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ABSTRACT

Effect of Ag inclusions on magnetic properties and magnetic circular dichroism (MCD) of Fe;0, nanoparticles
(NPs) in the mixed system of Fe304 and Ag NPs in dependence on the relative concentration of the components is
presented. The samples were synthesized by the thermal decomposition of the mixture of constant concentration
of Fe(NO3)39H,0 and varied concentration of AgNO3. The synthesized powdered samples consisted of Fe;04
and Ag NPs located very close with each other, and in the most cases the Fe304 NPs were bordered with the Ag
nanocrystals. The Ag introducing in the samples does not effect, practically, in the Fe304 NPs morphology and
size distribution. At the same time, Ag NPs in the powdered samples cause a decrease in the Fe;04 NPs mag-
netization and shift of the blocking temperature to lower temperatures, both approximately proportional to the
Ag concentration. Most significant changes are revealed in the MCD spectra in the energy region of 1.2-2.2 eV.
We have discussed the influence of the Ag NPs on the MCD spectra features in terms of the charge-transfer

electron transitions.

1. Introduction

Magnetite (Fe3O4) is known to mankind since ancient times.
Nevertheless, it remains one of the most widely studied magnetic or-
dered compounds due to its extraordinary properties and diverse ap-
plications. Magnetite has the inverse spinel structure of the space group
Fd3m. The oxygen ions, O®~, form a face-centered-cubic (fcc) lattice.
The unite cell contains eight Fe>* and eight Fe** cations occupying
octahedral positions (B positions), and eight Fe>* cations in tetrahedral
positions (A positions). Thus, the cations in the B and A positions form
two magnetic sublattices with the oppositely directed magnetic mo-
ments and the total magnetic moment is determined by the B sublattice
[1]. The electrons can hop between Fe?* and Fe®* ions at room tem-
perature, what allows referring magnetite to an important class of half-
metallic materials [2]. Development of the magnetic nanoparticles
(NPs) synthesis technology has broadened the scope of the Fe;04 ap-
plication in optoelectronics [3], magnetic storage [4], and bio-inspired
applications [5] because of Fe304 NPs excellent chemical stability and
the ability to change essentially properties in dependence on the fea-
tures of technological conditions. The particular attention is being paid
now to an effect of noble metals as Ag and Au in the Fe;04 NPs
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properties. Enhanced magnetic moment and strong catalytic and anti-
bacterial activities of the Ag/Fe;0,4 nanocomposites demonstrated their
importance for potential application in water treatment and biomedical
applications [6-10]. Nanoparticles Fe304~Ag are used to detect various
poisonous substances, such as cyanide [11], fungicide [12], pesticide
[13], lead [14], mercury [15] and enzymeless hydrogen peroxide [16].
Heterodimer nanocomposite system of Fe;O4—Ag particles presents a
novel class of materials for simultaneous two-photon fluorescence
imaging and magnetic manipulation [17]. Self-assembled thin films of
Fe304-Ag composite nanoparticles can be used for spintronic applica-
tions [18]. Based on the Fe;0,@Ag core-shell magnetic nanoparticles,
a new substrate for in situ detection and identification of organic pol-
lutants was developed [19]. The great variety of possible applications of
the Fe;04~Ag and Fe;0,@Ag nanoparticles stimulates the development
of different modifications of the nanoparticles preparation technologies
with an aim of the optimal selection of materials for specific applica-
tions. Whatever the applications of the discussed nanoparticles, their
magnetic properties, depending on the features of the synthesis tech-
nology, should be studied first of all, since they provide the ability to
control the functionality of particles using a magnetic field. The thermal
decomposition of the metal salts assisted by different surfactants and
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organic solvents is one of the methods used for synthesis of the iron
oxide nanoparticles (e.g., [20,21]). By controlling the conditions of
synthesis it is possible to obtain various products from the same sub-
stance. The thermal decomposition method is characterized by a
number of advantages, in comparison with other methods of manu-
facturing monodisperse nanoparticles: the process is non-toxic, in-
expensive and it allows produce large amount of monodisperse nano-
crystals in a single reaction without a further size-sorting process [22].

