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In this paper, we present study of the measurement peculiarities of magnetic Fe;O, and
NiFe,O, nanoparticles characteristics. The nanoparticles possess ferromagnetic properties.
The aim of the work was to determine the magnetic parameters of such nanoparticles and to
investigate influence of magnetic field and interaction between individual nanoparticles on the
value of their magnetic characteristics. Atom force and magnetic microscopy, method of
magnetic susceptibility measuring, magneto-optical technique and method of ferromagnetic
resonance were used in the research.

UccrexoBaHEl 0COBEHHOCTH M3MEPEHHA XaPaKTePHCTHK MarHUTHEIX HaHouactun FesO, m
NiFe,O,, obnanamomux (eppomarauTHbIMU cBoiicrBaMu. Ilens paGoTel — oLpegeseHMe Mar-
HATHBIX IIAPAMETPOB TAKWX HAHOYACTHIL[, HNCCJEJOBAHMNE BJANAHWS MArHUTHOI'O IIOJA, BJMWA-
HUE B3auMOJEMCTBUA MEMAY OTACJbHBIMK HAHOUYACTHIAMU HA BEJIWYNHY MATUHUTHBIX Xapak-
TepucTUuK. VCIOJb30BaHBI METOIMKA ATOMHOII CHUJIOBOM, MArHUTHON MUKPOCKOIWU, METOIU-
Ka H3MEepPeHUs MArHHTHOM BOCIPUMMYMBOCTH, MATMHMTOOITHYECKAS METOJHMKA M MEeTO[
deppPOMArHUTHOI'O PE30HAHCA.

Maznimni w maznimoonmuuni xapaxmepucmuru ranowacmunox Fe;O, i NiFe,0O,.
H.H. Kpyna, 1.B.Illapail

Hocmigxerno ocobmuBocTi BUMIpIOBAHHA XapaKTePUCTHK MAarHITHMX HaHouacTHHOK FegO,
i NiFe,O,4, mo marors (epomarmirtai Bracrusocti. Mera poGoTu — BUSHAUEHHA MATHITHHX
napaMerpiB TAKMX HAHOYACTUHOK, MOCIIIMKeHHS BILIMBY MArHITHOrO IIOJIS, BILIUB B3a€MOil
MiXK OKpEeMMMH HAHOUACTHHKAMIK HA BEJUYMHY MATHITHMX XapaKTepPUCTHUK. BUKOPUCTAHO
METOAUKH ATOMHO- CHUJIOBOI, MaruiTHOl MiKpockomii, BumiproBaHHA MAar”HiTHOI CHPUUHSTINA-

© 2014 — STC "Institute for Single Crystals”

BOCTi, MartgiToonTUYHy MeTOIMKY i MeTox (hpepoMarHiTHOrO PE30HAHCY.

1. Introduction

Nanoparticles that have magnetic proper-
ties are of considerable interest and they
are applied in many fields of science and
medicine. Recently, much attention is paid
to study of the magnetic nanoparticles due
to their remarkable properties, that make
them attractive in terms of both fundamen-
tal research and for potential use in the
various technological fields. For example,
the particles of magnetic oxides of iron
(maghemite — NiFe,O, and magnetite Fe30,)
find application in such areas as develop-
ment the separation of waste, the targeted
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delivery of the drugs, the hypothermic
treatment of cancer cells, the magnetic
media, photonic crystals, and others. In ad-
dition, the magnetic nanoparticles have un-
usual characteristics, that make them inter-
esting in scientific terms and cause the wide
interest in study of their fundamental
physical properties. This paper presents the
results of measurements of geometric, mag-
netic and magneto-optical characteristics of
the magnetic nanoparticles FezO, and
NiFe,O4, as well as influence of the con-
stant magnetic field on the magnetic prop-
erties of these particles was studied.
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2. Experimental

