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Abstract —We investigated on the strain-induced magnetic anisotropy via the Jahn-Teller (JT) distortion of Cu2+ 

ions and the magnetoelastic coupling of Co2+ ions in Cu1-xCoxFe2O4 particles. The ideal composition for the 

tetragonalization of (Cu,Co)Fe2O4 is confirmed for x in the range of 0 < x < 0.15. The tetragonally distorted spinel 

structured (Cu,Co)Fe2O4 particles indicate tetragonal distortion of up to 5.6% as a consequence of the JT effect, 

and increasing the Co content suppressed the cooperative JT distortion. In-field Mössbauer study revealed a 10 % 

Fe-rich B site due to the anti-site defects. The saturation magnetization increases with x and varies from 26.9 to 

36.8 Am2/kg. The coercivity ranges from 68 to 175 kA/m and showed a maximum at x = 0.1. The maximum 

anisotropy field, Hk estimated from torque measurement is 1590 kA/m (20 kOe), with the magnetic anisotropy 

constant K = 0.14 M J/m3. The maximum values of Hc and Hk are explained by the mechanism of magnetic 

anisotropy from both the lattice distortion of Cu2+ and the anisotropy sites of Co2+. We showed that the 

magnetoelastic theory is applicable qualitatively to explain the large anisotropy obtained in the tetragonally 

distorted particles.  
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Introduction 

High-performance permanent magnets are among the key components that hold a possible answer to 

efficient energy conversion technologies. These materials require high curie temperature, high room 

temperature magnetization, and high coercivity (high magnetic anisotropy). Ferrites are chemically stable 

and are mostly ferrimagnetic with relatively high saturation magnetization. The anisotropic hexagonal ferrite 

(Ba- and/or Sr- ferrite) are used commonly as ferrite magnets compared to the cubic type spinel ferrite due 

to their high magnetic anisotropy field, Hk which may reach up to 995–1400 kA/m (Hk = 12.5–17.6 kOe). 

[1],[2],[3],[4] Recent studies showed that high magnetic anisotropy can also be realized in the cubic spinel 

ferrite by introducing tetragonal distortion in the symmetry. [5],[6] Niizeki et al. reported large perpendicular 

magnetic anisotropy of over 1.0 MJ/m3 (Hk ~ 50 kOe) in the tetragonally strained Co ferrite thin films. The 

relationship between lattice strain and the uniaxial anisotropy was discussed within the magnetoelastic theory. 

[7],[8] It was shown that the magnetoelastic theory is applicable even under a maximum strain of 3%. [9] 

For bulk application, the development of tetragonally distorted spinel ferrite in the form of nanoparticles 

is essential.[10],[11] We proposed the introduction of a spontaneous lattice strain via the Jahn-Teller (JT) 

effect of Cu2+ ion in (Cu,Co)Fe2O4 particles[12] and found that the coercivities were highly dependent to the 

lattice distortion, similar to previous reports. [13],[14],[15] We attributed the high coercivity to the enhanced 

magnetic anisotropy of the octahedral Co2+ ions due to the lattice distortion by the Cu2+ions. Meanwhile, 
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Villette et al. reported on mixed cobalt-copper ferrites acicular particles, where the strain-dependent 

coercivities were attributed to a combination of structural anisotropy, directional ordering and the acicular 

shape anisotropy of the particles. Directional ordering[16] of octahedral Co2+ and the anisotropy of bulk 

CoFe2O4 has been explained by Slonczewski[17] whereas the model of magnetic shape anisotropy has also 

been well established[18]. However, the mechanism of strain-induced anisotropy (structural anisotropy) in 

nanoparticles is still unclarified due many issues including the difficulty in determining the magnetic 

anisotropy of the randomly-oriented magnetic powders. 

In this paper, we propose a physical model of the magnetic anisotropy of the tetragonally distorted 

(Cu,Co)Fe2O4 particles using a simple phenomenological expression that couples the JT effect and the 

magnetoelastic effect. For this purpose, we investigated the effect of Co content on the lattice strain and the 

magnetic anisotropy of the tetragonally distorted Cu1-xCoxFe2O4 particles. We aim to maximize the magnetic 

anisotropy by optimizing the amount of Cu and Co to obtain lattice distortion, and activate the 

magnetoelasticity of Co. The most important point here is to relate the lattice distortion with the magnetic 

anisotropy (in our case, determined by the rotational hysteresis analysis) rather than with the coercivity. It is 

also important that we eliminate the shape anisotropy factor to focus exclusively on the strain-induced 

anisotropy.  

