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Heating of magnetic powders in the ferromagnetic resonance mode

at a frequency of 8.9GHz
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Nickel ferrite nanoparticles 4 nm in size were synthesized by chemical deposition. Subsequent annealing at

T = 700◦C for 5 h led to an increase in the particle size to 63 nm. The Mössbauer spectra and the frequency-field

dependences of ferromagnetic resonance have been measured. It has been shown that freshly prepared powders

are superparamagnetic at room temperature. The kinetic dependences of the heating of nanoparticles in the

ferromagnetic resonance mode at a frequency of 8.9GHz were measured. It was found that the maximum rate

of temperature increase in this mode for a ferromagnetic powder is an order of magnitude greater than for the

superparamagnetic state (1.2 and 0.13K/s, respectively). The latter is determined by the saturation magnetization

of the studied powders.
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1. Introduction

The field of application of magnetic nanoparticles is

constantly expanding. In biomedicine, there are already

proven approaches to the practical applications of magnetic

nanoparticles. In magnetic hyperthermia, an alternating

magnetic field (H ∼ 100Oe, f ∼ 100 kHz) in particle re-

magnetization processes performs local heating of biological

tissues [1]. As a rule, magnetite-maghemite particles or

ferrites based thereon are the objects of research for this

area. Metal oxides and ferromagnetic metal nanoparticles

based on 3-d metals [2] alloys are used less frequently.

Biocompatible coatings such as chitosan, polyethylene gly-

col, tetraethylorthosilicate (TEOS) and 3-aminopropyltriet-

hoxysilane (APTES) etc. are used to reduce the toxicity of

magnetic nanoparticles [2–6].
Research into the efficiency of particle heating for

magnetic hyperthermia applications has been conducted on

both dry powder systems and magnetic liquids. In pa-

pers [3,7–13], the dependences of the heating temperature

of nickel ferrite particles on their magnetic properties,

method of production and external conditions have been

studied. The re-magnetization mechanisms of magnetic

nanoparticles (hysteresis loss, Néel rotation, Brownian ro-

tation) leading to their heating are primarily determined by

their size [3,9,14,15]. The heating rates during nanoparticle

remagnetization are determined by the magnitude and

frequency of the field used and are ∼ 1K/s [9].
Extending the frequency range of hyperthermia, another

possible way of heating can be pointed out: its realization

via ferromagnetic resonance (FMR) [7,16,17].
The instantaneous value of the magnetization vector M in

a magnetic field Heff is determined by the Landau-Lifshitz-

Gilbert equation:

Ṁ = −γM×Heff −
γα

M
M× (M×Heff),

where γ — gyromagnetic ratio, α — damping parameter.

The damping parameter is related to the relaxation time τ ,

i. e. the time required to damp the precession of the

magnetization vector, by the following relation [18]:

τ −1 = ωr = αγHeff,

ωr — relaxation frequency. If a high-frequency microwave

field with frequency ω and amplitude h, orthogonal to the

external field H , acts on the magnetization M besides the

DC field H , resonance absorption of microwave energy

by the ferromagnet (FMR) is possible. The magnetic

susceptibility χ = m/h is the complex value χ = χ′ + χ′′.

The imaginary component of the magnetic susceptibility

χ′′ near the frequency ω, at which the microwave energy
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Figure 1. Electron diffraction pattern and microphotographs of nickel ferrite particles before (a, b) and after (d, e) annealing,

(c, f) — particle size distribution.

is absorbed by the ferromagnet has a maximum value.

At frequencies ω > ωr , there is resonant absorption of

microwave energy α ∼ 0.1 ≪ 1. At ω < ωr , the relaxation

mechanisms of α > 1 absorption act. In FMR mode, for

the case of a spherical ferromagnet χ′′res ≈
1
2

γ′MS

α f , where

γ ′ = γ/2π ≈ 2.8MHz/Oe. The energy absorption of a

spherical particle of volume V per unit time is determined

by the expression Q = ω(V/2)χ′′h2.

Assuming that all of the microwave energy absorbed

by the nanoparticle goes into heating it, the heat balance

equation can be written down: Cm1T = Q1t, which allows

the relations between temperature rise rate and particle

characteristics to be established

dT/dt = h2γ ′MS/4Cρα,

where ρ — density, C — specific heat capacity.

The proposed paper is devoted to the study of FMR

heating of magnetic nickel ferrite powders produced by

chemical deposition.

