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Abstract

Magnetization of a number of oxide glasses containing Pr3+, Dy3+ and Nd3+ ions has been measured as a function

of the magnetic field (0–50 kOe) and temperature (5–300 K). Magneto-optical Faraday rotation (FR) in the same glasses

has been measured as a function of the light wavelength (240–1000 nm) and temperature (80–350 K). Dispersion of FR

has permitted us to find the positions of the effective transitions responsible for FR and their magneto-optical activities.

Temperature dependencies of both FR and the magnetization at high temperatures obey the Curie–Weiss law with

negative Weiss constants. High temperature magnetic moments of the rare-earth ions in the glasses are rather close to

those of the free ions. At low temperatures, all studied glasses reveal downward curvature of the reciprocal

magnetization variation with decreasing temperature. The origin of this behavior is discussed. Formation of

antiferromagnetically ordered clusters in Dy glasses is supposed.

r 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Investigation of glasses activated by rare-earth
(RE) elements is of interest due to the possibility of
their application in optically pumped solid state
lasers, optical modulators, switches, and so forth.
Optical properties of 4f–4f and 4f–5d transitions

and their dependence on RE ions environment in
glasses are also interesting from the fundamental
point of view and were studied in a great number
of works (see, e.g., Refs. [1–3] and references
therein). Magneto-optical properties of glasses are
studied over a rather long period of time, but not
so extensively and mainly in connection with
allowed 4f–5d transitions (e.g., Refs. [4–13]).
Magneto-optical properties of RE compounds
are closely connected with their magnetic proper-
ties. This connection was first considered by Van

ARTICLE IN PRESS

*Corresponding author. Fax: +972-3-535-1250.

E-mail address: malakha@mail.biu.ac.il

(A.V. Malakhovskii).

0304-8853/03/$ - see front matter r 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0304-8853(02)01549-4



Vleck and Hebb [14]. Magnetic properties of RE
compounds are studied experimentally and theo-
retically for a long time. However, investigations
of magnetic properties of RE doped glasses have
begun not long ago. They are devoted to the study
of magnetic susceptibility [15–21] and electron
paramagnetic resonance [22,23]. The study of
glasses containing RE ions is interesting not due
to their direct practical importance alone. Varia-
tion of RE ion concentration permits to study
collective phenomena of different kinds and cluster
formation, in particular. The study of nanostruc-
tures such as clusters, quantum dots and holes is
now widespread and is connected with the hope of
creating of new materials for microelectronics.

In the present work, we study temperature
dependencies of the optical Faraday rotation
(FR) and of the magnetic susceptibility of several
RE containing glasses, which were not subjected to
such study before. These glasses differ from one
another not only in the type of RE ions but also in
their concentration and in composition of the glass
matrixes. The results are analyzed from the view-
point of contribution of separate RE ions and
possible clusters of bound RE ions into the
observed properties.

2. Experimental

Glass compositions and RE ion concentrations
according to the initial components are presented

in Table 1. The concentration of RE ions per
volume was calculated from the glass densities and
compositions. The sample designations used in
Table 1 were chosen to be consistent with the
glass sample designations presented in our pre-
vious paper devoted to glasses activated with
RE ions [3].

Glasses Dy1 and (Dy5–Dy8) were prepared from
the corresponding oxides as starting materials.
La2O3 was added in glasses Dy5–Dy8 so that the
total molar concentration of (Dy2O3�La2O3) was
25%. The Dy2O3 concentrations were 2.5, 12.5,
17.5, and 22.5 mol% for Dy5–Dy8, respectively.
Glasses containing praseodymium and neodymium
were prepared from the mixture of reagents H3PO4,
SiO2, GeO2 and appropriate RE oxides (for
samples Nd, Pr1 and Pr5) or Li2B4O7, B2O3 and
Pr6O11 (for samples Pr3 and Pr4). The samples Nd,
Pr1, Pr5, and Dy5–Dy8 were made in a resistance
furnace in quartz or platinum crucibles 100 ml in
volume at 1300–15001C. To make the samples of
Pr3 and Pr4, 40 g batches were placed into a carbon
crucible and heated at 11007501C in the Ar gas.
During this process, Pr4+ from the compound with
the mixed valency was reduced to Pr3+, so that the
final glass composition can be described by the
formula LiB3O5+xPr2O3. The melts were vitrified
by rapid cooling to 350–4001C, and then the glasses
obtained were annealed at 3001C. The total
impurity levels in all samples were 0.12 mass% of
Pr6O11, 2� 10�3 mass% of other R2O3, and 10�4

mass% of other uncontrolled impurities.
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Table 1

