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A new type of nanoparticle-containing glasses based on borate glasses co-doped with low contents
of iron and larger radius elements, Dy, Tb, Gd, Ho, Er, Y, and Bi, is studied. Heat treatment of
these glasses results in formation of magnetic nanoparticles, radically changing their physical
properties. Transmission electron microscopy and synchrotron radiation-based techniques: x-ray
diffraction, extended x-ray absorption fine structure, x-ray absorption near-edge structure, and
small-angle x-ray scattering, show a broad distribution of nanoparticle sizes with characteristics
depending on the treatment regime; a crystalline structure of these nanoparticles is detected in heat
treated samples. Magnetic circular dichroism (MCD) studies of samples subjected to heat treatment
as well as of maghemite, magnetite, and iron garnet allow to unambiguously assign the
nanoparticle structure to maghemite, independently of co-dopant nature and of heat treatment
regime used. Different features observed in the MCD spectra are related to different electron
transitions in Fe*" ions gathered in the nanoparticles. The static magnetization in heat treated
samples has non-linear dependence on the magnetizing field with hysteresis. Zero-field cooled
magnetization curves show that at higher temperatures the nanoparticles occur in
superparamagnetic state with blocking temperatures above 100 K. Below ca. 20K, a considerable
contribution to both zero field-cooled and field-cooled magnetizations occurs from diluted
paramagnetic ions. Variable-temperature electron magnetic resonance (EMR) studies
unambiguously show that in as-prepared glasses paramagnetic ions are in diluted state and confirm
the formation of magnetic nanoparticles already at earlier stages of heat treatment. Computer
simulations of the EMR spectra corroborate the broad distribution of nanoparticle sizes found by
“direct” techniques as well as superparamagnetic nanoparticle behaviour demonstrated in the
magnetization studies. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4759244]

. INTRODUCTION

Nanoparticles as model objects offer large possibilities of
studying the evolution of physical properties of matter under
the transition from the nanoscopic state (diluted ions, small
clusters) to the macroscopic one. From the practical view-
point, the growing interest in nanostructures including mag-
netic nanostructures is supported by the perspectives of their
application in modern high-technology devices. Several
reviews, e.g., Ref. 1, and numerous research papers are deal-
ing with magnetic properties of nanoparticles dispersed in var-
ious matrices. Considerable attention paid to magnetic
nanoparticles arising in glasses doped with paramagnetic addi-
tives”2” is due not only to the great fundamental and practical
importance of such nanoceramic materials but also to their
advantages comparing to thin films or bulk crystals. Glass fab-
rication is distinguished by simplicity and low cost, and it can
be easily adapted to make samples of any shape and size.

The properties of glass materials are governed by ther-
mal treatment conditions and additive contents.'® Usually,
high concentrations of additives (2040 mass%) are neces-
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sary for the formation of magnetic particles in the glasses.
As a consequence, the glasses lose their most attractive prop-
erty—optical transparency. However, some glass systems,
partially devitrified under heat treatment, elude this rule;
indeed, nanoparticles of lithium ferrite LiFesOg in lithium
borate glass containing less than 1 mass% Fe,O3 (Refs. 21
and 22) and maghemite (y-Fe,O3) nanoparticles in silica-gel
glass with the Fe/Si molar ratio of 2% (Ref. 23) were identi-
fied by electron magnetic resonance (EMR). A ferrimagnetic
contribution to the magnetization was observed in calcium-
silica-phosphate glass ceramic containing 5 wt. % Fe,05."
In potassium-alumina-borate glasses co-doped with iron and
manganese, magnetic nanoparticles were detected with high-
resolution electron microscopy>* beginning with 1.5 mass%
of Fe,O3 and 1.0 mass% of MnO in the glass synthesis batch.
After heat treatment, these glasses acquire a non-linear mag-
netic field dependence of magnetization with hysteresis and
magnetic saturation. At the same time, they retain a high
transparency in a part of the visible and near infrared (IR)
spectral range and demonstrate strong magneto-optical Fara-
day rotation (FR).

© 2012 American Institute of Physics
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In glasses co-doped with 3d (transition) and 4f (rare
earth, RE) elements, one may expect the formation of nano-
particles containing both 3d and 4f ions. However, in spite
of a great fundamental and practical importance of such
systems, in particular, from the viewpoint of the magneto-
optical efficiency, only few studies have been reported in
this field.

In a recent paper” devoted to magnetic properties
including dc and ac susceptibilities and magnetic aging
effects in aluminum-borate glasses doped with high concen-
trations of iron and RE ions (RE = Sm, Gd, and Tb), a possi-
bility of iron ions forming magnetic clusters is suggested but
the formation of magnetic nanoparticles is not considered.
On the other hand, it has been shown?®?7 that potassium-
alumina-germanium-borate glasses co-doped with relatively
low concentrations (about 5 mass% in the total) of Fe,O3
and RE,O; have a tendency towards the magnetic nanopar-
ticle precipitation while remaining transparent in the visible
and IR spectral range and demonstrating a large Faraday
rotation. Magnetic nanoparticles of different shapes and
sizes have been observed with transmission electron micros-
copy (TEM) in samples subjected to a particular heat treat-
ment regime. The major parts of iron and RE ions have been
shown to gather inside the nanoparticles, and the latter have
been shown to be crystalline. Meanwhile, no unambiguous
data on the crystal structure of the nanoparticles could be
obtained in these studies as far as only one or two reflexes
have been observed in the microdiffraction patterns. On the
basis of the composition of paramagnetic ions introduced
into the glasses, either garnet- or spinel-type nanoparticle
structures are expected in this system. In both structures, the
3d ions occupy octahedral and tetrahedral sites while the 4f
ions are located in dodecahedral sites in garnets and substi-
tute for Fe>" ions in octahedral sites in spinels. In both
cases, the 4f ions undergo magnetic ordering only at low
temperatures; therefore, room-temperature magnetic and
magneto-optical properties of the glasses are mainly due to
the 3d ions. In accordance with certain studies, e.g., see,
Refs. 14, 18, and 20, one could also expect the formation of
hematite nanoparticles, in which case Fe>" ions in octahe-
dral sites are antiferromagnetically coupled, and the total
magnetic moment is related to the canting angle between
individual magnetic moments of adjacent ions.

The characteristics of the magneto-optical spectra in the
d-d transition range are helpful for the identification of the
nanoparticle nature and crystalline structure. In this context,
particularly informative is the magnetic circular dichroism
(MCD),?® as far as it is observed for photon energies corre-
sponding to transitions between ground and excited states of
an ion in the crystal field (CF), highly sensitive to the mag-
netic ion site symmetry. The MCD spectroscopy is widely
used to study the detailed electronic structure of RE ions dis-
persed in different compounds (e.g., Refs. 29-31). At the
same time, only few publications are available on the MCD
of magnetically ordered substances, and they mainly concern
yttrium iron garnets (e.g., Refs. 28 and 32). Only in a recent
paper,” a room temperature MCD spectrum has been pre-
sented of Co doped fine maghemite (y-Fe,O3) nanoparticles
dispersed in SiO, matrix.

