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Abstract. Phase composition, structure parameters and basic magnetic characteristics obtained
by the sol-gel combustion nanopowders of ferrospinel CuFe,0, are investigated. A comparison
of the properties of synthesized materials: first sample — immediately after the combustion of
the gel and second sample — after annealing at 1073 K for 4 hours are performed. Annealing
leads to an increase in the concentration of the phase with tetragonal crystal structure. Particle
sizes and the value of anisotropy field of this phase also increased.

1. Introduction

Nanosized magnetic particles attracted attention of researchers working in different fields of solid state
physic in connection with their rich and often unusual range of properties and applications. This fully
applies to the copper ferrite CuFe,Q,. It is known that the samples of this ferrimagnet may exist in
modifications with cubic or tetragonal crystal structures. Implementation of these crystal phases
depends on the temperature and conditions of synthesis [1, 2].

According to [1 — 3], the cubic crystal structure with a lattice constant a = 8.42 A exists in some
temperature range below the Curie temperature. The first-order structural phase transition (SPT) into
the tetragonal crystal phase with a lattice constant a = b = 5.82 A and ¢ = 8.69 A takes place with
further cooling. The SPT in the copper ferrites was studied experimentally in [2, 3] with the help of
high-resolution neutron diffraction technique. The temperature dependences of the initial magnetic
permeability and the parameters of ferromagnetic resonance in the vicinity of the SPT were studied in
[4]. In papers [2 — 5] the magnetocrystalline anisotropy of copper ferrites was investigated. It is shown
that in the tetragonal phase CuFe,O, refers to materials with easy magnetization plane (EMP) and with
the large value of anisotropy fields [4, 5].

The investigation of the influence of a size effects on the structural and magnetic properties of this
ferrite is of interest. The magnetic properties of nanostructured samples of copper ferrospinels
synthesized by different methods were investigated in [6 — 8]. The methods used in this works were:
mechanochemical reactions [6], co-precipitation [7] and SHS [8]. It is noted that after the transition to
a nanostructured state the value of saturation magnetization increases by about 20 % as compared with
bulk samples.
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The results of studies of the properties nanostructured copper ferrite powders obtained by the sol-
gel combustion are presented in this paper.

2. Preparation of samples

To synthesize the nanoparticles of copper ferrite we used the chemical reaction:
Cu(NO3),'3H,0+2Fe(NO3);3-9H,0+C¢HgO;+0,=CuFe,04,+6CO,+25H,0+5NO,+3NO.

The aqueous solutions with concentration of 1 M: copper nitrate 3-aqueous Cu(NOs),-3H,0, iron

nitrate 9-aqueous Fe(NO3);-9H,0, and citric acid C¢HgO- were pre-prepared. Then they were mixed in

accordance with the relationship:

{[Cu(NO,),3H,0]:[Fe(NO,);-9H,0]}: C;H,0, ={1:2}: 2.
Concentrated ammonium hydroxide NH,OH was added dropwise with constant stirring to the
obtained solution until pH ~ 2. The resultant sol was heated for 3 — 5 hours without boiling. At the
evaporation of water it turned into a viscous brown-green gel, which then ignited and burnt. Thus the

initial sample No 1 was prepared. The sample No 2 was obtained after the calcinations of initial
powder at a temperature of 1073 K for 4 hours.

3. The results of x-ray researches

The x-ray analysis was performed using a SHIMADZU XRD-6000 polycrystalline diffractometer. The
computer database of x-ray powder diffractometry PDF4+ was used for a qualitative analysis of the
phase composition. The quantitative analysis of the phase composition and the refinement of the
structural parameters of phases being detected were performed using the program for full profile
analysis Powder Cell 2.4.

The results of X-ray diffraction analysis of the samples are summarized in Table 1. According to the
table, the product of combustion gel (sample No 1) is a mixture of copper ferrospinels with cubic and
tetragonal crystal structure at about equal proportions. This result is quite understandable. The
relatively rapid cooling of the reaction product after the combustion process is equivalent to quenching
of the gel. The existing at high-temperature non-equilibrium state is retained. Some amount of the
hematite phase a—Fe,0; is also in sample No 1.

Table 1. Phase composition and structural parameters of synthesized materials after combustion sol-
gel (sample No 1) and after calcinations (sample No 2).

