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Abstract

Faraday rotation (FR) spectral, field, and temperature dependencies in oxide glasses with small additions of
paramagnetic elements are investigated. Formation of ferrite nanoparticles in amorphous glass matrices is revealed by
X-ray diffraction. Particles have crystal structure similar to spinel structure, their dimensions are about 10-24 nm.

The FR field dependencies are typical for ferrimagnetic or superparamagnetic substances depending on particle size.
Strong FR increase at the samples cooling (more than twice for some samples) in the temperature interval 105-273 K is

observed. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 75.20.Tt; 78.20.Ls
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1. Introduction

Nano-sized magnetic particles in non-magnetic
matrices attract considerable attention because the
decrease in the size of particles changes their prop-
erties and presents interesting applications for mag-
netic storage. Different methods of sample
preparation lead to the large variety of magnetic
behavior observed experimentally in different kinds
of systems. Fiorani et al. observed spin glass behav-
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ior in the ensemble of iron grains finely dispersed in
an amorphous Al, O; matrix, prepared by thin film
technology [1]. Tsang and co-authors investigated
the ratio of superparamagnetic to high coercivity
ferromagnetic particles in the nano-particle en-
sembles prepared by decomposition of Fe(CO)s in
porous glass [2]. Kodama and co-authors revealed
anomalous magnetic properties of organic coated
NiFe, O, nanoparticles [3]. Superparamagnetic
behavior was observed by Babu and co-authors in
thin amorphous films 0.5Fe,03-0.1Bi,O5-
0.4Zn0O associated with the ferrite microcrystals
formation after films annealing [4].

Recently, we suggested a kalium-alumino-bor-
ate glass system containing paramagnetic metal
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oxide additions in concentrations of several per-
cents mass (for e.g., Refs. [5,6]). In spite of low
paramagnetic element concentration nano-sized
magnetic particles formed in the glass during the
process of the samples additional thermal treat-
ment. As a result, the peculiar magnetic properties
of these glasses combined with their transparency
in the visible spectral region permitted us to investi-
gate for the first time the magnetooptical Faraday
rotation (FR) in the system of nano-sized magnetic
particles dispersed in a non-magnetic glass matrix.
These glasses were characterized by the non-linear
FR field dependence with the hysteresis loops and
the saturation in the magnetic fields from 2 to
5kOe depending on the glass composition and
thermal treatment temperature. The remnant FR
value, i.e. the FR value in zero magnetic field reach-
ed for some samples approximately a half of the FR
value in the saturated magnetic field. FR reached
high values in different spectral regions depending
on the glass composition. For example FR had
a spectral maximum near 800 nm, where its value
reached ~200gradem™' in the magnetic
field ~ 1 kOe for glasses containing simultaneously
low concentrations of Fe and Co [6]. The
combination of properties described makes these
glasses prospective candidates for applications in
the optical systems of information transmission
and processing, especially in the fiber optic
technique. It is also worth paying attention
to the remnant FR which characterizes the glasses
as transparent magnets. Further development of
the investigation of this glass system is directed to
the enhancement of the FR value in different
spectral regions changing the glass composition
and thermal treatment conditions. More detailed
description of the nanoparticles properties
can help to obtain desirable FR dependencies
on the external magnetic field. This paper is
devoted to the FR and optical density investigation
of the glass system containing Fe and Mn oxides
together with non-magnetic metal oxides in IR
spectral region, including wavelengths 1.3-1.5 um
which are of practical importance now. New
approaches to glass preparation provide more
homogeneous distribution and minimization of
particles sizes in comparison to those presented in
our previous papers.

