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Abstract—Unique properties of the potassium—aluminum-boron glasses doped with low concentrations of
MnO and Fe,O; to make them magnetically ordered and optically transparent in the IR and visible ranges are
due to the formation of nanoparticles of a cubic ferrite. Assembling and properties of nanosized ferrite particles
in the glasses have been investigated by X-ray diffraction, differential dissolution analysis, high-resolution
transmission electron microscopy, Mdssbauer spectroscopy, magnetic measurements, and magnetooptical Fara-
day effect. It was shown that the ferrite particles vary highly in size, shape, stoichiometry, structural perfection,
and space distribution depending on the preparation conditions. A correlation between the characteristics of
nanostructured ferrite particles and magnetic properties of glasses has been established.
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1. INTRODUCTION

Unique magnetic properties of borate glasses doped
with small amounts of Mn and Fe oxides were observed
for the fist time in 1974 [1]. Later, the problem of clus-
tering of the paramagnetic ions in borate glasses has
been raised in [2, 3]. The magnetic properties of the
glasses were explained by the formation of nanoparti-
cles of a magnetic ferrite in the amorphous matrix after
a detailed study of the glasses by X-ray diffraction,
Maossbauer and optical spectroscopy, magnetic and
Faraday-effect measurements (see, e.g., [4, 5]). How-
ever, the specific properties of nanocrystalline materials
are determined not only by the size of individual parti-
cles but also by their structure, lattice parameters, com-
position, crystalline perfection, size-distribution, and
level of coalescence [5, 6]. The necessity of measure-
ments of all these parameters makes the characteriza-
tion of nanomaterials more complicated. The aim of
this work was to find techniques adequate to studying
the nanostructure of ferrite particles in K,O—-Al,O5—
B,O; glasses. A systematic analysis of several glasses
was carried out via a combined study by X-ray diffrac-
tion (XRD), differential dissolution analysis (DDA),
high-resolution transmission electron microscopy
(HRTEM), Mossbauer spectroscopy (MS), magnetoop-
tical Faraday rotation effect (FR), and magnetic mea-
surements. Based on the experimental results, effects of
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the assembling of the ferrite nanoparticles and of their
characteristics on the properties of the borate glasses
have been considered.

2. EXPERIMENTAL

Glass samples were synthesized using the technol-
ogy described in detail in [1-4]. Three glasses (1, 2, and
3) of the basic composition 22.5K,0-22.5A1,0;5—
55B,0; were prepared for the present investigation.
The amounts of the paramagnetic oxides MnO + Fe, 04
were taken in glasses 1, 2, and 3 in wt % as 1.0 + 1.5,
2.0 + 3.0, and 1.5 + 1.5, respectively. At the first stage,
the synthesis conditions were the same for all samples.
At the last stage, an additional heat treatment was made
under different conditions, namely, at temperatures 460
and 600°C for glass 1, and 560 and 600°C for glass 2.
Glass 3 was treated only at 560°C.

Structural analysis was performed by XRD. The
XRD patterns had been collected in the range of 20 =
5°-60° using Cu Ko radiation (1.5406 A) and a D8
ADVANCE (Bruker) diffractometer. Phase chemical
analysis was performed by the DDA technique [7]. In
this case, the phase identification is based on the deter-
mination of the stoichiometric composition of the
phases under conditions where only a single phase is
dissolved from the mixture. An atomic-emission spec-
trometer with an inductively coupled plasma
(ICP AES) was used in the DDA equipment as a detec-
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Fig. 1. HRTEM images for glasses (a) 1, (b) 2, and (c) 3; and (d) an electron diffraction pattern of ferrite particles marked by an

arrow A in glass 2 in (b).