Estimation of the nanoparticles (Fe30,
and NiFe,O,) sizes was performed by means
of scanning probe microscope Solver PRO-M.
During measurement the "two pass” tech-
nique was used which consists of the mi-
croscopy of two types: atomic-force micros-
copy (AFM) and magnetic-force microscopy
(MFM). Semicontact and magnetic scan re-
gimes were used. It should be noted, that
AFM possible fairly accurately estimates
the height of the particles separately lo-
cated. But visible horizontal dimensions of
the particles, whose radius is comparable
with the radius of curvature of the top of
the needle, can be significantly more than
real ones because of the known convolution
effect of the tip-sample. Therefore for esti-
mation of the nanoparticles size the height
values of the AFM image were taken into
account. The wvalues were processed by
Grain Analysis v2.2 (NT-MDT) program [1].

In Fig. 1 optical setup is shown which
was used to study the Faraday effect. Opti-
cal part of the setup comprises: a source of
light — a halogen lamp, a polarizer and the
analyzer (the second of which is located at
an angle of 45° to the plane of polarization
of the polarizer) and a glass cell with the
sample. Photomultiplier as a photodetector
of infrared and visible light range was used.

Photocurrent registration was performed
by analog to digital converter ICP-CON
17017 with subsequent digital processing of
the data arrays. To create the saturating
magnetic field with intensity 0.265 T the
electromagnet was used, the field direction
was switched by relay circuit. In the work
Fe3O, and NiFe,O, nanoparticles were in-
vestigated. Samples for observation of the
Faraday effect with concentrations n; and
ng (ng — second sample concentration is
approximately half of the concentration n)
were prepared. The main idea of the experi-
ment was to reduce the nanoparticles con-
centration to create the possibility to per-
form calculations for a single nanoparticle.
Studies in the solid (the nanoparticles pow-
der) and liquid (solutions in glycerol) envi-
ronments were performed. Cuvette contain-
ing the sample was placed between the poles
of a magnet. The Faraday effect in these
samples in the infrared and the visible light
was observed.

Ferromagnetic resonance spectra of the
nanoparticles of FezO, and NiFe,O, were
obtained using a Bruker Elexsys E-500 with
an operating frequency range x range of
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electromagnet PMT

Fig. 1. The optical device.

9,877 GHz at the room temperature (294 K)
in magnetic field H = 0+7000 Oe. The sam-
ple was placed at the antinode of the mag-
netic component of microwave field. The
resonator quality factor in the measurement
process was controlled (for Fe3O, nanoparti-
cles: @ = 5800, NiFe,O4:Q = 5300). Micro-
wave radiation power in the resonator was
0.2 mW. In the magnetic resonance spectra
of NiFe;O, nanoparticles we observed a
broad line of the Gaussian shape due to the
set of resonance frequencies that depend on
the heterogeneity of the particle size and
shape.

3. Results and discussion

Scanning Probe Microscopy. For stima-
tion of the particles size we used the AFM
height value, that processed by the program
Grain Analysis v2.2 (NT-MDT). Histogram
of the particle distribution in height has
been created.

Magnetic susceptibility determination for
Fe3O, and NiFe,O, powders. The coaxial
circuit consisted of a solenoid (a coil and a
condenser) was used to measure the
nanoparticles magnetic susceptibility by the
resonance method [2]. The measuring con-
tour consists of a frameless coil (external
diameter @8 mm, internal diameter
@6 mm) that has been made of 0.5 mm
copper wire. The magnetic nanoparticles
were located in the middle of the coil. Two
types (Fe,O3 and FezO,) of the nanoparti-
cles were studied. Magnetic properties of
the nanoparticles were estimated by meas-
urement of the contour resonant frequency
of the both coils: with the particles and the
empty one.

Inductance of a solenoid, filled with air
uw =1, was determined by the relation:

Ly= kuoNz% (1)
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Fig. 2. a) Histogram of distribution in height for magnetic nanoparticles NiFe,O,, b) histogram of
distribution in height for magnetic nanoparticles Fe;O,, ¢) 8d AFM images of NiFe,O, magnetic
nanoparticles, d) 8d AFM images of Fe;O, magnetic nanoparticles.