Table 1
Glass compositions, additional thermal treatment temperatures,
and the ratio of Mn and Fe molar concentrations n, :nq

Glass Composition (% mass) T treatment n,:ny
no. °C)
Fe,O; MnO Li,O BaO

1 1.5 — — —

2 1.5 0.5 — — 560 0.37
3 1.5 1.0 — — 560 0.74
3a 1.5 1.0 — — 600 0.74
4 1.5 1.5 — — 560 1.12
4a 1.5 1.5 — — 600 1.12
5 1.5 0.5 010 — 560 0.37
6 1.5 0.5 025 — 560 0.37
7 1.5 0.5 — 05 560 0.37
Ta 1.5 0.5 — 0.5 520 0.37
8 1.5 0.5 — 1.0 560 0.37
8a 1.5 0.5 — 1.0 520 0.37

2. Experimental

KNO;, Al,O; and H;BO; were used as initial
materials to fabricate glasses with the basic com-
position K,O-Al,03;-B,0;. Before synthesis,
Fe, O3 at a concentration of 1.5% mass and MnO
at concentrations from 0.5% to 1.5% mass over
100% mass of the basic composition were added in
all glasses. Also, non-magnetic metal oxides which
are able to enter, in principle, into ferrite composi-
tions were added in some samples. The sample
containing no MnO addition on the one hand and
MnFe, O, single crystal on the other were investi-
gated for comparison.

Glasses were melted at 1100-1300°C at the oxi-
dation conditions. After being kept at this temper-
ature for 2h, the glasses were poured onto a steel
plate into slabs form about 1 cm in thickness which
annealed from a temperature of 380°C. After an-
nealing, an additional thermal treatment of glass
samples had been carried out at temperatures from
520°C to 600°C during 3-10h. Care was taken to
see that the additional thermal treatment temper-
ature did not exceed 600°C because higher temper-
atures led to the crystallization of the basic glass
components and to the loss of the glass transpar-
ency. Sample compositions and thermal treatment
temperatures are presented in Table 1. The
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Fig. 1. X-ray diffraction patterns for sample no. 1 containing no Mn additions (1) and sample no. 4 with 1.5% mass MnO (2).

measurements were also carried out for the samples
of all compositions which were not subjected to the
additional thermal treatment. The measurements
were made on optically smoothed samples
of (1.0 £0.05 mm thickness. The MnFe,O,
single crystal plate had dimensions of 0.1 x
3.0 x3.0mm.

The optical density spectra were obtained with
a Hitachi spectrophotometer in the spectral region
from the edge of absorption of each sample
(900-1000 nm) to 1600 nm. FR was measured with
the self-made installation [5] with an accuracy of
about 0.2min in the interval 1000-2000 nm. The
external magnetic field was applied normal to the
samples surface and changed from — 3.5 to
— 3.5kOe with an accuracy of + 200Oe. Temper-
ature changed in the interval 100-300K with an
accuracy =+ 0.5K. Structural characterization of
the glasses was done with a DSADVANCE
(Bruker). X-ray diffraction spectra were recorded
for the 20 range 5-60° for a Cu K, emission with
A =1.5406 A.

3. Sample structural characterization

Sample nos. 1 and 2 containing no MnO addi-
tion and 0.5% mass MnO without other additions,
respectively, were X-ray amorphous (curve 1 in Fig.
1). For all the samples from nos. 3-8a, a distinct

Bragg peak centered at 2@ = 35.2° and essentially
weaker peaks at 20 ~ 43° and 56° due to crystal-
line phases were distinguished besides the wide
amorphous halo. The part of X-ray diagram for
sample no. 4 is shown by curve 2 in Fig. 1. Peak
positions for all samples are identical, but peak
width and intensity vary from sample to sample.
The peaks angle coordinates correspond to the
cubic crystal cell. More than that, they correspond
to the reflection with the indices (311), (400) and
(511) of MnFe, O, single crystal. That is why it
was enough to measure the angle width of one peak
to estimate crystalline size. To eliminate the instru-
mental contribution to the line broadening the cer-
tificate standard sample was used which was the
corundum plate with crystallite sizes of (5 + 2) pm.
For this sample the reflection with indices (140)
had the angle coordinate 20 = 35.177° and the full
width at half maximum (FWHM) b = 0.208°. The
intense Bragg peak for the samples investigated had
the coordinate 2@ =~ 35.2° and the FWHM B, the
latter was essentially larger in comparison to b. The
Scherrer equation [7]