J. Appl. Phys. 112, 084331 (2012)

Among various techniques used in the studies of mag-
netic nanoparticles, the EMR has a very special part because
of its sensibility to both the nanoparticle magnetic structure
and morphology. However, extracting such information from
experimental EMR spectra requires detailed numerical
simulations.

The aim of this paper is to gain insight into the nature of
nanoparticles formed in the glasses in relation to doping and
heat treatment conditions. We have applied the MCD and
the EMR together with the TEM and synchrotron radiation-
based x-ray diffraction (XRD), extended x-ray absorption
fine structure (EXAFS), x-ray absorption near-edge structure
(XANES), and small-angle x-ray scattering (SAXS) techni-
ques to address the problem of identification and structural
characterization of magnetic nanoparticles in potassium-
alumina-germanium-borate glasses doped with Fe,O5; and
co-doped with RE,O3 or simultaneously with Bi,O5; and
Y,05. The Bi*" ion itself or in combination with Y is of-
ten introduced to ferrite garnets and spinels in order to mod-
ify their magneto-optical properties, e.g., see Ref. 32.
Besides, we have studied magnetic properties, viz., field and
temperature dependences of the magnetization for different
co-dopant ions and heat treatment regimes. Considerable
attention has been paid to as-prepared glass samples in order
to monitor early stages of the nanoparticle nucleation.

The paper is arranged as follows. In Sec. II, we describe
the sample preparation and experimental techniques
employed. In Sec. III, TEM, XRD, EXAFS, XANES, and
SAXS data are presented and discussed. In Sec. IV, we focus
on MCD spectroscopic studies of samples subjected to heat
treatment as well as of maghemite, magnetite, and iron garnet.
Section V deals with temperature and magnetic field depend-
ences of the static magnetization. In Sec. VI, we address ex-
perimental EMR data and computer simulations of the EMR
spectra.

Il. EXPERIMENTAL DETAILS

Glasses of the basic compositions (in mass%) 25.9K,0-
27.1A1,03-14.1Ge0,-32.9 B,03 were synthesized using the
technique described in Ref. 24. Prior to the synthesis, Fe,O;
and a co-dopant, RE,O3 (RE = Gd, Tb, Dy, Ho, Er) or Bi,O3
together with Y,0O3, were loaded in the charge in respective
concentrations of ca. 3.0 and 0.3-2.0 mass% over 100
mass% of the basic composition. The mixtures were melted
at 1100-1300°C under oxidizing conditions. The melt was
poured onto steel sheets, and glass plates were naturally
cooled down to 380 °C in air and then kept at this tempera-
ture for several hours. The fabricated samples of each com-
position were cut to several pieces and subjected to
additional treatments in different regimes. The treatment
temperatures have been chosen based on thermo analytical
studies using synchronous thermal analysis (STA) with a
STA 449C Jupiter instrument (Netzsch) recording differen-
tial scanning calorimeter (DSC) signals in a continuous flow
of pure argon in standard platinum STA crucibles (6.8 mm in
diameter, 3mm high, and having a micro hole in the lid).
The heating was performed up to 1050 °C at a rate of 10°C/
min. Glass transition temperatures, T,, appeared to be very

Downloaded 10 Jan 2013 to 147.210.24.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
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close to each other for all glasses, e.g., for sample 1.3
T,=420°C. As temperature increased above 600°C, in the
DSC curve numerous small peaks gradually appeared due to
crystallization of different small regions of the glass matrix
of complex composition. Thus, the temperature range
between 520 and 600°C was chosen for the thermal treat-
ment of the glasses. The glass compositions together with
the treatment conditions are summarized in Table I.

The glass compositions have been tested using x-ray flu-
orescence analysis. As an example, the results for Fe and Dy
containing glass for K, and L, excitations are shown in
Table II. The component concentrations are very close to
those of the initial components in the charge. Note that
Table II shows absolute dopant (element) concentrations
while Table I shows the additive (oxide) contents above
100% of basic glass composition.

The visualization of particles formed in the glasses was
carried out with the high resolution transmission electron
microscope (HRTEM) JEM-2010 with 0.14nm resolution
and 200 keV accelerating voltage. The crystal phase identifi-
cation was performed by the phase contrast technique and
the selected area electron diffraction (SAED) with spatial re-
solution up to 100nm. Energy-dispersive atomic x-ray
(EDXA) spectra were used for the elemental analysis. The
spatial resolution used in this case was about 10-25 nm. For
the HRTEM studies, the samples were ground in ethanol, de-
posited on perforated carbon substrates attached to a stand-
ard copper grid, and placed into the microscope chamber.

The EXAFS/XANES spectra, XRD patterns, and SAXS
curves for several representative samples were measured at
the “Structural Materials Science” beamline®* in the Kurcha-
tov Synchrotron Radiation Centre (Moscow, Russia). The
electron storage ring Siberia-2 was operating at electron
energy of 2.5GeV with an average current stored of 100
mA. A Si(111) channel-cut monochromator was used to
monochromatize the incident synchrotron beam. The Fe K-
edge and Ho L3-edge x-ray absorption spectra (EXAFS and
XANES) were measured in the fluorescence yield mode with

TABLE I. Characteristics of the samples studied. The additive contents are
given according to the x-ray fluorescence analysis data.

Heat treatment regime

Sample Additives (mass%)* Temperature (°C) Time, h
1.1 as-prepared ..
1.2 600 2
1.3 560 16
1.4 Dy,0; (1.65) 600 16
2 Er,05 (1.69) + Tb,05 (0.35) 560 16
3.1 520 18
3.2 560 16
33 Ho,05 (1.67) 560 48
4 Tb,05 (1.62) 560 16
5.1 520 16
5.2 Gd,05 (1.4) +Ho,05 (0.3) 560 16
6 Yb,0;5 (1.05) + Ho,05 (0.32) 560 48
7.1 520 18
7.2 Bi,05 (2.0) + Y,03 (1.0) 600 18

*All samples contain 3.0 mass% of Fe,0s.

J. Appl. Phys. 112, 084331 (2012)

TABLE II. Composition of sample 1 obtained with x-ray fluorescence
analysis.

Concentration

Element Mass % at. %

B (K,) 10.58 20.93
O (K,) 37.94 50.73
Mg (K,) 0.52 0.46
Al (K,) 14.68 11.64
K (K,) 22.18 12.13
Ge (K,) 10.05 2.96
Fe (K,) 243 0.93
Dy (L,) 1.62 0.21
Total 100.00 100.00

a Si avalanche photodiode placed in front of a sample normal
to the synchrotron beam. Several scans were averaged to
improve the signal to noise ratio with the total measurement
time of 6-8 h per spectrum. The IFEFFIT software package®*
was used for data processing and curve fitting according to
standard procedures for background removal, normalization,
Fourier transformation, and curve fitting with FEFF** ab ini-
tio theoretical phase and amplitude functions.

