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Faraday rotation (FR) has been useful for an optical
attenuater, circulator, and magnetic field (or current)
sensor.1-3 There is growing importance of such Faraday
devices because an increasing number of optical and
laser-based devices require either rapid switching or
protection against a back-reflected beam. Especially, the
feedback effect ultimately restricts the performance of
laser systems, resulting in amplitude fluctuations,
frequency shifts, limitation of modulation bandwidth,
noise, and/or even damage.4 Since the recent develop-
ment of laser systems are mainly focused on a shorter
wavelength region, as represented by GaN-based la-
sers,5,6 it should be considered which kind of materials
are prospective as Faraday devices working in the
corresponding frequency region. FR glasses with a high
concentration of rare-earth ions have the advantages
in the wide optical window and relatively large Verdet
constants in the visible region.7,8

The FR effect is generally evaluated by θF ) VBL,
where θF (rad) is the angle by which the plane of a
polarized light is rotated on a passage through a length
L (m) of a glass in a density of magnetic fluxes B (T).
The material constant V (rad/(T × m))9 is the Verdet
constant, which is a function of both the incident
wavelength and the concentration of rare-earth ions in
glass. The Faraday rotation of rare-earth-doped glasses
except Gd3+7,10 is paramagnetic in origin (hence, θF is
negative) and is characterized by the frequency depen-

dence, V ) K(λt
2 - λ2)-1,11 where K is a combination of

constants including the number-of-density and effective
Bohr magneton (p ) g[J(J + 1)]1/2) of the magnetically
active ion. λt is the effective transition wavelength, often
close to a 4f-5d transition of the corresponding rare-
earth ion. Thus, large Verdet constants were obtained
for glasses containing Ce3+, Pr3+, Tb3+, and Dy3+.12-15

This is due to the fact that the 4f-5d transitions of these
ions are located to lower energies.16

In the previous works, the content of rare-earth oxides
was restricted to 30 mol % because of the difficulty of
the glass manufacture. However, there has been a great
development of the glass manipulation of highly con-
centrated rare-earth oxide glasses so that the 40 mol %
content of Tb2O3 or Dy2O3 was accomplished. Recently,
further condensation, as much as 50 mol % in glass, has
been achieved by the double incorporation of Tb2O3 and
Dy2O3. In this paper, we present the Verdet constants
and magnetic properties of these novel FR glasses.

Glass samples investigated were produced by a con-
ventional melt-quenching method at Sumita Optical
Glass, Inc. The glass compositions were based on
5B2O3-3Ga2O3-3SiO2-P2O5 (in mol %) with the addi-
tion of 0.5 wt % Sb2O3 as a reducing agent of tetravalent
terbium ions. The mixtures of commercially available
compounds of H3BO3, Ga2O3, SiO2, H3PO4, Tb4O7, and
Sb2O3 were melted at ≈1450 °C for 2 h in a platinum
crucible, which were rapidly quenched on a carbon
mould and then annealed at ≈650 °C (see Table 1). To
study their glass structures, Raman spectra were mea-
sured using a Fourier transform Raman spectrometer
(Perkin-Elmer, Spectrum 2000 system). The excitation
source for the Raman observations was a 1064-nm line
of a neodium:yttrium-aluminum garnet (Nd:YAG)
pumped by a semiconductor solid-state laser. FR mea-
surements were performed at a temperature over the
range of 15-300 K in pulsed magnetic fields with a
pulse width of 30 ms. The magnetic fluxes condensed
up to 16 T at the top of the magnetic pulse were applied
along with a z-direction of a rod-shaped sample of φ2
mm in diameter and 4-5 mm in height, which was
placed between two linear-polarizer films (Koyo, HN-
32).17,18 A He-Ne laser (632.8 nm) with a random
polarization was used for an incident source. The
transmitted light was detected by a photomultiplier.

