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INTRODUCTION

Owing to the great diversity of their properties,
media containing magnetic nanoparticles have attracted
particular attention from researchers and developers of
new high-technology materials. The establishment of
correlations between the particle characteristics (such
as the size, shape, structure, and volume distribution in
the sample) and the magnetic and magneto-optical
properties is one of the most important problems in the
physics and chemistry of nanomaterials. At present,
there exist a large number of methods used for synthe-
sizing materials containing magnetic nanoparticles.
These methods can be classified according to different
factors. In particular, it is expedient to consider two
types of nanotechnologies: (1) nanoparticles are
formed in an initially homogeneous material during
synthesis and subsequent additional treatments, and (2)
nanoparticles are synthesized before they are incorpo-
rated into a matrix. Glass technologies belong to the
former type. Their advantages are the relatively low
cost, the possibility of varying the properties of materi-
als over a wide range, the compatibility with the major-
ity of technological materials, and the simplicity of
adaptation to the manufacturing of fiber-optic and other
optical systems. In 1965, Schinkel and Rathenau [1]
were the first to describe oxide glasses that acquire
magnetic properties typical of a magnetically ordered
material upon introduction of rather large amounts of
manganese into the glass composition. Since that time,
many researchers have investigated various glasses
containing transition-metal oxides [2–6]. As a rule, the
magnetic properties have been explained by the precip-
itation of magnetic microparticles in the glass matrix
and observed at a rather high content of paramagnetic

oxides (~25–30 wt %). The system of potassium alumi-
noborate glasses was originally proposed by Skorospel-
ova and Stepanov [7] and was subsequently studied in
a number of works [8–10]. The unique feature of this
system is that the properties characteristic of magneti-
cally ordered materials manifest themselves at very low
contents of paramagnetic additives (~2.0 wt % of the
paramagnetic oxide). As a consequence, glasses remain
transparent over wide visible and near-IR spectral
ranges. This provides prerequisites for their use in the
design and preparation of prospective magneto-optical
elements. The fundamental approach to the problem of
clustering of paramagnetic ions in borate glasses was
developed in [8]. However, the extremely high sensitiv-
ity of the properties of borate glasses to variations in the
conditions of synthesis and additional heat treatments,
the multiparameter dependence of the magnetic and
magneto-optical properties on these conditions, and the
lack of information on the real state of nanoparticles
and their distribution in the amorphous matrix have
restricted the possibility of optimizing glasses with
controlled functional properties. Therefore, an impor-
tant problem is to establish correlations in the “techno-
logical parameters–nanoparticle size and structure–
magnetic (magneto-optical) properties” sequence for
glasses with a variation in only one technological
parameter. According to the data obtained in earlier
works [7–10], additional heat treatment is an important
stage in the formation of nanoparticles. For this reason,
the regime of additional heat treatment was chosen as
the varying parameter, whereas the matrix composition
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Abstract

 

—Nanoparticles that are formed in the course of additional heat treatment in borate glasses containing
iron and manganese oxide additives at low concentrations are directly observed for the first time using electron
microscopy. The size, the shape, and the structure of nanoparticles and their volume distribution in the glass
matrix are determined. Correlations between the nanoparticle parameters and the magnetic and magneto-optical
properties of the glasses containing these particles are revealed.
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absorption and light scattering in glasses of this system
were studied in our previous work [11]. It was shown
that the optical characteristics of glasses depend drasti-
cally on the conditions of additional heat treatment.
Moreover, we determined the optimum heat treatment
temperatures from the standpoint of the maximum
Faraday effect and minimum optical losses. It was
assumed that these characteristics are associated with
the content and structure of particles in the glass. In this
work, we directly observed nanoparticles for the first
time.

SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE

Glasses were prepared according to a technique
similar to that described in [10]. The KNO
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, Al

 

2

 

O
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, and
H

 

3

 

BO

 

3

 

 compounds taken in the concentration ratio that
provided for the formula corresponding to the K

 

2

 

O–
Al

 

2

 

O

 

3

 

–B

 

2

 

O

 

3

 

 base glass were used as the initial materi-
als. The Fe

 

2

 

O

 

3

 

 and MnO oxides, each at contents of
1.5 wt % over and above 100%, were introduced into
the batch. The glasses were melted in platinum cruci-
bles with the use of a platinum agitator at a temperature
of 1260

 

°

 

C. Then, the melts were poured onto a steel
plate to form 1.0-cm-thick glass plates. The prepared
glasses were inertially annealed in a muffle furnace
from a temperature of 380

 

°

 

C. Thereafter, the plate was
cut into a number of pieces and each piece was sub-
jected to additional heat treatment at different tempera-
tures from 520 to 600

 

°

 

C (Table 1). The heat treatment
time at each temperature was equal to 2 h. The sole
exception was provided by sample 

 

2

 

, which was heat
treated at a temperature of 520

 

°

 

C for 6 h. This ensured
identical compositions and synthesis conditions of the
studied samples. The nanoparticle sizes determined
using X-ray diffraction analysis in our earlier work [10]
are listed in Table 1.

The transmission electron microscope (TEM)
images were obtained on a JEM-2010 instrument (res-
olution, 0.14 nm; accelerating voltage, 200 kV). The
phases were identified by electron microdiffraction

(EMD) analysis with a locality up to 10 nm. The ele-
mental composition of the samples in different regions
was determined using an energy dispersive X-ray anal-
ysis (EDXA) (locality, 10–25 nm). For TEM observa-
tions, ethanol suspensions of the samples were depos-
ited on perforated carbon substrates fixed on standard
copper grids and placed in the chamber of the electron
microscope. The field dependences of the magnetiza-
tion were measured at room temperature on a vibrating-
coil magnetometer with a variation in the magnetic
field from –12 to + 12 kOe. A nickel film was used as a
reference sample for evaluating the magnetization of
the glasses. The magnetization was measured accurate
to within 

 

±

 

20 Oe. The Faraday effect was measured as
a function of the light wavelength in the spectral range
600–2000 nm using the light wave modulation applied
to the polarization plane. The accuracy in the measure-
ment of the rotation angle was equal to 

 

±

 

0.2

 

′

 

. The exter-
nal magnetic field was aligned with the light beam per-
pendicular to the sample surface and varied from +5 to
–5 kOe. The accuracy in the measurement of the field
was equal to 

 

±

 

20 Oe.

ELECTRON MICROSCOPIC EXAMINATION

Electron microscopic examination of the samples
revealed that the glasses prepared under all heat treat-
ment conditions contain inclusions of MnFe

 

2

 

O

 

4

 

 parti-
cles whose morphological parameters (shape, size,
character of aggregation) depend on the heat treatment
regime. Therefore, we confirmed the assumption that
nanoparticles are also formed in the X-ray amorphous
samples (sample 

 

1

 

). The TEM micrographs, the elec-
tron diffraction patterns, and the EDXA spectra are
depicted in Figs. 1–4. The characteristics of nanoparti-
cles in the samples are presented in Table 2. It can be
seen from Fig. 1c that the micrograph of sample 

 

3

 

 heat
treated at 560

 

°

 

C differs substantially from the other
micrographs. The heat treatment at temperatures lower
than 560

 

°

 

C leads to the formation of oval small-sized
disordered particles (~4–6 nm) united into aggregates
with linear sizes of ~20 nm (Fig. 1a). An increase in the
time of heat treatment at the same temperature results
in an increase in the size of particles inside aggregates
(to ~10 nm), the growth of aggregates (to ~25 nm), and
the appearance of faceting (Fig. 1b). In both cases, the
aggregate sizes are close to each other and somewhat
smaller than the size of well-faceted particles in sam-
ple 

 

3

 

 (Fig. 1c). We can assume that, at a temperature of
560

 

°

 

C, the ionic mobility provides the formation of
particles together with their sintering and ordering.
Upon heat treatment at higher temperatures, small-
sized particles crystallize earlier (Fig. 1d) than they
unite into larger sized particles. In this case, the most
important parameter is the temperature at the first heat
treatment stage, because heat treatment at a higher tem-
perature at the second stage (samples 

 

5

 

–

 

7

 

) does not lead
to the formation of large-sized crystals with good face-
ting. At the same time, the mean distances between

 

Table 1.  