Here we present the results of the magnetic properties study of the
Ag assisted Fe3O, nanoparticles fabricated in the one pot with the
thermal decomposition of the mixture of Fe(NO3)39H,O and AgNOs;.
The effect of a wide range Ag concentration variations on the magnetic
properties of NPs synthesized in such a way is revealed. This effect is
most clearly manifested in the study of the spectral dependences of the
magnetic circular dichroism (MCD). MCD is one of the powerful
methods giving an information on magnetic and electronic properties of
a substance [23]. MCD signal is due to the same electron transitions
that are responsible for the electronic absorption spectrum, but because
of the different selection rules [24] MCD spectrum is characterized by
much narrower and better resolved lines comparing to the absorption
spectrum. Several works are available in literature on the MCD spectral
dependences of the Fe3O, nanoparticles fabricated with different
techniques [25-27] and Fe304 thin films [28,29]. As concerns nano-
composites containing Fe;0,4 and Ag, we managed to find only a couple
of papers in the current literature devoted to Faraday rotation (FR) in
the Fe304/Ag containing ferrofluids [30] and the Fe3;04/Ag nano-
particles [31] fabricated in TeO5;-PbO-B,03 glasses using the Fe and Ag
magnetron RF sputtering with the subsequent glass thermal treatment.
The FR value dependences on magnetic field was presented in [30] and
the Verdet constant in dependence on the glass heat treatment tem-
perature was presented in [31] for the He-Ne laser wave length
(633nm) in both cases. So to our best knowledge, magneto-optical
spectra of Fe304/Ag nanocomposites are obtained here for the first
time. Analysis of the MCD spectral information obtained in combination
with the structural, morphological, and static magnetic data gave the
possibility to understand deeper the Ag effect in the Fe304 nanoparticle
properties.

2. Experimental
2.1. Synthesis procedure

To synthesize samples, the basic raw materials Fe(NO3)39H,0 and
AgNOj; in different concentrations were used. The atomic molar ratios
of Ag/Fe in samples and weight ratios of AgNO3;/Fe(NO3)39H,0 in
solutions are presented in Table 1. Eight samples were synthesized in a
three-neck flask equipped with condenser, magnetic stirrer, thermo-
couple, heating mantle and an inlet of argon gas. In a typical process, a
mixture of 2.0 g of Fe(NO3)39H,0, 10 mL of paraffin liquid, 10 mL of
oleylamine (OLA) and 10 mL of oleic acid was heated to 150 °C for
60 min. Subsequently, the reaction mixture was heated up to 240 °C for
90 min, and then the temperature of the reaction mixture was decreased
to 160 °C. At the same time, the AgNO; dissolved in OLA was injected

Table 1
The Ag/Fe molar ratios and Ag/Fe;0, weight ratios in the samples.

Samples atomic molar ratio Ag/Fe weight ratio Ag/Fe3;04
1 0 0

2 0.06 0.025

3 0.12 0.05

4 0.18 0.075

5 0.24 0.1

6 0.30 0.125

7 0.36 0.15

8 0.48 0.2
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into this reaction mixture. The mixture was kept at 160 °C for 30 min.
After the reaction mixture were cooled down to room temperature, a
mixture of hexane and ethanol was added to the solution, and the
products could be separated from the suspension with a magnetic field.
To remove the excess of the organic solvent and by-products com-
pletely, the products were washed several times with the mixture of
hexane and ethanol by magnetic decantation, and then dried in a va-
cuum.

2.2. Characterization

The powder diffraction data for Rietveld analysis were collected at
room temperature with a Bruker D8 ADVANCE powder diffractometer
(Cu-Ka radiation) and linear VANTEC detector. The step size of 26 was
0.016°, and the counting time was 5 s per step. Rietveld refinement was
performed by using TOPAS 4.2 [32].

The morphology, microstructure and local elemental composition of
the NPs were investigated using transmission electron microscopy
(TEM). TEM experiments were made with a JEM-2100 (JEOL Ltd.)
microscope operating at the accelerating voltage of 200 kV. The mi-
croscope was equipped with an energy dispersive spectrometer (EDS),
Oxford Instruments, what was used to control the elemental composi-
tion of the samples.