2. Experiment procedure

Nickel ferrite nanoparticles were prepared by chemical

deposition followed by a five-hour annealing at 700◦C [19].
Microphotographs were taken with a Hitachi HT7700 trans-

mission electron microscope. X-ray diffraction analysis was

performed on a DX-2700BH, HAOYUAN, λ = 0.154 nm.

Mössbauer spectra of the studied samples were obtained on

a MS-1104Em spectrometer in transmission geometry with

radioactive source Co57(Rh) at 300K. The nanoparticles

temperature was measured with a T-type thermocouple

with copper and constantan electrodes placed in a waveg-

uide electron paramagnetic resonance (EPR) spectrometer

SE/X-2544 (Radiopan) X-band at 8.9 GHz (the magnetic

field magnitude is determined with the built-in NMR

magnetometer with an accuracy of 10−2 Oe, the error

in frequency determination is 100 kHz). When placing

the thermocouple in the resonator (without powder) with

microwave pumping and a magnetic field sweep from 0 to

5 kOe, the thermocouple did not register any temperature

change. The frequency-field dependencies of the fabricated
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powders were studied with a broadband ferromagnetic reso-

nance spectrometer at 300K. Magnetization measurements

were made on a vibrating magnetometer.

3. Results

Fig. 1 shows images of ferrite particles taken with a trans-

mission electron microscope. Before annealing (Fig. 1, b),
the particles had a close to spherical shape with an average

particle size of 4.0± 0.7 nm. After annealing (Fig. 1, e),
the particle size increased significantly to 63± 22 nm. Since

the shape of the particles was not spherical, the particles

were approximated by polygons to find the average particle

size and the equivalent diameter of a circle of corresponding

area was calculated.

Fig. 2 shows an X-ray diagram of the annealed sam-

ple, the insert shows an X-ray diagram of the original

powder. After annealing, reflections from nickel ferrite

and reflections from hematite α-Fe2O3 of low intensity are

observed. The hematite phase proportion is 5%. The

average crystal size was estimated using full-profile Rietveld

refinement using the TOPAS 6 program. A correction for

the instrumental broadening of the peaks is introduced with

reference sample — Si. The calculated crystal size was

75± 15 nm for the powder after heat annealing.

The saturation magnetization of the MS powders was

5 emu/g at room temperature. After annealing, there was

an increase in magnetization to 34 emu/g [19]. The value of

MS is consistent with results obtained by other authors [3].
Fig. 3 and 4 show the Mössbauer spectra of the original

and annealed samples, respectively. The parameters of the

spectra are given in Tables 1 and 2, respectively. The

spectrum of the initial powders is a quadrupole doublet,

indicating a superparamagnetic state of the particles. The

spectrum of the annealed powders is a resolved sextet, indi-

cating a magnetic-ordered state of iron magnetic moments.

This is achieved by increasing the size of the nanoparticles

compared to the unannealed sample.

The spectrum decomposition results show that in addition

to the spinel phase, the annealed sample contains a hematite

phase with a proportion of 16%. The spinel part is

represented by iron in tetrahedral and octahedral positions

in the ratio A : B= 1.8 : 1.0. In unsubstituted magnetite, this

ratio is 1.0 : 2.0, i. e. the substitution occurs at octahedral

sites.

Fig. 5 shows the distribution of the microwave energy

absorption spectra of the powders studied.

Fig. 6 shows frequency dependences of the real compo-

nent of magnetic permeability µ′ at different DC magnetic

field strengths H and dependence of resonant frequency

on external field H determined by the real component of

magnetic permeability µ′ . By approximating the depen-

dence by a linear function f (H) = f 0 + (γH)/2π, the gap

value in the frequency-field dependence f 0 as well as the

value of the gyromagnetic ratio γ can be estimated. For

freshly cooked powders f 0 = 0 (superparamagnetic state),
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Figure 2. Diffraction patterns of the annealed and the original

(insert) samples. (*) asterisks —- peaks corresponding to the

nickel ferrite structure, (�) squares — peaks corresponding to the

hematite structure.
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Figure 3. Mössbauer spectrum of a freshly prepared sample with

treatment result (a) and probability distributions of quadrupole

splitting in the sample (b).
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Figure 4. (a) Mossbauer spectrum of nickel ferrite after

annealing at room temperature, lower diagram — error spectrum;

(b) Probability distribution of hyperfine fields on iron nuclei in

tetrahedral (red line) and in octahedral positions (blue line).
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Table 1. Mössbauer spectrum parameters NiFe2O4 without annealing

IS, H, QS, W , A,
Sitemm/s± 0.005 kOe, ±3 mm/s± 0.01 mm/s± 0.01 a.u. ±0.03

0.34 − 1.26 0.40 0.21
Fe3+(B)

0.34 − 0.86 0.36 0.36

0.34 − 0.49 0.37 0.42 Fe3+(A)

No t e. IS — isomeric chemical shift with respect to α-Fe, H — hyperfine field, QS — quadrupole splitting, W — line width, A — fractional position

occupancy.