Glass compositions

Sample

design

RE ion Matrix composition Conc. of RE oxide

(mass %)

Conc. of RE ion

(1021 cm�3)

Nd Nd3+ 20Nd2O3+60P2O5+10SiO2+10GeO2 39.8 5.38

Dy1 Dy3+ 15Dy2O3+60P2O5 +15SiO2+10GeO2 34.82 3.55

Dy5 Dy3+ Dy2O3�La2O3�Al2O3�B2O3�SiO2�GeO2 2.65 0.37

Dy6 Dy3+ Dy2O3�La2O3�Al2O3�B2O3�SiO2�GeO2 32.2 3.64

Dy7 Dy3+ Dy2O3�La2O3�Al2O3�B2O3�SiO2�GeO2 44.3 5.28

Dy8 Dy3+ Dy2O3�La2O3�Al2O3�B2O3�SiO2�GeO2 56.1 6.96

Pr1 Pr3+ 20Pr2O3+60P2O5+20(SiO2�GeO2) 39.3 5.02

Pr3 Pr3+ 6 Pr2O3 +94 LiB3O5 15 1.37

Pr4 Pr3+ 13.4 Pr2O3+86.6 LiB3O5 30 3.27

Pr5 Pr3+ 25Pr2O3+75P2O5 43.6 5.29
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The FR measurements were made on polished
glass samples of thickness ranging from 0.2 to
1.1 mm. For the magnetic measurements, bulk
glass samples of 4� 4� 2 mm3 were used.

FR measurements were made by the null-
analyzer method (with modulation of the light
polarization plane) in a wavelength range of 240–
1000 nm and in a temperature range of 80–350 K,
using the original spectropolarimeter. The accu-
racy of FR measurements was 70.2 min. The
magnetic field changed from �5 to +5 kOe, with
an accuracy of 710 Oe.

Measurements of magnetization were performed
using a commercial SQUID magnetometer (Quan-
tum Design MPMS-55) with a scan length of 4 cm.

3. Results and discussion

3.1. Magneto-optical properties of the glasses

FR of the plane polarization of light in material
is given by the equation:

a ¼ VlH ; ð1Þ

where a is the rotation angle, l is the length of the
light path in the medium, H is the magnetic field
applied along the light beam, and V is the Verdet
constant. In general, the Verdet constant consists
of three terms [24,25]:

V ¼ AðlÞ þ BðlÞ þ Cðl;TÞ: ð2Þ

The diamagnetic term A is proportional to the
splitting of electronic states in the magnetic field
and does not depend on temperature T : The
paramagnetic term C is proportional to the
difference of the thermal populations of compo-
nents of the ground state splitting in the magnetic
field, and therefore it depends on temperature. The
term B is called paramagnetic as well. It is due to
the mixing of states by the magnetic field, and
therefore it does not depend on temperature (in a
limited temperature range). This term exists only
in the condensed matter, when the ligand field
splitting of states takes place [26]. Both paramag-
netic terms have identical dispersion (l is the light
wavelength), different from the dispersion of the
diamagnetic term.

Van Vleck and Hebb [14] derived the following
relationship between the paramagnetic Verdet
constant (C-term) and the magnetic susceptibility
w for a free ion:

V ¼ wK0g�1½1 � ðl2=l2
0Þ�

�1 	 C0½1 � ðl2=l2
0Þ�

�1;

