fig. 8  Schematic mechanism leading to a ferromagnetic 
interaction between nearest-neighboring Eu2+ ions in 
oxides      

 

This ferromagnetic interaction competes with 
antiferromagnetic coupling between Eu2+ ions arising 

from superexchange interaction. The outcome of the 
competition between ferromagnetic and antiferro- 
magnetic interactions depends on the crystal field 
strength around Eu2+. A stronger crystal field enlarges the 
splitting of the 5d levels, decreasing the energy difference 
between the 4f and lowest 5d levels. In this case, the 
excitation of the 4f spin to the lowest 5d level is 
facilitated, and the ferromagnetic interaction between 
Eu2+ becomes preferred. The crystal field strength is 
expected to increase with the decreasing oxygen 
coordination number (CN) of Eu2+ because smaller CNs 
give rise to shorter Eu2+—O2− bonds. Extended X-ray 
absorption fine structure spectroscopy analysis revealed 
that the CN of Eu2+ in amorphous EuTiO3 and Eu2TiO4 is 
6[126], whereas those in crystalline EuTiO3 and Eu2TiO4 

are 12 and 9, respectively. Therefore, whereas the 
antiferromagnetic interaction between Eu2+ ions is 
dominant in crystalline EuTiO3, the ferromagnetic 
interaction is dominant in amorphous EuTiO3. 

Amorphous EuTiO3 and Eu2TiO4 thin films exhibit 
large Faraday effects because of their ferromagnetic 
properties despite having lower-than-ambient Curie 
temperatures. Fig. 9 presents the Verdet constant as a 
function of incident light wavelength for these 
amorphous oxides[127]. The largest |V| is higher than 5000 
rad·T−1·m−1, exceeding that of the abovementioned 
58EABS glass by one order of magnitude. The |V| and its 
wavelength dependence of amorphous EuTiO3 and 
Eu2TiO4 are very similar to those of crystalline EuSe[128],  

 

Fig. 9  Wavelength dependence of Verdet constant for amorphous 
EuTiO3 (a-ETO) and Eu2TiO4 (a-2ETO) thin films at 
room temperature [127]   
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which is a magnetic semiconductor. The behavior of 
Verdet constant in Fig. 9, i.e., wavelength-dependent sign 
reversal, was also observed for EuO[5], (Cd,Mn)Te[6], and 
EuSe[128]. The wavelength at which the sign of the Verdet 
constant changes corresponds to the electronic transition 
from 4f7 to 4f65d in EuSe. The absorption spectra of 
amorphous EuTiO3 and Eu2TiO4 feature a broad 
absorption band centered at ~410 nm[127]. Therefore, the 
above sign change observed for amorphous EuO–TiO2 is 
thought to have the same origin as that observed for 
EuSe.  

5  Faraday effect in paramagnetic oxide 
glasses containing 3d transition-metal 
ions  
Compared with that observed for oxide glasses 

containing rare-earth elements, the Faraday effect 
observed for oxide glasses containing 3d transition 
metals is underexplored, possibly because the strong 
antiferromagnetic interactions among transition-metal 
ions in oxide glasses (see Section 4) reduce magnetic 
susceptibility at room temperature. Another reason may 
be the intense optical absorption in the visible range due 
to transition-metal ions, which decreases the 
magneto-optical figure of merit and thus hinders practical 
applications. Thus far, the Faraday effect has been 
reported for oxide glasses containing Mn2+[129–133], 
Fe2+[134], and Ni2+[135]. Fig. 10 depicts the optical 
absorption spectra and photographs of xFeO·(100 − 
x)P2O5 glasses with x = 50.0, 54.0, and 57.1[134]. Notably, 
these glasses are rather transparent to visible light, 
whereas a high content of Fe3+ ions renders oxide glasses 
dark because of intense absorption in the visible range. 
As intense absorption is observed at above 700 nm and 
below 400 nm, the single-oscillator model is not 
appropriate for analyzing the wavelength dependence of 
the Verdet constant of FeO–P2O5 glasses. Hence, the 
following equation is used instead of Eq. (4) [134]:  

