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Abstract 
 
MAGNETO-OPTICAL current transformers (MOCT) based on the Faraday Effect provide numerous ad-
vantages over the conventional transformers. However the commonly used materials in MOCT are crystals 
that are very expensive and temperature dependence thus will cause many problems for the output signal. 
Cost efficient diamagnetic PbO-Bi2O3-B2O3 (PBB) glass system is fabricated in this study, for the aim of ob-
taining a good candidate glass with high Verdet constant and good temperature resistance to replace crystals. 
A home-made optical bench was setup, calibrated and used for measuring the Verdet constant of the fabri-
cated glasses. Glass with composition of 50%PbO-40%Bi2O3-10%B2O3 in mol showed high Verdet constant 
(0.1533 min·G–1·cm–1) and good value of the figure of merit (0.02635 min·G–1), which can be considered as 
the ideal candidate for MOCT applications. 
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1. Introduction 
 
MAGNETO-OPTICAL current transformers (MOCT’s) 
based on the Faraday Effect provide numerous advantages 
over the conventional transformers. The measurements are 
contactless, small volume and cost efficient. It is hopeful 
for MOCT can find much wider applications especially in 
automobile industry [1,2]. However commonly used 
materials for MOCT are crystals which are very expensive 
and temperature dependence [3,4]. On the other hand, low 
cost glass with good optical-magnetic properties (e.g. high 
Verdet constant and figure of merit etc.) is required greatly 
[5-7].  

Literatures on glasses based on heavy metal oxides for 
the above application have been reported [1,2]. Especially 
the oxide glasses with lead and bismuth oxides, due to the 
big mass and polarizability of ions Pb2+ and Bi3+ belong to 

diamagnetism glass and has good temperature resistance, 
smaller phonon energy and larger refraction indices [2,4] 
comparing to borosilicate, phosphate and silicate glasses. 
Based on previous study carried out by the authors [1,5], a 
PbO-Bi2O3-B2O3 (PBB) based glass system was chosen 
for this study with the aim of obtaining a good candidate 
for MOCT design. 

Concerning the measurement of Faraday rotation, the 
conventional double light way method is complex due to 
the use of lock-in amplifier and computer assisted detec- 
tor system and so on [8,9]. In this study, a home-made 
single light way method was setup, calibrated and used 
to measure the Verdet constant of the glass, the advan- 
tage of this optical bench is single and low cost: no needs 
the lock-in amplifier, the detector is a power meter. The 
magnetic field is induced by solenoids on which the cur- 
rent will be applied by a DC supplier. Through the opti- 
cal bench, the magneto optical properties of the glasses 
were studied.  
 
2. Experiments 
 
2.1. Glass Fabrication and Characterization  
 
The compositions of the prepared glass are listed in 
Table 1. Synthesis was carried out in ceramic crucibles 
in an electric oven at the temperature at around 900˚C 
followed with stirring during melting. The melted mass 
was poured into a cast brass form and then relief 
annealed. Samples used for studies were cut into 10 mm 
× 2 mm slides and polished using Logitech PM5. From 
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many samples of different percantage of oxides, the one 
with optimum composition assuring the best optical and 
magnetic properties was chosen.   

The refractive indexes of samples were measured 
using a prism coupling method (Metricon Model 2010 
M). The absorption spectra in ultraviolet-visible region 
(200 - 2000 nm) were recorded for each sample using a 
UV-Visible-IR spectrophotometer (Varian Cary 500). 
Optical energy gap for the studied glasses were evaluated 
from relation (h)1/2 = B1/2(h – Eg), where B1/2 is the 
slope of the absorption edge reflecting the sample dis- 
order [10,11] and h is the photon energy. On the absor- 
ption edge the slope line was extended and cross onto 
horizontal axis (wavelength), the crossing-point means 
the absorption threshold wavelength. 

Raman spectra were measured using a MKI Renish- 
aw Raman spectroscopy equipped with a BH2-UMA 
Olympus microscope between 200 cm–1 to 2000 cm–1.  
 