ð3Þ

where g is the Lande factor of the ground state
splitting, l0 is the wavelength of the effective
electron transition equivalent in action to all
transitions, causing the FR far enough from the
resonance absorption and K0 is a coefficient of
proportionality between the magneto-optical ac-
tivity of the effective transition, C0; and the
susceptibility. The experimental dependencies of
FR in the studied glasses, obtained at T ¼ 85 and
300 K, follow the dispersion described in Eq. (3)
quite well, if one does not take into account
features connected with f–f transitions. Some of
these dependencies are shown in Fig. 1. The
effective wavelengths, l0; are determined from
the experimental dispersions according to Eq. (3),
and they are given in Table 2. Dieke and Cross-
white [27] have calculated the approximate wave-
lengths of the 4f–5d transitions, which are
supposed to be responsible for FR. They are
172.4, 119, and 188.6 nm for Nd, Dy, and Pr,
respectively. Energies of these transitions in con-
densed matter are usually smaller than in free ions.
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Fig. 1. Reciprocal Verdet constant of Dy6 glass as a function of

the light wavelength at two temperatures.
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So, this transition in Pr3+ has been observed at
225 nm in bromide complex in ethanol solution
and at 215 nm in aqua complex in ethanol [28].
Berger et al. [6] have found from FR dispersion
that in phosphate glasses this transition is posi-
tioned at 210 nm in Pr3+ and at 175 nm in Dy3+.
Together with the data of Table 2 it is seen that the
energy of this transition depends on environment
of RE ions and only slightly depends on concen-
tration of the RE ions and on temperature of the
glasses. Paramagnetic magneto-optical activity,
C0; per ion was found at T ¼ 300 K from
measured Verdet constants with the help of
formula (3), and by using determined values of
l0: From Table 2 it is seen that magneto-optical
activity weakly depends on the concentration of
the RE ion (in the same matrix), appreciably
depends on the matrix (with the same RE ion),
and, naturally, strongly depends on the type of RE
ion (see also Refs. [5,7]).

Thus, the parameters K0; l0; and g are different
for the different RE ions and for different
materials in which RE ions are embedded. There-
fore, there should not be a strict proportionality
between the paramagnetic Verdet constant and the
paramagnetic susceptibility of different materials.
However, VanVleck and Hebb [14] have shown
that temperature dependencies of these parameters
for RE ions can be similar even when they are in
compounds (ligand field acts) and even when
exchange interaction between RE ions takes place.
If this is indeed so, then experimental temperature
dependencies of the reciprocal Verdet constants
(see some of them in Fig. 2) show that the
magnetic susceptibility obeys the Curie–Weiss
law at high temperatures. When the paramagnetic

term C exists, it is usually much larger than the A

and B terms up to room temperature. Far from the
resonance, responsible for FR, A and C terms
relate as B2kT=hn0; where n0 is the resonance
frequency. At T ¼ 300 K and n0 ¼ 50000 cm�1

(l0 ¼ 200 nm) this ratio is E0.8� 10�2. The
relative value of term B cannot be estimated in
general case, but usually it is also much smaller
than the term C at not very high temperatures.
In the glasses studied, in addition to the effects
connected with the RE ions and described in
Eq. (2), there is also a purely diamagnetic effect
due to the glass matrix. This contribution did
not comprise more than 5–8% of the negative
paramagnetic FR observed in the studied glasses.
The relative contribution of the temperature-
independent A and B terms, as well as of the
diamagnetic glass matrix, to the total FR increases
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Table 2

Magneto-optical properties of the glasses

Sample Nd Dy1 Dy6 Dy7 Dy8 Pr1 Pr3 Pr4 Pr5

l0(85) 20075 17171 17771 17971 18771 17071 18071 19371 17071

l0(300) 20075 18171 20071 18971 18371 17871 20671 21071 17571

C0 1.2 4.1 3.1 3.5 3.9 3.4 1.9 2 4.1

y �2573 (�8) �473 �373 �873 �873 �4173 (�37) �1173 (�11) �2773 (�19) �4373 (�43)

l0 (nm) is the position of the effective absorption band responsible for the FR at T ¼ 85 and 300 K; C0 (10�22 min cm2 Oe�1 ion�1) is

the magneto-optical activity of the effective absorption band at T ¼ 300 K; yðKÞ is the paramagnetic Neel temperature, determined

from the temperature dependencies of FR (see comments in the text).