 

Heat treatment temperatures of samples and parti-
cle diameters (

 

D

 

)

Sample
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, nm

 

1

 

520 –

 

2

 

520/6 h 9.0

 

3

 

560 25.0

 

4

 

600 25.0
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460 + 600 11.0

 

6

 

500 + 560 11.5
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large-sized particles or aggregates composed of small-
sized particles are approximately identical for all the
samples (~50 nm). The analysis of the electron diffrac-
tion patterns demonstrates that the structure of particles
corresponds to the structure of the MnFe

 

2

 

O

 

4

 

 manganese
ferrite. This is in agreement with the X-ray diffraction
data obtained earlier in [10]. The electron diffraction
patterns of some samples are shown in Fig. 2.

The EDXA spectra measured for different regions
of the glass samples with and without nanoparticles
allow us to determine the ratio between the paramag-
netic elements in these regions. As an example, Fig. 3
shows the EDXA spectra obtained for different regions
of sample 

 

3

 

. The 

 

n

 

Fe

 

 : 

 

n

 

Mn

 

 elemental ratio determined
for an isolated crystalline inclusion in the glass is in
reasonable agreement with the ratio of these elements
in a MnFe

 

2

 

O

 

4

 

 crystal. However, the EDXA spectrum of
the region free from crystalline particles (according to
the TEM data) indicates the presence of Fe and Mn (in
trace amounts).

The EDXA spectrum of the region free from crystal-
line particles in sample 

 

1

 

 (Fig. 4) demonstrates that this
region contains the above elements in considerable
amounts. These elements either enter into the composi-

tion of finely dispersed particles (unobservable under
the electron microscope) or are incorporated into the
glass in the ionic form. Most likely, the content of finely
dispersed inclusions decreases with an increase in the
temperature of heat treatment of the samples due to the
partial sintering of the components introduced into the
glass. This can be judged from the comparison of
Figs. 3a and 4.

The analysis of the X-ray diffraction data (Table 1)
and the TEM data permits us to make the inference that
even the X-ray amorphous glass samples involve crys-
talline nanoparticles. The shape, size, and structure of
particles and their volume distribution in the matrix, as
well as the content of elements in glass regions free
from particles, depend on the heat treatment tempera-
ture. The manganese and (or) iron oxide phases can be
observed in the vicinity of the ferrite phase. The size
and volume distributions of particles in the matrix are
most uniform in the samples heat treated at 560

 

°

 

C.

MAGNETIC MEASUREMENTS

The field dependences of the magnetization 

 

M

 

(

 

H

 

)
for two typical samples are plotted in Fig. 5. The coin-
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Fig. 1.
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cidence of the curves 

 

M

 

(

 

H

 

) for two orientations of the
external magnetic field, namely, the orientations paral-
lel and perpendicular to the plane of the glass plates,
suggests that the macroscopic magnetic anisotropy is
absent in the samples. The high magnetic susceptibility
in low fields, the magnetic saturation, and the magnetic
hysteresis confirm that the glass contains a ferromag-
netic or ferrimagnetic phase. The magnetizations nor-
malized to the sample mass are given in Table 3. Rather
large sizes of particles in sample 

 

3

 

 and their uniform
volume distribution in the glass enable us to estimate

the saturation magnetization of the particle material.
The saturation magnetization turns out to be approxi-
mately equal to 50 G cm

 

3

 

 g

 

–1

 

; i.e., it is rather close to
the known magnetization of the manganese ferrite
(80 G cm

 

3

 

 g

 

–1

 