Sample Phase composition Phase content Parameters of the crystal Lattice CSR (nm)
vol. (%) lattice distortion
a (A) ¢ (A) y;=cla\2

Nol  CuFe,O,— tetra. 48 5.830 8.610 1.04 22
CuFe,O4—cube. 46 8.335 - - 80
o—Fe,03 6 5.063 13.736 - 15

No2  CuFe,O4— tetra. 95 5.826 8.665 1.05 80
CuFe,O,— cube. 4 8.416 - - 16
o—Fe,03 1 5.135 13.640 - 15

Calcinations of the sample No 1 followed by slow cooling leads to a significant increase in the
content of the tetragonal phase and a significant increase in its coherent scattering region (CSR). The
distortion of tetragonal lattice also increased and approached to the thermodynamically equilibrium
value that equals to 1.06 [1]. This suggests the diffusion of Cu*® ions from tetrahedral to octahedral
sublattices during annealing. The obtained values of the lattice constants of the tetragonal and cubic
phases are close to the data in [1 — 3].

4. Research of the magnetization curves
A study of the magnetization curves in pulsed magnetic fields up to 14 kOe was conducted by the
method described in [9]. The values of the specific residual magnetization (c,) and the specific
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saturation magnetization (cs) are presented in Table 2. In the last two columns of the table the
calculated according to the formula M = o-p values of the magnetizations of unit volume are shown.
Here p = 5.42 r/em® is the X-ray density of ferrimagnets CuFe,0, [10].

Table 2. The research results of the magnetization curves

Sample o; Gs'(cm*g) o, Gs:(cm®g) M, Gs M, Gs M,/M;
No 1 20.6 315 112 171 0.66
No 2 22.1 30.9 120 168 0.71

According to Table 2 the saturation magnetization values (cs, Ms) of samples No 1 and No 2 are
closed. The ratio of M,/M; after annealing increases, which indicates an increase in the coercive force
of the material. It should be noted that the value M; is more by ~ 20% then one given in [1, 10] for a
bulk sample magnitude Ms ~ 135 Gs. The same increase in the saturation magnetization of the copper
ferrite in the nanostructured state was observed in [6 — 8].

5. The study of the magnetic anisotropy by the FMR method

The ferromagnetic resonance (FMR) spectra were measured by the standard waveguide transmission
technique in the frequency range 26 — 37 GHz using an automated radio spectroscope. For FMR
investigations the powders of samples No 1 and No 2 were charged into quartz tubes with inner
diametersof 0.7 mm and length of 10 mm. The density of powder samples was identical and equal to =~
2.6 g/cm”.

Investigations of the ferromagnetic resonance spectra of powder and polycrystalline oxide
ferrimagnetic materials allowed a number of magnetic parameters of these materials important for
practical applications to be determined [11, 12]. Such as: magnitude and sign of magnetocrystalline
anisotropy fields (H,;); saturation magnetization (Ms); value of the gyromagnetic ratio y = ge/2mc,
where g is the effective g-factor of the examined material, e is the electron charge, m is the electron
mass, and c is the velocity of light.

Figure 1 shows imaginary parts of the diagonal components of the permeability tensor (lines)
calculated as described in [12] and measured experimental curves of the FMR (points) samples No 1
(Fig. 1 a) and No 2 (Fig. 1 b). Measurements and calculations were performed for the frequency 36
GHz. The experimental curves are normalized to the theoretical ones. The calculated curves 3 at
Figure 1 are total resonance curves, consisting of contributions from the phases with a cubic structure
(curve 1) and a tetragonal structure (curves 2).
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Figure 1. The curves of the FMR for sample No 1— a and No 2 — b. Points are the experimental curves.
Lines 1 — calculations for the cubic phase, 2 — for the tetragonal phase, 3 — the sum of the curves 1 and
2. Parameters of calculated curves are shown in Table 3.
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The shape of experimental FMR curve of sample No 1 corresponds to the materials with low values
of the anisotropy fields. The value of the resonant field of this sample is close in magnitude to the
resonance field for isotropic material H,s = o/y = 12.5 kOe. The rise of the low-field slope of the
resonance curve indicates the presence in this material a phase with a large value of anisotropy field.
The shape of the experimental resonance curve of the sample No 2 with a predominance of the
tetragonal crystal phase is typical for of a materials with magnetic ordering type of EMP (the
anisotropy field H, <0).