Fig. 2. Reciprocal Verdet constant of Pr glasses as a function of

temperature at a light wavelength of 552 nm.
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with a rise in temperature and this distorts the
linear temperature dependence of the reciprocal
FR. We tried to avoid this effect and used a lower
part of the temperature dependencies (80–200 K)
for the linear approximations. Paramagnetic Neel
temperatures, determined in this manner from
figures, such as Fig. 2, are shown in Table 2. The
results obtained with the use of the total tempera-
ture interval are also provided for some glasses (in
parenthesis). The difference in some cases is
substantial.

3.2. Magnetic properties of the glasses

Magnetization curves of the glasses at T ¼ 5 K
are depicted in Figs. 3 and 4. None of the samples
reveal a hysteresis. Temperature dependencies of
the reciprocal magnetization of some representa-
tive glasses at H ¼ 2 kOe are shown in Fig. 5. As
in the case of FR, they display the Curie–Weiss
type of magnetic behavior at high temperatures.
Paramagnetic Neel temperatures, determined di-
rectly from the experimental curves, y1; are given
in Table 3. In some cases they differ from those
determined from FR measurements (Table 2). In
Fig. 5, there are also shown results of the FR
measurements, normalized to the magnetization at
T ¼ 300 K. It is seen that usually temperature
dependencies of magnetization and FR are indeed
similar.

The origin of the Curie–Weiss-type magnetic
behavior of RE compounds can be different. For
example, it can be due to the influence of crystal
field or it can testify to antiferromagnetic ordering.
We shall consider both of these variants. The
possibility of magnetic ordering of amorphous
materials was first shown by Gubanov [29]. The
average reciprocal magnetization of disordered
antiferromagnets changes slowly at Toy: How-
ever, all studied glasses reveal downward curva-
ture of the reciprocal magnetization variation with
decreasing temperature. In diluted magnetic com-
pounds, it is possible to explain such behavior by
the existence of isolated non-interacting ions
simultaneously with clusters of magnetically
coupled ions [30,31]. In this case, the magnetiza-
tion of the glasses can be described by the formula:

M ¼ AH=T þ BH=ðT � yÞ: ð4Þ

Here

A ¼ nAm2
eff=3k; B ¼ nBm2

eff=3k: ð5Þ

The first term in Eq. (4) corresponds to the
isolated ions and the second one to the antiferro-
magnetic clusters. Designations in Eqs. (4) and (5)
are the following: y (negative value) is the Weiss
constant or the paramagnetic Neel temperature; H

is the external magnetic field; nA and nB are the
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Fig. 3. Magnetization curves of Dy glasses (magnetization per

ion of Dy).

Fig. 4. Magnetization curves of Pr and Nd glasses (magnetiza-

tion per RE ion).
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numbers of the isolated ions and ions in the
clusters in 1 g of the RE element in the glass,
respectively. The effective magnetic moment of
one RE ion, meff ; is supposed to be identical both
for isolated ions and ions in the clusters at
temperatures exceeding the paramagnetic Neel
temperature of the clusters. The first term in
Eq. (4) is valid when

mBgJeff H5kT : ð6Þ

The second term is usually valid when T > jyj: In
Fig. 6, we present two variants of the function
1=M ; corresponding to Eq. (4) with y ¼ �20 K:
F1, when AH ¼ BH ¼ 0:5 (equal number of
separate RE ions and the ions in the clusters),
and F2, when AH ¼ 0:1 and BH ¼ 0:9 (small
relative number of the separate RE ions). In both
cases, the function is linear enough when
T > jyj ¼ 20 K. However, the point of the inter-
section of the line extrapolation of the function
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Fig. 5. Circles—reciprocal magnetization of some representative glasses at H ¼ 2 kOe (magnetization per gram of RE atoms).

Crosses—reciprocal FR normalized to the magnetization at T ¼ 300 K.