1 12 2 2

1 22 2
B 1 2

4π 1 1V C C
g ch

χ λ λ
λ λµ

− −    
 = − + −   
     

 (6) 

For instance, the 57.1FeO·42.9P2O5 glass features 
C1 = 8.6 × 10−45 J·cm3, λ1 = 214 nm, C2 = 1.1 × 10−46 J·cm3, 
and λ2 = 1100 nm. These values correspond to the 
intensities and wavelengths of two optical absorption 

bands appearing in Fig. 10. The |V| of the 
57.1FeO·42.9P2O5 glass at 405 nm (59 rad·T−1·m−1) is 
smaller than those of EuO- and Tb2O3-based glasses 
described above. However, the FeO–P2O5 glass is 
composed of earth-abundant elements, i.e., O, Fe, and P.  

 

Fig. 10  Optical absorption spectra and photographs of 
xFeO·(100 − x)P2O5 glasses [134] 

6 Faraday effect in glass-ceramics 
composed of magnetic nanocrystals 
and a glass matrix    
The Faraday effect in glass-ceramics comprising 

magnetic nanocrystals in a glass matrix has also been 
investigated. Combinations of oxide glass matrices with 
not only ferro- and ferrimagnetic nanocrystals but also 
paramagnetic and even diamagnetic nanocrystals have 
been reported (Table 3) [136–152]. As ferro- and 
ferrimagnetic materials such as Fe, Co, Ni and their 
alloys as well as ferrites, i.e., iron oxide-based 
compounds, exhibit large magnetization even at room 
temperature, glass-ceramics containing nanocrystals of 
these materials are expected to show large Faraday 
effects. Indeed, the Verdet constant of amorphous 
FeO–SiO2 thin films with dispersed Fe nanoparticles 
reaches 4.22 × 104 rad·T−1·m−1 at 400 nm[136], exceeding 
those of typical paramagnetic glasses rich in rare-earth 
ions by two orders of magnitude (see Table 2).  

In general, an increase in the size of magnetic 
crystalline particles and volume fraction of the crystalline 
phase leads to an increase in the magnetization per unit 
volume and hence, the θ of glass-ceramics. However, this 
increase also intensifies the absorption and scattering of 
incident light, thus increasing optical loss. Light scattering  
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Table 3  Glass-ceramics composed of a magnetic 
nanocrystalline phase and an oxide glass 
matrix for which the Faraday effect was 
examined 

Crystalline 
phase 

Magnetism of 
crystalline phase 

Glass matrix Reference 

Fe Ferromagnetic FeO-SiO2 [136] 

Au-Ni Ferromagnetic PbO-B2O3-TeO2 [137] 

Fe3O4 Ferrimagnetic Na2O-CaO-SiO2 [138–139] 

Fe3O4 Ferrimagnetic SiO2 (gel) [140] 

NiFe2O4 Ferrimagnetic ZnO-Al2O3-P2O5-TeO2 [141] 

La0.8Sr0.2FeO3 Weak 
ferromagnetic 

PbO-Bi2O3-Al2O3-B2O3 [142] 

MnSe2:Eu Ferromagnetic PbO-Bi2O3-B2O3 [143] 

Gd3Al2Ga3O12 Paramagnetic PbO-B2O3-TeO2 [144] 

Y3Al5O12:Tb3+ Paramagnetic SiO2 [145] 

TbOF:Pr3+ Paramagnetic NaPO3-BaF2 [146] 

TbVO4:Y3+ Paramagnetic PbO-Bi2O3-B2O3-GeO2 [147] 

YbF3:Pr3+ Paramagnetic PbO-Bi2O3-B2O3 [148] 

NaYF4: 
Fe3+,Ho3+ 

Paramagnetic PbO-Bi2O3-B2O3-SiO2 [149] 

AlPO4 Diamagnetic Tb2O3-Al2O3-B2O3-GeO2-P2O5 [150] 

Ta2O3 Diamagnetic PbO-Bi2O3-B2O3 [151] 

Sc2O3, Lu2O3 Diamagnetic PbO-Bi2O3-B2O3 [152] 

 
is affected by the difference between the refractive 
indices of magnetic crystalline particles and the glass 
matrix as well as by the size of the crystalline-phase 
particles. Hence, synthesis conditions should be 
optimized by considering the glass composition and 
magnetic crystalline phase along with the size, volume 
fraction, and refractive index of the latter to obtain 
glass-ceramics with large magneto-optical figures of 
merit. 