To best our knowledge, the largest Verdet constant
previously reported in the literature was at most -102.7
rad/(T × m) ()-0.353 min/Oe/cm)at 632.8 nm at room
temperature in binary 30Tb2O3-70B2O3 glass.19 As a
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structural model of a rare-earth metaborate 25R2O3-
75B2O3 glass, Chakraborty et al.20 proposed a ladder-
typed chain consisting of a four-coordinated boron (BO4)
and two three-coordinated borons (BO3). A rare-earth
ion R3+ is predominantly located near the negatively
charged BO4 unit and plays an important role as linkage
between two ladder-type chains. It is supposed that with
an increase in the R2O3 content up to 30 mol % a
breakup of the infinite chains takes place so as to
produce an amount of nonbridging oxygens and an
aggregation of R2O3 between the BO4-2BO3 chains. In
our course of the glass synthesis for increasing Tb2O3
content, the Ga2O3 component was introduced as the
substitution for BO4 units, resulting in the reinforce-
ment of the ladder-type chains. Nevertheless, it was
found that much incorporation of Ga2O3 tended to the
precipitation of crystalline GaBO3 and TbBO3. Thus, the
SiO2 component was necessitated to prevent such
crystallizations. The P2O5 component served for de-
creasing the viscosity of the glass melt. Eventually, we
succeeded in the fabrication of a 40 mol % Tb2O3-
containing borate glass with the 5B2O3-3Ga2O3-3SiO2-
P2O5 matrix batch, which exhibits high Faraday rotation
of -146.3 rad/(T × m), as seen in Figure 1 and Table 1.
Raman spectroscopy was employed for the investigation
of microscopic structural units in the glass. Figure 2
shows the Raman spectrum of the 40 mol % Tb2O3-
containing glass, which exhibits a strong peak around
980 cm-1. It appears that the peak is more prominent
above the content of 30 mol % with respect to other
peaks. The insertion of Figure 2 shows Raman data of
R2O3-B2O3-Ga2O3-SiO2 glasses, where R3+ was sub-
stituted with gadolinium ion (Gd) and a 514.5-nm beam
of Ar+ laser was used as a light source. On one hand,
the addition of Ga2O3 to binary R2O3-B2O3 glass,
denoted by “G” in sample names, increased the peak
intensity at ≈980 cm-1, and on the other hand, the
incorporation of SiO2 content, denoted by “S”, decreased
the 860-cm-1 peak assigned with pyroborate groups. It
is also noticed that the condensation of the rare-earth
oxide up to ≈40 mol % with incorporated SiO2 compo-
nent enhanced the 980-cm-1 peak. Since the SiO2
component only gave a small contribution that appeared
at ≈920 cm-1 (Si-O- stretching mode), we conclude at
the present time that either silicate or a phosphate
group is not responsible for the feature at 980 cm-1,
which is quite possibly attributed to isolated orthoborate

groups, (BO3)3-.21,22 The strong peak implies that a part
of the B2O3 composition does not play the role of a
network former anymore but exists as isolated ionic
groups with three nonbridging oxygens which can
compensate positive charges of the trivalent rare-earth
ions. For such a highly Tb2O3-concentrated glass, curi-
ous behaviors in magnetic and optical properties were
reported.23,24

Dysprosium oxide was also used for the incorporation
into the matrix glass because the paramagnetic rotation
of rare-earth oxide glasses is dependent not only on the
number of magnetic ions per volume but also on their
magnetic moments.7 Dy3+ has the largest total angular
moment in the ground state (J ) 15/2) in the lanthanide
series and hence is also expected to contribute magneto-
optical properties of the glasses. The temperature
dependence of the Verdet constant of a 40 mol % Dy2O3
containing glass was estimated with 16T-pulsed mag-
netic fields. At 300 K the FR angle θF was a linear
function of the applied magnetic field intensity B and
the Verdet constant was -129.7 rad/(T × m). The Verdet
constant increased with a decrease in the sample
temperature and exhibited an inverse proportionality
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Table 1. Nominal Composition and Verdet Constant V
(at 632.8 nm, 300 K) for Highly Tb2O3/Dy2O3-Concentrated

Borate Glasses Synthesized in This Work

sample’s
name Tb2O3 Dy2O3 B2O3 Ga2O3 SiO2 P2O5

V (rad/
(T × m))

Tb25B 25 75 -72.8
Tb30B 30 70 -82.9
Tb30BG 30 60 10 -89.2
Tb30BGS 30 50 10 10 -80.8
Tb40BGSP 40 25 15 15 5 -146.3
Dy40 BGSP 40 25 15 15 5 -129.7
Tb40Dy10BGSP 40 10 16.67 10 10 3.33 -185.3
Tb10Dy40BGSP 10 40 16.67 10 10 3.33 -168.6

Figure 1. Dynamical Faraday rotation with a pulsed mag-
netic field of 16 T at 632.8 nm at 300 K for (i) Tb25B, (ii)
Tb40BGSP, and (iii) Tb40Dy10BGSP glasses.