Table 3

Magnetic properties of the glasses

Sample A B K y1 y2 meff wð5Þ=wð300Þ

Nd 5.1 6 0.55 �3272 �7075 3.5 31.9

Dy5 66 19 0.22 �773 �3574 10.3 51.5

Dy6 62.5 19 0.23 �772 �3473 10.1 49.1

Dy7 51 20 0.28 �1072 �4273 9.45 46.8

Dy8 50 21 0.3 �972 �3573 9.45 45.8

Pr1 0.4 10.8 0.96 �4272 �4272 3.5 8.92

Pr3 0.75 10 0.93 �2572 �2572 3.42 12.3

Pr4 0.7 9.5 0.93 �2972 �2972 3.34 12.0

Pr5 0.4 10.8 0.96 �3972 �3872 3.5 8.95

A and B (emu K g�1 kOe�1) are parameters from Eq. (4); K ¼ B=ðA þ BÞ; y1 and y2ðKÞ are paramagnetic Neel temperatures

determined by different methods (see the text); meff ðmBÞ is the effective magnetic moment of the ions in the high temperature region;

wð5Þ and wð300Þ are low field magnetic susceptibilities at temperatures 5 and 300 K, respectively.
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1=MðTÞ with the T axis, y1; determined from the
diagrams in Fig. 6, depends strongly on the ratio of
numbers of the isolated ions and the ions in the
clusters and does not correspond to the paramag-
netic Neel temperature, y; of the clusters. In
particular, we find y1 ¼ �6 K from F1 and
y1 ¼ �16:5 K from F2, while y is assumed to be
�20 K in both cases. Thus, the small values of y
found directly from the experimental diagrams (see,
e.g., y1 for Dy glasses in Table 3) can, in some cases,
be a consequence of a small number of the clusters.

When T-0; but condition (6) is still fulfilled,
even a small amount of the single ions can make a
substantial contribution to the magnetization (see
Eq. (4)). Therefore, the total reciprocal magnetiza-
tion can decrease when Tojyj (Fig. 5), instead of
increasing, as it does in antiferromagnets. At the
lowest temperature of measurements, T ¼ 5 K,
and up to the field H ¼ 2 kOe, in which tempera-
ture dependencies of magnetization were obtained,
the magnetization was a linear function of H

(Figs. 3 and 4). This means that condition (6) is
fulfilled. Thus, at low temperatures, the magnetic
behavior of the studied glasses depends strongly
on the single ions, and, according to the behavior
of 1=M at low temperatures, it is possible to judge
about the relative quantity of the single ions. This
is true if magnetization of single ions follows the
Curie law.

In the model, described by Eq. (4), the Weiss
constant, y; of the clusters and the correlation
between the single ions and the ions in the clusters
can be determined from the experimental curves.
For this aim, the function:

MT=H ¼ A þ BT=ðT � yÞ ð7Þ

is convenient. The second term in Eqs. (4) and (7)
does not describe the behavior of antiferromagnets
at low temperatures. However, the average mag-
netization of the structurally disordered antiferro-
magnet changes slowly in this temperature range,
approaching some finite quantity when T-0:
Therefore, MT=H is approximately a linear
function of T in the same region, and
MT=H-A when T-0: Consequently, by extra-
polating the experimental function MT=H to zero
temperature, we find parameter A; as demon-
strated in Fig. 7.

At high temperatures:

MT=H ¼ A þ B=ð1 � y=TÞEA þ Bð1 þ y=TÞ ð8Þ

is a linear function of 1=T and approaches ðA þ BÞ
when 1=T-0: By extrapolating the experimental
function MT=H to zero value of 1=T ; we find ðA þ
BÞ; as demonstrated in the inset of Fig. 7. In Table
3, we present the parameters A and B for various
samples, together with the parameter K ¼ B=ðA þ
BÞ: According to Eq. (5) and taking into account
that an effective magnetic moment at high
temperatures is supposed to be identical both for
separate ions and ions in clusters, the parameter K

gives us the relative part of the ions in clusters.
Now, when we know the parameters A and B; it is
enough to substitute the experimental value of M

(or MT) in Eq. (4) or in Eq. (7) at any T > jyj in
order to find the paramagnetic Neel temperature
of the clusters (see y2 in Table 3). We have done
this at three temperatures: 100, 150 and 300 K, and
have taken the average values. Discrepancy
between the results provides the experimental
error margin. Such a procedure is valid only if
the experimental dependencies follow the theore-
tical functions. The experimental function MTðTÞ
of the glass Dy5 deviates from the theoretical one
at T > 200 K (see Fig. 7), and therefore we have
used only the interval 100–200 K for this glass.
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Fig. 6. Theoretical curves of reciprocal magnetization of

glasses, containing both single RE ions and antiferromagnetic

clusters with the paramagnetic Neel temperature of y ¼ �20 K.

