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Magnetic properties, including magneto-optical Faraday Effect (FE), have been investi-
gated in potassium-aluminum-boron glasses doped with iron and manganese oxides. The
formation of magnetic nanoparticles has been proved using high resolution electron mi-
croscopy. A wide variety of particle size, shape, structure, and distribution in the matrix
has been observed depending on the technological conditions. The narrow region of condi-
tions has been established providing formation of almost ideal manganese ferrite single
crystals of about 40 nm size distributed rather homogeneously in the matrix. Therefore,
the glasses can be considered as a nano-composite material. Thanks to the low concentra-
tion of paramagnetic elements, the glasses kept the optical transparence and demonstrated
high FE in the infrared and a part of the visible spectral regions, thus making it possible
to develop a new magneto-optical material for the 1.0-1.5 um spectral region.

WccnemoBanbl MarHUTHBIE CBOICTBa, BKJOUAd MarHutoontmueckuit spdert Papages
(FE), B KaI1eBo-aJI0M0O-00PATHBIX CTEKJAaX, HOINUPOBAHHBIX OKCHIAMMU MapraHIla U jKejesa.
C moMomIbiI0 9JIEKTPOHHOM MUKPOCKOIHNM BBICOKOTO DPas3pelleHUsa NOKas3aHOo (hopMUpPOBaHUE
MarHuTHBIX HaHouacTull. Habiuiogansock OoJsiblioe pasHooOpasye pasMepoB, (DOPMEI, CTPYKTY-
PBI YACTHI[ U WX PAacIpeJesIeHus B MaTPUIle B 3aBUCHMOCTHU OT TEXHOJOTUUECKUX YCJIOBUH.
VYcranoBieHa yskas o0JacThb ycJOBUil, o0eclieynBaOINX (PopMUpPOBaHUE MOUTH HAEATHHBIX
MOHOKPHCTAJIJIOB MaprauieBoro ¢eppura pasmepom 40 HM, TOBOJIBHO PaBHOMEPHO pacupeje-
JIeHHBIX B MaTtpule. ITosToMy ucciegoBaHHBIE CTEKJA MOYKHO PAaCCMATPUBATH KAaK HAHO-KOM-
TMOBUTHBIN MaTepuaJ. Birarogapsa HUSKOMY COJEep:KaHUI0 TapaMarHUTHBLIX 9JIEMEHTOB, CTEKJIa
COXPAHAIOT OINTUUECKYIO IIPO3PAUHOCTH U JAEeMOHCTPUPYIOT BhICOKMe 3HaueHus FE B mH(ppaK-
pacHoOil M YacTu BUAUMOII 00JIACTU CIEKTPa, UTO MO3BOJIAET IMPEeAIPUHATL YCUJIUA IO CO3Ja-
HUIO HOBOTO MarHUTOOITHYECKOro MaTepuaja AJs obsactu cuekrtpa 1,0—1,5 MKM.
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ity and relatively low cost, the glass tech-

magnetic matrices attract considerable at-
tention because of their importance both
from fundamental and practical viewpoints.
Manganese ferrite is among compounds used
most often to prepare nanoparticles [1-7]
both in the powder state and embedded in
various matrices. Various methods of parti-
cle preparation and various matrices used
give rise to a wide variety of magnetic char-
acteristics observed in systems containing
nanoparticles. Great attention is currently
paid to magnetic particles dispersed in
glassy matrices. Thanks to its high flexibil-
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nology seems to be proper one to prepare
nanoparticles with purposely variable prop-
erties. To obtain magnetic particles, a
rather high amount of paramagnetic oxide
(about 20 to 40% by mass) is to be intro-
duced into glass composition (see, e.g.,
[8-15]). Potassium-aluminum-boron glass
system occurred to be an exclusion of this
rule: in spite of a low Fe,O3 content (less
than about 3.0 % by mass), the magnetic
susceptibility [16, 17] and Mossbauer spec-
tra [18] singularities therein allowed to sup-
pose hematite (a—Fe,03) particles arising in
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Table. Some characteristics of samples: heat treatment temperature, concentrations of Mn and Fe
oxides in the charge, average crystallite dimensions according to X-ray diffraction spectra, FR
(o) value in magnetic field H = 0.1 T for 1.5 um, and the relative value of the remnantl FR