Magnetization field dependences at room temperature were mea-
sured with vibrating sample magnetometer (Lake Shore 7407).
Temperature dependencies of magnetization were recorded with the
quantum design SQID magnetometer for two cooling regimes — in the
magnetic field of 500 Oe (FC) and without magnetic field (ZFC). The
magnetization values are presented taking in to account the Fez04
content in samples according Table 1.

To carry out the MCD measurements, transparent composite plates
containing the nanoparticles were prepared: the nanoparticles powder
was mixed with dielectric transparent silicon-based glue (“Rayher” art.
no. 3,338,100 80 mL) in the weight proportion 0.5/100 and measures
were undertaken to obtain the homogeneous particles distribution in a
matrix such as ultrasonic bath. The mixture was placed between two
thin glass plates spaced by wires 0.15 mm in diameter and solidified.
The low magnetic powder concentration allowed us to exclude the in-
teraction between nanoparticles.

MCD was measured in the normal geometry: the magnetic vector
and the light beam were directed normal to the samples plane. The
modulation of the light wave polarization state from the right-hand to
the left-hand circular polarization relatively to the magnetic field di-
rection was used for the MCD measurements. The MCD value was
measured as the difference between the optical density of samples for
the right and left polarized light waves passing through them relatively
to the magnetic field direction (AD = D.,-D_) in the spectral range
1.2-3.5eV in a magnetic field 13 kOe at the temperature 300 K. The
measurement accuracy was about 10 %, and the spectral resolution was
20-50 cm ™! depending on the wavelength.

3. Results and discussion
3.1. TEM analysis

TEM images are presented in Fig. 1 for three samples with different
Ag/Fe304 ratios. For all samples, spherical or close to the spherical
shape NPs are observed. The nanoparticle dimensions are very close for
all samples. As it is seen from the log-normal distributions of the na-
noparticles size for some samples, presented in the right panel in Fig. 1,
the average particles size is 8 nm. Particles are collected in large con-
glomerates, as it will be shown below. Most of the particles are gray in
color. There are also dark particles looking as if they are attached to the
gray larger size particles. Similar pictures were observed by Tancredi
with co-workers for the Ag/Fe;0,4 heterocrystals prepared by a seed-
assisted route in organic solvents of high boiling point (Figs. 2 and 3 in
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Fig. 1. TEM images of samples 3 (a), 5 (¢), and 8 (e) and the log-normal average size distribution in samples 3 (b), 5 (d), and 8 (f).

[33]) and interpreted as dimers of Ag and Fe oxide. Appearance of such
dimers was shown to effect significantly on the Fe oxide magnetic
properties. Electron diffraction detected clearly the Fd-3m crystal
structure characteristic of magnetite Fe;0,4 phase (ICDD PDF 4 + Card

#04-005-4319). At the same time, no unambiguous reflections of the
Ag crystal phase were observed. The reflex ~2.37 A can be attributed
to fcc-Ag d(111) (Fm-3m Ag (ICDD PDF 4 + Card # 00-004-0783))
the EDS data, but the Fe;04 phase contains the reflex with the close
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Fig. 2. STEM image of the NPs conglomerates (a), and corresponding EDS elemental mapping images of O (b), Fe (c) and Ag (d) of sample 3. Colored squares limit the

areas for which the concentration of elements is indicated in the Table 2.

interplanar distance, true, it is of the weak intensity. At the same time
reflexes fecc-Ag d(200) = 2.04A (I=40%) and d(220) = 1.44A
(I = 25%) absent in ED, possible because of low intensity.

Contrary to the particles morphology, the EDS elemental mapping
images demonstrate different Ag distribution in the samples for the
different Ag/Fe ratios as it is shown in Figs. 2—4 for samples 3, 5, and 8.
It is seen that for all samples Fe and O are concentrated in the regions of
the observed NPs. Ag presents also in these regions, but its presence also
can be detected in areas containing no Fe and O. It is seen especially
distinct for sample 5 (Fig. 3(c) and (d)), what corresponds to the large
(~100nm) dark particles in Fig. 3a. In sample 8 with the higher Ag
concentration, this element is distributed uniformly over all NPs like Fe
and O (compare Fig. 4(a) and (d)).