See comments in the text.
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The parameter y1; found by the linear extra-
polation of the reciprocal magnetization, substan-
tially differs from y2; found by the above-described
procedure, when parameter K is far from unity. In
borate glasses with Dy [21], the paramagnetic Neel
temperatures, derived by the linear extrapolation,
were also small ðjyjp6 KÞ: The reason for that can
be the same as in the present study.

From Eq. (5) we have

A þ B ¼ m2
eff ðnA þ nBÞ=3k ¼ m2

eff n=3k; ð9Þ

where n is the total number of RE ions in 1 g of RE
element. From Eq. (9) we calculate the effective
magnetic moments of the RE ions in the glasses
(see Table 3) with the help of parameters A and B

found above. These are high temperature values of
the effective magnetic moment. The magnetic
moment of a free ion, mBgJ ½J þ ðJ þ 1Þ�1=2; is equal
to 10.64, 3.62, and 3.58 Bohr magnetons or
according Van-Vleck theory: 10.6, 3.68 and 3.62
for Dy3+, Nd3+ and Pr3+, respectively [32]. In
pure R2O3 oxides they are: 10.52 [33], 3.67 [34] and
3.59 [35] Bohr magnetons, respectively. It is seen
that the experimental values of the effective
magnetic moments in glasses are rather close to
those of the free ions, however, they are appreci-
ably smaller than are in corresponding RE oxides.
This means that, in the high temperature region,

RE ions in the studied glasses are near to the free
ones, but they are less free than in the pure oxides.
Consequently, the RE ion environment in the
glasses differs from that in the pure oxides. The
appreciable decrease of meff with the increase of
Dy concentration at the transition from Dy6 to
Dy7 (Table 3) can testify to a change of the
environment of Dy ions in the corresponding
change of the Dy concentration. Some increase of
the parameter K ; describing correlation between
two terms in (4), is also observed at the transition
from Dy6 to Dy7 (Table 3).

The Curie–Weiss-type behavior of magnetic
susceptibility can also be a consequence of the
crystal field influence only [36]. The same is true
for the behavior at Tojyj: Therefore, the sense of
the first term in Eq. (4) and of the parameter A

should be discussed in every specific case (see
below).

In Table 3, the ratio wð5Þ=wð300Þ of susceptibil-
ities of the glasses at temperatures 5 and 300 K is
given. If magnetization of the glasses followed the
Curie law, the ratio would be equal to 60. It is seen
that this ratio is less than 60 for all samples.
Independent of the existence of the magnetic
ordering, the lower the ratio the greater is the
influence of the crystal field on the magnetic
moment of the ion at low temperatures. Thus, the
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Fig. 7. Example of determination of parameters A and B from formula (4) by means of extrapolation of the product MT (see the text).
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influence of the crystal field decreases in the order:
Pr, Nd, Dy glasses. This is naturally explained
from the properties of ground states of the RE
ions.

The ground states of Dy3+, Nd3+, and Pr3+ are
6H15/2,

4I9/2 and 3H4, respectively. The ground
states of Dy3+ and Nd3+ have a half-integer total
moment J: Therefore, even in a low symmetry
crystal field, energy levels remain doubly degener-
ated, i.e., they have effective spin of 1

2
: The levels,

doubly degenerated due to half-integer total
moment, have a magnetic moment without an
external magnetic field, and this field only removes
degeneration according to the projection of the
magnetic moment on the field direction. The
ground state of Pr3+ has the integer moment J:
The crystal field of low symmetry, which is
supposed to be the case in glasses, removes the
degeneration of such states totally. The non-
degenerated states obtained have no magnetic
moment and acquire it only in a magnetic field,
due to the mixing of the components of the crystal
field splitting. Therefore, the magnetic suscept-
ibility and the field of the magnetic saturation at
low temperature are determined in this case not by
the ratio of magnetic and thermal energies but by
the ratio of magnetic field energy and the crystal
field energy. All this means that, under other equal
conditions, the influence of the crystal field in the
case of Pr3+ should be larger than in the case of
Dy3+ and Nd3+. The shape of the magnetization
curves at 5 K (Figs. 3 and 4), the same as the low
field susceptibilities at low temperature, qualita-
tively agree with this conclusion, and they also
provide the mentioned correlation between the
influences of the crystal field on the different ions
in definite environmental conditions.