The localized surface plasmon resonance (LSPR) of 
metallic nanoparticles can be used to increase θ[137–139]. 
Nakashima et al.[138–139] prepared Na2O–CaO–SiO2 glass 
in which Fe3O4 and Au nanoparticles were precipitated 
by femtosecond laser irradiation and subsequent thermal 
annealing, revealing that θ increased at the wavelength 
corresponding to the LSPR of Au nanoparticles. As 
optical absorption due to the LSPR takes place in this 
case, an enhancement of Faraday rotation should 
overcome this optical loss for practical applications. An 
alternative way to reduce optical loss is utilizing the Mie 
resonance observed for dielectric nanoparticles instead of 
the LSPR of metallic nanoparticles. In this case, 
dielectrics (materials showing positive and negative 

dielectric constants are herein defined as dielectrics and 
metals, respectively) with high refractive indices and 
low extinction coefficients (e.g., TiO2, ZrO2, and SiC) 
are promising candidates. Notably, the Mie resonance 
of these compounds is very effective in enhancing 
optical functionality, such as the fluorescence of 
phosphors[153–155]. 

7  Summary 
The Faraday effect was discovered 180 years ago, 

and studies on this effect in paramagnetic oxide glasses 
based on rare-earth elements have been carried out 
starting from the 1960s. Still, extensive research is being 
conducted to develop oxide glasses with novel 
compositions exhibiting large Faraday effects and use 
them in devices such as optical isolators, electric-current 
transducers, and magnetic-field sensors. One of the 
recent topics relevant to the Faraday effect in oxide 
glasses is the progress in processing enabling the 
realization of high contents of rare-earth ions in glasses. 
The large Faraday effect in ferromagnetic amorphous 
EuO-based oxides, which is comparable with that in 
crystalline magnetic semiconductors such as EuSe, is 
another interesting topic, as well as the Faraday effect in 
glass-ceramics where magnetic nanocrystals are 
embedded in an oxide glass matrix. Thus, new oxide 
glass systems exhibiting even larger Faraday effects are 
expected to be developed in the near future. 
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Extended Abstract 

The Faraday effect is one of the magneto-optical phenomena and refers to the conversion of linearly polarized light passing 
through a magnetic material into elliptically polarized light with the main axis–containing polarization plane rotated around the 
propagation vector. The angle by which the polarization plane is rotated, i.e., the Faraday rotation angle, is an important parameter 
determining the applicability of magnetic materials in devices such as electric-current and magnetic-field sensors, optical isolators, 
and optical circulators. Since the Faraday effect deals with a transmitted light, the transmittance of the magnetic materials is another 
important factor for applications. Thus, the materials are required to show a great magneto-optical figure of merit, that is defined as 
Faraday rotation angle or Verdet constant divided by absorbance or optical absorption coefficient. Here, the Verdet constant is defined 
as the Faraday rotation angle divided by external magnetic field and light path length inside the magnetic materials. It is well known 
that single crystals of garnet-type ferrites such as Y3Fe5O12 and (Gd,Bi)3Fe5O12 exhibit a large Faraday effect and a low optical 
absorption in the infrared region, especially in a wavelength range from 1.3 µm to 1.5 µm, and that they are effectively utilized as an 
optical isolator for optical telecommunications. However, compared to the garnet-type ferrites in the infrared region, magneto-optical 
materials with the superior performance, are lacking in the visible to ultraviolet region. Hence, the development of such materials is 
still in progress. 

