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Abstract

Magnetic properties of Nig sZn, 4Cug1Fe,O4 spinel ferrite prepared by co-precipitation technique have been
investigated by VSM and electron spin resonance (ESR) technique at X-band in the temperature range of 30-300 K.
The structural and morphological characterization of the sample was done by XRD and SEM. The size of the
nanoparticles was found as 30 nm. VSM measurements have shown that the sample has superparamagnetic behavior
at room temperature. It is seen that the line width, resonance field and intensity of the ESR signals are strongly
temperature dependent. As the temperature is decreased, the line width is increasing while the resonance field is
decreasing. The increse in the line width and the decrease in the resonance field can be attributed to the frozen
surface spin profile giving rise to unidirectional anisotropy. Also at low temperatures, the disorder of the dipolar
fields is increasing and antiferromagnetic interactions dominates and cause to spin disorder of the sample. Hence the
magnetic anisotropy field increases.
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1. Introduction

Microwave absorption materials important to suppress microwaves reflected from metal structures inn
both civil and stealth defence system for military platforms. The microwave absorbing characteristics,
such as matching frequency, matching thickness and bandwidth should be considered to design the proper
absorber. The absorption or dispersion of the electromagnetic energy in the medium, i.e., between the
radar and a protected target by the use of radar absorbing materials to cover the metallic surface, is one of
the methods of reducing the radar signature of the targets. The magnetic and dielectric propertics such as
permeability (u), permittivity () and loss constant (tan ) have to be controlled due to its dependency on
the absorbing characteristics. Since the complex € of the ferrite absorber show rather constant values in the
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GHz ranges, the microwave absorbing character tics strongly depending on the resonance phenomena of
the ferrite body. A proper combination of complex permeability and permittivity is necessary to fabricate
the zero-reflection microwave absorber with an impedance matching. Increasing of dielectric permittivity
and development of an impedance matching is important in ferrite-polymer composite by adding of
conducting materials.

Therefore in this work, we report on the vibrating sample magnetometry and electron spin resonance
(ESR) investigations of magnetic properties of Nig sZng 4Cug 1 Fe,04 composite sample prepared by standart
ceramic technique. The VSM and ESR measurements have been done in the wide range of temperatures,
30-300K.

2. Experimental

The complex ferrite system is composed of Zn**, Cu’*, Ni*" metal ions and has the formula of
Nig 5Zn9 4Cug1Fe,04. Thermodynamic modeling of the complex system shows that all the species required
for the formation of the system are present in the form of oxide or hydroxide at a wide pH range of 7-14.
Therefore, it is possible to obtain the complex ferrite phase by using the coprecipitation in that pH range.
X-ray powder diffraction was used to determine the crystalline phases, and the effect of the heat treatment
on the crystallinity and the crystal growth.

The Nig sZn, 4Cuy 1Fe, 04 solution was transferred into the 3 neck flask with water cooled condenser,
temperature controller and N, gas flowing. The silanization was performed 24 hrs at 80 °C under vigorous
stirring. APTMS acts as a coupling agent, where silanization takes place on the particle surfaces bearing
hydroxyl groups in the organic solvent. This results in the formation of a three-dimensional polysiloxane
networks. The silanized Nig sZng 4Cug;Fe 0, samples were cooled down to the room temperature and the
supernatant was removed form the precipitation by decantation. The precipitated powder was dried in
vacuum over at 120 °C for 2 hrs. Composite specimens of Nig sZng 4Cug1Fe,04 a with a 5 pbw of graphite
powder was dispersed in PMMA. 50 mL MMA, 0.5wt% AIBN and 200 uL acetic acid were mixed with
vigorous magnetic stirring and heated at 80 °C with reflux. After 10 min later, the hot plate was stopped
and cooled down to room temperature. Rather viscous polymerized PMMA solution was formed. Another
25 ml MMA solution was prepared with silanized Nig sZn, 4Cu, 1Fe,04 mixtures by adding the weight ratio
of Pluronic® F87 NF to nanopowder was 0.1. After the mixture was sonicated for 10 min in water-cooled
bath, the viscous pre-polymerized PMMA solution was added into the mixture of 25 mL
MMA/nanopowder/surfactant and sonicated 5 min in water cooled bath. The mixture was transfer into
clean 3-neck flask again and reheated at 80 °C with reflux. After 10 min later, the hot plate was cooled
down to the room temperature and sonicated for 10 min in water-cooled bath. The final solution was
transferred into screw capped glass container with a diameter 20 cm and tightly closed. The container was
placed in silicon oil bath and kept 70 °C for 48 hrs. After open the cap of the container, the temperature
was increased to 95 °C for 1 hr to evaporate the unreacted monomer.