Table 2. Mössbauer spectrum parameters NiFe2O4 after annealing

IS, H, QS, W , A,
Sitemm/s± 0.005 kOe, ±3 mm/s± 0.01 mm/s± 0.01 a.u. ±0.03

0.378 519 0 0.23 0.30 (B)

0.268 486 0.002 0.43 0.54 [A]

0.373 517 −0.51 0.23 0.16 α-Fe2O3

No t e. IS — isomeric chemical shift with respect to α-Fe, H — hyperfine field, QS — quadrupole splitting, W — line width, A — fractional position

occupancy.
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Figure 5. Energy absorption spectra at FMR of the original powders (a) and after annealing (b).

γ = 1.8 · 107 Hz/Oe. After heat treatment of nickel ferrite

powders f 0 ≈ 4GHz, γ = 1.6 · 107 Hz/Oe. It should be

noted that in paper[20], the frequency-field response of

nickel ferrite powders with different particle sizes exhibited

features similar to those we observed (Fig. 6, b). These

features were not discussed by the authors.

Fig. 7 shows the FMR curves measured at 8.9GHz and

room temperature.

Fig. 8 shows the kinetic curves of powder temperature

change during microwave pumping in a constant field of

strength H . The highest heating was observed in the

resonant field and amounted to 1Tmax = 5K for the initial

powders and 1Tmax = 8K after annealing. The values

are comparable to those obtained by [7], the authors of

which obtained a heating value of 6.9K for nickel ferrite

particles at 3.0GHz. If the magnetic field deviates from
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Figure 6. Frequency dependences of the real part of the complex magnetic permeability and the dependence of the resonant frequency

on the external field H for the initial (a, b) and annealed (c, d) samples.
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Figure 7. FMR spectra ( f = 8.9GHz) of the original powders (a) and after annealing (b).

the resonance value to one side or the other, the heating

value 1T decreases (see Fig. 8, a, b). At H = 0, the

effect is present: for initial powder 1T (H = 0) ≈ 1K,

after heat annealing 1T (H = 0) = 2K. Microwave energy

absorption at H → 0 has previously been observed on

various magnetic powder systems: on ferrites Co [21],

on ferrites Ni-Zn [22], on metal alloys Co-Ni [23], on

superconductors [24], etc. The heating of our studied

powder systems at H = 0 (Fig. 8, a, b) can be explained,

remaining within the framework of the FMR phenomenon,

as microwave energy absorption by nanoparticles in their

own internal field (anisotropy field), or by natural ferromag-

netic resonance [18]. Any powder system is characterized

by dispersion in crystallite sizes and orientations and hence
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Figure 8. Dependences of temperature increment and heating rate on time for initial nickel ferrite (a, c) and after annealing (b, d).

dispersion in projections of internal fields in the direction

perpendicular to the alternating magnetic field of the

microwave. The latter provides a natural ferromagnetic

resonance.

Fig. 8, c, d shows the temperature rise rates of powders

during microwave absorption. In the resonant field, the heat-

ing rates differ by an order of magnitude (0.13 and 1.2K/s,

respectively).

4. Discussion

Our experiments demonstrate that in the microwave

absorption mode, the temperature rise rate dT/dt of

heat treated powders (63 nm) is an order of magnitude

greater than dT/dt of freshly made powders (4 nm) (0.13
and 1.2K/s, respectively). The frequency-field relation-

ships of superparamagnetic freshly cooked powders are

well approximated by a line passing through the origin

ω0 = γHeff = γH , H — external field (Fig. 6, b). At low

frequencies, there is a deviation from the linear relationship

ω0 = γH , which can be related to an increase in the

damping parameter α. The resonant frequency of the FMR

taking into account attenuation is defined by the expression

ω2 = ω2
0(1 + α2), where α — the damping parameter [18].