The x-ray diffraction data were acquired in the transmis-
sion (Debye-Scherrer) mode at the wavelength 4= 0.696585 A
using a 2D Fuji film imaging plate detector; the sample-to-de-
tector distance was 100 mm and the exposure time was about
20 min per sample. The SAXS curves were measured with a
1D gas proportional detector using a sample-to-detector dis-
tance of ca. 1000mm at the wavelength 41 =1.181 A (below
the Ge K-edge to reduce the fluorescence background). Silver
behenate was used as an angular scale reference. The exposure
time was about 1h per sample. The particle size distribution
was retrieved by the indirect Fourier transform algorithm
implemented in the software code GNOM™ under the assump-
tion of a polydisperse distribution of hard spheres. For the anal-
ysis, the scattering on as-prepared glass was subtracted from
the respective curves for heat treated samples after appropriate
intensity normalization, see discussion below.

The optical and magnetooptical measurements were
made with optically smoothed 0.03—0.08 mm thick samples.
In order to perform measurements in the UV spectral range,
we needed samples of minimal possible thickness. The dif-
ference in thickness was due to the fact that depending on
the nature of co-dopant, the samples had different hardness
and as a consequence, different damage threshold.

Fe;0y4, y-Fe,0s, and YzFesO, thin films were used as
reference samples. The MCD was measured as a difference
(Ak) between the absorption values for the light waves clock-
wise (k) and counter-clockwise (k_) polarized with respect
to the direction of an external magnetic field normal to the
sample plane. The MCD spectra were measured in the
energy range of 1.25-2.8 x 10*cm™"' and the temperature
range of 80-300K in the magnetic field of 0.25 T by modu-
lating the light polarization with an elastic-optical modula-
tor. The accuracy of measurements was ca. 10"*cm ™', and
the spectral resolution was ca. 50cm ™ '. FR was measured in
a lower-energy spectral part using zero method with an
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FIG. 1. TEM image of sample 1.3 fragment (a) and HRTEM picture (b) of
the encircled area in (a).

accuracy of 0.1min. The FR sign was determined with
respect to the FR of a high purity quartz sample taken as pos-
itive, as usually accepted.

The magnetic properties of the glasses were studied
with the Quantum Design Magnetic Property Measurement
System MPMS XL operating in the 1.9-300K temperature
range in the applied magnetic field up to 5 T.

The EMR spectra were recorded in the temperature
range from ca. 4 to 300K at the X band (9.46 GHz) with a
Bruker EMX spectrometer equipped with the ER4112HV
variable temperature unit. The spectra of as-prepared and
heat treated samples were analysed by means of computer
simulations using laboratory-developed codes.

lll. STRUCTURAL CHARACTERIZATIONS

In the TEM images of as-prepared glasses, no features
are observed that could be ascribed to the occurrence of
nanoparticles. In contrast, for all heat treated samples the
TEM images show distinct spots of density different from
that of the glass matrix, attesting for the presence of mag-
netic particles. Typical TEM image of the glass fragment is
illustrated in Fig. 1. For most samples, aggregates of several
particles of 10-30nm in size are observed see Fig. 1(a);
besides, small isolated particles can be seen. The nanopar-
ticles are predominantly rectangular in shape; however,
needle-shaped particles occur as well. As follows from the
EDXA spectra, the elemental compositions of the glass frag-
ments and of the particles significantly differ. The EDXA

CuK

79 55 7

57

6.8 6.6
E (keV) E (keV)

FIG. 2. EDXA spectra for the nanoparticle region (left) and for the glass ma-
trix (right) for sample 6.

J. Appl. Phys. 112, 084331 (2012)

d220=0.295nm

FIG. 3. HRTEM image of 1.4 sample fragment. The insets show a Furrier
filtered picture (top right) and EMD (bottom right) of the area outlined by
the rectangle.

spectra for sample 6, Fig. 2, indicate that both iron and RE
elements predominantly are gathered in the region of the par-
ticles. Similar results hold for other heat treated samples.

The high resolution image of a particle shown in
Figs. 1(b) and 3 can be attributed to the [100] projection of
both magnetite (Fe;04) and maghemite (y-Fe;Oj3), and the
SAED of this projection contains a single reflection close to
the reflection with d [220] =0.295 nm expected for maghe-
mite (space group P4,32, a=8.351A, PDF #39-1346) or
magnetite (space group Fd3m, a =8.396 A, PDF #19-0629).
Manifestly, these data are insufficient for an unambiguous
identification of the nanoparticle crystal phase.

The XRD patterns for as-prepared glasses show only
broad halos arising from the vitreous matrix while those of
different heat treated samples, e.g., see Fig. 4, display series
of relatively narrow peaks. The positions of these peaks
remain nearly the same in all heat treated samples, whereas
their relative intensities and widths depend on the co-dopant
and the heat treatment regime. As shown in detail in Fig. 5,
these peaks can be indexed on a cubic lattice with parameter
a in the range of 8.32-8.37 A. Thus, the nanocrystalline
phase emerging in the glass under heat treatment can be
identified either as maghemite or magnetite. As both
maghemite and magnetite possess a spinel structure, no

I/ (arb. units)
i :
W N =

FIG. 4. X-ray diffraction patterns for the samples listed in Table 1.
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unambiguous choice between these two structural prototypes
can be made on the basis of the diffraction data only. On the
other hand, at the wavelength 4 =0.696585 A used in the
experiments, for the garnet (space group la3d, a=12.37 A,
PDF # 831027) and hematite (space group R3c, a =5.035 A,
PDF 330664) structures the most intense diffraction peaks
should occur, respectively, at 20 = 14.22° ([420] peak) and
20 =14.88° ([104] peak), i.e., between the [220] and [311]
peaks observed, cf. Fig. 5. The obvious absence of any dis-
tinct peak in this angle range allows us to definitely rule out
the formation of garnet- and hematite-type nanoparticles in
the actual case.

Fig. 6 compares the XRD patterns for two series of sam-
ples with nominally identical compositions but subjected to
different heat treatments. One can see that with the increase
in the treatment temperature and duration the diffraction
peaks grow in intensity and narrow, suggesting either an
increase of the nanoparticle size or an improvement of crys-
tallinity or both. A similar trend is observed as a function of
the co-dopant nature, e.g., cf. curves 1.3 and 2 in Fig. 4.

The average nanoparticle sizes, L, have been estimated
from the [440] XRD peak broadening by means of the Scher-
rer equation, taking into account the instrumental broaden-
ing. The a and L values for nanoparticles in different
samples are listed in Table III. The L values correlate with
those obtained from TEM images. It is seen that the increase
in the treatment temperature and duration results in decreas-
ing the lattice parameter and increasing the average nanopar-
ticle size.