For ESR measurements, the commercial X-band (v= 9.7 GHz) Bruker EMX model spectrometer was
used. The sample was placed at the maximum magnetic field in the cavity. A cylindrical quartz tube was
used to mount the sample in the cavity. The field derivative of microwave power absorption, dP/dH, was
registered as a function of DC magnetic field H. To obtain the intensity of microwave power absorption,
P, digital integration of the ESR curves was performed by using Bruker WinEPR software.

3. Results and Discussions

Structural and morphological characterization

From the Transmission Electron Microscopy (TEM) images of NigsZng4Cug;Fe,04 ferrite
nanoparticles shown in Fig. 1 a and b, as-prepared particle shows rather irregular shapes comparing to the
heat treated samples shows spherical shapes. Moreover, the TEM image of the heat-treated samples
revealed darker region than as-prepared sample due to the crystallization. The average size of the particles
is almost 30 nm. Regarding the peaks positions in Fig. lc, the X-ray diffraction (XRD) pattern of
Nig 5Zny 4Cuo1Fe,04 corresponds well to reference patterns of NigsZng 4Cug;Fe,0,4 spinel ferrites. This
indicates that the spinel structure of Nig sZn, 4Cuo 1Fe,O,4 has been successfully produced as a single phase
by the controlled chemical co-precipitation method.
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Figure 1: TEM images of Ni; 7/, ,Cug 1 Fe, O, ferrite nanoparticles (a) as-prepared,
(b) heat treated at 450 °C for 2 hrs and (¢) X-ray diffraction patterns

VSM results

Hysteresis loops of the ferrite composites, obtained by using a Quantum Design PPMS VSM
magnetometer, are presented in figure 3 (a) for 300 K and (b) 50 K. The sample exhibits very small
hysteretic behavior at room temperature with a rounded shape characteristic for superparamagnetic
particles. While the saturation magnetization at room temperature is 6.5 emu/g, it reaches to a value of 14
emu/g at 50 K. At room temperature the sample does not show any coercivity but it has a coercivity of 170

Oc at lowest temperature.
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Figure 2: M-H loops of the sample measured at room temperature and 50 K
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ESR results

In the present work the ESR spectra of polymeric complex ferrites were recorded as a function of
temperature. The resonance field, line width and the signal intensity of the ESR signal were estimated in
the temperature range of 10-300 K. The first derivative of the microwave power absorption (dP/dH, in
arbitrary units) was recorded as a function of the applied field H in the range 0-7000 Oe. Experiments
were performed at 9.5 GHz. The modulation field has a frequency of 100 kHz and amplitude of 15 Oe.

Magdnetic Field (G)

Figure 3: Analysis of ESR signal

The resonance field, H,, measured from the magnetic field at the centre of the ESR resonance curve,
and the distance between the bounding peaks of the first derivative of the absorption line defines the
experimental width, JH, of the resonance, are shown in figure 1. The signal intensity was found by taking
the second integral of the ESR signal.

The ESR spectra of polymeric complex ferrites of Nig sZn, 4Cuy  Fe,04 nanoparticles were recorded as
a function of temperature. The derivative of microwave power absorbed by the sample with respect to the
static magnetic field dP/dH is plotted as a function of static ficld for some selected temperatures as shown
in Figure 4.
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Figure 4: Some selected X-Band ESR spectra for Nig sZn, ,Cug 1 Fe,O, samples.

As it is seen from this figure, the line width and the resonance field of the ESR spectra are strictly
temperature dependent. At room temperature the values of the line width and the resonance field are 880

— 59 ——



Joxnaoer Hayuonanenoti Axkademuu nayx Pecnybauxu Kazaxcman

Oc and 3017 Oe, respectively. While the line width is increasing the resonance field is decreasing by the
decrease in temperature.
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Figure 3: Temperature dependence of the ESR line width

Figure 3 shows the temperature variation of the line width values of the ESR spectra. As seen from
the figure, the line width increases linearly as the temperature decreases down to lowest value. It is known
that in a randomly oriented dispersed ferromagnet the absorption line width turns out to be a non-
monotonic function of temperature. At low temperature the line width is large due to the scatter in
direction of anisotropic field of the particles (inhomogeneous broadening). As the temperature increases
the tendency to make magnetic moment isotropic causes the line width to decrease.
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Figure 4: Temperature variation of the ESR resonance field.