A
- 1
Bcos®’ @
where p=./B%— b2 . =15406A was used to

determine average crystalline dimensions. These di-
mensions are presented in Table 2.
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Table 2
Characteristics of the samples investigated®
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Glass no. oo /o for oo /o for os (gradem™ ') at o (gradem”!)at o (gradem ') at Average particles O (grad)
273K 105K 935nm, 273K 935nm, 105K 1500 nm, 273K size (A)

3 0.33 0.39 15.94 (8) 25.19 (12.6) 5.00 153 —
3a 0.20 0.31 12.23 (6.1) 21.91 (11) 4.39 137 7.32
4 0.06 0.20 12.86 (4.53) 25.14 (8.4) 5.30 112 —
4a 0.05 0.17 11.67 (3.9) 23.54 (7.8) 6.92 104 12.58
5 0.37 0.38 10.71 1571 3.34 118 1.07
6 0.41 0.41 11.84 16.94 3.68 183 6.51
7 0.36 0.56 10.50 13.50 297 195 5.71
Ta 0.14 0.39 5.98 11.18 2.36 118 5.76
8 0.37 0.40 11.50 16.10 341 235 7.58
8a 0.26 0.34 5.83 8.83 2.00 161 4.55

*The ratio of remnant FR to FR in the maximal magnetic field for two temperatures; FR in the maximal field for two temperatures at
935nm (in brackets o, reduced to the MnO concentration equal to 0.5% mass is presented); FR in the maximal field for 4 = 1500 nm at
273 K, average crystalline sizes and figure of merit for A = 1500 nm at room temperature. Numbers of samples correspond to those in

Table 1.
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Fig. 2. Optical density curves: numbers correspond to Table 1.

4. Optical density

Spectra of optical density of all samples investi-
gated are presented in Fig. 2. The spectra of initial
samples (which were not subjected to the additional
thermal treatment) coincide totally with the spec-

trum of sample no. 1, containing only Fe, O3 (curve
1 in Fig. 2). For the conditions used for the glass
synthesis, the absorption of the glass did not
change after thermal treatment. The additional
thermal treatment of glasses containing MnO
caused the essential changes of the absorption.
Chief among them were the shift of the absorption
edge to the infra red (IR) spectral region and an
increase of absorption in this region. The strongest
increase of absorption was observed for sample no.
2 containing 0.5% mass MnO treated at temper-
ature 560°C. It could evidence the presence of Fe* ™
ions. Earlier, it was shown [8] that the absorption
intensity associated with the Fe?* ions increased
strongly when they are incorporated into the mag-
netic micro- or nanoparticles. The MnO concentra-
tion increase was accompanied by the absorption
decrease at wavelengths larger than 1000nm
(curves 3, 3a, 4 and 4a in Fig. 2). At the same time,
the steepness of the absorption edge near 1000 nm
became larger in comparison to sample no. 2 con-
taining 0.5% mass MnO. Besides a kink appears
between 1000 and 1100nm. These changes were
practically the same for thermal treatment temper-
atures both 560°C and 600°C. One of the reasons
for such a behavior could be the Fe?* oxidation to
Fe** according to the reaction Fe?* + Mn®** —
Fe*" + Mn?".
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Fig. 3. FR field dependencies for samples (a) no.

The diamagnetic metal oxide additions Li, O
and BaO into glasses containing 0.5% mass MnO
led to the essential changes of absorption spectra.
(These oxides themselves have no absorption bands
in visible and IR spectral regions and Li and Ba are
able to incorporate into ferrite compositions.) The
nature of changes is the same for both Li,O and
BaO and coincides with that for glasses with higher
MnO concentrations (curves 3 and 4 in Fig. 2).
There is a difference between the absorption behav-
ior depending on Li, O and BaO concentrations.
As concerns Li, O, its concentration increase causes
a strong absorption decrease (cf. curves 5 and 6).
The BaO concentration increase, in contrast, causes
the absorption increase (curves 7 and 8). However,
distinctly higher BaO concentration and a small
number of concentrations used do not permit the
correct comparison between these two cases.