In a more detailed way, the nanoparticle sizing has been
obtained from the SAXS, e.g., see Fig. 7. For as-prepared
glass, the SAXS curve, see Fig. 7(a), can be represented on a
log-log scale as a nearly linear decrease with a slope close to
—4 followed by a plateau (a relatively weak and nearly con-
stant intensity) for scattering vectors s> (.05 A~'. This
behaviour can be explained assuming that the glass structure
at the mesoscopic level includes heterogeneities with dimen-
sions much larger than 150200 A and thus, the small-angle
scattering occurs in the Porod asymptotic regime.*® The scat-
tering for s > 0.05 A~! can be due to isotropic fluorescence

(220)

/(arb. units)

(533) (731)

44
(620 (844)

(931)

26 (deg)

FIG. 5. Indexing of spinel peaks observed in the diffraction pattern of sam-
ple 2 in accordance with the maghemite peak positions.

J. Appl. Phys. 112, 084331 (2012)

/(arb.units)
/(arb.units)

15 20 25
20 (deg)

FIG. 6. Heat treatment induced evolution of diffraction patterns for samples
1 (left) and 3 (right).

of iron atoms. Both heat treated samples show SAXS curves
completely different from that of as-prepared glass, with
considerably higher integral scattering intensities manifestly
due to the presence of nanoparticles. The size distributions
of scattering centres (nanoparticles) in heat treated samples,
obtained by indirect Fourier transformation, are shown in
Fig. 7(c). These distributions are obviously asymmetrical,
with most probable radii about 20-35 A and right-side wings
extending up to 200-250 A. For sample treated at 600 °C, the
main maximum shifts slightly to smaller sizes but the larger-
particle wing becomes much more prominent. These data
suggest that the apparent increase in the crystallite size with
the heat treatment temperature, cf. Table III, is mainly due to
broadening of the particle size distribution towards larger
sizes.

The evolution of local atomic environment of iron and
the co-dopant atoms brought about by heat treatment has
been assessed by x-ray absorption spectroscopy (EXAFS and
XANES). According to the Fe K-edge XANES data, the oxi-
dation state of iron is close to +3, although the shape of the
XANES spectra depends on heat treatment regime, see
Fig. 8(a). The distinct pre-edge peak at ca. 7110eV

TABLE III. Cubic lattice parameter and crystallite size for nanoparticles
formed in different samples as deduced from the positions and widths of the
(440) XRD peaks.

Sample AA) L (A)
1.1 i

12 8.331 200
13 8.321 220
14 8.320 250
2 8.365 270
3.1 8.376 90

32 8.363 120
33 8.354 165
4 8.323 265
5.1 8.339 140
52 8.330 200
6 8.375 160
7.1 8.328 80

Downloaded 10 Jan 2013 to 147.210.24.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



084331-6

Edelman et al.

J. Appl. Phys. 112, 084331 (2012)

Scattering Intensity (cps)
Scattering Intensity (cps)

— *» o
2|, e (c)
E .
S *, ° 74
L. & e 72
S °
.0
2
T 5 o.
C |e ()
[0] o &..
©
g PN o ..0
20 2
3 1% 4 )
o] [ \.,,..
=
D b
(@]
T T T T

T
0.05

0.10

— T — —
100 150 200 250

R (A)

0.18

s (A"

0.20

FIG. 7. SAXS for samples 1.1 (triangles), 7.1 (empty diamonds), and 7.2 (full diamonds). (a) Experimental data (log-log scale). (b) Difference curves obtained
by subtracting the experimental data for as-prepared glass from those for heat treated samples. The solid curves are best fits (log-linear scale). (c) Model distri-

butions of hard spheres corresponding to the fits shown in (b).

indicates a significant contribution of iron ions in non-
centrosymmetric coordination. The height of this peak in as-
prepared glass is only ca. 0.11 with respect to the height of
the absorption edge step, whereas for a perfect tetrahedral
environment it is expected to be significantly higher (0.15—
0.18).*7-® This implies that a part of iron ions in as-prepared
glass are in distorted fourfold or sixfold coordinated sites or,
perhaps, in fivefold coordinated sites.* In the course of heat
treatment, the intensity of this peak slightly decreases and
the whole fine structure of the spectrum becomes similar to
that of a spinel-type iron oxide (maghemite or magnetite).
The Fe K-edge EXAFS Fourier transform for as-prepared
glass, as expected for the vitreous state, shows only one peak
corresponding to the distance between the iron ion and its
nearest oxygen neighbours at ca. 1.88 A, Fig. 8(b). For heat
treated samples, the experimental data show two Fe-O bond
distances, 1.88 and 2.05-2. 1010%, related, respectively, to tetra-
hedral and octahedral sites in the spinel structure. The peaks
corresponding to Fe...Fe interatomic distances, at ca. 3.0 and
3.5A, become apparent only for heat treated samples, and
their values are quite consistent with the spinel-type structure.
Meanwhile, as well as in the case of the XRD data discussed

(@) ®) Fe..Fe

Fe-O

IFT(K(K)|

Normalized Absorbance (arb. units)

LI E L R B | T
7100 7150 7200 7250 0 1

Photon Energy (eV) R(A)

FIG. 8. Fe K-edge XANES spectra (a) and Fourier transforms of EXAFS
spectra (b) for selected samples.

above, the x-ray absorption cannot unambiguously distinguish
between maghemite and magnetite structures.

An interesting finding is that no distinct changes in the
local environment of RE ions occur as a function of the heat
treatment temperature and duration. Indeed, neither the
XANES nor the EXAFS, see Figs. 9(a) and 9(b), show sig-
nificant difference between samples 3.1 and 3.3, cf. Table I.
According to the EXAFS, the holmium environment is char-
acterized by a broad distribution of Ho-O distances (2.2—
2.4 A with a mean coordination number about 8). Besides,
the EXAFS results for holmium, in contrast to those for iron,
discern no apparent further coordination shells. cf. Figs. 8(b)
and 9(b). Meanwhile, vide supra, the EDXA data show that
both iron and RE elements predominantly are gathered in the
region of the particles. In order to explain this apparent dis-
crepancy, one can suggest that while Fe ions enter inside the
particles, the RE ions mainly concentrate at the particle sur-
face contributing to form a more or less disordered ‘“spin
glass” shell. The importance of nanoparticle surface layer is
well known, e.g., see Ref. 40. In the particular case of mag-
netite nanoparticles formed in oxide glasses, from small-
angle x-ray and neutron scattering data, Lembke er al.*'

(@) (b)

Ho-O

[FT(R (k)]

Normalized Absorbance (arb.units)

T T
8100 8150

Photon Energy, eV

80‘50
R (&)

FIG. 9. Ho L3-edge XANES spectra (a) and Fourier transforms of EXAFS
spectra (b) for samples 3.1 and 3.3 as compared to crystalline reference
H0203.
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inferred the existence of a nonmagnetic surface layer sur-
rounding a magnetically ordered nanoparticle core.