Figure 4 indicates the variation of the resonance field values (measured from the magnetic field at the
center of the ESR resonance curve) with the temperature. The figure implies that the resonance field
decreases almost linearly when the temperature decreases down to lowest value opposite to the line width
curve. It is known that dependence of uniaxial anisotropy energy on temperature is similar to that of
magnetostatic i.¢. demagnetisation energy [1]. Thus H; will increase with temperature. This behaviour can
be explained on the line similar to that suggested by Kodama et al. [13]. Below the blocking temperature,
the surface spin freezes and they freeze in the direction of DC-magnetic field. This yield an exchange
coupling between the surface and core spins. This gives rise to a ‘unidirectional” anisotropy with easy axis
in the direction of the field [1, 4]. As a result there is a decrease in the resonance field below blocking
temperature. These results can easily be seen in fig.5 which represents the temperature variation of
magnetic anisotropy field (obtained by H(room) - H(r); where H(room) is the resonance field at room
temperature and H(r) is the resonance field at any temperature).
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Figure 5: Anisotropy field vs. Temperature

It seen that while the temperature is decreasing anisotropy field is increasing. The reason for this, at
low temperatures, the anisotropic energy KV is larger than the thermal energy kgT to render the
nanoparticles to be blocked readily. Also, the reduction of the magnetic domain size at low temperatures
increases with the microwave power absorption [14]. At high temperatures, kg T is greater than the energy
barrier, only thermal energy is required to reorient the domains/particles and diminishing hysteresis is
observed as expected in the superparamagnetic behavior. We remark the existence of two behaviors, one
at high and the other at low temperature. In the high temperature regime we observed a superparamagnetic
behavior. That means the effective anisotropy is small and thermal fluctuations governs the physics of the
system. At low temperature the SPR behavior shows signs of a high anisotropy. Extrapolation to low-T of
the high-T behavior evidences the effects of a large anisotropy developing at low-T. This anisotropy
cannot be originated by the shape of the particle, so it can be expected to be originated on the particle
surface and this agrees with the magnetization measurements and Monte-Carlo simulations performed on
the nanoparticle system [15]. So, the results can be interpreted by a simple model, in which each single-
domain nanoparticle is considered as a core-shell system, with uniaxial anisotropy on the core and surface
anisotropy on the shell. The surface contribution is more evident in the absence of interparticle
mteractions [16, 17].
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Figure 6: ESR signal intensity versus temperature

Figure 6 represents the temperature variation of ESR signal intensity (corresponding to dc
susceptibility derived from magnetization) obtained from second integral of the ESR signals [5, 6]. The
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inset shows the temperature dependence of inverse intensity. According to the figure, the signal intensity
is increased slowly down to 150 K. Below this temperature; it approximately stabilizes between 150 and
60 K and seems almost constant. From this figure, one can see that the magnetization curve of this sample
shows a maximum at around 60 K. The intensity of the ESR signals starts to increase below 60 K and then
decrease down to 40 K. Below 40 K, it increases sharply by decreasing the temperature. Since the
intensity curve is equivalent to dc susceptibility, this kind of behaviour of the signal intensity can be
attributed to the spin glass nature of the sample, originating from antiferromagnetic interactions between
the magnetic spins of the sample.

ESR experiments render information on the internal magnetic order of the nanoparticles. At high
temperatures, the ESR line shape is governed by the core anisotropy and the thermal fluctuations. By
decreasing temperature, as the shell spins increase their magnetic susceptibility, they produce an effective
field on the core, leading to a decrease of resonance field from its high temperature value. As the shell
spins begin to order the effective anisotropy increases following its surface value more closely.

As a result, the broadening of the line width and the decrease in the resonance field values by
decreasing the temperature can be attributed to surface spin disorder (spin frustration) possibly coming
from mainly antiferromagnetic interactions between the neighbouring spins in the magnetic grains. This
frustration might be partially connected to dipolar interactions between the magnetic clusters. This can be
related to the behaviour of the whole system as a solid with respect to magnetism and this disordered and
frozen spin profile with respect to ESR, average effect is becoming important. Normally, the internal
magnetic field originating from magnetic entities is expected to be more uniform as a result of highly
ordered magnetic moments at low temperatures; giving narrower ESR line in contrary in our case.
However, at low temperatures, one may expect the order of the system and a decrease in the inhomogenity
of the dipolar fields. But, experimental results show the reverse of this (means at low temperatures the
disorder of the dipolar ficlds is increasing, because the magnetization is not increasing with the same
ratio), it can be said that some of the antiferromagnetic interactions are effective and this effect enhances
the disorder of the system.

It should be noted that, in any ESR measurement, gyromagnetic (Larmour) precession frequency is
observed in an effective ficld. Therefore, the shift in the resonance field value and the line width
broadening are a clear indication to the induced fields (exchange anisotropy field), which is the main
cause of the frustration (disorder) of any magnetic system. That is the increase in microscopic fields at low
temperatures reveals itself as the line broadening and the decrease in the signal intensity.

These types of nanomaterials can be used in electronics and stealth technology as radar absorbing
materials.