Inductance of a solenoid with magnetic pow-
der — L= kMM0N2S/l, then the change of

inductance:
_ _ 28 _ 25
AL = L - Lo = kugN>7(u -1) = 1uoN=k,(2)

when y — magnetic susceptibility of a powder,
which was placed in a coil. The resonant fre-
quency of the circuit is determined by the rela-
tion: f = 1/2aVLC. Shift of the resonance fre-
quency at the entry of the magnetic powder to

the plane of the solenoid is:

A= = ol =—— - —
ZRC(VL0+AL_\/§)

AL
= 1| | =
=lolgzy1 = 1o wN2Sp 2

From this relation, the magnetic suscep-
tibility of the powder is the following:

_ 247 (3)
X— fO.

Magnetic field influence on the value of
the magnetic susceptibility of Fez0O, and
NiFe,O, powders. The measurements were

Table. Parameters of ferromagnetic resonance spectra of the nanoparticles

The sample v, 1/kg size, nm g-factor The line The peak position of the
width Apr, absorption signal, Oe
Oe The main peak] Additional
peak
Fez0, 3.10°2 16-20 2.2827 2701 2926 -
NiFe,O,4 2.1073 140-160 3.4235 1530 2044 910
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Fig. 8. Results of the measurements of magnetic susceptibility of Fe3O, and NiFe,O, nanoparticles
depending on the direction and intensity of the applied constant magnetic field.

carried out with application of magnetic
field. The measuring coil with magnetic
nanoparticles was placed between the elec-
tromagnet poles. The field was applied both
along the coil axis and perpendicularly to
the coil axis, i.e. perpendicularly to the
high-frequency measuring field. The results
of the field dependence of the magnetic sus-
ceptibility of FesO, and NiFe,O, powders
are shown in Fig. 3.

In addition we have established that in
static magnetic field the value of the mag-
netic susceptibility of the investigated
nanoparticles y changes. For nanoparticles
NiFe,O4, when direction of the static mag-
netic field coincides with the variable meas-
ured field the value of y increases, when the
direction of the static magnetic field per-
pendicular to the direction of the measured
variable field, the value of y reduced. For

Fe3O,4 the y value decreases as well in par-
allel and perpendicular to the direction of
the static magnetic field and the measured
variable field. The received dependence can
be possible explained by anisotropy of the
magnetic nanoparticles (shape anisotropy or
the crystal structure anisotropy). This be-
havior of the magnetic susceptibility in con-
stant external magnetic field indicates that
it is under influence of the magnetic inter-
action between particles. This effect may be
caused by the volume distribution and the
inhomogeneous magnetic structure of the
nanoparticles, as well as the random orien-
tation of easy axes of magnetization. The
external magnetic field influences on the
magnetic order. It arranges the magnetic
moments of the nanoparticles by rotation of
magnetic moments in a single direction. The
main problem of the measurement of the
magnetic susceptibility by resonance method
is that inductance of the coil with the mag-
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netic nanoparticles varies not only due to
the contribution of the actual values of the
magnetic susceptibility, but also by conduc-
tivity increasing. Therefore, to measure
using to use this method, the non-conduc-
tive magnetic nanoparticles need to be used.
Also contribution of the change in conduc-
tivity of the coil’s inductance should be
taken into account [3].

The Faraday effect. Measured spectra of
the Faraday effect are shown in Fig. 4. In
the study of the Faraday effect the changes
in the spectra depending on the nanoparti-
cles concentration were observed. The effect
was more significant in the wavelength
range of visible light. The maximum value
of the Faraday angle observed for NiFe,O4
nanoparticles in the wavelength range of
550-730 nm for Fe3O, nanoparticles — in
the wavelength range of 700—-830 nm which
can be associated with the contribution of
the resonance characteristics in the mag-
neto-optical interaction of magnetic atoms
of iron and nickel. Such measurements still
need to use the fixed nanoparticles (dry
powder or transparent polymer matrix) as
even in viscous liquids (glycerol) under the
influence of the magnetic field nanoparti-
cles aligned along the field lines to form
agglomerates, which affects the measure-
ments accuracy.

