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We have prepared glasses having xFeO· �100−x�P2O5 �mol %� �x=50.0,54.0,57.1� compositions
by melting under mild reducing condition and found that these glasses exhibit fairly high
transmittance in the visible range and large Faraday effect at the wavelength of about 400 nm. 57Fe
Mössbauer spectra confirm that almost all the iron ions are present as Fe2+ in the glasses. A spin
glass transition is observed at low temperatures in the temperature dependence of magnetic
susceptibility. Intense optical absorption in the ultraviolet and infrared wavelength ranges occurs by
the charge transfer transition from O2− to Fe2+ and the intra-atomic d-d transition, respectively. The
analysis on the wavelength dependence of the Faraday rotation angle using the Van Vleck–Hebb
theory has revealed that the charge transfer transition contributes more significantly to the Faraday
effect owing to the large effective transition probability, which is comparable to those reported for
glasses containing 4f rare-earth ions. The magneto-optical figure of merit shows a maximum at
around 380 nm. © 2008 American Institute of Physics. �DOI: 10.1063/1.2952460�

In magnetic oxide glasses, the magnetic moments be-
longing to the cations such as 3d transition metal and 4f
rare-earth ions are randomly distributed in the host glass
structure. Oxide glass often shows peculiar and intriguing
magnetic transition like that of a spin glass, in which mag-
netic moments are frozen in a random fashion, at low tem-
peratures. The mechanism of magnetic transition observed in
oxide glasses has been experimentally investigated mainly
based on the temperature dependence of dc and ac magnetic
susceptibilities and 57Fe Mössbauer spectrum.1–3 We have
revealed that Fe2O3–TeO2 and Bi2O3–Fe2O3–B2O3 glasses
exhibit curious phenomena relevant to the spin dynamics in-
cluding magnetic aging and memory effects as well as criti-
cal slowing down, indicating that the low-temperature mag-
netically ordered phase of these oxide glasses can be
definitely regarded as a spin glass.4,5

Another interesting phenomenon associated with the
magnetic oxide glasses lies in magneto-optical properties
such as the Faraday effect. A great deal of attention has been
paid to the Faraday effect of glasses containing 4f rare-earth
ions such as Eu2+ and Tb3+.6–10 The glasses with high con-
centration of such rare-earth ions show rather high transmit-
tance and large Faraday effect in the visible to ultraviolet
wavelength region. These glasses can be applied as an opti-
cal isolator, an optical switch, and an optical modulator
working in such a short wavelength range. On the other
hand, there exist few reports on the Faraday effect of glasses
containing 3d transition metal ions because the glasses bear-
ing only a few molar percent of these ions often show intense
absorption in the visible range. Nevertheless, in this study,
we have prepared phosphate glasses containing a large
amount of Fe2+ ions, which are highly transparent in the
wavelength range from 400 to 700 nm; we have examined
their magnetic susceptibilities, optical absorption spectra,
and Faraday rotation angles. Some iron phosphate glasses
melted at various temperatures and under reducing condi-
tions have been characterized so far,11–13 but there are no
reports on iron phosphate glasses containing only Fe2+ ions,

the concentration of which is as high as several ten percent
or so. Besides, although the reduction of Fe3+ into Fe2+ ions
was completely achieved for an iron aluminosilicate glass
system, the optical absorption and Faraday effect were not
measured.3 We demonstrate that, in addition to the high
transmittance in the visible range, the present phosphate
glasses containing divalent iron ions exhibit large Faraday
effect in the near-ultraviolet to blue range, which meets the
emission from the blue laser diodes. The dependence of the
Faraday rotation angle on wavelength can be analyzed in
terms of the Van Vleck–Hebb theory. This analysis leads to
the effective transition probability comparable to those for
the glasses containing rare-earth ions.

Glasses having xFeO· �100−x�P2O5 �mol %� �x=50.0,
54.0,57.1� compositions were prepared by a conventional
melt quenching method using reagent grade Fe2O3 and
H3PO4 aqueous solution as starting materials. Fe2O3 powder
and H3PO4 aqueous solution were mixed and the mixture
was heated at 180 °C to eliminate water. The mixture was
then melted in an alumina crucible at 1200 °C for 30 min in
air. The melt was poured onto a stainless steel plate to obtain
glass, which showed black color due to the presence of Fe3+