tor—analyzer (the limit of the element detection is
~107% ug/ml; and the errors, 3—5%). The particle size,
shape, and crystal structure have been analyzed by
HRTEM using a JEM-2010 device operating at
200 keV. Both the phase contrast method and electron
microdiffraction were used with a locality of about
10 nm. Chemical analysis was performed in situ using
energy dispersive X-ray analysis (EDXA) with a local-
ity of 10-25 nm. The samples were prepared by grind-
ing the glasses in ethanol and depositing them on Cu
grids coated with thin amorphous carbon films. The
Mossbauer spectra were obtained with a constant-
acceleration Mdssbauer spectrometer at room tempera-
ture with a 3’Co in Cr source of y radiation. The spec-
trometer was calibrated using o-Fe,O; as a standard.
The static magnetic properties of glasses were mea-
sured at room temperature using a vibrating-sample
magnetometer. FR was measured as a function of an
external magnetic field. The plane-polarization modu-
lation provided the accuracy of the FR measurements
0.2 min. An external magnetic field was directed nor-
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mal to the glass surface and changed from -5 to
+5 kOe.

3. RESULTS AND DISCUSSION

The gross composition of glasses 1, 2, and 3 was
determined chemically with ICP AES to be
Ko.97AIBy 78Mng 3Feg 04y With  Mn/Fe = 0.54,
K1.06A1B2‘60Mn0.048FeO.076 Wlth MH/Fe = 0.63, al‘ld
K 04AlIB, goMnyg g36Fe 041 With Mn/Fe = 0.88, respec-
tively. So, the molar ratio Mn/Fe in all the glasses
exceeds 0.5, which is the ratio of the strictly stoichio-
metric ferrite MnFe,O,. This means that either a single-
phase solid solution Mn, , ,Fe,_ O, with 0.1 <x < 0.4
or a mixture of MnFe,0, and the manganese oxide are
formed in these glasses.

An analysis of the XRD patterns indicates that
glasses 2 and 3, similar to the analogous glass samples
presented in [5], have the same cubic spinel structure
and their peaks at 20 = 35.2°, =43°, and =56° corre-
spond to those of the coarse MnFe,O, powder. Glass 1
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Fig. 2. Room-temperature Mdssbauer spectra of (a) bulk MnFe,O, crystals and of nanoparticles of (b) glass 3 and (c) glass 2.

does not exhibit diffraction peaks. The patterns of
glasses 2 and 3 show broadening of all the peaks, reduc-
tion of intensity, and increase in the diffuse background
as compared to the pattern of the coarse MnFe,O, pow-
der. This means that the ferrite crystallites in the glasses
are not only small in size but are also disordered, most
likely, defect, and even amorphous. The profile of the
(311) peak (20 = 35.2°) was used for the calculation of
the ferrite-crystallite size (the coherent scattering
range). According to the Scherrer formula, the average
crystallite sizes were found to be ~250 A for glasses 2
and 3. So, the X-ray diffraction study indicates the for-
mation of ferrite particles in glasses 2 and 3, while in
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glass 1 the ferrite detection was outside the domain of
XRD.

According to the DDA data, single-phase particles
of MnFe,0, and Mn, ,Fe, ;O, composition are formed
in glasses 1 and 2, and the latter phase with an Mn
excess is less stable against the heat-treatment temper-
ature [8]. Particles of glass 3 are also close to stoichio-
metric ferrite, but the Mn and Fe oxides are present in
the glass matrix in a dissolved state or as solid inclu-
sions. For all the glasses, a spatial chemical heterogene-
ity is observed due to a slightly different composition of
ferrite particles distributed in the matrix. One can also
expect a different cation distribution between tetrahe-
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dral and octahedral positions of the spinel lattice for
these particles.

