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A B S T R A C T

This study aims to better understand the relationship between the microstructure and magnetic properties of 
copper ferrite, which is an inverse spinel that present a body-centered tetragonal structure associated with a 
remarkable Jahn–Teller (JT) effect. For this goal, a sample has been synthesized by the ceramic route from a 
stoichiometric mixture of high-purity CuO and Fe2O3 powders activated mechanically in a high-energy planetary 
ball mill. This sample was calcined in air furnace at 1000 ºC for 6 h. As synthetized sample with a cubic structure 
was divided into two parts and one of them was annealed at 650 ºC for 3 h and slowly cooled to room tem
perature to obtain a pure tetragonal spinel sample. Furthermore, these two samples were subjected to the same 
processes of severe plastic deformation by milling for up to 70 h and subsequent annealing at temperatures 
ranging between 300 and 600 ºC to obtain samples with a mixture of phases in different proportions. For the 
cubic one, there is no change in its structure due to milling, always remaining 100 % cubic, and the evolution in 
the saturation magnetization was related to the changes in the density of defects present. On the other hand, 
copper cations are always found in the octahedral sites of spinel with a tetragonal structure. The small decrease 
in the degree of inversion to 0.95 induced by milling in this sample is capable of breaking the JT distortion, 
giving rise to the appearance of a cubic phase. This work demonstrates how the structure, microstructure, defects 
like stacking faults and deformation twins, and degree of inversion of the different phases are related to changes 
in magnetic properties.

1. Introduction

Ferrites of the type AFe2O4 (A = transition metal) have been widely 
studied for their fundamental properties and a broad range of techno
logical applications [1–4]. The magnetic and physical properties of this 
material are strongly linked to the structure and, in particular, to the 
inversion degree δ. It is well known that, depending on the type of A 
cation and their distribution between the octahedral or tetrahedral sites, 
different magnetization states such as paramagnetic, antiferromagnetic, 
superparamagnetic, spin glass and ferrimagnetic behaviors are observed 
[5].

Particularly, copper ferrite has been the subject of multiple studies in 
the last three decades due to both theoretical issues and technological 
applications in a wide variety of areas such as biomedicine [6,7], water 
treatment [8–11], catalysis [12,13] and gas sensing [14,15]. In equi
librium at room temperature, CuFe2O4 is a totally inverse ferrite since 
the Fe3+ cations fully occupy the tetrahedral positions and Cu2+ cations 
occupy the half of the octahedral positions. The strong antiferromag
netic superexchange interactions among of Fe3+ cations makes the 
saturation magnetization is originated by the 8 Cu2+ at the octahedral 
sites. However, under certain conditions, it may occur a cation rear
rangement of the type (Fe3+

δ Cu2+
(1-δ))[Cu2+

δ/2Fe3+
1-δ/2]2O4 where δ is the 
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inversion parameter. As the Cu2+ and Fe3+ exchange their positions, δ 
decreases and the structural and magnetic properties are strongly 
affected.

Many types of synthesis are reported for spinel ferrites in the liter
ature, such as wet chemical like co-precipitation [16], hydro and sol
vothermal [17], sol-gel [18]; physical synthesis ceramic method or ball 
milling of precursors [9,13,19,20]. Ceramic methods as well as ball 
milling procedures have the convenience of simplicity to get high purity 
and quantity of product. It has been reported that depending on the 
synthesis route and on the further thermo-mechanical treatments, cop
per ferrite can crystallize in the cubic or in the tetragonal structure, but 
both phases can coexist in some samples [21–23]. In fully inverse 
structures, the degenerate electronic ground states associated with cat
ions Cu2+ at octahedral positions lead to strong distortion of the coor
dination environment to reduce the symmetry and eliminate the 
degeneracy. As a result of this distortion, there is a transition from cubic 
to tetrahedral structure (Jahn-Taller (JT) effect) [24–27]. The different 
studies of magnetic properties coincides that copper ferrite with 
tetragonal structure reaches less saturation magnetization than with 
cubic one [28–30]. This makes sense since the distortion produced by 
the JT effect makes the intercationic distances larger and therefore a 
weaker superexchange interaction than in the cubic phase.

In this work, we present a detailed study on the structural and 
magnetic properties in a spinel copper ferrite synthetized from oxides by 
the standard ceramic technique. Although the tetragonal structure is 
thermodynamically more stable at low temperatures, the high temper
ature cubic structure remains after quenching to room temperature [31]. 
Thus, the sample was quenched in air to room temperature after the 
solid-state reaction at 1000 ºC to stabilize the cubic modification. On the 
other hand, a second-order phase transition between low-temperature 
tetragonal and high-temperature cubic modifications of CuFe2O4 that 
does not require diffusion has been reported at approximately 400 ºC 
[32]. It has been reported that beside α-Fe2O3, secondary phases like 
CuO, Mn2O3 or MgO may form in Cu, Mn-Zn and Mg ferrites, respec
tively [33–36], These works showed that stability of spinel ferrite phase 
is sensitive to factors like chemical composition, the annealing tem
perature and the atmosphere under the thermal treatment was per
formed (air, Oxygen or Argon atmosphere). Further it is also 
demonstrated that the presence of impurity phases give raise to a 
decrease of the magnetic properties, which are attributed to the deple
tion of Fe3+ from the spinel phase. The cubic spinel phase CuFe2O4 is 
metastable below approximately 544ºC and decomposes to 
CuO+Fe2O3+CuFeO2 [31]. Therefore, a part of as-synthesized sample 
was annealed at 650 ◦C for 3 h and then slowly cooled in the furnace to 
room temperature to obtain a pure tetragonal spinel sample. Further
more, samples with pure cubic and tetragonal modifications were sub
jected to the same processes of severe plastic deformation by milling for 
up to 70 h and subsequent annealing at temperatures ranging between 
300 and 600 ºC to obtain samples with a mixture of phases in different 
proportions. In these samples, the influence of the structure, micro
structure, defects such as stacking faults and deformation twins and the 
degree of inversion on the magnetic properties will be investigated.