ions. The resultant glass was pulverized, and the glass pow-
der was remelted in a glassy carbon crucible placed in an
alumina crucible with an alumina lid at 1200 °C for 30 min
in air. The melt was quenched by being pressed with two
stainless steel plates. Surprisingly, the glasses thus obtained
were fairly transparent to the naked eye. The as-quenched
glasses were annealed at 460–480 °C for 3 h in an atmo-
sphere of Ar �95 vol % � /H2 �5 vol % � to prevent the glasses
from oxidizing. X-ray diffraction analysis with Cu K� radia-
tion confirmed the absence of crystalline phases in the
glasses. Although phosphate glasses sometimes show rela-
tively poor chemical durability, changes in appearance such
as devitrification have not been observed for the present
phosphate glasses even after they were set in air for more
than 4 months. The glass samples were polished so that their
thickness was 0.4–0.5 mm and subjected to Faraday effect
and optical absorption measurements. The Faraday effect
measurements were performed at room temperature by usinga�Electronic mail: tanaka@dipole7.kuic.kyoto-u.ac.jp.
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a commercial measurement system for Faraday and Kerr ef-
fects �JASCO, model K-250�. The wavelength was varied
from 350 to 850 nm and the applied magnetic field was fixed
to be 15 kOe. The optical absorption spectra were recorded
using a spectrophotometer �JASCO, V-570�. The transparent
glasses were pulverized and subjected to 57Fe Mössbauer
effect and magnetic susceptibility measurements. The 57Fe
Mössbauer measurements were performed at room tempera-
ture by using 57Co in metallic Rh as a �-ray source. The
magnetic susceptibility under zero-field cooling �ZFC� and
field cooling �FC� conditions was measured in the tempera-
ture range from 2 to 300 K with a dc magnetic field of
50 Oe applied by utilizing a superconducting quantum inter-
ference device magnetometer �Quantum Design, model
MPMS-XL�.

The 57Fe Mössbauer spectra of the glasses are depicted
in Fig. 1. All the spectra are composed of a paramagnetic
doublet attributable to Fe2+ ions; absorption peaks ascribed
to Fe3+ ions are barely observed in all the spectra. The Möss-
bauer spectra of glasses prepared by melting only in air in-
dicate that more than 80% of iron ions are present as Fe3+ in
the glasses, although neither the spectra nor the Mössbauer
parameters derived from the spectra are shown here. The
remelting in a glassy carbon crucible could reduce almost all
Fe3+ ions into Fe2+ ions. It is much easier to obtain the Fe2+

ion with this technique compared with the conventional
method such as melting under a flow of reducing gas. The
isomer shift �IS� and quadrupole splitting for the glasses after
the remelting are summarized in Fig. 1. The value of IS
=1.20 mm /s corresponds to an Fe2+ octahedrally coordi-
nated by O2− ions.

Figure 2 shows the optical absorption spectra of the
glasses, which exhibit fairly high transmittance in the wave-
length range from 400 to 700 nm. The intense optical ab-
sorptions in the ultraviolet and infrared regions are ascrib-
able to the charge transfer transition from O2− to Fe2+ and
intra-atomic d-d crystal field transition, respectively.14 Al-
though the presence of Fe3+ ions cannot be detected in the
Mössbauer spectra, very weak absorption bands attributed to
a tiny amount of Fe3+ ions are observed at 400–550 nm.15

As the value of x is increased, the amount of Fe3+ ion is apt

to increase and hence the glass turns its color from blue
greenish into orangish �see the inset of Fig. 2�.

Figure 3 illustrates the temperature dependence of mag-
netic susceptibility, ��T�, and its reciprocal, �−1�T�, for the
57.1FeO·42.9P2O5 glass. The linear dependence of �−1�T�
on T at high temperatures �30 K�T�300 K� reveals that
these glasses are paramagnetic in the temperature region; the
linear part is describable in terms of the following Curie–
Weiss law:

�−1�T� =
3kB�T − �W�

NMB
2�B

2 , �1�

where �W is the Weiss temperature, N is the number of mag-
netic ions per unit mass, �B is the Bohr magneton, MB is
the effective number of Bohr magnetons, and kB is the
Boltzmann constant. The value of MB=5.21 obtained by fit-
ting Eq. �1� to the experimental data of �−1�T� at high tem-
peratures is slightly higher than the theoretical spin-only
value of Fe2+, i.e., 4.82, presumably due to the contribution
of unquenched orbital magnetic moment. The inset of Fig. 3
shows ��T� in the low-emperature region. ��T� in ZFC and
FC deviate from each other at the temperature where ��T� in
the ZFC run exhibits a maximum. This behavior of ��T� is
characteristic of the spin glass. The spin freezing tempera-

FIG. 1. 57Fe Mössbauer spectra at room temperature for the FeO–P2O5

glasses with 50.0, 54.0, and 57.1 mol % of FeO. IS and QS denote the
isomer shift and the quadrupole splitting, respectively, for the doublet as-
signed to Fe2+.