The element analysis results for some places designated in Fig. 2a
and 3a by squares are presented in Tables 3 and 4, correspondingly.
They confirm that the darker particles include more Ag, in comparison
with gray particles. Two suppositions are possible on the Ag'™ ions
localization in the areas occupied by particles. The Ag' ™ ions can be
distributed in the thin surface layer surrounding the magnetite NPs

creating crystalline defects in them [34]. This layer should not be
continuing by all means. Ag ions can diffuse also through the whole
depth of the particle. In the last case the change of the lattice para-
meters should be observed because of the great difference between the
Fe®*, Fe**, and Ag™ ion radii - 0.078, 0.064, and 0.115nm, corre-
spondingly.

3.2. X-Ray analysis

Rietveld analysis was done for samples 5 and 8 differing from each
other in the distribution of Ag. All peaks were indexed by two cubic
phases with parameters close to Fe;04 and Ag compounds. Therefore,
these crystal structures were taken as starting model for Rietveld re-
finement. Refinement was stable and gave low R-factors (Table 4,
Fig. 5). As it was mentioned above, if Ag* ions entered the magnetite
lattice, the lattice parameter would increase, since the ion radius of the
silver is larger, but it turned out even slightly lower than the one in-
dicated in the database (8.375-8.399 [o\), so we can say with certainty
that silver was not included in the magnetite lattice. It is seen also from
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Fig. 3. STEM image of the NPs conglomerates (a), and corresponding EDS elemental mapping images of O (b), Fe (c) and Ag (d) of sample 5.

the XRD analysis that the components (Ag and Fe;0,4) weight ratios
correspond approximately to the weight ratio Ag/Fe304 from Table 1.

3.3. Magnetization

Magnetization dependencies on magnetic field for the samples in-
vestigated are shown in Fig. 6 (curve for sample 7 is not shown: it
coincides totally with the curve for the sample 6). Shapes of these
curves are the same for all samples and it is described by the Langevin
curve that is characteristic for the superparamagnetic particles [35].
The tendency is seen to the M decrease with the Ag/Fe;0, ratio in-
crease. The M values in the saturated magnetic field (M) varies in the
limits from 32 to 54 emu/g (comparing to the bulk Fe;O, crystals
80 emu/g [36]) correspond to the other authors data for Fe304 nano-
particles fabricated with different techniques [10,26]. The M, decrease
with an increase of the Ag amount in these samples can be due to
several reasons, including the Ag incorporation into nanoparticles,
though this assumption is not consistent with the X-ray diffraction data.

Temperature dependences of the samples magnetization recorded in
the field cooling (FC) and zero field cooling (ZFC) regimes are shown in

Fig. 7 for samples 2 and 8. Similar thermomagnetic curves were ob-
served for all other samples: FC and ZFC curves diverge at irreversibility
temperature Tj,,.. At temperatures lower than T, the ZFC curves pass
below the FC curves and demonstrate a broad maximum centered at the
blocking temperature Ty, after which magnetization decreases with
temperature approaching to zero. These thermomagnetic curves in-
dicate a superparamagnetic state of magnetite nanoparticles according
to the Langevin shape of magnetization curves. As it is seen in the Inset
in Fig. 7, Ty and Ty, shift (with small deviations) to lower temperatures
with an increase of the Ag concentration in the samples. The simplest
expression to estimate the blocking temperature looks as

T, = Kv/25kg, (€]

where K is the anisotropy constant, v is the nanoparticle volume, kg is
the Boltzmann constant, the numerical coefficient is determined as
In(g,/1), 7o is the relaxation time characteristic for the material, its
typical value is between 10~° and 10~ '° seconds, 7, is the measuring
time. Usually In(z,/7) is of about 25. Considering the T, decrease with
the Ag concentration increase in the light of Eq.1, one can ascribe it to a
decrease of the magnetite nanoparticles size [37], their anisotropy
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Fig. 4. STEM image of the NPs conglomerates (a), and corresponding EDS elemental mapping images of O (b), Fe (c) and Ag (d) of sample 8.

Table 2
Elemental analysis for different areas of sample 3 (Normalized).