Pesrome
Yiiksel Koseoglu
(CymeiiMer JleMHpeT aTBIHAAFEI YHABCPCHTCT)
TYHBA TEXHUKACBIMEH JTAMBIHJIAJIF AH Ni, sZn, 4Cu,, Fe,0, MATHUTTIK KACUETTEPI

TyHOa TCXHHUKACBIMCH AaWbHmAmFaH NigsZng ,CuyFe,O, mmuHems (eppuTiHiH MarHuTTiK Kacuertepi VSM
JKOHE AJIEKTPOH aiHany pezoHaHc (ESR) rexHmkackr apkeuisl X-auamazonsHaa temmeparypa 30-300K apansrsiaaa
3eprrenai. HYCKaHBIH KYPBUIBIMABIK >KOHC MOPQOIorranslk caunarraMackl XRD meH SEM apKbpUisl JAHBIHIAIIBL
Hanobemmuekrepain emmemi 30HM ekeHi TaObuiapl. VSM enmeynepi HYCKAHBIH OeJIME TEMIIEPATypachIHAA
CYTICPIAPAMATHCTHKANBIK KACHCTTCPI Oap CKeHiH kepcerri. Ty3yaiH KATBIHABEBL, pe30HAHC epici xome ESR
CHUTHAJTAPBIHBIH KbIPKbIHABLIBIFBI TEMIIEPATYPaFa 6TC TOVENAl €KeHi TadbuIabl. Temmeparypa a3zaifaH CalblH TY3Y
KATBIHIAHABL, a1 Pe30HAHC epici kimipetieai. Ty3yAiH KaaBIHIAYHI KOHC PE30OHAHC OPICIHIH a3ar0bl OipOAFBITTHIK
AHM30TPOIISIHBI YIKSHTETIH KATBIPHUTFAH OCTTiK cimH mpo(mu apKeUIbl TYCiHAIpiaeai. TeMeH Temmeparypaiapaa
OUIOILIPIIBI OPICTIH PETCI3AIT ecel, aHTH(EPPOMATHETHKAIBIK PEKETTECYICP YCTEM 00Iaabl, OYJI HYCKAHBIH CITHH
percizairine okeneai. JleMek, MAarHUTTIK aHH30TPONTHIK 6pic ecei.

Tipek ce3nep: nmuHEIb (PeppUTi, MATHATTIK KACHET, PE30HAHC OPICi, CIIMH MPOQHIIi, aHU30TPONTHIK Opic.
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Pesrome
Yiiksel Koseoglu
(Yausepcuret uM. Cyaeiimana [lemuperns)
MATHUTHBIE CBOMCTBA HAHO-KOMIIO3HUTOB Nij sZn, 4Cug 1 Fe 0y

MaruutHble cBOMCTBA (peppur-mmmaeH Nij sZng 4Cug1Fe,04, TOMyUCHHBIC 0CAJ0YHOH TCXHHKOH OBLTH
HCCIECAOBAHBI C MOMOIIBI0 VSM M TEXHHKH 3ICKTPOHHO-BpamareasHoro pezoHanca (ESR) Ha mmamazone X mpum
temmeparype B mpoMexxyTke 30-300K. CrpykrypHas m MOp(OIOTHUECKAsS XapaKTEPHCTHKA 00pasma CIOcsiaHa ¢
momomibio XRD m SEM. Pasmep nanouactur cocrasun 30uM. M3meperns VSM mokasamm, uro oOpaser obmaman
CYNEPNapaMarHETHYCCKAMHU CBOWCTBAMHM NPH KOMHATHOM TeMmeparype. YCTAHOBJICHO, YTO TOJIIUHA JIHHHH,
PE30HAHCHOE II0JIC M MHTCHCHBHOCTh CHTHAJI0B ESR oueHb cuitbHO 3aBuCT OT Temmeparypsl. [1o mepe Toro kak
TEMIIEPAaTyPa YMEHBINACTCS, TOJIIMHA JIHHUH YBCIMYMBACTCS, 4 PE3OHAHCHOE MOJC YMCHBINACTCH. Y BEIHUCHHC
TOJIIHAHBI JJUHUA W YMCHBIICHHC PC30HAHCHOTO ITOJIA OOBIACHACTCS 3aMOPOKCHHBIM npodmneM TIOBCPXHOCTHOTO
CIHHA, TOBBIMIAOMMHA OJHOHANPABICHHYI0 AaHW30Tpommio. [Ipm HH3KHX TeMmeparypax pacTteT Oecrmopsmok
OHIOILIPHBIX MONCH M TOMUHHPYIOT aHTH(EPPOMATHETHICCKHE B3aMMOJCHCTBHS, 3TO B CBOKO OUCpPEIb IMMPHBOJUT K
cnmH Oecriopaaky oodpasna. CIea0BaTeIbHO YBEININBACTCS MATHETHIECCKOE AaHH30TPOITHOE TI0JIE.

KmoueBnie cioBa: (eppuT-IINMHENTb, MArHHTHOEC CBOWCTBO, PE30HAHCHOE TIOJIE, NPO(QHIbL CIMHA,
AHHU30TPOITHOE MOJIC.
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