ISSN 1027-5495. Functional Materials, 23, No.4 (2016), p. 618-623.

doi:https://doi.org/10.15407/fm23.04.618

Simulation of the electron spin resonance
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by particles of different diameters
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Results of simulation of shape of the electron spin resonance absorption peak for
magnetic nanopowder are presented. The influence of magnetic particle diameter on the
shape and on width of the resonance peak is shown. The role of internal magnetic
anisotropy field is under discussion. The simulation results show a good agreement with
the experimental data of the electron spin resonance absorption in a) FezO, Triton, b)
Fe;0,_Crio, nanopowder and the data of its X-ray analysis.
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IIpencraBienpl pesysbTaThl MOJEIUPOBAHUA (POPMbI ITMKA IIOTJIOLIEHUS SJIEKTPOHHOI'O CIIH-
HOBOT'O PE3OHAHCA [JIA MarHATHOIO HaHOIOpoIIKa. [lokasaHo BaMAHWE AUaMeTpa MATCHUTHBIX
yacTull Ha (GopMYy U HA IIMPHUHY PESOHAHCHOIO IIMKA. POJb aHMB0TPOIMU BHYTPEHHEI'O MArHUT-
HOTO IIOJISI HAXOAWTCA Ha CTAIuM O0CYKJeHUA. PesdysbTarTbl MOAEJIUPOBAHUA U NaHHbLIe PEHTIe-
HOBCKOT'O aHaJIu3a IIOKA3LIBAIOT XOPOIlee COIVIACOBAHUE C 9KCIEPUMEHTAJNBHBIMYU JAHHBIMU PEe3o-
HAHCHOTO IIOTJIOIIEHWs cIuHA siaeKrpoHa B a) Fe;0, Triton, 6) Fe;O,_Crio, manmonopomkax.

MopemoBanua popMu HiKy €JEeKTPOHHOIO CIIiIHOBOrO pe30HAHCY JJIA MATHITHOTO HaHO-
HOPONIKY, YTBOPeHOro uactkamu pisnoro piamerpa. T.B.Raamurosa, A.C.Bakyaa,
C.B.Hedyx, C.I.Tapanos, A.I'.Binoyc, O.Eneniu.

ITpexcraBieHo pe3yiabTaTy MOAEJIIOBAHHA (POPMHU IIIKY IIOTJIMHAHHSA €JeKTPOHHOI'0 CIIiHO-
BOI'0O PE30HAHCY [/ MarHiTHOrO HaHOHOPOIIKY. IlokasaHo BIJIMB giamMerpa MardiTHUX dYac-
TOK Ha (opMy 1 HA IIUMPUHY pes3oHaHCHOTrO IIiky. Poib aHizorpormii BHyTpinHbEOr0o MardiTaoro
[OJIsI 3HAXOAUTHCA Ha cragii obropopenHs. PesyiabTaru MOIENIOBAHHSA Ta TaHI PEeHTreHiBCh-
KOT'0 aHaJIi3y IIOKAa3yIThb rapHe Y3rOM KEHHS 3 €KCIePUMEHTAJbHUMHU NAHNMHU PEe30HAHCHOTO
HOTIMHAHHA cIiniB enxexkTpona B a) Fe;O, Triton, 6) FezO, Crio, mamomopomkax.
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1. Introduction

Nanopowdered magnetic materials are of
strong interest for modern physics. This is
caused by their prospective applications at
the novel technologies for storage of infor-
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mation, in development of novel absorbing mi-
crowave materials, for medicine and biology
[1, 2]. In particular, the interest is caused by
the possibility of these materials usage for
treatment of oncological diseases [3, 4].
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Necessary to note, that application of
magnetic nanopowders suggests their dis-
solving in wvarious dielectric matrixes,
namely in liquids [1-4]. It is known that
physical properties of the magnetic material
(for example, Fey,03, Fez0Q4) depends
strongly whether the magnet is in the ecrys-
talline\polysrystalline phase or it is milled
into the nanodisperse powder [5]. It is
shown also that magnetic properties of the
nanopowder depend on material and phase
condition of the dielectric matrix which sur-
rounds it [6].

Method of Electron Spin Resonance
(ESR) is one of the most sensitive and infor-
mative methods for research of fundamental
properties of magnetic mnanostructures.
However, interpretation of experimental re-
sults of the ESR measurements is ambiguity
without correct counting of essential fea-
tures of particles, which form the nanopow-
der (their size, shape, environment/matrix).

In the given work an attempt to explain
the dependence of magnetic properties of
magnetic nanopowder on particles size and
shape is presented. The explanation is car-
ried out using the analysis of numerical
simulation of the ESR-peak shape and com-
parison with the experiment.

There is work [7] which investigated the
magnetic properties of maghemite (c—Fe,03)
nanoparticles formed within size-constrain-
ing Listeria innocua (LDps) — (DNA-bind-
ing protein from starved cells) protein cages
that have an inner diameter of 5 nm. It is
shown that the spectrum of resonance de-
pends on superparamagnetic fluctuations
and inhomogeneous broadening. It is also
shown that with increasing temperature the
line width is narrowed. The paper compares
two models, which simulate the temperature
dependence of the line shape.