The experimentally detected deviation of the resonant

frequency from ω0 allowed us to determine the damping

parameter α for freshly prepared superparamagnetic pow-

der. The results are shown in Fig. 9. Since the relaxation

frequency is proportional to the damping parameter and the

field strength (ωr = αγHeff), approximating the dependence

α(1/γH) by a linear function allows to find ωr . We

obtained a value ωr = 1.3GHz (insert Fig. 9). In our

view with ωr , there is a change in the mode of microwave

energy absorption. At ω > ωr , there is resonance absorption

α ∼ 0.1 ≪ 1. At ω < ωr , the relaxation mechanisms of

α > 1 absorption act. The observed by the authors of [20]
specific features of the resonance frequency dependence on

the field, apparently, can also be explained by a change in

the microwave energy absorption mode and estimate the

relaxation frequency to be 4−6GHz.

For the frequency-field dependence of heat-treated nickel

ferrite powders, a linear dependence is observed (Fig. 6, d),
indicating a resonant mode of microwave energy absorption

”
of ferromagnetic“ powders at α ∼ 0.1 ≪ 1. The spe-

cific feature on the frequency-field dependence of these

powders at f = 8GHz, consisting in an abrupt decrease

of the effective field Heff = 2π f 0/γ + H , may be related

Physics of the Solid State, 2023, Vol. 65, No. 6
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Figure 9. Dependence of the damping parameter α on the

magnitude of the constant external field. Insert — dependence

α(1/γH) and its straight line approximation.

to the heterophasity of heat-treated powders. The ferrite

powder after annealing contains the α-Fe2O3 phase as

an impurity (approx. 10%), so the size of the hematite

particles should be smaller than the nickel ferrite parti-

cles. The decrease in effective field Heff with decreasing

microwave frequency can be attributed to the transition

of hematite particles to a superparamagnetic state. The

relations between the blocking temperature TB and the

frequency used in the experiment f is given by the Néel–
Brown expression: KV/TBkB = ln( f m/ f ), where f m —
relaxation frequency, which for single-domain particles is

in the interval 1 GHz < f m < 104 GHz, KV — magnetic

anisotropy energy of the nanoparticle, kB — Boltzmann

constant. In our case, at f = 8GHz, TB = 300K (room
temperature). Above 8GHz, hematite nanoparticles exhibit

”
ferromagnetic“ properties; below 8GHz, they become

superparamagnetic. Another explanation for the discussed

feature is possible: at 8GHz for the impurity phase

nanoparticles α-Fe2O3, the microwave energy absorption

mechanism is changed, i. e. this frequency for α-Fe2O3 is

a relaxation frequency.

We measured the thermal effect (1T ) at 8.9 GHz. At

this frequency, irrespective of the size of the ferrite

powders under study, the resonance mode of the mi-

crowave field energy absorption α ∼ 0.1 ≪ 1 is realized.

If in the expression for the rate of temperature increase

(dT/dt = h2γ ′MS/4Cρα), the dependence of heat capac-

ity C and density ρ on powder particle size is neglected,

the difference dT/dt between the initial and the heat-

treated powders will be solely determined by the saturation

magnetization. The measured values are 5 and 34 emu/g

at room temperature, which provides the observed rate

changes dT/dt .

5. Conclusion

Nickel ferrite powders NiFe2O4 size ∼ 4 nm were pro-

duced by chemical deposition method. As a result of

the heat treatment at T = 700◦C for 5 h the powder size

increased to 63 nm. X-ray diffraction analysis shows that

the α-Fe2O3 phase is present as an impurity in the powders

after heat treatment. The Mössbauer spectrum of the initial

powders is characteristic of the superparamagnetic state of

the particles. The spectrum of the annealed powders is a

resolved sextet and along with the spinel phase, α-Fe2O3

phase is present with a fraction of 16%. The microwave

absorption spectra of the initial superparamagnetic powders

reveal a deviation from the linear dependence ω0 = γH ,

which allowed the damping parameter α and the relaxation

frequency ωr = 1.3GHz to be determined. In our view

with ωr , there is a change in the mode of microwave

energy absorption. At ω > ωr , there is resonance absorption

(α ∼ 0.1 ≪ 1). At ω < ωr , the relaxation mechanisms

of α > 1 absorption act. The FMR curves and particle

temperature-time dependences of microwave field energy

absorption at 8.9 GHz have been studied. The greatest

heating of the powders under study is observed at a DC

magnetic field strength equal to the resonance strength. It

is found that the maximum rate of temperature increase

for annealed powder is an order of magnitude greater

than for the superparamagnetic state (0.13 and 1.2K/s,

respectively). The effect detected is determined by the

magnetization of the powders under study. Our research

allows to recommend nickel ferrite particles as targets for

resonant hyperthermia, if the problems of their cytotoxicity

and delivery to the respective targets [25] are solved.
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