2.2. Faraday Effect Measurements on Glasses 
 
2.2.1. Optical Bench Setup 
Figure 1 schematically shows the setup for the Verdet 
constant measurement. In order to investigate the Fara- 
day Effect of the fabricated PBB glasses, a home-made 
Faraday Effect test apparatus is built up: a He-Ne laser 
with 15 Mw power at 632.8 nm wavelength was used as 
the light source, a 100% refection mirror was used to 
change the light way to a polarizer which polarized the 
incident light beam to pass the glass which was placed in 
a 320 turns solenoid. The polarizers, solenoids and po- 
wermeter detector are integrated in a dark box (dotted 
line) to avoid the background light and reduce the noise 
(two polarizers were set in 90˚ to each other in orienta- 
tion).  
 
2.2.2. Measurement and Calculation 
Due to the Faraday rotation, an angle will happened under 
the magnetic field B, the output intensity of the current is 
different from that of without B. The difference between  

 

Figure 1. Schematic diagram of optical bench set-up for 
Faraday rotation measurement, 1. He-Ne Laser; 2. Polarizers; 
3. Bulk glass; 4. DC supplier; 5. Solenoide; 6. Power meter. 

the two values is named ΔI. The I, I0, the rotated angle θ, 
and the Verdet constant of glass V, meet the following 
relationship:  

I = I0cos2(a + θ)               (1) 

ΔI = I0sin2(θ) ∞ I0θ
2 (while a = 90˚)      (2) 

q = VBL                 (3) 

B = µ0NI/Ls                (4) 

where I is the detected transmission light intensity with- 
out magnetic field, I0 is the original incident light inten- 
sity with the magnetic field applied, a is the angle be- 
tween two polarizes without magnetic field, L is the 
sample length, µ0 is the constant (1.26 × 10−6 B·m−1), N 
is the turns of solenoids, I is the applied current, Ls is the 
length of solenoids. Through the detected output light 
intensity (I and I0), the rotated angle θ could be obtained 
according to Equations (1) and (2). B could be obtained 
through the Equation (4). And according to Equation (3), 
the V can be calculated.  
 
2.2.3. Uniformity Test of Magnetic Field  
The magnetic field B was induced by the DC supplier. 
The current was set as 1A DC, and the light intensity I 
and I0, represented the output voltage values from detec- 
tor before and after the switch on of the DC circuit, re- 
spectively; through the switch on and off the current, a 
magnetic field will be induced or disappeared in the so- 
lenoid.  

The uniformity and homogenous of B inside the sole- 
noids was tested using the magnetometer. The length of 
solenoid is around 0.2 m. The B in every one centimeter 
from the middle of the solenoid to two ends was meas- 
ured using magnetometer. Figure 2 shows the distribu- 
tion profile of the B in different position of the solenoids. 
It can be seen that the inner magnetic field of solenoid is 
uniform.  

The relationship between applied current I and the 
change of B also was measured for the aim of verify the 
uniformity of B inside the solenoids. Changing the ap- 
plied current, different B in the middle of solenoid was 
obtained from magnetometer. Figure 3 shows the changes 
of B under different current I. The relationship between 
them is a linear which proved again the B inside the so- 
lenoids is homogenous and uniform.  
 
2.2.4. Calibration of Optical Bench  
Calibration of the set up was performed using a stand- 
ard pure silica sample (its Verdet Constant = 0.01352 
min·G–1·cm–1 from literatures [9]). Every time before 
measuring the glasses, under the same condition the pure 
silica was put inside the solenoids, with and without B, the 
utput of intensity of current was recorded and calcula-  o        
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Figure 2. Distribution profile of the B in different position of the solenoids. 

 

Figure 3. Magnetic field B vs current I.  

3. Results ted. Compare to its value of 0.01352 min·G–1·cm–1, if the 
measured value is not exceed 0.001 error rate, this 
proved that the optical bench is ok for use.  

 
Table 1 reports the composition of prepared glasses and  
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Table 1. Magnetic-optical properties of the PBB glass sam-
ples.  

Glass PBB01 PBB2 PBB03 PBB4 PBB5 PBB06

Composition* 50-40-10 40-50-10 20-70-10 35-45-20 15-65-2025-35-40

V (min·G–1·cm–1) 0.1533 0.1153 0.1105 0.083 0.083 0.0505

Cutoff (nm) 474.85 471.27 469.84 448.38 458.39 406.16

Q (min·G–1) 0.026 0.016 0.015 0.014 0.014 0.012

Tg (˚C) 289 293 292 307 315 327 

Tx-Tg (˚C) 81 63 61 100 58 101 

n @633nm 2.374 2.357 2.139 2.215 2.059 2.002

ρ (g/cm–3) 8.33 8.33 8.31 7.85 8.03 6.57 

*Composition of PBB is in mol: PbO-Bi2O3-B2O3. 

their thermal and magneto optical properties, including 
the Tg, refractive index, Verdet constant, cutoff, the fig- 
ure of merit and so on. The difference of Tx and Tg is 
usually used to evaluate the thermal stability of the 
glasses, generally speaking, the bigger the difference, the 
more stable of the glass.  
 