Ferromagnetic resonance spectra of
nanoparticles FesO, and NiFe;O4. In the
magnetic resonance spectra of NiFe,O4
nanoparticles we observed the broad lines of
the Gaussian shape by the set of resonance
frequencies, which depend on the heteroge-
neity of the particles sizes and shapes. For
Fe3O,4 nanoparticles the experimental spec-
tra at the room temperature are slightly
asymmetrical single lines with the effective
g-factor of 2.2827 and with the width of
2701 Oe, which is typical for the ferromag-
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Fig. 4. Nanoparticles in glycerine: a) without magnetic field, b) in magnetic field, ¢) spectra of the
Faraday effect of NiFe,O, nanoparticles: without magnetic field — H, at magnetic field

H = 12.650 kOe.
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Fig. 5. Ferromagnetic resonance spectra of nanoparticles: a) Fe;0, and b) NiFe,0,.

netic resonance of spherical nanoparticles.
In the case of NiFe,O, nanoparticles two
magnetic phases are observed, which may
indicate that the other iron compounds are
presented in the powder in addition to
NiFe,O4 nanoparticles. Consequently, Fez04
nanoparticles are more homogeneous in
composition and sizes than NiFe,O, which
contain impurities NiXFeZ_yO4 [4] .

4. Conclusions

The results show that the geometric di-
mensions were: for nanoparticles FesO, —
20-100 nm with a maximum density of the
distribution function near 20-40 nm; for
nanoparticles NiFe,O, — 30-150 nm with a
maximum density of the distribution func-
tion near 40-60 nm. Magnetic susceptibility
of the magnetic nanoparticles is y = =3-1072
for Fe3O4 and X=z2'10_3 for NIF6204. In
addition we have established that the mag-
netic susceptibility value of the investigated
nanoparticles x changes in static magnetic
field. The value of y increases for NiFe,O,
nanoparticles, when the direction of the
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static magnetic field coincides with the di-
rection of measured variable field. In the
opposite case, when direction of the static
magnetic field is perpendicular to direction
of the measured variable field the value of
% reduces. For FejO, the value of y de-
creases for the both (parallel and perpen-
dicular) directions of the static magnetic
field to the measured variable field. The
received dependence can be explaineed by
anisotropy of the magnetic nanoparticles
(shape anisotropy or crystal structure an-
isotropy).

Faraday effect of the samples of Fez0,
and NiFe,O, nanopowders with concentra-
tions of the particles ny and ng (n;=1/2
ny) showes that the results depend on the
powders concentration and the environment
in which the measurements were made.
Such measurements need to use fixed
nanoparticles (dry powder or transparent
polymer matrix or in viscous liquids). It is
established that under the influence of con-
stant magnetic field the nanoparticles
aligne along the field lines forming agglom-
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erates. This behavior is resulting in a
change of the magnetic susceptibility, the
line shape and position of the FMR spec-
trum, and the Faraday magneto-optical
spectra. Fe3O, nanoparticles are more uni-
form in composition comparing with the
nanoparticles of NiFe;O,. The structuring
of the nanoparticles to form the linear ag-
gregates of the magnetic particles may also
lead to appearance of additional lines in the
spectrum of FMR. Changes in the nanopar-
ticles concentration leads to slight change
in the magneto-optical spectra. The effect
was more significant in the wavelength
range of visible light, and larger for
NiFe,O4 particles than for FesO, particles.
The external magnetic field influences on
the magnetic order and arranges magnetic
moments of the nanoparticles by both mag-
netizing and by rotation of the magnetic
moments in the same direction. The ferro-
magnetic resonance line of NiFe,O4
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nanoparticles is strongly asymmetric, which
may be caused by the fact that the powder
presents and connects the other type of
NiXFeZ_yO4.
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