) at room temperature [12]. Moreover, it
can be seen from Fig. 5 and Table 3 that the magnetiza-
tion in the maximum field and the behavior of the mag-
netization curve depend on the particle size. The mag-
netization measured for the samples in a field of 10 kOe
decreases in the order 
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found that, at the same initial content of paramagnetic
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 Electron diffraction patterns of individual particles in samples (a) 
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, (b) 
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components in the glass, the maximum and minimum
magnetizations measured in a field of 10 kOe differ by
a factor of more than two. This can be partially
explained by the increase in the fraction of paramag-
netic ions that enter into the composition of particles at
optimum temperatures of heat treatment. However, a
comparison of Figs. 2 and 3 demonstrates that this can-
not be the main factor explaining so strong a difference

between the magnetizations of the samples and also
between their magnetization and the magnetization of a
massive manganese ferrite. This difference can be asso-
ciated with the incorporation of diluting ions of the
matrix (most probably, Al

 

3+

 

 ions) into the ferrite phase,
the deviation of the ferrite composition from stoichio-
metry, the increase in the degree of inversion of the fer-
rite, and the change in the valence of paramagnetic
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 EDXA spectra of three regions in sample 

 

3

 

: (a) the large-sized region including several particles, (b) one particle, and (c) the
region free from particles.
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ions. The effect of the aforementioned factors virtually
does not depend on the measurement temperature. We
can argue with a high probability that their contribution
should decrease when the particle structure becomes
similar to the structure of a manganese ferrite single
crystal. The magnetization of nanoparticles and its field
dependences should be strongly affected by the size
effects whose contribution depends on the measure-
ment temperature. First and foremost, this is the transi-
tion from a superparamagnetic state to a blocked state.
Such a transition, as applied to glasses in the system
under investigation, was considered in our previous
work [9]. A comparison of the magnetization curves
depicted in Fig. 5 with the data obtained in [9] suggests
that the main contribution to the magnetization of sam-
ples 1–7 at room temperature is determined by the

blocked particles, which are responsible for the rema-
nent magnetization. (The last inference will be more
clearly evidenced by the field dependences of the Fara-
day effect.) However, particles 2–5 nm in size at room
temperature should undergo a magnetization reversal of
the superparamagnetic type. Their transformation into
the blocked state with a decrease in the temperature
should result in an increase in the magnetization of the
sample. The contribution of ions located in surface lay-
ers of particles also depends on the measurement tem-
perature. A considerable imperfection of the particle
structure on the surface and, more importantly, a
change in the coordination of paramagnetic ions and
disturbance of interionic exchange coupling in the sur-
face layer result in the formation of a spin-glass state
[13]. The “freezing” of this state with a decrease in the

2.1

AlKα

1.4 2.8 3.5 4.2 4.9 5.6 6.3

KKα

MnKα

FeKα

Fig. 4. EDXA spectrum of the region free from particles in sample 1.

Table 2.  Characteristics of nanoparticles distributed in the glass samples

Sample Structural and morphological parameters of MnFe2O4
particles according to transmission electron microscopy and electron microdiffraction

1 Loose microaggregates 30–40 nm in size (Fig. 1a) consist of small-sized particles (2–5 nm). There are isolated 
small-sized particles. The electron diffraction pattern is typical of an amorphous state (Fig. 2a).

2 Microaggregates 30–40 nm in size (Fig. 1b) are composed of small-sized particles (2–10 nm). There are
isolated small-sized particles. The electron diffraction pattern is characteristic of a polycrystal and contains 
a large number of reflections (Fig. 2b).

3 Isolated particles 40–50 nm in size have a cubic morphology (Fig. 1c). The electron diffraction pattern
corresponds to a manganese ferrite single crystal (Fig. 2c).

4 Crystals 30–50 nm in size (Fig. 1d) frequently form aggregates consisting of several crystals. There is a very 
small number of aggregated finely dispersed particles (2–5 nm). The electron diffraction pattern corresponds 
to a point single crystal (Fig. 2d).

5 Crystals 30–50 nm in size frequently form aggregates composed of several crystals. There are aggregates
of particles 2–10 nm in size. The electron diffraction pattern is characteristic of a polycrystal and contains 
a large number of reflections (Fig. 2e).