Experimental 

To eliminate the shape anisotropy factor, we prepared somewhat sphere-like particles (confirmed by the 

transmission electron microscopy[11],[12]). The CuxCo1-xFe2O4 particles were synthesized by the 

coprecipitation and flux treatment methods followed by a heat-treatment process as described in Ref. [11]. 

The Co content is varied as x = 0 – 0.2. The x-ray diffraction (XRD) patterns of the heat-treated Cu1-

xCoxFe2O4 samples showed distinct tetragonal distortions in the x = 0–0.1 samples (Figure 1 (a)). 

Asymmetrical cubic peaks observed for the x = 0.15 sample suggests a mixed phase of the cubic and 

tetragonally distorted spinel structure. Symmetrical cubic peaks observed when x = 0.2 indicates the absence 

of a cooperative JT distortion. The degree of lattice strain, c/a is calculated from the interplanar spacings and 

lattice constants evaluated from the (004) and the (220) reflections around 41 < 2θ (deg.)  < 44. The 

tetragonality, defined as χ = c/a－1 (%), decreases with x due to the suppression of cooperative JT distortion 

with the decrease in Cu content (Figure 1 (b)). The TEM image reveals spherical particles with diameter of 

50 – 100 nm. 

Results and Discussion 

The crystal structures of CuFe2O4 and CoFe2O4 are mainly that of an inverse spinel with the cations 

distribution of [Fe3+]A[M2+,Fe3+]BO4. The divalent cations (M2+ = Co2+, Cu2+) are distributed in the octahedral 

B sublattice and Fe cations evenly distributed in both the tetrahedral A and octahedral B sublattices. 

Depending on the synthesis methods, anti-site defects may develop, where the divalent ions in the B site 

interchange with the Fe ions in the A site. Particularly for CuFe2O4, it is crucial that more than 75% of Cu2+ 

ions occupy the B sublattice to exhibit the JT effect. [19],[20]  
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To estimate the amount of anti-site defects, we determined the Fe3+ site distribution via the in-field 57Fe 

Mössbauer experiments at room temperature. Figure 2 shows the zero-field (top) and high-field (bottom) 

Mössbauer spectra for the tetragonally distorted Cu0.9Co0.1Fe2O4 sample. The spectra was fitted using the 

program MossWin Ver. 4 [21] with the velocity and isomer shift calibrated relative to α-Fe foil. The fitting 

parameters are listed in Table 1.  

The zero-field spectrum indicates almost overlapping two resonance lines, attributed to the A and B 

sublattices. By applying an external field Bext along the γ-ray incident direction, we observed the 

disappearance of the Δm = 0 lines, showing the collinearity of the Fe (A) and Fe (B) moments with the 

field.[22] The direction of Bext always opposes the direction of the internal (hyperfine) field Bhf due to the s-

d coupling of the electrons at the nuclei. In antiferromagnetic/ferrimagnetic materials where two or more 

internal field directions are present, we can distinguish the sublattice resonance lines from the opposite 

effects of the applied field. In our sample, the Bhf measured at zero field are; Bhf(A) = 47.99 (±0.03) T and 

Bhf(B) = 50.84 (±0.03) T. At high field, the Bhf caused by the majority spin (B-site) decreased by 5 T to 46.27 

(±0.03) T, whereas that caused by the minority spin (A-site) increased by 5 T to 53.10 (±0.03) T. This result 

is consistent with the Néel[23] model of antiferromagnetically coupled collinear A and B sublattices. 

Furthermore, by deducting the Bext = 5 T  contribution, the obtained Bhf values are in agreement with the 

zero-field literature values for tetragonal copper ferrite which are Bhf(A) = 48.6 (±0.3)  T and and Bhf(B) = 

50.7 (±0.3) T. [24]  

Since the population area (%) of Fe(A) and Fe(B) are determined from the integrals of each resonance 

lines, the large margin of error in the line widths of the zero-field spectrum make the calculation highly 

unreliable. Applying an external field helps to resolve the resonance lines and thus giving a higher accuracy 

of the fitting parameters. From the high-field fitting parameters, the cation distribution is estimated as 

[(Cu,Co)2+0.13Fe3+0.87]A[(Cu,Co)2+0.87Fe3+1.13]BO4. Our sample contained 13% of anti-site defects which are 

considered negligible to the JT distortion.   