FIG. 2. �Color online� Optical absorption spectra for the xFeO· �100
−x�P2O5 �mol %� glasses with x=50.0, 54.0, and 57.1. The inset depicts
pictures of the glasses with the thickness of about 450 �m.

FIG. 3. Temperature dependence of dc magnetic susceptibility and its recip-
rocal for the 57.1FeO·42.9P2O5 glass. The inset illustrates the enlarged
view of the low-temperature region.
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tures are, 2.2, 2.6, and 3.1 K and �W’s are −8.6, −9.0, and
−11.6 K for xFeO· �100−x�P2O5 glasses with x=50.0, 54.0,
and 57.1, respectively. The negative value of �W means that
the antiferromagnetic interaction is dominant among the
magnetic moments of Fe2+ ions in the glasses.

The wavelength dependence of the Verdet constant V for
the glasses is illustrated in Fig. 4. For paramagnets, V
=� / �Hl�, where � is the Faraday rotation angle, H is the
applied magnetic field, and l is the length of light path in the
material. The absolute value of V monotonically increases as
the wavelength of incident light, �, becomes shorter. A simi-
lar tendency was observed for the rare-earth-containing
glasses. The relation between V and � for the glasses con-
taining rare-earth ions has been analyzed in terms of the Van
Vleck–Hebb theory using the following equation:

V =
4�2�

g�Bch
�
i
Ci�1 −

�2

�i
2�−1

, �2�

where g is the Landé factor, c is the velocity of light, h is the
Planck constant, Ci is related to the transition probability,
and �i is the transition wavelength. The subscript i denotes
the electronic transition which contributes to the Faraday ef-
fect. The approximation taking only single electronic transi-
tion into account has been used to explain the wavelength
dependence of V of rare-earth-containing glasses.6–9 How-
ever, the dependence of V of the iron phosphate glasses on �
cannot be interpreted by this single oscillator model but de-
scribed well by considering two optical transitions, i.e., the
charge transfer transition and the crystal field transition in
the ultraviolet and infrared regions, respectively. For in-
stance, the analysis using Eq. �2� yields C1=8.6
	10−45 J cm3, �1=214 nm, C2=1.1	10−46 J cm3, and �2
=1100 nm for 57.1FeO·42.9P2O5 glass. The value of C1 cor-
responding to the charge transfer transition is much larger
than that of C2 corresponding to the d-d transition. This fact
indicates that the charge transfer transition mainly contrib-
utes to the Faraday effect due to the large oscillator strength.

Also shown in Fig. 4 is the magneto-optical figure of
merit defined as ��� /�, where � is the Faraday rotation angle
and � is the absorbance. ��� /� is an important factor from the
point of view of practical applications. For all the glasses,
��� /� exhibits a maximum at around 380 nm. For instance,
��� /� of 50.0FeO·50.0P2O5 glass is 13° at 380 nm under
H=15 kOe. Since the wavelength such as 380 nm corre-

sponds to the emission of blue laser diodes, the present
glasses are expected as a candidate for optical devices
such as an optical isolator in such a short wavelength region.
The amplitude of V for the present glasses is several
times smaller than or comparable to those for the
rare-earth-containing glasses; for instance, at 405 nm, V is
−0.204 and −0.560 min /Oe cm for 57.1FeO·42.9P2O5 and
25.4Tb2O3·74.6P2O5 glasses, respectively, both of which are
phosphate glasses and have almost the same effective transi-
tion wavelength.16 Another advantage of the present glasses
lies in the fact that both iron oxide and phosphoric acid, i.e.,
the starting materials for the glasses, are much more inex-
pensive and available when compared with the rare-earth ox-
ides which have been practically utilized as a component of
glass materials for Faraday rotators.

In conclusion, the glasses with xFeO· �100−x�P2O5

�mol %� �x=50.0,54.0,57.1� compositions exhibit farely high
transmittance in the visible region, although the glasses con-
tain a large amount of 3d transition metal ions. The glasses
have large Faraday rotation angle in the near-ultraviolet to
blue region. The large effective transition probability compa-
rable to those reported for the rare-earth-containing glasses
stems from the large oscillator strength of charge transfer
transition from O2− to Fe2+. Considering that Fe is an abun-
dant element in the crust of the earth, the achievement of
FeO-based glass materials which shows high transmittance
as well as large Faraday effect in the near-ultraviolet to blue
region is of great importance.
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