6 and 7 Analogs of sample 5
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temperature also leads to an increase in the magnetiza-
tion. The separation of these two mechanisms is a very
complex problem, because the contributions of both
mechanisms to the magnetization identically depend on
the particle size; specifically, they increase with a
decrease in the particle size. Moreover, the temperature
dependence of the magnetization should be analyzed
with allowance made for the known increase in the
magnetization of the manganese ferrite with a decrease
in the temperature [12]. However, the temperature
dependences of the magnetization permit us to reveal
qualitatively the mechanism that makes a larger contri-
bution to the difference between the magnetizations of
an ensemble of particles in the glass and the massive
ferrite. Such an estimate will be made from the data on
the Faraday effect.

FARADAY EFFECT

A comparative analysis of the spectral dependences
of the Faraday effect for the studied glasses and a mas-
sive manganese ferrite single crystal MnFe2O4 in our
earlier work [10] demonstrated their close agreement.
In the present work, we examine the field dependences
of the Faraday effect and compare the magnitudes of
the Faraday effect and its temperature dependences for
different types of particles that are formed in the sam-
ples heat treated under different conditions. Figure 6
shows the hysteresis loops determined by measuring
the Faraday effect, which is more sensitive in the range
of low magnetic fields. The hysteresis loop of sample 3
has a shape that is most similar to rectangular with the
remanent magnetization equal to half the saturation
magnetization Ms. For sample 1 containing only small-
sized amorphous particles, the relative magnitude of the
remanent Faraday effect is considerably smaller and the
gradient of the Faraday effect with respect to the field
in high fields is larger than those for the other samples.
In this case, the remanent Faraday effect indicates that
a number of particles at room temperature are in the
blocked state. Since the linear sizes of these particles
are equal to 2–5 nm, we can make the inference that a
size of ~5 nm corresponds to the transition between the
superparamagnetic and blocked states of particles at
room temperature. The field dependences of the Fara-
day effect for other samples are intermediate between
the aforementioned two dependences. The relatively
high magnetic susceptibility in high fields is associated
with the smaller sized particles, whereas the consider-
able remanent magnetization is due to the large-sized
particles. It remains unclear whether particles interact
with each other in aggregates and how this interaction
affects the field dependences of the magnetization and
the Faraday effect. Unlike the magnetization, the max-
imum Faraday effect is observed for two samples, 3 and
4, whereas the maximum remanent Faraday effect
occurs in sample 3. Therefore, the heat treatment at
560°C is optimum for providing a substantial Faraday
effect in relatively low magnetic fields and a consider-
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Fig. 6. Field dependences of the Faraday effect for samples
(1) 1 and (2) 3.
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able remanent Faraday effect. A comparison with the
TEM data allows us to make the unique inference that
the magnetic and magneto-optical properties of glasses
are optimum when the most perfect crystalline parti-
cles, which are almost uniformly distributed in the
matrix and are not prone to aggregation (as compared
to particles in the samples heat treated under other con-
ditions), are formed in the glass.

The ratios between the magnitude of the Faraday
effect measured in the field H = 2.0 kOe and the mag-
netization in the same field are presented in Table 3. It
is worth noting that the ratio α/M varies from sample to
sample. One of the possible reasons for this variation
can be the redistribution of Fe3+ and Mn2+ cations
between the tetrahedral and octahedral sublattices with
a variation in the structure and size of particles. Since
the magnetic moments of these ions are equal to each
other, their migration from one crystallographic posi-
tion to another position is not accompanied by a change
in the total magnetic moment of the sample. Unlike
magnetization, the Faraday effect is determined not
only by the difference between the numbers of ions in
two magnetic sublattices with opposite spin orienta-

tions but also depends on the energy and oscillator
strengths of electron transitions, which determine the
spectral dependence of the Faraday effect. As is known,
the Faraday effect associated with the paramagnetic
ions is described by the relationship

(1)

where e is the electron charge, m is the electron mass,
Enm is the energy of the electron transition between the
levels m and n, ∆Nnm is the difference between the num-
bers of atoms residing in the states m and n, and γ is the
line width. Relationship (1) for two different energies
Enm is schematically illustrated in Fig. 7. It can be seen
that that the larger the energy separation from the tran-
sition energy Enm in the spectrum, the smaller the mag-
nitude of the Faraday effect. In turn, the transition
energy Enm is governed by the crystal field energy,
which is different for tetrahedral and octahedral posi-
tions [14]. The migration of a particular cation, for
example, a Fe3+ cation, from one position to another
position leads to a change in the energy of the electron
transition and its oscillator strength. The shift of the
electron transition to the high-energy range results in a
weakening of the Faraday effect in the infrared range,
as can be seen from Fig. 7. Such a mechanism requires
the assumption that cations are redistributed between
the sublattices with a variation in the structure, shape,
and size of particles. At present, in order to provide a
deeper insight into this problem, we have investigated
the distribution of cations over the sublattices.