(ag/0g) in zero magnetic field.

o

Saiénple Lireatment C° | "ino» % mass "'Fe203> % mass Daugragg’ A a, grad/cm 0/ 0

O.
1 520 1 1.5 - 0.09 0
2 520/6 h - 0.18 0.14
3 520 1.5 - 1.11 0.27
4 560 247 4.32 0.55
5 600 247 3.77 0.50
6 500 + 560 113 1.75 0.19
7 520/6 h 88 1.7 0.50
8 560 165 3.45 0.37
9 600 2 3 219 0.29 0.02
10 560 + 600 308 4.36 0.39

the glass. Later, glasses of this system con-
taining MnO together with Fe,O; were syn-
thesized, which were characterized by a
non-linear magnetic field dependence of
magnetization with hysteresis and magnetic
saturation [19]. At the same time, the
glasses were transparent in the visible and
near infrared spectral range and demon-
strated high magneto-optical Faraday rota-
tion (FR) [19, 20]. The peculiar magnetic
properties of the glasses were explained by
formation of manganese ferrite nanoparti-
cles during the glass synthesis and addi-
tional thermal treatment. A further study
of particle characteristics depending on
technological conditions and correlations be-
tween these characteristics and magnetic
properties of the particle assembles could
provide the development of a new material
for magneto-optical devices. This work is
aimed at the characterization of particles
and systematic investigation of magnetic
properties of the particle assembles as func-
tions of their dimensions, structure, compo-
sition and volume distribution for the sys-
Fe,03 and MnO in low concentrations.
KNOj3, Al,O4, and H3BO5; were used as in-
itial materials to prepare glasses of the basic
composition 22.5Al,05-22.5K,0-55B,05 using
the technique described in [20]. Before the
synthesis, Fe,05 in the concentration of 1.5
or 3.0 % (mass) and MnO in various concen-
trations ranging from 1.0 to 2.0 % (mass)
over 100 % (mass) of the basic composition
were added to the charge. The glasses were
melted at 1100-1300°C in platinum cruci-
bles under various oxidation conditions. The

294

melt was poured onto steel sheets, and the
glass plates were cooled spontaneously in
air to 380°C and then hold at this tempera-
ture for several hours. Additional heat
treatment was carried out at different tem-
peratures from 520°C to 600°C during 2, 4,
or 6 hours. Manganese and iron oxide con-
centrations in the charge, temperatures and
the additional heat treatment duration for
some samples are presented in Table 1.
X-ray diffraction (XRD) spectra were ob-
tained using a DS8ADVANCE (Bruker) in-
strument in CuK, emission (h =
0.15406 nm). The phases were identified
basing on the diffraction peak sequence by
comparison with that for a MnFe,O, single
crystal using the PDF-2 database [21]. The
particle size was estimated using the Scher-
rer equation. The visualization of separate
particles in glasses and determination of
their dimensions, shape, and volume distri-
bution were carried out using a JEM-2010
high resolution transmission electron micro-
scope (HRTEM) having resolution 0.14 nm
and accelerating voltage 200 keV. To iden-
tify the crystal phase, the phase contrast
method and selected area electron diffrac-
tion (SAED) with the locality up to 100 nm
were used. Energy-dispersion atomic X-ray
(EDAX) spectra were used for the elemental
analysis. The locality used here was about
10-25 nm. For the HRTEM investigation,
the glass samples were ground, dispersed in
ethanol, applied onto perforated carbon sub-
strates attached to a standard copper grid,
and placed into the microscope chamber.
The Mossbauer spectra were recorded at
room temperature with the 3/Co in Cr y-ra-
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diation source in the constant acceleration
mode. The a—Fe,05 standard was used to
calibrate the spectrometer. Magneto-optical
Faraday rotation was measured as a func-
tion of the electromagnetic wavelength,
temperature, and external magnetic field.
The plane polarization modulation of the
light wave provided the FR measurement
accuracy of 0.2 min within limits from the
absorption edge of each sample (about
700 nm) to 2200 nm. An external magnetic
field was directed normal to the sample sur-
face and varied from —-0.5 to +0.5 T. The
temperature was varied from 90 to 300 K at
an accuracy of 1 K. The magnetization was
measured in the external magnetic field up to
5 T using a vibrating sample magnetometer.