5. Faraday rotation

For all samples FR consists of two contributions:
FR of basic glass composition and FR associated
with paramagnetic ions. The first one is diamag-
netic in nature, has a positive sign and comparat-
ively low value and is characterized by the linear
magnetic field dependence. This contribution is in-
dependent of the additional thermal treatment. The
second contribution is determined experimentally
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4a and (b) no. 5 at 273K (1) and 105K (2).

as a difference between the FR value of a given
sample and that of the basic glass (i.e. glass contain-
ing no paramagnetic additions). This contribution
dramatically depends on the additional thermal
treatment. Before the treatment it is very low in
accordance with the low paramagnetic ion concen-
tration, has a negative sign and is linear on the
external magnetic field. These features are typical
for the paramagnetic FR. Sample nos. 1 and 2 are
characterized by paramagnetic FR and do not
change their magnetooptical characteristics after
additional thermal treatment. For all the samples
from nos. 3-8a listed in Table 1, the treatment leads
to FR increase approximately by two orders of
magnitude and to the appearance of its non-linear
magnetic field dependence.

The typical FR field dependencies are shown in
Figs. 3(a) and (b) for sample nos. 4a and 5, respec-
tively, at two temperatures. It is seen that samples
differ from each other by FR values in the maximal
magnetic field used («;) and in zero magnetic field
(29). We designated the FR value in the maximal
field as o, though this field is not a saturated field as
it is seen from Fig. 3. The relation o, /o, character-
izes the remnant FR value. ¢y and o/a, for two
temperatures are presented in Table 2. Comparison
of samples with different MnO contents shows no
proportionality between FR value and MnO con-
centration on the one hand and an essential influ-
ence of the diamagnetic oxide additions and
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Fig. 4. FR spectral dependencies for the samples presented in
Table 2 and for the MnFe, O, single crystal plate.

thermal treatment temperature on FR on the other
hand. The maximal o« value reduced to the MnO
concentration is observed for sample nos. 6 and §
containing 0.25% mass Li, O and 1.0% mass BaO,
respectively, and treated at 560°C. The maximal
oo/os value for sample no. 6 is observed at room
temperature and for sample no. 7 at 105K.

The measurement temperature decrease in the
interval 273-105K effects the o, increase for all
samples and the o /o, increase for most samples.
The « increase is practically linear with respect to
the measurement temperature. The degree of o in-
crease differs for different samples (Table 2): the
largest one is observed for sample nos. 4 and 4a.
The largest og/o, increase with the temperature
decrease is observed for these samples too. For the
remaining samples there is no distinct correlation
between the o, and o, /o, increase when the temper-
ature decreases.

Magnetooptical figure of merit Q which is deter-
mined as the ratio of the FR value to the optical
absorption is an important characteristic of a
material for technical application. The Q values
obtained at the maximal magnetic field used are
presented in Table 2 for the practically important
wavelength 4 = 1.5 um. The highest Q is observed
for sample no. 4a.

The oy spectral dependencies are shown in Fig. 4
for all samples. Note that the sign of o« is negative.
Negative FR sign and its graded decrease with the

light wavelength increase in the spectral interval
presented are characteristic of ferrites with spinel
structure containing 3d®> magnetic ions (Fe** and
Mn?*).

The FR spectrum measured for MnFe, O, single
crystal plate magnetized normal to its (10 0) surface
is presented in Fig. 4 too. It is seen that FR value
per unit sample thickness is approximately two
orders of magnitude larger for MnFe, O, in com-
parison to the glasses investigated. The rate of the
FR value decrease with the wavelength increase is
larger for MnFe, O, too.