Figure 3 shows the variation of saturation magnetization Ms and coercivity Hc measured using a vibrating 

sample magnetometer (VSM) at room temperature under a maximum applied field of 1030 kA/m (13 kOe). 

For the x = 0 sample, the Ms was 26.9 Am2/kg, and the value increases up to 36.8 Am2/kg with x. Since the 

structure is that of an inverse spinel and the cations are collinear, the increase of Ms with x can be well 

explained by the higher magnetic moment of the Co2+ ion (3μB) compared to that of the Cu2+ ion (1μB). The 

coercivity increases from 68.4 kA/m (0.86 kOe) to 175 kA/m (2.2 kOe) when x is increased from 0 to 0.1. 

Above x = 0.1, Hc starts to decline, reaching a value of 71.6 kA/m (0.9 kOe) when x = 0.2. In the case of 

cubic cobalt doped spinel ferrite particles[25],[26],[27], coercivity is often almost directly proportional to the 

Co concentration. This can be attributed to the octahedral Co2+ which enhances the magnetocrystalline 

anisotropy from strong spin orbital coupling[17],[28]. In this study, the linear relation between coercivity 

and Co content is broken above x = 0.1. Since most of the Cu and Co are in the octahedral sites, the main 

factor of the magnetic anisotropy is the octahedral Co2+ and the variation of coercivity may be due to the 

added tetragonality factor. The distorted environment by the Cu2+ stimulates the magnetoelasticity of the 
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octahedral Co2+ sites, which may be the origin of the higher coercivity in samples with high tetragonality (x 

≦0.1), and the lower coercivity in samples with lower tetragonality (x > 0.1).  

To analyze the intrinsic magnetic anisotropy, we performed rotational hysteresis loss measurements using 

a torque magnetometer under a maximum applied field of 1.8 T at room temperature. Figure 4 (a) shows the 

representative inverse magnetic field dependence of the rotational hysteresis loss (Wr) for the x = 0.1 sample. 

With increasing field, Wr showed a peak at 398 kA/m (Happ = 5 kOe) and gradually decreases with the applied 

field. The magnetic anisotropy field Hk is determined by extrapolating the linear part of Wr towards the origin 

at the high field region[29] and is about 1591 kA/m (20 kOe). Figure 4 (b) shows the relationship between 

Hk and Hc for the CuxCo1-xFe2O4 particles (x > 0). For the mixed Cu and Co samples, Hk is linearly 

proportional to Hc, suggesting that the coercivity is almost a direct measure of the magnetic anisotropy. 

However, the linear relation is independent of x. This strongly suggests that the magnetic anisotropy does 

not originate only from the magnetocrystalline anisotropy (K1) of Co, but also from the tetragonality.  

From the anisotropy field, the absolute value of the magnetocrystalline anisotropy constant, K = 

μ0MsHk/2; is estimated to be 0.14 MJ/m3 for the x = 0.1 sample. Dividing this value with x = 0.1, we get the 

magnetic anisotropy constant normalized to CoFe2O4, KCo = 1.4 MJ/m3, which is an order larger than that of 

the non-strained bulk cubic CoFe2O4 (K1 = 0.18 – 0.4 MJ/m3).  [30],[31] This indicates that the JT distortion 

in the particles may have affected the local environment of Co ions, rather than exclusively affecting the Cu 

ions.  

The uniaxial strain described as the lattice distortion χ(x), and the anisotropy sites estimated from the 

total effective ME coupling coefficient B1(x) can be expressed as; 

𝜒𝜒(𝑥𝑥) = −25.1(±5.5)𝑥𝑥 + 5.34 (±0.67)     (1), 

𝐵𝐵1tot(𝑥𝑥) = 𝐵𝐵1Co𝑥𝑥 + 𝐵𝐵1Cu(1− 𝑥𝑥)      (2), 

where B1Co and B1Cu are the ME coefficients per unit Co and Cu ion. Substituting Eq. (1) and (2) in the 

magnetoelastic model[32],[33] K=B1χ, one gets  

𝐾𝐾𝑢𝑢(𝑥𝑥) = (𝐵𝐵1Co − 𝐵𝐵1Cu)𝑥𝑥𝜒𝜒(𝑥𝑥) + 𝐵𝐵1Cu𝜒𝜒(𝑥𝑥)    (3). 