Two types of X-ray diffraction spectra
were observed for the glasses listed in Table
depending on the heat treatment tempera-
ture and the Mn concentration: (a) spectra
similar to that of an amorphous medium
and (b) those characterized by distinct
Bragg peaks. The broad halo observed for
all samples is related to the amorphous ma-
trix. Several narrow peaks are seen against
the background of the amorphous halo (sam-
ples 4 through 8). The peak angular coordi-
nates correspond to MnFe,O, [21]. The
peaks widths and intensities varied from
sample to sample reflecting the difference
in particle sizes. The average crystallite
sizes are presented in Table. Though some
samples (1 through 8) did not exhibit dif-
fraction peaks, the large enough FR value
and, especially, the finite value of the rem-
nent FR (cg/c) for those samples could not
be ascribed to the isolated paramagnetic
ions. Therefore, magnetic particles could be
expected to arise in those samples, too. In
this case, the particles could be too small or
amorphous.

For all samples investigated, HRTEM im-
ages contain small regions of different den-
sity that can be attributed to magnetic par-
ticles. Typical HRTEM images of the glass
fragments are illustrated in Fig. 1. For
most samples, aggregates of 30—40 nm size
consisting of several very small irregularly
shaped or oval particles (of about 2 nm size)
are observed (Fig. la). Isolated small parti-
cles are also presented. HRTEM images of
some glasses show poly-disperse features
(Fig. 1b). For a narrow region of technologi-
cal conditions, isolated particles of cubic
habitus are observed, relatively uniform in
size (~50 nm), and distributed rather homo-
geneously in the matrix (Fig. 1¢). In all the
glasses, particles of 30—50 nm, as analyzed
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by SAED (Fig. 1d) and compared to the bulk
MnFe,O,4, could be identified as ferrite of
the cubic spinel structure. According to
EDAX, the Mn/Fe ratio in the large parti-
cles is close to that in stoichiometric Mn
ferrite. These elements are presented also in
the matrix in the dissolved state. Thus, the
HRTEM has proven the formation of
nanosized particles close in structure to
MnFe,O, in the studied glasses. Therefore,
these glasses can be considered as glass ce-
ramics with nanosized crystal particles. A
more regular structure was obtained for
1.5 % (mass) of Fe;,05 and 1.5 % (mass) of
MnO in the charge and heat treatment at
560°C. This case seems to be unexpected. In
fact, almost ideal ferrite single crystals dis-
tributed rather homogeneously in the ma-
trix are formed at low content of paramag-
netic additives and under conditions very
far from those being used to synthesize the
bulk ferrite crystals. Insignificant devia-
tions in any of the technological conditions
result in a dramatic change of particle char-
acteristics, as is seen in Fig. 1 and Table.
The Mossbauer spectrum for the sample
No.4 containing the most regular crystal
particles is shown in Fig. 2b. It consists of
the sum of Zeemann sextets and the relax
component. The spectrum has been analyzed
by comparison with that of the bulk Mn-fer-
rite single crystal with partly inverse spinel
structure. Each spectrum was computer-fit-
ted assuming the minimal number of the
non-equivalent Fe positions. Four non-
equivalent Fe3* positions were revealed in
the bulk ferrite (Fig. 2a). The sextet with
the isomer chemical shift § = 0.30 mm/s is
ascribed to Fe3* ion occupying the tetrahe-
dral (A) positions. Three others (6 = 0.40 mm/s)
correspond to the octahedral [B] positions.
According to the positions occupancies, the
bulk ferrite structural formula could be pre-
sented as (Mn0_78Feo_22)[Mn0_22Fe1_78]04. The
appearance of three non-equivalent octahe-
dral positions in the partly inverse spinel is a
well known phenomenon associated with the
different surrounding of [B]-ions with mag-
netic ions of the second coordination sphere
[22].