Table 3
Element analysis for different areas of sample 5 (Normalized).

Spectrum O, atomic % Cl, atomic % Fe, atomic % Ag, atomic % Spectrum C, atomic % O, atomic % Fe, atomic % Ag, atomic %
Spectrum 1 26.90 1.42 37.60 34.08 Spectrum 1 10.23 33.62 29.14 27.01
Spectrum 2 35.39 1.21 36.81 26.58 Spectrum 2 3.88 43.04 42.55 10.53
Spectrum 3 25.22 0.56 41.73 32.50 Spectrum 3 5.97 40.42 49.25 4.37
Spectrum 4 43.50 1.05 51.43 4.02 Spectrum 4 7.69 46.60 41.90 3.81
Spectrum 5 26.38 1.49 68.12 4.02 Spectrum 5 10.36 46.88 34.36 8.41
Spectrum 6 32.73 1.62 61.66 3.98 Spectrum 6 10.42 40.83 41.94 6.81
Spectrum 7 21.38 1.63 72.73 4.26 Spectrum 7 8.33 41.61 37.97 12.08
Spectrum 8 45.55 1.17 50.55 2.73 Spectrum 8 7.13 41.63 49.50 1.73

decrease [38], or change in the iron oxide phases [39] under an in-
fluence of the increasing Ag concentration. However, the nanoparticles
average size is the same for all samples, as it is seen in Fig. 1(b, d, f),
and, according to the X-ray patterns, only one phase presents in the
powder samples. Therefore, the T;, and M; decrease with the Ag con-
centration increase can be due to a decrease of the samples anisotropy.
A change in magnetic behavior of the Ag/Fe;0, nanostructure obtained

by the silver seed assisted heterogeneous Fe;0,4 nucleation was studied
in Ref. [33]. However, opposite magnetization temperature behavior
was observed in this reference: Ty, in the Ag/Fe;04 nanostructure was
higher comparing to Fe;04 nanoparticles. Perhaps this contradiction is
due to different methods of synthesis of nanostructures used here (one
step, in one pot) and in [40] (two steps). As a consequence, one can
expect different character of interfaces between Fe;O, and Ag



D.A. Petrov, et al.

Table 4
Main parameters of processing and refinement of the samples 5 and 8.
Sample Phase Weight (%) Space Cell parameters Rup, R, Rp (%)
group (A), Cell volume (%), x*
(€9
5 Fe;04 87(2) Fd-3m a = 8.363(2), 0.89, 0.16
V = 585.0(4) 0.67,
Ag 13(2) Fm-3m a = 4.088(1), 1.36 0.31
V = 68.33(7)
8 Fe;0, 80(5) Fd-3m a = 8.368(7), 1.26, 0.20
V = 586(1) 0.95,
Ag 20(5) Fm-3m a = 4.090(4), 1.32 0.51
V = 68.4(2)

nanoparticles in these two cases, that is, to incorporation of part of
silver atoms into surface layers of the Fe;O4 nanoparticles. Such a
mechanism could explain also the My decrease with an increase of the
Ag concentration. On the other hand, a decrease of T}, with an increase
of the Au or Ag shell thickness in structures Fe3O4/noble metal was
observed in Ref. [41] and was associated with an influence of the di-
pole-dipole inter-particle interaction on their magnetic behavior.

3.4. MCD

MCD spectra of samples 1, 3, 5, 7, and 8 are shown in Fig. 8. For
samples 2, 4, and 6 the spectra are close to that of sample 7. MCD
spectrum of sample 1 containing no Ag is close to the magnetite MCD
spectrum presented in literature for Fe;O, thin film [23], for large NPs
(~30nm) [24], and for small NPs (3-8 nm) [25]. It is also close to the
spectrum of the imaginary part of the off-diagonal component (E,;y) of
the dielectric tensor, calculated from Kerr effect in bulk FezO4 crystal
[42]. High energy and lower energy maxima of different signs are the
predominant features of these spectra. However, the whole spectrum in
our case is shifted to the lower energies comparing to MCD spectra in
the cited references. Possible, the shift is due to the effect of silicon
matrix. This problem requires additional investigation. As concerns the
MCD sign, some authors use to choose the MCD sing arbitrarily. MCD
sign in our case determined at the calibration procedure coincides with
MCD sign in [23,24].