6. Discussion

Magnetooptical properties of the glasses investi-
gated can be associated with the magnetic nanopar-
ticles formation in the glass matrix as a result of an
additional thermal treatment. This assumption is
based on the X-ray data presented in Table 2 re-
vealing the regions of inhomogeneity in all glasses.
These regions have crystal structure which is char-
acteristic of manganese ferrite. The average crystal
dimensions vary from sample to sample as it is seen
in Table 2. It is possible to propose compositional
phase stratification of basic glass components dur-
ing the process of the additional thermal treatment.
Fe, Mn, Li and Ba ions, which can be considered in
this case as impurities, displace to the phase bound-
aries. Thus, regions appear with these elements
concentration exceeding strongly their average
concentration which provides conditions for the
formation of large clusters or nano-sized particles.
Indirect exchange interaction through oxygen ions
Fe-O-Fe, Mn-O-Mn and Mn-O-Fe in the par-
ticles leads to a ferrimagnetic structure appearance
similar to that in manganese ferrite. Ferrimagnetic
order of the particles is responsible for the high FR
value of glasses. The volume concentration of fer-
rimagnetic particles in glass matrix has to be equal
to ~ 1% in accordance with Fe and Mn molar
concentration, which explains the relation between
FR value in glasses and in MnFe, O, single crystal.
It is seen from Table 2 that sample nos. 5-8 demon-
strate approximately equal FR values. The relation
of Mn and Fe molar concentrations in these sam-
ples n, :ny ~ 0.37 which is less in comparison to



LS. Edelman et al. | Physica B 301 (2001) 203-211 209

n, :n; = 0.5 for the stoichiometric Mn-ferrite. For
the samples with higher n, :n; values (nos. 3, 3a, 4,
and 4a) the FR value increases insufficiently. Com-
paring FR values for all samples (excluding 7a and
8a with essentially lower thermal treatment temper-
ature) one can conclude that almost all Fe ions
come into particles and only part of the Mn ions
corresponding approximately to n,:n; ~ 0.5 are
bonding in particles.

It is difficult to understand now the role of dia-
magnetic metal oxides Li, O and BaO, but this role
is of importance. It is enough to note that samples
containing 0.5% mass MnO without Li, O or BaO
additions demonstrate no ferrimagnetic behavior.
Besides, these additions influence the optical
spectra. According to stoichiometry, ~ 0.06%
mass Li, O is necessary for the formation of the
lithium ferrite phase at the 1.5% mass Fe, O3 con-
tent in glass. At the same time lithium is bounded
very well with the borate glass matrix. So a large
amount of Li has to be introduced into the glass
composition before it begins to be incorporated
into nanoparticles. Our attempts to obtain lithium
ferrite particles in the glass containing no MnO
additions were unsuccessful. There are two possible
variants: Li helps the phase stratification of basic
glass composition or it comes to particles which are
mixed lithium-manganese ferrites. Similar specula-
tions can be applied to BaO additions. Based on
the fact that in the absence of these additions,
glasses containing 0.5% mass MnO remain para-
magnetic we prefer to assign them some role in the
process of the glass phase stratification.

Returning to the FR field dependencies, one can
see from Table 2 that there is a definite correlation
between the remnant FR value (o/o) and the
temperature FR increase on the one hand and the
average particles dimensions on the other. At room
temperature, samples with particle dimensions

< 130 A are characterized by the FR field depend-

ence close to the Langevin curve. The average par-
ticle dimensions increase causes an increase of the
remnant FR value and a decrease of the FR tem-
perature coefficient. Samples nos. 5 and 7a treated
at 520°C are exclusions of this regularity: low par-
ticle dimensions correspond to the large remnant
FR value. This observation needs additional invest-
igation.

As mentioned above, the FR field dependencies
for sample nos. 4 and 4a have practically no hyster-
esis. We tried to describe them in the frame of the
theory of non-interacting superparamagnetic par-
ticles. The field dependence of the magnetization of
an ensemble of such particles is described by the
equation

M = NuVL, 2

where N is the number of particles, ¢ and V are the
saturation magnetization of the particles material
and the average particles volume,respectively, L is
the Langevin function