In the first model it is used the trun-
cated lognormal distribution of particle size
or bi-model distribution, and then the form
of the Landau-Lifshitz line to describe the
resonance of the nanoparticles. An essential
feature of this model is that the small par-
ticles have the narrow line width and a con-
stant region g = 2 resonance, while larger
particles have the broad resonance lines and
undergo a shift in the resonance region.

The second model assumes the uniform
particles with diameter of about 4 nm, and
random distribution of the uniaxial anisot-
ropy. This model uses the more accurate
calculation of the line width associated with
super paramagnetism fluctuation and the
random distribution of anisotropy. The both
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models can explain many features of the
observed spectra, but each has its drawbacks.
The first model leads to increase in the mag-
netic moment. In the second model, there is
significant discrepancy between the experi-
mental low-temperature spectra calculated.

In [8] it is proposed a phenomenological
model describing the ferromagnetic reso-
nance phenomenon in granular magnetic
nanostructure (SiO,);90_,C0,/GaAs. It is
shown that granular magnetic clusters can
be formed in the nanostructure, the shape
of the clusters depends on concentration of
the magnetic material. However, the influ-
ence of the particle diameter on shape of
the magnetic resonance line is not studied.
Thus, in simulation of the electron spin
resonance processes remain a number of un-
resolved problems. This work is a continu-
ation of the research initiated in [8].

2. Experimental

Synthesis of Fe;0, nanoparticles by mi-
croemulsion method was performed using
Triton X-100 as surfactant, NH,OH, cyclo-
hexane, butyl alcohol and distilled water as
a precipitator, oil phase, co-surfactant and
dispersing medium, respectively and Fe30,
nanoparticles synthesized by cryochemical.
As the starting reagents FeSO, and FeCl;
with  concentration 1.78 mol/l and
0.96 mol/1, respectively, were used [9].

Results of X-ray diffraction analysis,
which show the grain size distribution (in
the range of 5-25 nm) are shown in
(Fig. la,b) for these samples. As well the
electron microscope imaging is given in
(Fig. 1c,d).

The experiment was carried out at room
temperature of T = 300 K, using VNA-spec-
trometer of Electron Spin Resonance [10].
The spectrometer designed on the base of
Vector Network Analyzer Agilent PNA-L
N5230A. For studies at T'= 300 K we used
the experimental module that consists of a
set of bulk and waveguide resonator experi-
mental cells [10]. During the experiment
the resonator was placed between the poles
of electromagnet. The mutually perpendicu-
lar orientation of the external magnetic
field and magnetic component of the alter-
nating field was provided.

The studies recorded spectra passing the
microwave wavelength in the range of 10—
40 GHz by the sample. The module works in
conjunction with Network Analyzer NA
5230A. There by providing the possibility
of different operating modes of the mag-
netic resonance spectrometer, namely as
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Fig. 1. Distribution of particles by diameter a) Fe;O, Triton, b) Fe;O,_Crio, an electron microscope
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Fig. 2. Experimental spectrum of ESR-peak for nanopowder a) Fe;O,_ Triton, b) Fe;0,_Crio.

scanning the operating frequency at a con-
stant magnetic field and magnetic field
scanning (traditional method) while keeping
the operating frequency of up to 1-10 Hz.

In the course of the experiment, the ESR
peak shape for FejO, Triton nanopowder
was detected (Fig. 2a) and the ESR peak
shape for Fe;O0, Crio nanopowder was de-
termined too (Fig. 2b).

3. Results and discussion

As is known, the value of circular reso-
nant frequency o,,, for any case of Elec-
tron Spin Resonance can be determined by
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wres = YH?;‘?’ (1)

where Hp is the effective resonant mag-

netic field, vy is the gyromagnetic ratio.

The equation Hy% = H oy depends on the
external permanent magnetic field H, and
on the anisotropy field H,,;, as well.

The effective magnetic energy of a single
magnetic nanoparticle can be defined as:

Wepr=Wo+ Wi+ Wy + Wt @)
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Fig. 3. Dependence of effective energy mag-
netic field of surface anisotropy for magnetic
particle on its diameter.

where W, is the magnetization energy,
which defines in the effective magnetic field
H,. It consists of a several components,
such as: Wy — the energy of interaction of
spins with the external magnetic field (the
Zeeman energy); Wy — the energy of the
magnetic crystallographic anisotropy; Wdip —
the energy of the dipole-dipole interaction;
W, — the surface anisotropy energy.

Since the particles of nanopowder are lo-
cated in the random order and the crystal-
lographic axes are also randomized, we can
assume that the magnetization vector for
the particles coincides with direction of the
external magnetic field Hy [10, 11]. Thus,
the total anisotropy energy Wy can be con-
sidered close to zero.

