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Ferromagnetic resonance in Fe,_,Co,Fe,0,
nanoparticles precipitated from diethylene glycol

Subject and Purpose. One of the ways to gain in the efficiency of the hyperthermia technique is through the synthesis of new
magnetic nanomaterials offering high coercive force without affecting biocompatibility. A proven technology is the doping
of biocompatible materials, such as Fe;0,, with atoms of highly coercive substances, such as Co atoms. Despite it has been the
theme of much investigation, magnetic state of such nanoparticles is still not completely understood. The present study is devoted
to the magnetic and magnetic resonance properties of Fe, .Co.Fe,0,nanoparticles synthesized by the precipitation from diethy-
lene glycol at two, T= 200 °C and 500 °C, temperatures. The purpose is to study magnetic and magnetic resonance properties
of Fe,_.Co,Fe,0, nanoparticles at various concentrations Xx.

Method and Methodology. The magnetometric method and the electron spin resonance method were employed to obtain, cor-
respondingly, magnetic hysteresis loops of magnetic nanoparticles and ferromagnetic resonance (FMR) spectra in the frequency
band f=38...20 GHz at the temperature T = 294 K. Transmission electron microscopy was used for nanoparticle observations.

Results. The analysis of the measuring results has shown that among Fe, Co,Fe,0, nanoparticle samples with concentra-
tions x= 0.0, 0.5, and 1.0, the total magnetic anisotropy field at x = 0.5 is the largest of the three because its crystalline anisotropy
field is the largest compared to x = 0.0 and 1.0.

Conclusion. The presented results have advanced our understanding of the fundamental interaction between magnetic Co
and Fe atoms inside the crystal lattice of AFe,0,, where A is Co or Fe. The gained knowledge can contribute to the development

of magnetically controlled high-frequency filters and frequency selectors. Fig. 5. Table 1. Ref.: 19 items.
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The interest in magnetic nanoparticles (MNP) is
on the rise [ 1] due to their versatile applications in-
cluding, first of all, telecommunications (fiber-op-
tic communication lines, antenna-feeder devices,
etc.) and medicine where active use of nanopar-
ticles is expected in cancer treatment. In it, mag-
netic nanoparticles can be both chemotherapeutic
drug carriers in the targeted drug delivery methods
[2—4] and agents in the hyperthermia technique [5,
6]. In the latter, nanoparticles are heated by an ex-
ternal high-frequency magnetic field in order to
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destroy malignant tumor cells under the influence
of heat. Unfortunately, many sorts of nanoparticles
created from biocompatible (nontoxic) materials
turn out to be ineffective in hyperthermia because
their coercive force is low. So, neither the constant
magnetic field control nor the nanoparticle heating
with an alternating magnetic field can work pro-
perly. To our knowledge, this problem has not been
solved to date. An apparent approach to the prob-
lem solution is to incorporate foreign, highly co-
ercive atoms into a biocompatible MNP. Thus,
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highly coercive cobalt (Co) atoms can be doped
into biocompatible, say Fe;O,, nanoparticles [7,
8]. This approach does not affect the biocompati-
bility but improves the heating efficiency of the
magnetic nanoparticles. The necessary values, such
as coercive force, H, total magnetic anisotropy
field, H,, and magnetization, M, can be obtained
from the ferromagnetic resonance (FMR) spect-
rum and from the shape of the magnetic hysteresis
loop [9-11].

Magnetic Fe,_.Co,Fe,O, nanoparticles synthe-
sized by the precipitation from diethylene glycol
will be examined for their magnetic properties
in an effort to find how the Fe—Co atom substitu-
tion acts on the FMR spectrum and shape of the
magnetic hysteresis loop. To this end, the measu-
rements of FMR spectra and magnetic hysteresis
loops were performed for Fe,_ CoxFe,O, nano-
particles with the three Co concentrations x = 0.0,
0.5, and 1.0.