IV. MAGNETIC CIRCULAR DICHROISM

As mentioned in the Introduction, the distinct features in
a MCD spectrum correspond to electron transitions between
ground and excited states of an ion in a CF. Since the energy
of such transitions depends on the CF produced by close sur-
roundings of the magnetic ion, the MCD spectrum is a
powerful tool for identifying the crystal structure. The spec-
tral dependence of the paramagnetic term, providing a major
contribution to the MCD of magnetically ordered substances,
is described by the equation®?

47'CN 603 l"a_,- C

. <
2 2 2
hc (@f — 0?)" + T kT

)]

Zy

where 7 is the Planck constant, N is the number of active
centres, C is a constant, B, is the magnetic field component
along the direction of the light wave propagation, k is the
Boltzmann constant, T is the temperature, w,; is the angular
frequency of a transition from the ground to the excited state,
o is the angular frequency of the light wave, and I'y; is the
transition linewidth. From Eq. (1), it is obvious that for suffi-
ciently narrow spectral features maxima in the MCD spectra
correspond to the electron transition energies.

The MCD spectra are presented in Fig. 10. The MCD
spectrum of sample 1.3 together with those of ferrimagnetic
iron oxide thin films Fe304, y-Fe,Os, and YsFesO;, are
shown in Fig. 10(a). In the 16000-22000cm ' range, the
spectra of all glasses coincide in shape with each other, see
Fig. 10(b), as well as with that of y-Fe,O3 (curve 2 in
Fig. 10(a)) showing two main maxima at £, =20800 and

J. Appl. Phys. 112, 084331 (2012)

MCD spectrum of ferrite garnet (curve 3), in comparison
with those observed in the glasses, shows somewhat shifted
features of opposite sign and with different intensity ratio.
The MCD spectrum of Fe;O, in the same range consists of
two broad structureless features of opposite sign (curve 1).
So, the MCD spectra shapes of the glasses studied in this
work are in good agreement only with that of y-Fe,Os;.
Therefore, the nature of nanoparticles formed in these
glasses can be reasonably assigned to electronic transitions
in Fe®" jons in octahedral and tetrahedral sites in this spinel.

In the 13000—17 000 cm ™' range, the MCD spectra of the
glass samples and that of Fe;O, are also quite different, see
Fig. 10(c). However, the agreement between the spectra of the
glass (curve 3) and y-Fe,O5 (curve 2) is less evident compar-
ing to the 18000-22000cm ™' range. Indeed, the general
trends of the glass and y-Fe,O3; MCD spectra, viz., a decrease
in absolute value with the increase in wavelength and a sign
change in the vicinity of 15000cm ™", are quite similar, how-
ever, the y-Fe,O3 spectrum is structureless while the glass
spectrum demonstrates distinct features at nearly the same
positions for all samples; besides, it is temperature-dependent,
cf. curves 3 and 4. Electronic transitions in the co-dopant RE
ions either are totally absent in the range in question or occur
with energies very different from those of the observed MCD
peaks: 13 200 and 14 000 for Dy, 13 500 and 15 000 for Ho,
and 15 700 for Er (in cm_l).43 So, the MCD features observed
in this range can also be ascribed to iron ions. Note the simi-
larity of the MCD shape shown in Fig. 10 to the MCD
spectrum presented in Fig. 4 of Ref. 33 for maghemite nano-
particles dispersed in SiO,. Unfortunately, the MCD value is
given in Ref. 33 in arbitrary units, so, it is not possible to
make quantitative comparison with our results.

The difference between the MCD spectra of y-Fe,O;
thin film and of the glass can be explained by the fact that

E,=18500cm™'. In the 16000-26000cm " range, the parity- and spin-forbidden d-d transitions in Fe®" ion are
b ——1.3
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'E Tf\ 2 i \Y‘ - — . — 7
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@ < gt \\p"
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weak in the crystal, while in the glass their intensities are
increased due to site distortions. Indeed, XANES has evi-
denced the occurrence of iron ions in non-centrosymmetric
coordination, vide supra, in which case the d-d transitions
become partially allowed.

At higher energies, the change of the MCD sign is
observed for all glasses; however, the point at which this
change takes place is different for different samples, see Fig.
10(b). Unfortunately, because of the high optical density, see
Fig. 11, the MCD spectra for E>23000cm ' could be
measured only for sample 1.3. In this case, one observes a
broad negative feature centred at ca. 24000cm™' and a
weak inflection about the point of the sign change. At lower
temperatures, this inflection becomes more evident, Fig.
10(d), so that the whole MCD spectrum of this glass acquires
a close resemblance with that of y-Fe,Os3, cf. Fig. 10(a).

The magnetooptical effects in iron oxides have been dis-
cussed by several authors, and, as main types of transitions
involved in these effects, CF d-d electron transitions and
charge transfer transitions between a paramagnetic ion and
its ligands or between ions in different sub-lattices have been
considered.”®** Using the well-known Tanabe-Sugano dia-
gram45 for Fe? *(dselectron configuration), we have ascribed
the E, and E, features to the 6AI(GS) —4A1, 4E(4G) transi-
tions in tetrahedral (E,=20830 cmfl) and octahedral
(E»=18520cm™") sites, respectively. Under this assump-
tion, the Racah parameters B, characterizing the inter-
electron repulsion energy, and CF (A) are evaluated as
follows: Boea =368 cm ™", Agera=13130cm ™" for the octa-
hedral sites and Bieya =639 cm ™!, Ara = 6270cm ™! for the
tetrahedral sites. The ratio Aya/Aocia = 0.48 is close to that
predicted by CF theory.*> The B and A parameters obtained
allow assigning other features observed in the MCD spectra
to distinct CF transitions. It is obvious from Table IV that
lower energy transitions also fit the CF scheme.

In the case of ferrite spinel, alongside with the CF transi-
tions, other transition mechanisms should be considered.**
The intervalence charge transfer (IVCT), i.e., an optically
induced electron transfer between two neighbouring cation
sites, can take place in compounds containing an element in
two different oxidation states, e.g., in Fe3Oy4. If the IVCT
occurs between ions in the same oxidation state, e.g., Fe>"
occupying different crystallographic sites, it is referred to as
intersublattice charge transfer (ISCT). For MgFe,O,4, with
crystal parameters close to those of y-Fe,Oj3, the transition at

J. Appl. Phys. 112, 084331 (2012)

TABLE IV. Identification of Fe*" electron transitions in the glasses (T, tet-
rahedral; O, octahedral).

Peak energy (cm ') Site Transition

24 390 T Charge-transfer or °A(°S)-*T,(“D)
20 830 T °A,(°S)-4A, *E (*G)

18 520 0 °A14(°S)-4A ., *E, (*G)

16 180 0 A1(°S)-"T 1, (*G)

14710 T °A,(°S)-*T, (*G)

11010 ) OA15(°S)-* T2, (*G)

21 200 cm ™" has been assigned to the ISCT.** The higher in-
tensity of the 21200cm ™' peak in comparison with that at
18520cm™ " can be explained by a combination of two
mechanisms, CF and ISCT.