Compounds of dysprosium frequently exhi-
bit antiferromagnetic ordering. For example,
Dy3Al5O12 [37], DyPO4 [38], Dy(OH)3 [39] and
DyOF [40] have zero-field ordering temperatures
of 2.53, 3.39, 3.48 and 3.6 K, respectively. Para-
magnetic Neel temperature of the oxide Dy2O3

was found to be �18 K [33]. Culea and Bratu [21]
have determined the Weiss constants of some
borate glasses containing Dy2O3 by linear extra-
polation of the reciprocal susceptibility. At low
concentrations of Dy2O3 paramagnetic Neel tem-

perature is equal to zero. This testifies to the
existence of isolated Dy ions, which follow the
Curie low. But beginning from some concentration
of Dy2O3, the Weiss constant is equal to E�6 K,
and this was attributed to the exchange coupled Dy
ions [21]. The similar phenomenon was observed in
glasses, containing Gd3+ ions [17,18]. This ion, the
same as Dy3+, has half-integer moment in the
ground state. Thus, we can suppose that in our
glasses an analogous situation takes place and that
the procedure, described above, gives real para-
magnetic Neel temperatures of some clusters and
gives a correlation between numbers of the isolated
ions and the ions in the clusters (parameter K).
However, in Ref. [40] it is shown that theoretical
temperature dependence of w�1 of a single Dy3+

ion in the crystal field of C3V symmetry in DyOF
has the shape qualitatively similar to that observed
in our glasses. At the same time, the theoretical
Weiss constant is certainly smaller than the experi-
mental one (y ¼ �9:2 K) in the same DyOF crystal,
which has TN ¼ 3:6 K. Thus, in any case, there are
grounds to suppose that in the Dy glasses under
discussion, there are isolated Dy3+ ions and ions in
the clusters, whose magnetic behavior is influenced
by the exchange interaction.

Temperature dependence of the magnetic sus-
ceptibility of Pr2O3 has been calculated theoreti-
cally by Kern [35], taking into account only the
crystal field splitting of the ground state. Obtained
dependence describes well his experiment and at
high temperatures it obeys the Curie–Weiss law
with y ¼ �72:9 K. Measured magnetic moment of
Pr2O3 at high temperature is 3.59 Bohr magnetons
[35]. At low temperatures, both experimental and
theoretical susceptibilities are almost constant, the
same as in the case of magnetic ordering, but in
contrast to the Pr containing glasses under
consideration (Fig. 5). However, oxides, which
deviate from the stoichiometric composition
Pr2O3, reveal the behavior of the susceptibility
[35] similar to that of the studied glasses. Such
behavior of the oxides was explained by existence
of Pr4+ ions [35]. This ion has half-integer moment
in the ground state and, consequently, it has higher
susceptibility than Pr3+ in a crystal field at low
temperature. At small deviation of Pr2O3 from the
stoichiometry and in the studied glasses (Table 3),
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magnetic moment and paramagnetic Neel tem-
perature are smaller than those in the pure oxide
(for PrO1.72: meff ¼ 2:82 Bohr magnetons and
y ¼ �36 K [35]). Thus, the behavior of the
magnetic susceptibility in the Pr containing glasses
at low temperatures can be considered as a
consequence of existence of Pr4+ ions and para-
meter A in Eq. (4) characterize the contribution of
these ions into the susceptibility of the glasses.
Indeed, the larger the parameter A the smaller is
jyj; the smaller is the high temperature meff and the
larger is the low temperature susceptibility (Table
3).