3.1. UV-Vis and FT-IR Spectra Analysis  
 
Figure 4 shows the absorption spectra in the UV-visible 
region of all glasses. The absorption coefficient, cutoff 
changed strongly with the glass composition. The cutoff 
shifted to longer wavelength with the increasing of total 
amount of PbO + Bi2O3. Glass PBB01 showed the big- 
gest cutoff and lower absorption compared with other 
samples. Figure 5 shows the FT-IR spectra analysis on 
the prepared glasses. PBB01 showed more than 70% of 
transmittance during 2000 nm to 4000 nm. The peak 
around 3300 nm is due to the OH absorption. With the 
increase of PbO and Bi2O3 content, the spectrum exhibits 
a shift to longer wavelength.  
 
3.2. Verdet Constants and the Figure of Merit  
 
The magnetic optical property of fabricated glasses is  

 

Figure 4. UV-visible absorption spectra of the PBB glasses. 

 

Figure 5. FT-IR transmittance spectra of the PBB glasses. 

evaluated in term of Verdet constant V and the figure of 
merit Q. The relationship between V and Q is: Q = V/, 
where  is the absorption coefficient which was obtained 
from Figure 4. Table 1 reports the Verdet constant for 
all the glass samples, along with their cutoff and figure 
of merit. Figure 4 shows the relationship between Verdet 
constant and the cutoff. The PBB01 showed the highest 
value of Verdet constant e.g. 0.1533 min·G–1·cm–1, the 
largest cutoff wavelength of 474.85 nm and the best Q of 
0.02635 min·G–1.  
 
3.3. Raman Spectra  
 
The change of glass properties is due to the change of 
glass structures. Figure 7 reports the change of structures 
for all samples. There are mainly five peaks named as, A 
(400 cm–1), B (550 cm–1), C (710 cm–1), D (920 cm–1) 
and a broad band (E) around 1220 cm–1. A significant 
change in spectrum both for the shape and intensity was 
observed. PBB01 showed the highest intensity of peaks 
for A (400 cm–1)and B (550 cm–1), and PBB06 showed 
the lowest intensity of the same peaks.  

The presences of different peaks for heavy metal ox- 
ides glasses at different wavelength, for example, 300 - 
600 cm–1, especially vibrations between 380 - 580 cm–1 
due to the bridging anion modes, and 650 - 950 cm-1 due 
to the non-bridging anion modes [12]. Bismuth and lead 
cations have similar atomic weight, they have similar 
polarization behaviors. The peak A and B in Figure 7 
correspond to the “bridge-anion” motion due to symmet- 
ric stretch motion of Bi-O-Bi and Pb-O-Pb bridges com- 
bined with some Bi-O-Pb.  

A broadening at around 1250 cm–1 which is named as 
E peak is attributed mainly to trigonal boron [BO3] [13, 
14]. With the change of content of B2O3 in the glass, a 
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slight change for the peak E was also observed. 
4. Discussion 
 
Samples with different compositions presented different 
thermal and magneto optical properties as showed pre- 
viously. The Verdet constant of the glasses, which was 
measured using the home-made optical bench, has rela- 
tion with the composition, energy gap and cutoff of the 
glasses.  
 
4.1. Relationship between Verdet Constant and 

Composition 
 
It is know that the Verdet constant of a magnetic-optical 
material is related to the electron shell structure of the 
atoms in the transparent medium. If the ions have the 
electron structure same with inert gas, the applied field 
can induce the Zeeman splitting on the ion energy levels. 
The resulting rotation of the polarized plane is diamag- 
netism, and the rotating angle θ is positive; the applied 
field can induce the moment of force of electrons change 
in the ions which have unpaired electrons. Basing on the 
classical electromagnetism theory [15,16], Bacquerel has 
proposed the relationship between the Verdet constant of 
a diamagnetic material and the properties of the materials 
as shown in the following equation:  

  d
V e 2mc

d

n


              (5) 