An increase in Ag concentration effects strongly in the MCD spectra
shape of all samples. At that, the greater changes are observed for the
lower energy (E < 2.2eV) spectral region. In the high energy part of
the spectrum, all samples demonstrate intense wide maximum centered
at energies of 2.65-2.8 eV. The maximum shift to higher energies for
some samples can be due to the overlapping of the MCD maximum of
Fe304 and the surface plasmon resonance (SPR) in the Ag NPs. Indeed,
SPR in Ag NPs was observed in the absorption spectrum near 2.8 eV
[43].
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The magnetization values, M, were reduced to the Fe;0,4 amount in each sample
calculated according to Table 1. Insert: the magnetization value at H = 15 kOe
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Dramatic changes observed in the low energy part of the MCD
spectrum (Fig. 8 insert) are caused, most probably, by the Ag effect in
the probability of the electron transitions responsible for MCD in the
specific spectral region. Note the great difficulties in the identification
of the features in the Fe304 spectrum due to its complex cation com-
position: Fe®* in octahedral (B) and tetrahedral (A) oxygen surround-
ings and Fe2* in octahedral (B) positions. Authors of Refs. [26] and
[44] associated the lower energy Fe;O, positive MCD maximum ob-
served for the FezO4 film near 2.2 eV (Fig. 9 in [26]) with the charge-
transfer inter-band inter-valence transition Feé*(am) — Fept (eg1),
while the higher energy negative MCD peak near 3 eV (Fig. 9 in [26])
was ascribed to the inter-sublattice transition Fej*(ey)) — Fe3* (e ).
Antonov et al. [44] considered also the inter-valence transition
Feg* (ayg;) — Feg™ (tygy) at about 0.9 eV. A larger set of electron transi-
tions contributing to the MCD spectrum of Fe30, nanoparticles in the
investigated spectral range was obtained in [27], when decomposing
the experimental absorption and MCD spectra into equal quantities of
Gaussian components. However the lower energy peak was associated
with the Fej*(aig;) — Fez*(eyp) transition and one of the Gaussian
components in the region of the higher energy peak was compared with
the Fey* (eg)) — Fe3* (e t)) transition analogously to [44]. At the same
time, authors of [27] introduced Gaussian component centered at the
point where experimental MCD passes through zero and associated it
with the Fef*(e,) — Fei (e, »)) contrary to Ref. [44] where this tran-
sition was referred to essentially lower energy. They also added several
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Fig. 9. The MCD spectra fitting by Gaussian peaks for samples 1, 3, 5, and 8, panels (a)-(d), respectively. Red lines indicate the experimental spectra; black curves are

the sum of the Gaussian peaks (gray lines) indicated with numbers from 1 to 7.
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peaks in the region of the higher MCD peak all associated with the
O2p — Fe3d transitions. Nevertheless, both groups of authors con-
sidered lower and higher energy regions to be due to different kinds of
transitions. Earlier, Kalska with co-authors [45] have made inter-
pretation of the features in the Kerr effect spectrum of magnetite par-
ticles analogous to [44] interpretation. Quite recently J. Chen with co-
authors [29] have carried out the first principal calculations to de-
termine the main features of optical conductivity of cubic inverse spinel
Fe304 and compared theoretical results with the MCD data on epitaxy-
grown magnetite thin film single crystals. At that, they have taken into
account more electron transitions comparing to [44,45]. In this con-
nection, we have decomposed experimental MCD spectra for all sam-
ples into series of Gauss peaks so that the experimental curves are fitted
by the minimum number of peaks. Best fitting was obtained taking into
account seven peaks for all samples (Fig. 9). Peak energies appeared to
be approximately the same for all samples, and were as follows: (1) 1.3,
(2) 1.55, (3) 2, (4) 2.3, (5) 2.7, (6) 2.73, (7) 3.2€V. Sample 3 was an
exclusion from this series — the whole MCD spectrum of this sample was
shifted by 0.3 eV to higher energies. Besides, peak (1) shifted to lower
energies by 0.4eV at the Ag addition. Comparing the peak energies
with the electron transitions scheme presented in [29] we can refer the
fitting peaks to the transitions: (1) Fe* (i) — Fejt(ey)), (2)
Fej* (eg1) — Fej™ (), 3) 0(2pl) = Fet (e, b)), (5)
Fej*(eg1) — Fet (e, ty), ) Fed* (eg1) — Felt(e, ty) and
Fe3t (1) — Fe3T (e, t,y). For peaks 4 and 6 there is no correspondence
with [29], though the features in the MCD spectrum are seen in Fig. 7 in
[29]. It could be weak contributions from the parity allowed one-ion d-
d transition °T,q (°D) — °E, (°D) in Fe** ions or parity and spin for-
bidden one-ion d-d transition in Fe>* ions. By the way, peak (3) can
also be associated with such kind of transitions. It is seen from Fig. 9,
that the stronger Ag effect on MCD is observed for the low energy part
of the spectrum where the MCD features are due to the charge transfer
transitions between iron ions, occupying octahedral positions.