The MCD features related with octahedral Fe*" sites can
be compared with those observed in optical absorption of
FeBOj; crystal containing only octahedral Fe®.* Two differ-
ent types of features have been reported for this crystal: weak
and narrow ones due to d-d transitions and strong ones due to
charge transfer transitions of #,,(7)-t2¢, #14(7)-te0 and 1,(0)-t49
types, with energies well above 24 000cm ™ '. A higher inten-
sity of °A;(®S)-*A,, “E(*G) transition in comparison with
those of °A;(®S)-*T,(*G) and 6A1g(6S)-4T2g(4G) ones has
been explained by a substantial contribution of charge-transfer
transitions (so-called intensity borrowing mechanism*’). This
approach can also explain the lower intensity of the MCD
peak ascribed to 6Alg(ﬁs)—“Alg, 4Eg(“G) transition in Fe>" in
octahedral sites comparing to that of 5A1(°S)-*A,, “E(*G) tran-
sition in Fe*" in tetrahedral sites. Indeed, in the second case,
the transition is situated closer to the strong absorption band,
and only in the region of this transition a feature in the absorp-
tion spectrum is observed. (In Fig. 11(a), a kink is seen at ca.
20800cm ™' on the background of the strong absorption
band.) The MCD features observed in the higher energy
range, in principle, can be ascribed to all above-mentioned
types of charge transfer transitions; a contribution of
5A,(°S)-*T,(*D) and °A, g(E’S)-“Eg(‘lD) transitions can also be
envisaged.

Larger radius ions, including Y and Bi, are known to
occupy only octahedral sites in ferrite structure (more roomy
in comparison with the tetrahedral sites), substituting for the
Fe*" ions,** ! and at lower doping levels (10—15mol. %)
undistorted spinel structure persists. At higher doping levels,

500
] (b) 04(c)
400 - 1 1/,
] £ -2
“E 300- IR =
g ] E(10° cm™) 3_4_
< 200 A Xk //?
w6 /
100 - 1 ]
L T T 0.5 L L S B -8 T ]o T
18 20, 22 24 10 12 14 16 18 10 12 14 16
E(10’cm™) E(10°cm™) E(10°cm™)

FIG. 11. (a) Higher energy optical density of samples 1.3, 2, and 3.2 (curves 1-3, respectively). (b) Lower energy optical density of samples 1.1 and 1.3 (inset)
at 300 K. (c) Lower energy Faraday rotation spectra of samples 1.2-1.4, curves 1-3, correspondingly, at 300 K.
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another phase depending on the dopant nature is formed on
spinel grain boundaries. For instance, NiGd,Fe, 0O, ferrite
remains single phase for x < 0.3 (i.e., 15mol. %), while for
higher x a second orthorhombic phase is formed between the
spinel grains, and in both phases the site symmetry can be
distorted.*® (Possibly, see Sec. III, in our case a second
magnetically disordered phase containing the larger radius
co-dopant ions is also formed at the surface of the
nanoparticles.)

Replacing iron by larger radius ions expands the octahe-
dral sublattice and squeezes the tetrahedral sublattice,”’
which can result in magnetooptical spectra changes. Consid-
erable changes in polar Kerr effect spectra and optical con-
stants have been found in doping cobalt ferrite by Gd, Tb,
and Dy.* The intensity of transitions related with Fe’" ions
in octahedral sites can decrease if the number of these ions is
decreased because of substitution by a co-dopant. On the
other hand, structural distortions can partly remove the parity
selection rule and thus result in an increase of the CF transi-
tion intensities, as it was mentioned above. Depending on
relative contributions of these two mechanisms, the MCD
spectra can considerably change. In particular, structural dis-
tortions can provide conditions for the emergence of narrow
spectral features observed in the lower energy range of the
MCD spectra in the glasses, which are absent in the spectrum
of y-Fe, O3 film.

In summary, the MCD data suggest that the nanopar-
ticles formed in glasses co-doped with iron and larger radius
ions have a structure close to that of y-Fe,Os5. The exact role
of RE ions in the formation of the nanoparticles and their
contribution to the MCD spectra of the glasses need further
investigation. As it is seen from Fig. 11(a), the optical
absorption in the higher energy range is very strong, ruling
out any practical use of the glasses in this range. A different
situation is observed for the lower energy range (10-15)
x 10°cm ™", see Fig. 11(b). In this range, as-prepared glasses
are characterized by a very low absorption allowing to
resolve f-f transitions in RE ions. For thermally treated
samples, the absorption is increased but this increase is
compensated by the appearance of a broad Faraday
rotation maximum centred near 14 x 10> cm ™! (Fig. 11(c)).
Such characteristics make the glasses promising candidates
for applications in near IR spectral range.

V. FIELD AND TEMPERATURE DEPENDENCES OF
THE MAGNETIZATION

Typical dependences of the magnetization M on the
magnetizing field B at different temperatures, as presented in
Fig. 12 for as-prepared sample 1.1, follow the Brillouin func-
tions. The temperature dependence of the inverse susceptibil-
ity is linear and its intersection with the temperature axis
occurs at T=0K as expected for diluted paramagnetic ions.

Taking into account the sample composition, see Table II,
we can evaluate the maximal possible magnetization M,
of this sample. From the total mass of Fe and Dy in the sam-
ple and their respective atomic masses, 9.3 x 1072 and
27 x 107% g, we estimate the respective numbers of these
jons as 1.0 x 10" and 0.24 x 10" g~'. Using the magnetic
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FIG. 12. Magnetization curves at different temperatures for sample 1.1.

moments of Fe’", 4.7 and of Dy>", 10.65 (in Bohr magne-
ton), we get M,,.x = 17.1 emu/g. The maximal M value for
this sample in B=5T at 1.9K (9emu/g) is in reasonable
agreement with this estimate; indeed, one should keep in
mind that in the experiment conditions the saturation is not
yet reached and the temperature is not zero.

Figure 13 compares zero-field-cooled (ZFC) and field-
cooled (FC) M (T) dependences for samples 1.2—1.4 meas-
ured in B=0.02T. (In FC regime, samples were cooled in
the same magnetizing field, B=0.02T.) The ZFC curves ex-
hibit a behaviour typical of superparamagnetic nanoparticle
assemblies with blocking temperatures Tg ~ 210, 180, 120K
for samples treated at 560°C (16h), 600°C (16h), and
600 °C (2h), respectively. The broadness of maxima in the
ZFC curves is indicative of a large distribution in the particle
sizes, larger particles being possibly frozen already at room
temperature. Indeed, the irreversibility points (those of diver-
gence between the ZFC and the FC curves) in Fig. 13 are
close to 300 K; besides, the hysteresis loops for heat treated
samples are observed at room temperature as well, see Fig.
14. At all temperatures, the hysteresis occurs in magnetic
fields lower than ca. 0.05 T.