The experimental FMR spectra of samples No 1 and No 2 were measured in the frequency range 26
- 37 GHz. The processing of spectra was carried out in two stages. In the first stage, the frequency
dependences of the resonance fields were drawn. Then the estimations for magnetomechanical ratios
y and anisotropy fields for cubic (H,) and tetragonal (Hy, Ha3) crystal phases were performed by the

least squares method. At the second stage, more accurate values of these parameters and volume
concentration of cubic (c,) and tetragonal (c,) phases were determined by a detailed comparison of the
shapes of experimental and calculated resonance curves at different frequencies. Note that the values
of M; for cubic and tetragonal crystal phases are unknown separately. Thus we took their
magnetizations M; from Table 2 at the calculation of the partial contributions to the total FMR
absorption.

Table 3 shows the parameters used to calculate the curves of the FMR samples No 1 and No 2.
Here ¢, ¢, — are volume concentrations of the phases with cubic and tetragonal structures. H,, Hg, Has
— are the values of anisotropy fields, y/2n — are the magnetomechanical ratios and o — are decay
constants in the Landau-Lifshitz-Gilbert equation for a monocrystalline grain.

Table 3. Parameters of the calculated curves

Sample The phase with low anisotropy The phase with tetragonal structure
(cubic + superparamagnetic
tetragonal)

¢ (%) v/2n H., o ¢ (%) v/2n Ho H.s o
GHz/kOe  kOe GHz/kOe kOe kOe
Nol 75(48) 2.88 -1.0 0.08 25 (46) 3.10 -5.0 3.0 0.16
No 2 20 (4) 2.88 -1.0 0.15 80 (95) 3.10 -8.0 6.0 0.12

The tabulated for the cubic phase values of the anisotropy fields are rather rough upper estimate.
However, they are correlated with the value of H, ~ — 890 Oe obtained from the data of [10] for room
temperature. It is interesting to compare our estimation of parameters for the tetragonal crystal phase
with the data obtained on the single-crystal sample in [5]. The listed in Table 4 values of y/2xn are
considerably more than estimation y / 2r = 2.6 GHz / kOe from [5]. The value of the anisotropy field
H, of sample No 2 is three times less than Hq in [5]. As regards the value of the anisotropy field in the
basal plane H.s, it is conversely more then given in [5] at approximately one order of magnitude.

Table 3 shows that the volume concentrations of the phases determined from an experiment on
FMR markedly differs from the X-ray diffraction data (Table 1). According to the FMR research of
the sample No 1 the concentration of phase with large values of the anisotropy field is almost 25% less
than one given from the X-ray diffraction. For the phase with a small quantity of H, the situation is
reversed. This behavior takes place in the sample Ne2, wherein the content of phase with low
anisotropy field H, also increased, and the phases with large anisotropy fields Hy, Hg; reduced
approximately at 15 % compared with X-ray diffraction data.

Possible reasons for these differences are following. Values of particle sizes on the CSR shown in
Table 1 are raw estimations. Part of the particles with small sizes having a tetragonal crystal structure
may exist in a superparamagnetic state with a small anisotropy. FMR in such particles occurs at the
same values of the magnetic field as in particles with a cubic crystal structure [13].

Smaller values of the anisotropy fields for phase with tetragonal structure of sample No 1 (CSR =
22 nm) as compared with the sample No 2 (CSR = 80 nm) can also be explained by the influence of
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size effects. As noted in the paper [13], with decreasing of a particle sizes the influence of thermal
fluctuations on the magnetic properties of the material are increased and the value of the anisotropy
field is reduced.

6. Conclusion

In the paper the effect of heat treatment on the structural and magnetic properties of copper ferrite
nanopowders synthesized by sol-gel combustion is studied. It is shown that the as-prepared powder
consists of a mixture of phases with cubic and tetragonal crystal structures with approximately the
same concentrations. Annealing leads to a significant increase of content of thermodynamic
equilibrium at room temperature tetragonal phase. The value of the saturation magnetization does not
change and the anisotropy fields of the tetragonal phase increases significantly. Measured by FMR
method parameters of nanostructured copper ferrite differ significantly from the parameters obtained
on bulk monocrystalline sample in [5].
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