L=cth————— 3)

where £ is the Boltzmann parameter, 7 is the abso-
lute temperature, H is the external magnetic field.
Since FR is a linear function of the magnetization,
the shape of the a(H) curve obtained from the
experiment will coincide with the shape of the L(H)
curve if the magnetic properties of the samples
considered are due to the superparamagnetic par-
ticles. In the case of close enough coincidence one
can estimate the p value of the nanoparticles mater-
ial. Such an estimation was realized in the following
way. As it is seen from (3) the shape of the L(H)
curve depends on the ratio H/H,, where
H, =kT/uV. Several examples are presented in
Fig. 5. Note that L is a dimensionless value and it
approaches unity when H approaches infinity. To
compare the L(H) curve with the experimental o(H)
curve, we have to present o as a relative value, i.e. to
determine the ratio of o value in definite H, for
example, o, in the maximal H value used in the
experiment, to o when H goes to infinity: o /o, .
Varying H; and o,/o,, for sample no. 4a we have
obtained very close coincidence of the experi-
mental o/o, (H) values and calculated L(H) curves
with such sets of parameters: H; = 0.131kOe and
os/o, =092 at T =105K and H; = 0.442kOe
and o,/o,, = 0.865 at T = 293K (circles in Fig. 5).
Using these H; values and the particle volumes
given in Table 2 we have obtained u for sample
no. 4a: ~80Gscm’g™! for T =293K and
~ 105Gscm?® g~ ! for 105 K. Both these values are
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Fig. 5. The calculated field dependencies of L (according to
exp.(3)) for different H; values: 1-0.15; 2-0.3; 3-0.44 and
4-0.6kOe. Circles are the relative FR values for sample no. 4a at
room temperature.

characteristic of Mn-ferrite [8]. The same results
were obtained for sample no. 4. Wider hysteresis
loops of other samples prevent the use of this pro-
cedure in the whole interval of magnetic fields ap-
plied. But the similarity of the FR spectra and
X-ray diffraction pattern of all samples allow to
suppose the particles composition to be close to
Mn ferrite in all cases. Note that we mean a prox-
imity of particles material to Mn ferrite. The devi-
ations of stoichiometry as well as the inclusions of
other ions into particle compositions are possible.
An increase of the remnant FR with the decrease
of the temperature is probably due to the freezing of
the particle magnetic moment. For samples with
larger particle dimensions some quantity of par-
ticles is in the frozen state at room temperature
leading to higher values of the remnant FR.
Strong FR temperature increase exceeding essen-
tially the Mn-ferrite magnetization increase known
from Ref. [8] is a more complicated question. The
point is that the properties of the ensemble of small
magnetic particles can be due not only to the par-
ticle composition but also to other factors like, for
example, the surface spin disorder considered in
Ref. [9]. According to Ref. [9] the influence of this
effect on the particles magnetic behavior increases
with a decrease of the particle dimensions. The
stronger FR value increase with the temperature

decrease for the samples with the smaller particle
dimensions observed here corresponds to the
model [9]. On the other hand, very small particles
could have no resulting moment at higher temper-
atures and give no contribution to FR. The temper-
ature lowering leads to the magnetic moment
appearance of such particles. Smaller average par-
ticle dimension corresponds to larger amount of
particles in an ensemble having no resulting mo-
ment at room temperature. In this case, stronger
FR increase with the temperature decrease has to
be observed also for the samples with the smallest
particle dimensions. Probably, other mechanisms
can be suggested to explain the FR temperature
dependence in the glasses presented. Further in-
vestigations are being carried out to elucidate this
question.

7. Conclusion

Peculiarities in the FR field and temperature
dependencies have been revealed in the glasses in-
vestigated. They were explained by the formation of
nano-sized particles of Mn-ferrite in amorphous
glass matrices. Particle dimensions and structure
were determined with X-ray technique

High values of FR and remnant FR in the IR
spectral region were observed in some of the sam-
ples. The highest magnetooptical figure of merit for
the wavelength A = 1.5um important for novel
practical application was observed for sample no.
4a. For example it was equal to 12.5 grad in the
magnetic field 1.0kOe. The highest FR in zero
magnetic field at A= 15um was equal to
5.3gradcm ™! for sample no. 3.
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