Oxide glasses rich in rare-earth ions exhibit a great Faraday effect, especially in the visible to ultraviolet range. Although these 
glasses feature magnetizations smaller than those of ferro- or ferri-magnetic oxide crystals such as abovementioned Y3Fe5O12 because 
the rare-earth-containing glasses are usually paramagnetic at room temperature, the transmittance of these glasses notably exceeds that 
of ferrite crystals in the visible to ultraviolet range. In addition, oxide glass has an advantage that it is feasible to tune continuously the 
composition so that optimized properties are attained and to fabricate large-sized and specific-shaped materials. In addition to the 
paramagnetic glasses, the Faraday effect of diamagnetic glasses is intensively investigated as well. The magnetization of diamagnetic 
glasses is further smaller than that of paramagnetic glasses, but the Faraday rotation angle or the Verdet constant of diamagnetic 
glasses is almost independent of temperature. This is an advantageous point of diamagnetic glasses, which cannot be realized in 
ferro-magnetic, ferri-magnetic, and para-magnetic materials. Furthermore, for wide-band gap oxide glass like SiO2 glass, which is 
diamagnetic, the Faraday effect can occur even in a very short wavelength range such as the deep and vacuum ultraviolet. 

This review represents recent development on oxide glasses exhibiting large Faraday rotation. The macroscopic and microscopic 
mechanism of the Faraday effect are explained. The microscopic mechanism is very important to select magneto-optically active 
elements and to design glass compositions.Also, the Faraday effect of diamagnetic glasses is described. Heavy-metal oxide glasses 
and sulfide glasses are intensely exploited because the magnetic susceptibility of diamagnetic materials depends on the constituent 
atoms (ions) and the susceptibility is proportional to the squared atomic (ionic) radius and the number of electrons contained in the 
atom (ion). The Verdet constants of these glasses are summarized. The applications of diamagnetic glasses are briefly mentioned.  
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Subsequently, the Faraday effect of paramagnetic oxide glasses containing large amounts of rare-earth ions is reviewed. The 
pioneering work in this field has been carried out in the mid-1960s, showing that some ions like Ce3+, Pr3+, Tb3+, Dy3+, and Eu2+ give 
rise to larger Verdet constants in the visible range. A description is given to explain why these rare-earth ions exhibit larger Faraday 
effects than other ones. Recent researches seem to mainly pay attention to Tb3+-rich oxide glasses, for which higher concentrations of 
Tb3+ ions simply enhance the Verdet constant. In particular, Tb3+-rich oxide glasses fabricated via containerless processing, which is 
an emerging method and effective to expand the glass-forming region, showing the larger Verdet constant than single-crystalline 
Tb3Ga5O12 used as a commercially available optical isolator in the visible range. Furthermore, EuO-based amorphous oxides that have 
an unexpected ferromagnetism exhibit rather large Faraday effect.  

In addition to the abovementioned diamagnetic oxide glasses and rare-earth-rich oxide glasses, a brief review concerns the 
Faraday effect of oxide glasses containing large amounts of 3d transition metal ions as well as glass-ceramics comprising ferro- or 
ferri-magnetic nano-sized crystalline particles embedded in transparent glass matrices.   

Summary and Prospects  The Faraday effect was discovered 180 years ago, but this phenomenon has been still utilized for 
practical applications as mentioned above. In particular, Tb3+-rich and Eu2+-rich oxide glasses are important for both fundamentals 
and applications. The Tb3+-rich glasses show a high transparency even in blue to ultraviolet region, so that the magneto-optical figure 
of merit is large enough to apply for an optical isolator. The Eu2+-rich glasses are ferromagnetic, so that they notably show a large 
Faraday effect. A new technique of glass formation such as containerless processing is effective to produce new glass compositions 
with further higher concentrations of rare-earth ions that are expected to exhibit a larger Verdet constant. Besides, the possible 
enhancement of Faraday effect based on plasmonics and Mie-tronics, i.e., the usage of localized surface plasmon resonance of metal 
nanoparticles and the Mie resonance of dielectric nanoparticles to increase the Verdet constant, becomes an important subject in the 
near future. With the development of high-power lasers, the demand for optical isolators that can operate in a wide wavelength range 
must increase. The oxide glasses have a promising application in such fields.  
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