1. Theory. For the studied MNP samples, the
FMR frequency is related to the external magne-
tic field as [12]

fres ZL(H_Ha)s
2

where f,,, is the FMR frequency, ¥ is the gyro-
magnetic ratio, H is the external static (or slow-
ly varying in magnitude) magnetic field applied to
the sample, and H, is the total magnetic anisotro-
py field. The H, field can be represented as a sum
of the field H;, of the dipole-dipole interaction
between magnetic nanoparticles, the magnetocrys-
talline anisotropy field (Hg ), and the surface ani-
sotropy field (Hg) [13]. An assumption is made
that the nanoparticles and clusters of the nanopar-
ticles are spherically shaped (or almost spherical-
ly), which makes the shape anisotropy of the H,,
field negligible with demagnetizing factors ap-
proximately equal in all the Cartesian directions.
We also assume that the contributions to H, from
the other anisotropy fields are insignificant [13]. In
particular, each contribution to H, is a function of
M which, in turn, depends on the concentration x.
The Hy field involves the magnetocrystalline ani-
sotropy constant, K, [13] which is associated with
x, too. Based on the experimental results, a con-
tribution from each of the anisotropy fields will
be estimated in the case of mutually interacting
Fe,_,Co Fe,0, nanoparticles.
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2. Results and discussions. The samples of
Fe,_,Co Fe,0O, nanoparticles were synthesized by
the precipitation from the diethylene glycol solution
at the two temperatures 7= 200 °C and 7= 500 °C
(see the Table). The initial reagents were metal ni-
trates Fe(NO;);-9H,0 and Co(NOs;),-6H,0O (ana-
lytical stage). The precipitant was NaOH (97% pu-
rity), the precipitation process was held in the ar-
gon environment. An extended description of the
synthesis process can be found in [12, 13].

The MNP morphology and size (Fig. 1) were
studied using a transmission electron micro-
scope JEM-1230. The TEM images (Fig. 1, a—)
were analyzed for the MNP size distribution by
the procedure described in [7]. The MNP mag-
netic research was performed using a commer-
cial Quantum Design Magnetic Property Meas-
urement System adapted to the temperature range
7=2...300 K.

The FMR properties of Fe,_.Co,Fe,O, nano-
particles were studied in the frequency band f =
= 8...40 GHz at the temperature 7 = 300 K. Each
MNP sample enclosed in a spherical dielectric
container was placed inside a tunable rectangu-
lar microwave cavity resonator [7, 14] inserted
between the poles of the electromagnet and con-
nected to the spectrometer [10, 15]. The MNP
samples were examined in scanning mode by ap-
plying an external magnetic field in the range
H=0...10 kOe. The experimentally obtained FMR
spectra for #1 and #3 (two MNP synthesis tempe-
ratures) are shown in Fig. 2.

Fig. 3 shows the hysteresis loops of the studied
nanoparticles. From Figs. 2 and 3, the contribu-
tion from each magnetic anisotropy field can be
estimated.

We found that a 5-fold increase of the MNP size
raises H, 2.7 times. In so far as the M value also
increases 2.7 times, it can be concluded that it is
the field Hy;, of the dipole-dipole interaction that
mainly contributes to H, at 7= 300 K since H,

Parameters of the Samples

S 1 #1 #2 #3 #4
ampres Fe;0, | CoFe,0, | Fe;0, | FeysCo,sFe,O,
MNP average
size d, nm 4 4 20 20
Synthesis
temperature 7, °C | 200 200 500 500
Co concentration 0.0 1.0 0.0 0.5
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Fig. 1. Photographs of MNP samples: a — sample #1, b — sample #2, and ¢ — sample #4 and diagrams (d, e, f) of MNP size
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Fig. 4. FMR spectrum (@) and magnetic hysteresis loop (b) of CoFe,0, nanoparticles (x = 1.0) synthesized at 7 = 200 °C,
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Fig. 5. FMR spectrum (@) and magnetic hysteresis loop (b) of FejsCoqsFe,O4 nanoparticles synthesized at 7 = 500 °C,

sample #4

directly depends on M. The Hy field remains un-
changed as the MNP crystal structure is immune
to the MNP size [13]. For the MNP size values in-
dicated in the Table, the Hg field also contributes
scarcely anything to H,.

Fig. 4 shows the FMR spectrum and the mag-
netic hysteresis loop of CoFe,O, nanoparticles
synthesized at 7= 200 °C (sample #2).

A comparison of the experimental results for
samples #1 (Figs. 2, a and 3, a) and #2 (Fig. 4)
suggests that the Fe—Co atom substitution raises
the H, field not only due to the M increase
(Fig. 4, b) but also owing to the increase of the
Hy field [13].

The FMR spectral line is explained by a signifi-
cant MNP size dispersion, which is also confirmed
by the TEM images (Fig. 1, a—c).

A similar comparison of the experimental results
for samples #3 (Fe;0,) and #4 (Fe,;Co, sFe,0,)
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synthesized at 7= 500 °C reveals that M for #3 in-
creases (Fig. 5).

We found that the FMR linewidth of #4
(Fey sCog sFe,0,) is two times the FMR linewidth
of #3 (Fe;0,). The broadening of the FMR spec-
tral line indicates poor collinearity of the MNP
spin system and a significant MNP size dispersion.

The H, field value of Fe, sCo, sFe,O4 nanopar-
ticles is 25% higher than that of CoFe,O,[16]. We
suppose that the contribution from both Fe*" and
Co”" ions affect the magnetocrystalline anisotropy
constant K which is involved in Hx and, conse-
quently, H, [17, 18] and plays an important role.

3. Conclusions. The magnetic resonance study
of the Fe—Co atom substitution in Fe,; ,Co,Fe,O,
nanoparticles has brought the following results.