Temperature dependence of the reciprocal mag-
netic susceptibility of the shape observed for the
Nd glass (Fig. 5) can be obtained, taking into
account only the crystal field splitting of the
ground state [41]. Paramagnetic Neel temperature
of Nd2O3 is �27 K [32]. This is rather close to y1 of
the Nd glass found directly by extrapolation of the
high temperature part of the reciprocal suscept-
ibility. Thus, the parameters AðBÞ and y2 in this
case are the formal ones which only permit us to
describe the experimental dependence by formula
(4), but have no physical sense. However, the
possibility of describing the temperature depen-
dence of the magnetic susceptibility of some RE
compounds with the help of crystal field influence
only does not exclude the existence of the magnetic
ordering [42].

It is known that at T ¼ TN the magnetic
susceptibility of antiferromagnets exhibits a
change in the slope. Such a break in the data
may help in identifying the TN of the clusters.
For the convenience of observation of small
features, we have depicted in Fig. 8 the difference
between the experimental function MðTÞ and the
first term in Eq. (4), with the determined values of
parameter A for some glasses. Corresponding
curves for all glasses exhibit a change in the
slope in the region of T ¼ 7 K. This can testify to
an antiferromagnetic ordering and, consequently
to a clustering.

The magnetic susceptibility is proportional to
m2

eff : The maximum susceptibilities of Dy, Pr and
Nd glasses at room temperature are then brought
approximately into the correlation 8.7:1:1, respec-
tively. Magneto-optical activities, C0; of the same

glasses (Table 2) are approximately brought into
the correlation 3.4:3.4:1 for the largest values and
2.6:1.6:1 for the smallest values. According to
Eq. (3): wBC0g: Lande factors, g; of Dy3+, Pr3+,
and Nd3+ are 4

3
; 4

5
; and 8

11
; respectively. The values

C0g are then brought into the correlation 6.2:3.7:1
for the largest values and 4.7:1.8:1 for the smallest
values, which also disagrees with the correlation of
the susceptibilities. There is no definite correlation
between meff and C0 for the different glasses with
the same RE ion as well (compare Tables 2 and 3).
Thus, the magneto-optical activity is indeed not
strictly proportional to the magnetic susceptibility,
when we compare different materials with the
different paramagnetic ions.

4. Summary and conclusion

Magneto-optical FR in a number of oxide
glasses containing Pr3+, Dy3+, and Nd3+ ions
was measured as a function of light wavelength
(240–1000 nm) and temperature (80–350 K).
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Magnetization of the same glasses was measured
as a function of magnetic field (0–50 kOe) and
temperature (5–300 K). Dispersion of the FR
has permitted us to find the positions of the
effective transitions responsible for the FR, as
well as their magneto-optical activities. Magneto-
optical activity weakly depends on the concentra-
tion of the RE ion (in the same matrix),
appreciably depends on the matrix (with the
same RE ion), and strongly depends on the type
of RE ion.

Temperature dependencies of the FR in the
studied glasses follow the Curie–Weiss law rather
well. Small deviations from this law in some
glasses can be attributed to the influence of the
temperature independent FR. Temperature depen-
dencies of the FR are approximately propor-
tional to those of magnetic susceptibility. How-
ever, the magneto-optical activity is not propor-
tional to the magnetic susceptibility, when we
compare different materials with the different
paramagnetic ions.

Temperature dependencies of magnetic suscept-
ibility of all glasses (with the exception of Dy5)
strictly follow the Curie–Weiss law in the high
temperature region. This means that the temp-
erature independent susceptibility is negligibly
small in the studied temperature range within
the limit of the experimental error. Weiss cons-
tants of all glasses are negative. High tempera-
ture magnetic moments of RE ions in the glasses
are rather close to those of the free ions; how-
ever, they are smaller than in the corresponding
RE oxides.

At low temperatures all studied glasses reveal
downward curvature of the reciprocal magnetiza-
tion variation with decreasing temperature. For
Nd glass such behavior can be qualitatively
accounted for by the influence of crystal field
only. For Pr and Dy glasses this is not enough.
Such behavior can be described also by introdu-
cing the term proportional to 1=T into the
susceptibility. It was shown that in Pr glasses this
term can characterize the contribution of the Pr4+

ions. For Dy glasses, the grounds have been
offered for the conclusion that there are antiferro-
magnetically ordered clusters and isolated atoms
in these glasses.
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