High-resolution TEM images of glasses 1-3 are
illustrated in Fig. 1. The isolated particles of glass 3 are
relatively uniform in size and they are quite evenly dis-
tributed in the matrix. On the other hand, HRTEM
images of glasses 1 and 2 show polydisperse features in
a lower-contrast matrix. In all the glasses, particles of
30-50 nm in size analyzed by electron diffraction and
compared to the bulk MnFe,O, could be identified as a
ferrite with a cubic spinel structure [9], while the weak-
contrast aggregated particles do not show diffraction
spots. The presence of Mn and Fe in the fields of parti-
cles imaged by HRTEM was confirmed by EDXA. The
composition of the large particles of glasses 3 and 2 was
almost stoichiometric, while the composition of small-
est particles of glasses 1 and 2 was non-stoichiometric;
the Mn/Fe ratio in them was equal to 0.54 and 0.61,
respectively. Besides, the composition of small parti-
cles of glass 2 was found to be enriched in Fe. It is
known that the Mn excess in ferrite leads to a transfer
of Fe from the core to the shell of particles, increasing
the disorder of the surface ions [10]. The Mn and Fe
disorder found by HRTEM correlates well with a non-
uniform composition of the smallest particles observed
by DDA through a variable value of the Mn/Fe ratio. It
is interesting to note that the presence of Mn and Fe was
detected by EDXA in the matrix field absolutely free
from particles for glass 3. This indicates that these ele-
ments are present in the matrix in a dissolved state,
which was observed also by the DD analysis.

The formation of ferrite particles in borate glasses
was reliably established from XRD, DDA, and
HRTEM data, but the size, shape, stoichiometry, and
crystalline quality of the particles, remaining typical of
the manganese ferrite, vary depending on the prepara-
tion conditions in fairly wide limits. The difference in
the size of particles determined by HRTEM and calcu-
lated from XRD was explained due to the methodology
difference between these techniques. The Mdossbauer
spectra of glasses 1-3 consist of the sum of Zeeman
sextets and quadrupole doublets (Fig. 2). The analysis
of the spectra was made by comparing them with the
Mossbauer spectrum of the bulk single-crystal
MnFe,0, with a partly inverse spinel structure. Each
spectrum was computer-fitted on the assumption of a
minimum number of nonequivalent Fe positions. The
results are collected in Table 1.

Based on the Mossbauer study, it was established
that the ferrite particles possess a magnetic order, and
this order is close to that of the bulk manganese ferrite
at least for the large-size particles. Additionally, it was
shown that the magnetic state (superparamagnetic or
blocked) is correlated with the ferrite particle size. The
difference between the spectra parameters of glasses 1—
3 are associated with different Mn concentration in the
ferrite particles, with the difference in the first neigh-
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Table 1. Mossbauer parameters of the bulk MnFe,O, ferrite
and glasses 3, 2, and 1: isomeric chemical shift & (mm/s) rel-
ative to a-Fe, hyperfine field H,; at the iron nucleus (kOe),
quadrupole splitting € (mm/s), and line half-width at half-
maximum I' (mm/s). The fitting error is 0.062

No. 8 Hy e r ];1‘(’)‘1311
bulk | 030 | 465 | 0 013 | A
040 | 436 | o0.12 B,
039 | 418 | 007 B,
040 | 398 | —0.40 B,
3 037 | 39 | 0 064 | A
039 | 402 | -039 | 046 | B,
041 | 373 | 0 08 | B,
040 | 327 | -0.18 | 044 | B,
0.34 67 | 048 | 249 | SPM
2 039 | 390 | o0 1.07
043 | 202 | 001 | 3.16
032 - 084 | 0.63
1 042 | 233 | 025 | 507
037 - 091 | 079

* Appearance of nonequivalent octahedral positions B| (4Mn2Fe),
B, (5Mn1Fe), and B3 (6Mn) in the partly inverse spinel is a well-
known phenomenon associated with the different surroundings
of [B] ions by magnetic ions of the second coordination shell
[10].

bors of the metal ions taking part in magnetic interac-
tion, and with small size of the ferrite particles.