Experiments carried out have shown that presence of Ag nano-
crystals in the powdered samples and their close contacts with the
Fe3;0,4 nanocrystals cause a decrease of the Fe;0,4 saturation magneti-
zation and the blocking temperature T}, approximately proportional to
Ag concentration in a powder as well as the strong changes in the MCD
spectrum. Considering changes in magnetization value and blocking
temperature in the Ag/Fe;0,4 structures obtained by a seed assisted
heterogeneous nucleation process, authors of [33] have ascribed these
changes to the interfacial effects at the boundaries between Fe;04 NPs
and noble metal NPs what can modify the superficial disorder, change
the energy barriers and the magneto-crystalline anisotropy. Similar
effects can play a major role in the modification of magnetic properties
of the studied samples. As concerns MCD, this effect is due to the
structure of the electron energy zones and to the probability of the
charge transfers between them which also is affected by the structural
and magnetic disorder. Size effect, probably, also can play role. Thoght
NPs mean sizes of different samples are close with each other, insig-
nificant changes in size can lead to noticable changes in the interfacial
area/volume ratio. It is seen well for samples 3 (8.2 nm) and 5 (~9 nm)
(Fig. 1) when difference in size ~ 0.8 nm causes the change of the in-
terfacial area/volume ratio of about 10%. Further study can elucidate
this phenomenon more deeply.

4. Conclusion

The Ag modified magnetite NPs synthesized by the thermal de-
composition of the of Fe(NO3)39H,0 and AgNO3 mixture have been
studied with X-ray diffraction, electron microscopy, magnetic mea-
surements and optical magnetic circular dichroism in dependence on
the Ag concentration in the mixture. X-ray diffraction patterns revealed
two crystalline phases — magnetite nanocrystals and Ag nanocrystals. At
that the ratio of these crystal phase amounts was equal to the weight
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ratio Ag/Fe30, when synthesizing samples. The Ag addition did not
effect on the Fe3;04 lattice parameter, that was approximately equal to
the parameter of bulk Fe;0, for all Ag concentrations. NPs with size of
4-15 nm, which were agglomerated into large blocks, were observed in
the electron microscope images. Elemental mapping detected Ag both
near magnetite NPs (together with Fe and O) and as separate particles.

The Ag presence in the samples led to the magnetization decrease
approximately linear in the Ag concentration with some deviations, the
decrease of blocking temperature in the process of zero field cooled
measurements, and strong changes in the low energy part of the MCD
spectrum. MCD spectrum was decomposed into Gaussian components,
which energies for samples containing only Fe;0, NPs were compared
with the electron transition energies obtained from the theoretical
calculations for this compound. Ag presence in the samples did not
change noticeably energies of the Gaussian components but effected
strongly their intensities, especially in the lower energy spectral range.

Changes in the magnetic properties were associated with the in-
terfacial effects. In the region of close contacts between two kinds of
nanoparticles the interface can appear where Ag ions came into Fe;04
lattice and replaced the Fe®** ions in octahedral positions. Such an in-
terface did not affect noticeably in the structural characteristics but
causes significant changes in magnetic properties.
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