The increase in the FC and ZFC magnetizations
observed below ca. 25K (Fig. 13) for the major part can be

A

T T T T~ T T T
0 50 100 150 200 250 300
T (K)

FIG. 13. Temperature dependences of the magnetization of 1.2-1.4 samples:

curves 1-3, respectively, for FC conditions and curves 1’-3', respectively, for
ZFC conditions. B=0.02T.
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FIG. 14. Hysteresis loops for samples 1.3 (a), 4 (b), and 5.2 (c) measured at different temperatures (larger remnant magnetization and coercive force values

correspond to lower temperatures).

accounted for by an increased contribution of diluted para-
magnetic ions remaining not included into particles. The par-
amagnetic contribution also accounts for the change of the M
(T) dependence below ca. 25 K, see Fig. 15(a). Assuming the
low-temperature magnetization increase to be entirely due to
the contribution of diluted paramagnetic ions, from the FC
magnetization curves we can describe these contributions by
the corresponding Brillouin functions, see Fig. 15(b). The
difference between the experimental and the calculated
curves can be used to estimate the part of paramagnetic ions

8

[@

M (emu/g)

M (emu/q)

00 T T
0 50

150 200 250 300
T(K)

¥ I
100

FIG. 15. (a) Magnetization vs. magnetic field measured at different tempera-
tures for sample 1.3. Hysteresis loops are seen for B below ca. 0.05T (cf.
Fig. 10(a)). (b) Experimental FC (1) and ZFC (2) curves for sample 1.3 and
the Brillouin function (3), calculated from the low temperature FC curve
(full lines). The dashed lines show the difference between the experimental
curves and the Brillouin function.

included in the particles. As can be inferred from this figure,
this part is about 90%.

VI. ELECTRON MAGNETIC RESONANCE

Figure 16(a) shows the EMR spectra for sample 1.1 (as-
prepared Fe and Dy doped glass) taken at various tempera-
tures. These spectra show two main features: a low-field one
with the effective g-value g = 4.3 accompanied by a
plateau extending down to the fields corresponding to
getf = 9.7, and a high-field one with g.; =2.0. Such spectra
are typical of the electron paramagnetic resonance (EPR) of
an assembly of diluted °Ss /2 lons in randomly distorted envi-
ronment, the low-field and high-field features arising, respec-
tively, from heavily and weakly distorted sites.’>

In order to highlight a paramagnetic nature of the reso-
nance, the spectra amplitudes A in Fig. 16 have been multi-
plied by the absolute temperature 7. It is clearly seen that for
both the low- and high-field features the A x T product
remains nearly constant, as expected for diluted paramag-
netic species in accordance with the Curie law. Meanwhile, a
more detailed inspection of the spectra at different T shows
that for the low-field feature the A, 3 x T product slightly
decreases, whereas for the high-field feature the correspond-
ing Ay o X T product slightly increases with the increase in
temperature. This behaviour can be related to a temperature
dependence of the CF parameters, e.g., see Refs. 53 and 54.
Note that no resonance signal related to the RE ions could be
observed in these spectra series in the temperature range
between 3 and 300 K.

The EMR spectra of the same glass subjected to differ-
ent heat treatment regimes are shown in Figs. 16(b) and
16(c), respectively, for samples 1.2 and 1.4. The treatment
thoroughly modifies both the nature of the resonance and the
character of the temperature dependences of the spectra.
Indeed, in contrast to Fig. 16(a), in Figs. 16(b) and 16(c) the
relative spectra intensities at different temperatures have not
been multiplied by 7. Clearly, the overall spectra intensity
does not follow the T~ Curie law; rather, it remains roughly
temperature-independent, so that at room temperature it
exceeds by several orders of magnitude the EMR intensity in
as-prepared glass. At liquid helium temperature, the
gerr=4.3 and g.;r=2.0 spectral features are still visible,
superimposed with a new broad structureless resonance.
With an increase in temperature, these features, as expected,
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FIG. 16. EMR spectra series of samples 1.1 (a), 1.2 (b), and 1.4 (c) at various temperatures 7. The relative spectra intensities are multiplied by the respective T

values in (a) and plotted as measured in (b) and (c).

decrease while the new resonance undergoes spectacular nar-
rowing and, for sample 1.2, it gradually acquires a “two-line
pattern” shape (a superposition of a narrow and a broad line,
cf. Refs. 22 and 23). Moreover, a pronounced correlation is
observed between the spectra width and the “apparent” reso-
nance field. All these characteristics attest to a superpara-
magnetic nature of the new EMR spectrum,’>>® assigned
to magnetic nanoparticles formed under heat treatment of
the glasses. Besides, in Figs. 16(a) and 16(b), in higher-
temperature spectra a distinct feature emerges with the reso-
nance field about 0.1 T. This feature is most intense in Dy
co-doped glasses, and the temperature dependence of its
intensity suggests that it is related to some magnetically or-
dered species. Because of the superposition of this feature in
Dy co-doped samples, we have chosen to computer simulate
the EMR spectra in Ho co-doped glasses (samples 3.1 and
3.3) shown in Figure 17. One can see that the spectra evolu-
tion with the measurement temperature in these samples is
quite similar to that observed in Dy co-doped glass, mean-
while, the feature at ca. 0.1 T is either absent (for sample
3.1) or appears only in a restricted temperature range (for
sample 3.3).

In order to extract meaningful information from the
EMR data, we have carried out computer simulations of the
EMR spectra. The formalism used has been described in
detail earlier, e.g., in Refs. 54—56. The resonance fields have
been calculated by an iterative procedure of minimizing the
nanoparticle free energy approximated as

1
E%y-N-p—l—Ke(I)g.
2

The first term in the right-hand side of Eq. (2) is the Zee-
man energy, where p is the nanoparticle magnetic moment
and B is the magnetizing field, the second term is the first-
order magnetic anisotropy energy with the corresponding
constant Ky, and the third term describes the contribution of

E=—p-B+KyVOy + KsSDs +
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FIG. 17. EMR spectra series of samples 3.1 (a) and 3.3 (b). The relative

intensities are plotted as measured.
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the particle surface proportional to its area S and to the
surface anisotropy constant K. The fourth term represents
the magnetostatic energy for ellipsoidal particles, where N is
the demagnetizing tensor. The angular functions @y and Dy
depend on the magnetic symmetry; @y is usually assumed to
possess uniaxial symmetry.”’=®

As a major difference from our previous studies, in
order to achieve satisfactory computer fits to the experimen-
tal EMR spectra in the present case it has been necessary to
include the fifth term in the right-hand side of Eq. (2)
accounting for an exchange coupling between the nanopar-
ticle core and its shell, where K, is a constant and ®, possess
a unidirectional anisotropy. Such term has first been intro-
duced by Meiklejohn and Bean’***® and, more recently, con-
sidered in the context of magnetic nanoparticles.>”°!

To account for the superparamagnetic EMR spectra, the
magnetic parameters, as first suggested by de Biasi and
Devezas,®> have been “renormalized” through averaged
Legendre polynomials P,(cosa) where o is the polar angle
of the nanoparticle magnetic moment and n is chosen in
accordance with the magnetic symmetry (n=1, 2, and 4,
respectively, for unidirectional, uniaxial and
symmetry).