Here, V is the Verdet constant,  is the refraction 
index of the material; 

n
d dn   is the dispersion of the 

material; e is electron’s electrical quant, m is the electron 
mass, c is light speed and λ is the corresponding light 
wavelength. From this Equation (5), it can be seen that 
Verdet constant of the diamagnetic material becomes 
higher when the dispersion of the material increases. In 
fact, the presence of heavy metal ions such as Pb2+, Bi3+ 
in the glasses could contribute greatly to the color dis- 
persion of the glasses. Therefore, the increase of the total 
amount of these ions in the glasses will not only lead to 
the shift of their cutoff, but also the increase of Verdet 
constant.  

Basing on the quantum theory [7,15] the Verdet con- 
stant of the diamagnetic material is also related to the ion 
carriers with energy level splitting possibility as demon- 
strated in the following formulary (6): 

   22 2
n n

n

V 4π v A v vN 2           (6) 

Here  is the carriers in per unit volume; : fre- 
quency of the incident wave; n  is the frequency of 
electrons migration;  is parameters correlative with 
migration intensity. 

N v
v

nA

The formulary (6) shows that the Verdet constant of a 
diamagnetic material is related to the carriers’ concentra- 
tion N, in the case of this study, the Pb2+ and Bi3+ ions 
are the carriers. Therefore glasses containing higher den- 
sity of Pb2+ and Bi3+ ions such as PBB01 will show 
higher Verdet constant.  

From the formulary (6), it is also noted that the Verdet 
constant of a diamagnetic material has no relationship 
with the working temperature. This is ideal for MOCT, 
which makes this PBB glass have great advantages over 
the currently used crystal for MOCT.  
 
4.2. Relationship between Verdet Constant and 

Energy Gap  
 
From Figure 6 and Table 1, it can be seen that the Ver- 
det constant also has relationship with cutoff, and the 
cutoff of glass is related to the energy required for the 
electron transition of glass network former from unex- 
cited states to excited states. Therefore the shift of cutoff 
for PBB glasses depended strongly on the change of the 
total amount of PbO + Bi2O3 in the glass, which in fact 
act as both glass network former and modifiers [1,5]. On 
the other hand, with the decrease of B2O3 content which 
acts as glass network former, the glass network structure 
will be significantly modified, as it can be seen also from 
the Raman Spectra in Figure 7. In fact, heavy metal ions 
such like Pb2+, and Bi3+ play important roles in the glass 
as network modifiers that weaken the bridged O-B bonds. 
With increasing of PbO + Bi2O3 content, an increase of 
structural disorder occurred (the PbO could also behavior 
as network formers, considering the difference between 
PbO and Bi2O3), and various non-bridged centers inside 
the network will be produced. As a consequence the en- 
ergy required for breaking down the glass network of OB 
bond will be decreased which leads to the shift of the cu-  

 

Figure 6. The relationship between the Verdet constant and 
cutoff.  
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Figure 7. The Raman spectra of PPB MO glasses. 

toff towards longer wavelength. Such a shift in cutoff 
could also be explained by the change of band gap for 
different constituents in glass systems: it is found that the 
band gap for B2O3 is. Eg(B2O3)  8eV [17], for PbO is 
Eg(PbO)  2.73eV [17] and for Bi2O3 is Eg Eg(Bi2O3)  
2.76eV [18]. The increase of PbO + Bi2O3 and decrease 
of B2O3 in the glass will therefore decrease the band gap 
of glasses, which means the decrease of energy gap 
caused the increase of Verdet constant. A similar phe- 
nomenon was reported by Y. L. Ruan et al [15] for the 
relationship between Verdet constant and band gap for 
chalcogenide system glass. 
 
5. Conclusions 
 
A new way for Faraday rotation measurement was used 
for the study on magneto optical property of PBB glass for 
MOCT application was carried out. A relationship be-
tween Verdet constant and the glass composition has been 
identified and it is found that with the shift of cutoff of UV 
absorption to longer wavelength, the Verdet con- stant of 
the glasses increased. The optimized glass PBB01 with the 
composition of (50%PbO-40%Bi2O3-10%B2O3) shown 
the largest value of Verdet constant (0.1533 min·G–1·cm–1), 
and good value of the figure of merit (0.02635 min·G–1), 
which can be considered as the candidate as magneto op-
tical devices application.  
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