It is possible to share the contribution of
dipole anisotropy on contribution of the
shape anisotropy for the single nanoparticle
and on contribution of the dipole-dipole in-
teraction between neighbor particles. In the
approach of spherically shaped nanoparti-
cles the demagnetization field tends to zero.
Features of technology of the sample proc-
essing leads to the situation, when field of
the dipole-dipole interaction (H dip) is negli-
gible [11] small.

Thus, the expression 1.2 acquires the
form:

VVe/:}cz WO + Ws’ 3)
where W can be written on the basis of [12] as:

s (4)

where K, is the constant of surface anisot-
ropy, d is the particle diameter.
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field on diameter of a single particle at the
fixed frequency.

Thus, the condition of Electronic Spin
Resonance for single particle of the nano-
disperse powder can be written as:

(5)

o, 2K
() =Y + ,
res ( 0 d Meff)

where M, is the effective magnetization.

Considering the size distribution of parti-
cles given in Fig. 1 we can calculate the en-
ergy (the effective magnetic field of surface
anisotropy) for the single particle. Accord-
ingly to [8] let’s introduce that sizes of the
magnetic particles in the powder are distrib-
uted on diameter by the lognormal law:

d; 6
L 111(;) 2 ( )

P. = .
L7 AP(d)

v

where L is the normalization constant; x is the
predominant grain diameter; d; is the diameter

of i-th particle/pellet; AP is the width of log-
normal distribution at the half maximum. The
result of calculation is given in Fig. 3.

One can see from Fig. 3 that while the di-
ameter (d) of a particle varies from 1 to 20 nm
the contribution into the surface anisotropy
energy value (the effective magnetic field of
surface anisotropy) varies significantly. The
contribution of the particles with diameter
more than 20 nm absents practically.

In Fig. 4 the calculation of dependence of
resonant field of a single particle on its
diameter (d) is presented (using the distri-
bution Fig. 1) with the fixed linear fre-
quency f=12.20 GHz.

In a real situation, the Electron Spin
Resonance in the nanopowders immersed
into a liquid dielectric matrix represents
the superposition of the resonant responses
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contribution into the total effective mag-
netic field. Moreover the contribution depends
on the diameter of the magnetic particle.

Now, by modifying the approach offered in
[8], we estimate the shape of the peak of Electron
Spin Resonance absorption, taking into account
the dispersion of particles by size.

The comparison of the approximated distri-
bution of particles by size and measured by
method of X-ray diffraction is presented in Fig.
5. Easy to show that the distribution of particle
on the diameter obeys to the lognormal law.

Let’s suppose the ESR-response for a sin-
gle particle is represented by the non-uni-
formly broadened Lorentz peak.

(7

' =10,02GH7]
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Fig. 6. Experimental and simulated ESR-peaks for nanopowder a) Fe;O,_ Triton, b) Fe;0,_Crio.

from each particle. As it was already stated
above, the case of strongly diluted suspen-
sions is considered by us. In this case we
neglect by the dipole-dipole interaction be-
tween particles that, as a rule, leads to
broadening of the ESR-peak [14].

It is known that the broadening of the
electron magnetic resonance absorption peak
can be occurred besides dipole interaction
due to distribution of the magnetic
nanoparticles by shape [8].

In the case under analysis we suggest
that the shape of particles has a very small
deviation from the ideally spherical shape.
Thus, we neglect by the dispersion of demag-
netizing fields inside each single particle.

It is naturally to assume that in the
given case the dispersion of the surface an-
isotropy field causes the total ESR-peak
broadening. As it was shown above, the es-
timating calculations confirm that the field
of surface anisotropy can bring the essential
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I(H) =

1
2,
H - H(res)l.

AH,

1+
where H (res)i is the resonant magnetic field for
i-th particle, AH j; is the half-width of the ESR-
peak for particle, having diameter (d). We as-
sume that the width of the ESR-peak for a
single particle is equal to the line width for the
bulk sample Fe. Let’s suppose that the half line
width for the single particle equals to the half

line width for the massive specimen.
Thus the total peak of Electron Spin reso-
nance absorption can be approximated [8] by

Functional materials, 23, 4, 2016
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expression: Y(H) =
d,

q ln(—l)z
= L 2 L_. exXp > 2| |

- AP(d,) 2. AP

=1 H - H(res)i

1+
AH,;
)

where the summation is carried out on num-
ber (q) of magnetic particles, which size is
distributed on the lognormal law (1.6).

The result of calculation using Eq. (1.8)
is presented in Fig. 6.

Fig. 6 shows clearly that the experimen-
tal data and the result of the simulation of
peak shape by expression (1.8) are almost
identical. The difference in the peaks shape
can be caused most likely by the unac-
counted contribution of the crystallographic
magnetic anisotropy (which was accepted
equals to zero) or by the dipole — dipole
interaction.

4. Conclusions

The approach offered allows the interpre-
tation of experimental results within the
model of weakly-interacting spherical parti-
cles for which the surface magnetic anisot-
ropy is sufficient. Such approach allows to
describe the dependence of the shape of

Functional materials, 23, 4, 2016

Electron Spin Resonance peak on the parti-
cles diameter.
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