In the bulk ferrite, 32 % of B-cations
have (4Mn + 2Fe) ions as first neighbors
with the hyperfine field Hj,,=43.7 T.
42 % of B-cations have (5Mn + 1Fe) ions as
first neighbors with the hyperfine field
Hj;=41.8 T. 18 % of B-cations have 6 Mn
ions as first neighbors with the hyperfine
field Hyy;=39.8 T. In spite of the same
magnetic moment value of Fe3* and Mn2*,
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Fig. 1. TEM images of the particles for samples Nos.2, 10, 4(a—c, respectively) and SAED patterns

from the separate particle for sample No.4.
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Fig. 2. Room temperature Mossbauer spectra of MnFe,O, single crystal and samples Nos.4 and 10

(a—c, respectively).

5uB, interactions between Fe3* and its near-
est neighbors are different in the cases of
Mn(A) <—> Fe[B] and of Fe(A) <—> Fe[B] from
the viewpoint of the indirect exchange be-
cause the energy of the O2—Mn2* electron
excitation is about 1.0 eV lower than that
for O2~—Fe3*. Therefore, the exchange in-
teraction integral of Mn2* with neighbors is
less than that of Fe3*. So, the B-cation "dis-

296

tinguishes™ Mn2* and Fe3* among A-type
first neighbors, and this results in a series
of sextets associated with this cation.

The spectrum of the glass 4 (Fig. 2b) can
be approximated as the sum of four sextets
and one relax component. The four differ-
ent sextets evidence the formation of the
defect Mn-ferrite. The rather wide spectral
lines and smaller values of hyperfine fields

Functional materials, 13, 2, 2006
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Fig. 3. Room temperature magnetization curves for samples: 4 (a) and 1 (b).

for the ferrite particles in this case testify
to essential irregular environment of the Fe
cations, for which the following factors may
be responsible: variation of Mn/Fe ratio
from particle to particle, entering Al into
the ferrite composition, and different cation
distribution among positions of spinel. For
samples with less regular particles struc-
ture, intensity of sextet lines decreases. At
the same time, a doublet appears that is
typical of superparmagnetic state (Fig. 2c).
The smaller are the particle dimensions, the
higher is the intensity of doublet and lower
intensity of sextet.

So, according to Mossbauer effect study,
the crystalline particles possess a magnetic
order, and this order is close to that of the
bulk manganese ferrite, at least for the
largest size particles. The difference in the
first neighbors of the metal ions involved in
magnetic interaction is shown to take place
even for samples of the most regular parti-
cle structure. Dilution of ferrites by Al ions
of the matrix may also take place here re-
sulting in the change of the Mossbauer
spectrum as compared to that of the bulk
ferrite.

For all glass samples studied, nonlinear
field dependences of the magnetization (M)
are observed at room temperature with the
sharp M increase in the relatively low mag-
netic field and the approach to saturation in
0.2-1.0 T fields (Fig. 8). Such a behavior is
typical of materials possessing ferromag-
netic or ferrimagnetic order. Two limiting
cases are distinguished: (i) magnetization
increases sharply in low fields about 0.01—
0.02 T and approaches saturation at 0.1—
0.2 T, and the magnetic hysteresis is ob-
served with the coercive field H, of about
0.01 T (Fig. 3a); and (ii) magnetization in-
creases gradually but nonlinearly with in-
creasing external magnetic field (Fig. 3b)
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but does not reach the saturation at mag-
netic field values up to 1.0 T, and the mag-
netization curve can be described by the
Langevin law. The first type magnetization
curve is observed for samples containing
large crystalline particles, e.g., sample 4.
This case is most interesting from the ap-
plied viewpoint: it is possible to prepare
magneto-optical components with the finite
Faraday rotation value in zero magnetic
fields. The second type curve is typical of
the samples containing small particles. For
the majority of samples, the magnetization
curves of intermediate shape between (i)
and (ii) types are observed. Rectangular
shape of the magnetization curve and regu-
lar distribution of particles in the sample 4
(Fig. 1c¢) allowed estimating of the particle
magnetic moment. It has been found to be
about 50 emu/g, i.e. it is essentially lower
than the bulk Mn ferrite magnetization
(80 emu/g at room temperature [23]). The
lower particle magnetization comparing to
that of the bulk ferrite corresponds to the
lower hyperfine field determined using the
Mossbauer spectrum. The second type mag-
netization curve seems to be due to the su-
perparamagnetic behavior of the particles.
The Faraday rotation of oxide glasses
containing paramagnetic inclusions is de-
fined by two contributions: diamagnetic ro-
tation of the glass matrix and the rotation
associated with paramagnetic ions. The dia-
magnetic contribution of the glass matrix
22.5A1,05-22.5K,0:55B,05 was shown before
to be independent of the heat treatment and
at least two decimal orders lower than in
glasses containing paramagnetic additives
and subjected to additional heat treatment.
The matrix contribution was not taken into
account here. Typical FR spectral depend-
ences are shown in Fig. 4 together with FR
spectrum of the thin Mn, gFe; 4O, film pre-