The magnetization curves of glasses 1 and 3 are
depicted in Figs. 3a and 3b, respectively. The high mag-
netic susceptibility, magnetic saturation in low mag-
netic fields, and magnetic hysteresis conclusively prove
the ferri- or ferromagnetic behavior of the glasses. The
values taken as the saturation magnetization M, in the
glasses change in the order 2 > 3 > 1 (Table 2). The M,
values of glasses 2 and 3 are quite close, while that of
glass 1 differs from them almost by an order of magni-
tude. Three factors may explain the origin of the reduc-
tion of M in glasses: the amount of the ferrite phase
itself, the size effect, the spin disorder in the particles
with increasing S/V ratio, and the superparamagnetic-
relaxation phenomenon. In the glassrow 2 — 3 — 1,
the amount of the ferrite phases varies as 5 > 3 > 2 (in
wt %) according to the DD analysis; the average size of
the particles varies as 5 to 30 — 50 — 5 nm accord-
ing to XRD and HRTEM data; and a superparamag-
netic relaxation exists in glass 3 according to the Moss-
bauer experiment. The influence of the particle shapes
and of the shape of agglomerates on M, is not quite
clear, although the shape anisotropy was absent in all
the glasses (M, = M|, Table 2). The uniform and quite
large size of ferrite particles of glass 3 allows the satu-
ration magnetization to be estimated as ~50 emu/g,
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Fig. 3. (a, b) Magnetization curves measured as a function of field for glasses 1 and 3, respectively; (c, d) FR field dependences at

A =925 nm for glasses 1 and 3, respectively.

which is close to that of bulk ferrite reported in the lit-
erature as 80 emu/g at room temperature [11]. The
underestimated value of M in our case may be caused
by the entering of some AI** ions into the ferrite lattice
and/or by the spin disorder of paramagnetic ions due to
structural defects and microdeformations of the parti-
cles with decreasing their size [12]. Owing to the higher
FR-technique sensitivity, the FR field dependences
allow one to obtain a more detailed description of the
hysteresis loops in the low-field region. The loop of
glass 3 (Fig. 3d) is almost rectangular with a remanent
magnetization equal to half the M. The loop of glass 1
(Fig. 3c¢) implies that most particles are superparamag-
netic, while some particles are blocked at room temper-
ature according to a small value of the remanent mag-

Table 2. M, and M magnetizations at a magnetic field H =
3.5 kOe perpendicular and parallel to the sample surface,
respectively; specific Faraday rotation (o) in a 3.5-kOe per-
pendicular field, and the o/M ratio

M, M, o, deg/cm,

No. emu/g emu/g |A=925nm o/M
1 0.018 0.019 2.46 136.6
3 0.085 0.090 14.0 164.0
2 0.112 0.116 18.55 165.9
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netization. Therefore, one can suggest that the average
particle size ~7 nm is the boundary between the super-
paramagnetic and blocked states of the ferrite particles
of glass 1. The loop of glass 2 with the bimodal sizes of
the particles occupies an intermediate position between
the above curves. It is worth pointing to the high rema-
nent FR value (o) for glass 3, which falls to approxi-
mately half the value of o in the saturated magnetic
field. So, the sample could be considered as a transpar-
ent permanent magnet. As is seen from Table 2, an
unusual peculiarity of the a/M ratio is observed at the
same magnetic field. Being the same for glasses 2 and
3, it was much less for glass 1. The behavior like this
seems to be strange because the FR has to be a linear
function of M. One of the possible mechanisms that
may explain the finding is a redistribution of Mn?** and
Fe3* ions between octahedral and tetrahedral positions
of the spinel structure. Having the same effective mag-
netic moment, these ions, when being redistributed in
the lattice, do not change the total magnetization val-
ues. However, another situation takes place with the FR
which is associated with the definite electron transi-
tions and depends not only on the transition magneto-
optical activity but also on the distance between the
energy of this transition and the energy of the FR obser-
vation. The mechanism is considered in detail in [13].

Suppl. 1 2006



MAGNETIC NANOPARTICLES IN OXIDE GLASSES S7

4. CONCLUSIONS

Nanosized ferrite particles can be successfully
obtained by crystallization of K—Al-borate glasses. The
final characteristics of particles, such as their size,
shape, stoichiometry, and defect structure, show a wide
variety when going from one glass to another, depend-
ing on the preparation conditions. A strong influence of
these parameters on the magnetic behavior of the ferrite
particles in the glasses was revealed. The results are
very encouraging for the search of a general mecha-
nism that determines the size, shape and nanostructure
of the particles.
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