The change in the magnitude of the Faraday effect
with a decrease in the temperature is illustrated by the
data presented in Table 4. A decrease in the measure-
ment temperature in the range 300–105 K results in an
increase in the magnitude αmax of the Faraday effect for
all the samples and in the ratio α0/αmax for the majority
of the samples. In the aforementioned temperature
range, the magnitude αmax of the Faraday effect
increases almost linearly with a decrease in the temper-
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---------------------------------------------------,≈
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Fig. 7. Schematic illustration of the dispersion of the Fara-
day effect for two different transition energies Enm.

Table 3.  Magnetization M of samples at two external magnetic field strengths of 10 and 2 kOe, the magnitude α of the Fara-
day effect at a magnetic field strength of 2 kOe, and ratios of the magnitude of the Faraday effect to the magnetization

Sample MH = 10 kOe, G cm3 g–1 MH = 2 kOe, G cm3 g–1 αH = 2 kOe, deg/cm–1

(800 nm)
α/M at H = 2 kOe

1 0.36 0.27 5.03 18.63

2 0.48 0.39 6.7 17.18

3 0.89 0.80 18.56 23.2

4 0.66 0.57 18.50 32.46

5 0.46 0.36 10.48 29.11

6 0.49 0.39 7.35 18.45

7 0.54 0.40 7.83 19.58
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ature. The rate of increase in the magnitude αmax of the
Faraday effect can be defined as the temperature coeffi-
cient CT = (α105 – α300)/α300, which differs for different
samples (Table 4). The largest temperature coefficient
CT is observed for sample 1 containing particles with
the smallest sizes. The increase in the ratio α0/αmax with
a decrease in the temperature is also largest for this
sample. Therefore, the larger the particle size, the larger
the magnitude αmax of the Faraday effect, whereas the
smaller the particle size, the larger the temperature
coefficient CT. An increase in the magnitude of the Fara-
day effect upon cooling of the samples considerably
exceeds an increase in the magnetization of the manga-
nese ferrite upon cooling in the corresponding temper-
ature range [12]. According to the data presented in
Table 4, the magnetization of the manganese ferrite
increases by 36% with a decrease in the temperature
range 300–105 K. Consequently, as the temperature
decreases, the smaller the particle size, the larger the
increase in the magnetization of the glasses as com-
pared to the magnetization of the massive manganese
ferrite. This fact indicates that size effects substantially
contribute to the magnetic properties of the studied
glasses.

The magnitudes of the Faraday effect at a wave-
length of 1.5 µm (Table 4) suggest that samples 3 and 4
have a high magneto-optical quality.

CONCLUSIONS

Thus, it has been shown that the magnetic, optical,
and magneto-optical properties of borate glasses con-
taining iron and manganese additives at low contents
are associated with the formation of manganese ferrite
particles. The size, the shape, and the structure of nano-
particles and their distribution in the glass matrix at
identical contents of paramagnetic additives are deter-
mined by the conditions of additional heat treatments.
Nanoparticles with parameters closest to those of a
manganese ferrite single crystal are formed upon heat

treatment of glasses at a temperature of 560°C. Sam-
ples containing these nanoparticles have optimum
parameters from the standpoint of practical applica-
tions: the magnitude of the Faraday effect, the magne-
tization, the remanent Faraday effect, and the magnetic
susceptibility in weak magnetic fields are maximum for
these samples. The conclusion was drawn that the
unusual temperature behavior of the Faraday effect and
the temperature dependence of the ratio α/M are most
likely due to the size effects in nanoparticles.
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