3224 Chem. Mater., Vol. 14, No. 8, 2002 Communications



against the temperature up to 100 K, as predicted in
the paramagnetic theory.11 Interestingly, the FR angle
below 120 K was no longer a linear function of B; that
is, the Verdet constant showed a B dependency. Thus,
the temperature dependence of the Verdet constant was
estimated as L-1(dθF/dB)B)0. It is seen from Figure 3
that the temperature dependence had a tendency to be
saturated to ca. -483.6 rad/(T × m). The saturation
behavior stemmed from Dy3+(V)-O2--Dy3+(v) superex-
change interaction, which prevented the orientation of
Dy3+ magnetic moments to the applied magnetic fields.18

Moreover, the simultaneous incorporation of Tb2O3

and Dy2O3 allowed us to increase the total concentration
of rare-earth ions. On the basis of the 5B2O3-3Ga2O3-
3SiO2-P2O5 composition, the total rare-earth content
of 50 mol % has been successfully obtained. We prepared
two borate glasses incorporated with Tb2O3 and Dy2O3

(see Table 1 and Figure 1(iii)). A comparison between
the Verdet constants of Tb40Dy10BGSP and Tb10Dy40-
BGSP reveals that Tb3+ ions have a quite high contri-
bution to the Faraday rotation through the lower f-d
transition energy (Tb3+, ≈40 000 cm-1; Dy3+, ≈54 000
cm-1 16) and Dy3+ ions are also of importance due to the
largest J value. The latter ions must increase the
magnetic susceptibility of the total sample. To obtain
direct evidence for the contribution of Dy3+ ions to the
FR, we measured M(magnetization)-B curves of both
Tb2O3 and Dy2O3 oxide glasses with 40 mol % content
in the pulsed magnetic fields at 300 K (see the insertion
of Figure 3). As expected, the magnetization of the
Dy2O3 oxide glass was greater than that of the Tb2O3

oxide glass, where the magnetic susceptibility was 0.952
× 10-2 for Tb40BGSP and 1.18 × 10-2 for Dy40BGSP.
The increase in the susceptibility resulted in the den-
sification of the applied magnetic fluxes on the sample,
and therefore the internal magnetic fields around Tb3+

ions were enhanced.
In conclusion, the higher Verdet constant was ob-

tained when Tb2O3 and Dy2O3 were simultaneously
incorporated to the B2O3-Ga2O3-SiO2-P2O5 glass ma-
trixes. Not only the small 4f-5d energy separation of
Tb3+ ions but also the large total angular momentum
of the ground state of Dy3+ ions contributed quite a bit
to the FR properties. The Raman investigation clarified
the existence of an amount of orthoborate (BO3)3-

groups. With aid of the negative charges of the isolated
borate units, the high incorporation of Tb2O3 and Dy2O3
as much as 50 mol % could been achieved. The Verdet
constant of -185.3 rad/(T × m) was obtained at 632.8
nm at 300 K, which was nearly 2 times greater than
the estimations reported previously.
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Figure 2. Raman spectra of Tb2O3-containing borate glasses
of Tb25B, Tb30B, and Tb40BGSP. The insertion is a figure
showing several Raman spectra of 25Gd2O3-75B2O3 (Gd25B),
30Gd2O3-70B2O3 (Gd30B), 30Gd2O3-60B2O3-10Ga2O3

(Gd30BG), 30Gd2O3-50B2O3-10Ga2O3-10SiO2 (Gd30BGS),
and 41.7Gd2O3-41.7B2O3-8.3Ga2O3-8.3SiO2 (Gd42BGS) are
also given, which explains an increasing 980-cm-1 peak of
orthoborate groups with an increase in rare-earth oxide in
glasses.

Figure 3. Temperature dependence of the Verdet constants
of Tb2O3- or Dy2O3-containing borate glasses (Tb40BGSP,
Tb30B, and Dy40BGSP). The insertion shows the M-B curves
for Tb40BGSP and Dy40BGSP at 300 K. The magnetic
susceptibility of Tb40BGSP and Dy40BGSP is 0.952 × 10-2

and 1.18 × 10-2, respectively.
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