The total magnetic anisotropy field H, increas-
es by 2.7 times as the MNP average diameter in-
creases from 4 to 20 nm. It is mainly due to that the
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magnetization M and the field H,, of dipole-di-
pole interaction between nanoparticles increase.
The Fe—Co atom substitution raises the mag-
netization M by up to 60% as the concentration
x in Fe;sCo, sFe,O, nanoparticles changes from
x =0.0 to x = 1.0. This is accompanied by a three-
fold increase of the H, field and can most probab-
ly be caused by the increase of the magnetocrystal-

As the concentration changes from x = 0.0 to
x = 0.5 the magnetization M is lowered by a fac-
tor of 2.5, and H, reduces to one-fourth of its
previous value. This suggests that the contribu-
tions from both Fe?" and Co®" ions affect the mag-
netocrystalline anisotropy field H.
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®EPOMATHITHUI PE3OHAHC Y HAHOUACTUHKAX
Fe, ,Co,Fe,0,, OCAJDKEHUX 3 IETUJIEHIJIIKOJIIO

Ipeamer i MeTa po6oTn. OHNM i3 IUIAXIB HiIBUIIEHHS e()eKTUBHOCTI METOAMKH TiIepTepMil € CII0ci0 CHHTE3y HOBUX MarHit-
HUX HaHoMarepianiB. Taki HAaHOMaTepiali MOBHHHI MaTH BICOKY KOSPIIUTHBHY CIITy BOIHOUAC 31 30epeKeHHsIM 610CyMiCHOCTI.
HaniitauM criocoboM € momyBaHHS 0i0CyMiCHHX MatepianiB, Takux sk Fe;O,, aToMaMH pPedOBHH 3 BEIHMKOIO KOCPLIUTHBHOIO
cuioro — Hanpukiazn, aromamu Co. Binomi Ha nei yac poGOTH IHIINX aBTOPIB HEJOCTATHRO MOBHO BiOOpa)karoTh MarHiTHUH
CTaH MOAIOHUX HAHOYACTUHOK. TakuM YMHOM, MPEIMETOM HAIIOTO JOCTIPKEHHS € MAaTHITHI Ta MarHITOPE30HAHCHI BIIACTUBOCTI
nanovactuHok Fe;_ Co Fe,0,, cHHTe30BaHHUX IIIIXOM OCA/DKEHHS 3 AieTHICHITIKOMO 3a Temneparypu I'=200 K ta 7= 500 K.
Meroro poOOTH € BU3HAUCHHSI 3aJIS)KHOCTI MarHITHUX Ta MarHiropesoHancHux Biactusocrei Fe,_,Co Fe,0, 31 3miHOIO X.

Merton i MeTog0JI0Tis pO6OTH. METONIOM ENIEKTPOHHOIO CIIHOBOTO pe3oHaHCy B AianasoHi 8...20 I'Tm npu 7= 294 K 3a-
PeeCTpOBaHO CHEKTPU (HEPOMATHITHOTO PE30HAHCY. MarHiTOMeTpUYHHM METOOM HOCIIHKEHO IETIi MarHITHOTO TiCTepe3nucy
HAHOYAaCTHHOK; METOIOM IIPOCBIdyBaJIbHOI €JIEKTPOHHOI MiKpocKomii oTpuMaHo (ororpadii MarHiTHIX HAHOYaCTHHOK.

PesyinbraTu podoTH. AHaii3 pe3y/bpTaTiB eKCIepUMEHTaIbHUX A0CIiIKeHb 3pa3kiB HaHouacTuHOK Fe,_ Co,Fe,O4 (x = 0,0;
0,5; 1,0) moka3as, 110 MiABUIICHE 3HAYEHHS CyMapHOTO MOJIsI MarHiTHOI aHi3orpomii B Hanouactunkax Fe,_ Co,Fe,0, 3 koHIeH-
Tpamieto x = 0,5 y mopiBasHHI 3 x = 0,0 Ta x = 1,0 BUKIMKaHe 301IbIICHHSM OIS KpHCTaIOrpadiqHOl aHi30Tpomii.

BucnoBok. Pe3ynsraTy npecTaBIeHUX JOCHIIKEHb JO3BOJISATH BU3HAUUTH (DYHIaMEHTAIBHY B3a€MOIII0 MarHITHAX aTOMiB
Co ta Fe y kpucraniuniii rparmi. OTpuMani 3HaHHS OyIyTh KOPHCHHMH Y PO3pOOJICHHI MarHiTOKEPOBAHMX BUCOKOYAaCTOTHHX
(UIBTPIB Ta YaCTOTHUX CEJIEKTOPIB.

Knrouogi cnosa: enekmponnutl Cninosuil pe3oHanc, epomMasHimuull pe3oHanc, MazHemum, Ha08UCOKI 4acmomu.
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