297



I1.S.Edelman et al. /| Magnetic nanocomposites ...

|ct], grad/em |ct], grad/em
25} 4
o J 40000
-
20+ - o’ 1
*® i
51 . o 120000
oo -,
e L]
10 ’:._/_;_,// i
*® -
L ] 1 v
5 3 .. " v v v g o o — 0
0 ZoeOIO ° O| : 1 1 1 1 1 1
1.0 1.4 1.8 2.2 26E, eV

Fig. 4. FR spectra for samples 2—6 (left-hand
scale) and for Mn,¢Fe,,O, thin film [24]
(right-hand scale).

pared by the magnetron sputtering [24].
The FR sign is negative in all the cases. The
FR value decreases monotonously as the light
wavelength increases. Thanks to the low
thickness of the ferrite film, authors [24]
have managed to observe a maximum at
520 nm which was ascribed to the
64,,(55) - A}, 4E, (*G) electron transition
in Fe3* ions. As it is seen from Fig. 4, the
FR spectra of various samples contain no
peculiarities in the spectral region investi-
gated and differ from each other only in the
FR decrease rate at increasing light wave-
length. Strong changes of FR value are seen
between different samples: similar to mag-
netization, the higher FR value is observed
for the samples containing larger particles.

The nature of magneto-optical effects in
ferrites remains unclear up to now because
those are due to different electron transi-
tions in different ions occupying different
crystal sites. Maximum in the spectrum of
magneto-optical effect squared in magneti-
zation in MnFe,O, epitaxial thin film [25]
was observed near 520 nm which was asso-
ciated with the same electron transition
6Alg(ﬁ.S') - 4A1, 4Eg. The supposition on the
prevailing contribution in FR of Fe3* ions
occupying octahedral positions made in [24]
is consistent with the larger amount of
these ions as compared to Mn2* ions in man-
ganese ferrite. Coincidence of the FR sign
and its spectral dependence for manganese
ferrite with that for weak ferromagnetic
FeBO; containing only Fe3* ions in octahe-
drons [26] can be an argument for this sup-
position, too.

An interesting observation is now note-
worthy, i.e. the strong FR increase with the
temperature lowering (Table) that is charac-
terized by the temperature coefficient
Ct = OC105/OC300. In the interval 300-100 K,
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Fig. 5. Some FR characteristics of samples
3-8 as functions of the particle average size
estimated according to HRTEM images: FR
value at H = 0.35 A (2), FR value at H =0
(3), and temperature coefficient C, (I).

C, is linear in temperature. For all samples,
this increase exceeds essentially the mag-
netization increase observed when cooling
the bulk manganese ferrite [23]. The higher
C, and lower FR value correspond to
smaller and worse-shaped particles. Such a
behavior can be compared with an idea of
the spin disorder in the particle surface
layer [27]: the surface layer contribution
into the particle magnetic behavior in-
creases as the particle size decreases. Fig. 5
demonstrates the correlation of the mag-
neto-optical parameters with the average
particle size D, for series of samples which
differ from each other only by the heat
treatment conditions: FR (o) and remnant
FR (0g/0) increase while C; decreases with
increasing D,,. The correlations of such kind
allows to suppose the magnetic behavior of
glasses studied to be associated with individual
characteristics of particles rather than with
particle interaction.

The formation of magnetic particles in
the glass matrix permits to define the mate-
rial studied as a glass ceramics with unique
combination of magnetic and magneto-opti-
cal properties. It is worth to make efforts
to develop a new magneto-optical material
on this basis. In this connection, the FR
values (o) for the wavelength A = 1.5um in
the magnetic field H = 0.02 T are shown in
Table. The maximal FR value of
4.2 grad/cm observed for the sample 4 in
the magnetic field 0.02 T can be compared
with data for magnetic semiconductors. For
example, for Hg,_,Mn,Te that was proposed
as a cheap magneto-optical insulator for the
1.8-1.5 pm region such FR value is reached
in magnetic field of 0.3 T [28].