As far as the structure of the nanoparticles formed in the
glasses co-doped with iron and larger radius ions has been
identified as being close to that of y-Fe,Os, vide supra, it is
natural to use the magnetic parameters of this compound.
Unfortunately, we could not find data on temperature de-
pendence of the magnetocrystalline anisotropy for y-Fe,Os;
therefore, at this stage we have limited ourselves to room-
temperature EMR spectra.

cubic

Derivative of absorption (arb. units)

Derivative of absorption (rel. units)

T T T T T T
0 0.2 04 0.6
B(T)

FIG. 18. Computer simulations of room-temperature EMR spectra of sam-

ples 3.1 (a) and 3.3 (b). Full lines: experimental spectra. Dashed lines: best-
fit simulations.
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Fig. 18 shows the best fits to the experimental results for
two different heat treatment regimes. The fits have been
obtained assuming core-shell nanoparticle structure and
spheroidal nanoparticle core shape. Within such an assump-
tion, the nanoparticle shape can be described by a single
demagnetizing factor v, with the demagnetizing tensor com-
ponents parallel and perpendicular to the major axis given by
Ny="'/3+vand N, ='/3 —"/,, respectively.’® The satu-
ration magnetization value for y-Fe,O3, M, =3.7 X 10° A/m
(Ref. 63) has been used in the simulations, and the volume
magnetocrystalline anisotropy (cubic) has been found to be
reduced by a factor of ca. 2.5 with respect to its value in bulk
9-Fe,05, K = —4.7 x 10° J/m>.%*

Figure 18 shows best-fit computer simulations of the
room-temperature EMR spectra of samples 3.1 and 3.3. The
distribution densities of nanoparticle sizes and shapes (the
latter characterized by the demagnetizing factor v) used in
these simulations and the corresponding marginal distribu-
tions are shown, respectively, in Figures 19 and 20.

Comparing the parameter distributions obtained for
samples 3.1 and 3.3 shows that with the increase of heat
treatment duration and temperature, both the average

Distribution density
(rel units)

Distribution density
(rel. units)

FIG. 19. Joint distribution density of nanoparticle morphological parameters
extracted from best-fit simulations of the EMR spectra of samples 3.1 (a)
and 3.3 (b).
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nanoparticle size and the distribution width of the volume
fraction considerably grow. The latter distributions are quali-
tatively consistent with those obtained by SAXS for sample
5, see Fig. 7(c). Meanwhile, the SAXS data, as compared to
those obtained by EMR, suggest significantly larger nanopar-
ticle sizes. This discrepancy can be explained by the fact that
the SAXS is sensitive to the geometrical size of domains
with higher mean electron density, including both the core
and the shell of nanoparticles while EMR mainly accounts
for the size of the magnetically ordered nanoparticle core.
Besides, the EMR allows gaining some insight into the distri-
bution of nanoparticle shapes. One can see from Fig. 20(b)
that the latter only slightly changes with the heat treatment
regime.

VIl. SUMMARY AND CONCLUSIONS

Borate glasses doped with low contents of paramagnetic
additives after a special heat treatment acquire amazing
physical properties of “transparent magnets” due to magnetic
nanoparticles formed in the course of the treatment and mak-
ing them promising for various magneto-optical applications.
In this work, we have focused on borate glasses co-doped
with iron and larger radius elements: rare earths: Dy, Tb, Gd,
Ho, Er, or Y and Bi. A “multitechnique” approach has been
adopted in order to get comprehensive and reliable data on
these extremely complex systems.

XRD, EXAFS, XANES, and SAXS have allowed
obtaining a number of nanoparticle characteristics, in partic-
ular, the size distributions. However, the issue of particle
structure has remained open; indeed, two different spinel
structures—maghemite and magnetite—have proved to be
consistent with the experimental results. This ambiguity has
been resolved in MCD spectroscopic studies of samples sub-
jected to heat treatment in parallel with thin films of crystal-

Volume fraction

Volume fraction

0 T T T i
03 -02 -01 0 01 02 03
Demagnetizing factor

L T

FIG. 20. Marginal distributions of nanoparticle diameters (a) and demagnet-
izing factors (b) of samples 3.1 and 3.3 (full and dashed lines, respectively)
corresponding to the joint distribution densities shown in Fig. 19.
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line maghemite, magnetite, and iron garnet. A comparison
between the corresponding MCD spectra has allowed
definite identification of crystalline structure of the nanopar-
ticles formed as maghemite, regardless of the co-doping ele-
ment (Dy, Tb, Gd, Ho, Er, or Y and Bi).

In the context of the numerous publications dealing with
oxide glasses doped with iron oxide or co-doped with iron
and other 3d metal oxides, this finding allows to conclude
that RE or Bi and Y take a crucial part in the formation of
the magnetic nanoparticles in the glasses. In the case of iron
oxide doping, nanoparticles of magnetite (e.g., Refs. 5, 6, 9,
10, 14, and 16) or both hematite and magnetite18 are formed.
When two 3d metal oxides or Fe and non-magnetic metal
(e.g., Mg or Zn) oxides are simultaneously introduced into
the glass composition, nanoparticles with spinel structure
containing both elements are formed, e.g., zinc?® or manga-
nese ferrite.”* It should be pointed out that the glass samples
reported in Ref. 24 and in the present work were fabricated
in the same technological conditions.

A very interesting though somewhat surprising finding
of the present study is the formation of nanoparticles of
maghemite, i.e., ferrite spinel containing only Fe’' para-
magnetic ions, in glasses with RE or Bi and Y additives.
Though a detailed mechanism of such an effect is not yet
clear, this result seems quite consistent as far as it is evi-
denced by both the diffraction and the MCD data. In this
relation, the results of Ref. 65 can be mentioned, viz., intro-
ducing ErF; or SmF; into Na,O-K,O-BaF,-BaO-Al,0O3-
SiO, glasses led to a droplet phase separation in the course
of heat treatment while in undoped glasses phase separation
did not occur.

The magnetic field dependence of the static magnetiza-
tion in the heat treated samples exhibits hysteresis loops with
temperature-dependent characteristics. The ZFC and FC
magnetization curves clearly demonstrate superparamagnetic
behaviour, with blocking temperatures in the range from 120
to 210K, depending on heat treatment regime. Besides, the
magnetization data at very low temperatures (below 20K)
show a significant contribution from diluted paramagnetic
ions dispersed in the glass matrix. The EMR shows that in
as-prepared glasses the paramagnetic dopants are in diluted
state and confirms the formation of magnetic nanoparticles
already at earlier stages of heat treatment. A pronounced
temperature dependence of the EMR spectra in heat treated
samples attests to superparamagnetic nature of the nanopar-
ticles formed. From the computer simulations of the EMR
spectra, broad distributions of the nanoparticle sizes and
shapes have been deduced, qualitatively corroborating the
corresponding SAXS findings.
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