Equation (3) simply describes the magnetic anisotropy as a coupling of two independent physical 

phenomena; which are the tetragonality by the JT effect χ and the magnetoelasticity B1. The experimental 

values of K plotted against xχ(x) is shown in Figure 5. Solid line represents the linear fit for the tetragonally 

distorted samples (χ > 0). For χ = 0, the data point of the cubic x = 0.2 sample clearly deviated from the other 

data points, showing the limitation of the magnetoelastic model as tetragonality diminishes.   

Using the linear fit obtained by the least-square method, the magnetoelastic coefficients of Co and Cu 

are determined to be B1Co = 40 MJ/m3 and B1Cu = 1.5 MJ/m3, respectively. The B1Cu value of bulk Cu ferrite 

calculated using the reported values of the magnetic anisotropy  and tetragonality of bulk Cu ferrite (K1 = 

0.2 MJ/m [34] and χ = 5.6 % [19] is approximately 4 MJ/m3. The theoretical B1Co value for bulk Co ferrites 

is calculated to be 55 MJ/m3 using the following B1 expression for a given cubic lattice with uniaxial 

distortion  

𝐵𝐵1 = 3
2
𝜆𝜆100(𝐶𝐶12 − 𝐶𝐶11)       (4), 
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where the magnetostriction constant (λ100 = －250 [30]) and the respective elastic moduli (C11 = 273 GPa 

and C12 = 106 GPa [35],[36]). The calculated B1Cu and B1Co values are consistent with our experimental 

values, suggesting the validity of our proposed magnetoelastic model using the JT effect to explain the 

magnetic anisotropy of the (Cu,Co)Fe2O4 particles.  

 

Conclusions 

We have demonstrated the phenomenological model of strain-induced magnetic anisotropy in spinel 

ferrite particles by the coupling of the JT effect (by Cu2+ ions) and the magnetoelastic effect (by Co2+ ions). 

The tetragonal distortion decreases with increasing Co content and the cooperative JT distortion is finally 

suppressed when x = 0.2.  The coercivity showed a maximum at x = 0.1 and is proportional to the magnetic 

anisotropy field. The mechanism of magnetic anisotropy is analyzed as follow. For the tetragonally distorted 

samples in the x < 0.1 region, more Co content causes an increase in the anisotropy site, resulting in the 

increase of the magnetic anisotropy (reflected in the Hc and Hk values). In the x > 0.1 region, increasing x 

suppresses the JT effect and thus reduces the lattice distortion. Eventually, the competition between the 

lattice strain from Cu2+ and the anisotropy site from Co2+ contributes to the maximum magnetic anisotropy 

when x = 0.1. This model of strain-induced anisotropy may be applicable to other ferrite systems such as the 

hexagonal type and open new perspectives in the design and development of permanent magnets and other 

hard materials. 
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FIG. 1 (a) XRD patterns of the Cu1-xCoxFe2O4 particles. Black markers represent the peaks attributed to 
the cubic spinel phase whereas grey markers represent that to the tetragonal spinel phase. (b) 
Tetragonality χ shows a decreasing tendency due to the suppression of JT effect with increasing Co 
content. TEM image of the tetragonal x = 0.1 sample reveals spherical-like particles with no shape 
anisotropy (inset). 
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FIG. 2 Room temperature 57Fe Mössbauer spectra of the tetragonal Cu1-xCoxFe2O4 (x=0.1) sample 
without external magnetic field (top) and with 5T external magnetic field applied along the 
propagation of the γ-ray (bottom). Solid lines show the results of the fit (see Table 1). 

 

TABLE I Mössbauer parameters: hyperfine field (Bhf), isomer shift (I.S.), quadrupole split (Q.S.), and 
Fe3+ area population (%) for the tetragonal Cu1-xCoxFe2O4 (x=0.1) particles at room temperature. 
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FIG. 3 Room temperature saturation magnetization, MS (closed-circles) and coercivity, Hc (opened-
circles) of Cu1-xCoxFe2O4 particles (Hmax=1030 kA/m). 

  

FIG. 4 (a) The representative rotational hysteresis (Wr) versus inverse applied field (1/H) plot. (b) 
Anisotropy field vs. coercivity plot showed a linear relation for x > 0 samples (closed-squares), 
suggesting that the coercivities are almost a direct measure of the magnetic anisotropies in this region. 
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FIG. 5 Plot of the experimental K versus xχ, to model the JT distortion and ME coupling. Closed squares 
represent tetragonally distorted (0 < x ≦ 0.1) samples, whereas the opened square is the cubic x = 0.2 
sample. 
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