To conclude, we have studied the mag-
netic and magneto-optical properties of as-
sembly of ferrite nanoparticles dispersed in

Functional materials, 13, 2, 2006
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potassium-aluminum-boron glasses doped
with low concentrations of Fe and Mn ox-
ides depending on the particle size, struc-
ture, composition, and spatial distribution
in the matrix. In spite of a low concentra-
tion of paramagnetic elements, the glasses
demonstrate magnetic and magneto-optical
properties being typical of the magnetically
ordered media. High resolution transmis-
sion electron microscopy (HRTEM), selected
area electron diffraction (SAED), energy
dispersive X-ray analysis (EDAX), X-ray
diffraction spectra, and Mossbauer spectros-
copy have been used to characterize the par-
ticles. The particles of 20—-30 nm size have
been shown to be crystalline. In particles of
about 5 nm size, no distinet crystal struc-
ture has been revealed. The structure and
composition of larger particles are close to
those of MnFe,O, manganese ferrite. The
particle characteristics have been shown to
depend strongly on the technological condi-
tions. The conditions have been determined
providing the formation of almost ideal fer-
rite single crystals. The correlation was also
obtained between particle characteristics
and magnetic and magneto-optical proper-
ties of the glass. Some features of these
properties have been revealed, in particular,
an increase of FR value with decreasing
temperature exceeding essentially the mag-
netization increase in the bulk Mn ferrite
[23] in the corresponding conditions. The
increase extent depends on the average par-
ticle size and reaches 200 % for the small-
est particles. Some of the glasses investi-
gated are shown to have large FR in IR
spectral region what could be of interest for
the application in magneto-optical devices.
Work is partly supported by the Program
"Development of Scientific Potential of
High Education™ Project RNP2.1.7376.
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MarsniTHi HaHO-CIIOJIYKM Ha OCHOBiIi 0OpaTHOro CKJja,
JIeTOBAHOTO 3aJIi30M Ta MapraHieM

I.C.Edenvman, P./].16anyose, O.C.Iéanoesa,
O.A.Bawkoé, B.B.3alikoscbKuii

Maruitai BracTuBocrti, BKAOUaun mMarHero-ontudHuil epexr @apanes (EP), mocuaimxe-
HO Ha KaJuili-ajaoMmiHii-GopaTHOMY CKJIi, JeroBaHoMy OKHKCJIaMM 3aJida Ta mapraHiio. Dop-
MYBAHHS MArHITHHX HAHO-YAaCTOK JOBEIEHO 34 JOIIOMOIOI0 eJIeKTPOHHOI'0O MiKPOCKOIIA BHCO-
Kol poaxinpuol 3marHocri. CmocrepiraBcsi MmMUpPOKUIl giammasoH po3MipiB uyacTok, Qopmu,
CTPYKTYPH Ta PO3IOLiJEHHS y MATPHUIlL, B 3aJeKHOCTI Bij TexHosoriunmx ymos. Becranosie-
HO BY3bKYy 00JiacTh YMOB, B AKill (popmyBasacs mai:Ke igealbHa MOHOKPHCTAJIIUHA CTPYKTY-
pa maprasmnesoro (epury, poamipom 40 HM, JOCTATHBO BUIALKOBO PO3IOAiJeHA y MATPHIL.
Ormike, CKJIO MOMKHA BBAMKATH HAHOKOMIIOBHUTHMM MaTepianoM. 3aBAAKM HUBBKIM KOHIIEHT-
parmii mapamarHiTHHX €JeMeHTiB, CKJIO 30epirajo OnTUUYHY IPO30picTh Ta Majao BucoKuii E®
B iH(pauepBoOHill Ta BUAMMIN CIIEKTPaJbHUX 00JIACTAX, IO JO3BOJMUJIO CTBOPUTU HOBi Marze-
TO-OIITUYHI Marepianu mias cueKrpaabHOro miamasony 1.0—-1.5 um.
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