2. Experimental section

Copper ferrite has been prepared by the solid-state reaction route 
from high purity CuO and Fe2O3 powders supplied by Merck and Alpha 
Aesar, respectively. A stoichiometric proportion of 1:1 of these pre
cursors were grinded by 2 h in a planetary mill (at 275 rpm) to enhance 
the reactivity of materials during calcination [37]. The resulting pow
ders were pelletized and calcined in air for 6 h at 1000 ºC and cooled 
down at air. This calcination temperature was selected considering the 
description at temperatures ranging from 650 to 1000ºC of the Cu-Fe-O 
ternary system reported by Khvan et al. [38], while the choice of both, 
milling and reaction times was based on the desired particle size and our 
previous work [39]. The as synthetized sample with the cubic structure 

(CS0 sample) was divided in two parts, and one of them was annealed at 
650 ºC for 2 h (TS0 sample) in order to get the pure tetragonal spinel 
sample.

Part of the CS0 and TS0 samples were mechanical milled to study the 
effect of plastic deformation on the microstructure and magnetic prop
erties of spinel copper ferrite. The samples were introduced into a 
stainless steel jar of 250 cm3 together with 10 mm stainless steel 
grinding balls in ball-to-powder weight ratio of 10:1. This process was 
carried out up at room temperature in a planetary ball mill Retsch 
PM400 (Retsch Gmbh, Haan, Germany). The milling process was 
interrupted after 5, 10, 20 and 40 h. Theses samples were denotes as CSt 
and TSt (for example, CS20 or TS20). Milled CS40 sample was further 
subject to annealing treatments for 1 h at different temperatures ranging 
from 300 to 600 ºC. Heat treated samples were named as CS40-T (for 
example, CS40–300).

Microstructural characterization of the samples was performed by X- 
ray diffraction (XRD) using Co radiation (λ = 1.78897 Å) in a Bruker 
(Bruker AXS, GmbH, Karlsruhe, Germany) D8 Discover diffractometer 
working in parallel beam geometry (Goebel mirror). XRD spectra were 
recorded over an angular range of 2θ from 10 to 120º with a step of 
0.015º using a LynxEye linear detector. The obtained XRD data were 
fitted by the Rietveld method using the version 6.0 of the analysis pro
gram TOPAS (Bruker AXS, GmbH, Karlsruhe, Germany) and a structural 
model containing the phases previously identified using the JCPDS data 
base, which crystallographic information was taken from the Pearson 
crystallographic database [40]. The refinement protocol used included 
the degree of inversion constraining the cations at the octahedral and 
tetrahedral sites to keep the stoichiometric value. The quality of the 
refinements was evaluated by the statistically expected least-squares 
factor (Rexp), the weighted summation of residual of the least-squares 
fit (Rwp), and the goodness of fit (GoF) or chi-square, whose limit 
tends to 1.

X-ray photoelectron spectroscopy (XPS) can be a valuable technique 
to characterize the chemical state of the cations present in cooper fer
rites and to determine their coordination environments, i.e. the amount 
of Cu and Fe cations on both, tetrahedral and octahedral coordination 
sites. However, it should be noted that XPS is a surface-specific tech
nique that provides information from a depth of about 2 nm and 
therefore not from the bulk. The chemical state of atoms and the occu
pancy of tetrahedral to octahedral site in the bulk crystal structure may 
not be the same as on the surface. For this reason, the cation distribution 
in the tetrahedral and octahedral sites in spinel ferrites has been 
deduced in most of previous works on the basis of Rietveld refinement of 
X ray diffraction data, and/or the intensity ratio in the Mössbauer 
spectra of the sextets due to Fe3+ cations in the tetrahedral and octa
hedral sites. Combined XRD and Mössbauer spectral studies have 
concluded that the cation distribution obtained from the X-ray intensity 
data agrees fairly well with the cation distribution estimated from 
Mössbauer data [41,42]. Considering that the diffraction profile analysis 
with the Rietveld method allows simultaneously getting the relevant 
information of the material microstructure, it was selected the use of X 
ray diffraction for this goal in this work.

On the other hand, the magnetometric study of the samples was 
carried out using a standard superconducting quantum interference 
device (SQUID) MPMS (Quantum Design, GmbH, Darmstadt, Germany). 
Zero field cooled (ZFC) and field cooled (FC) measurements were taken 
at 100 Oe between 5 and 300 K. In addition, hysteresis cycles were 
measured at 5 and 300 K and at 5 T as maximum applied field.

Scanning electron microscopy (SEM) and transmission electron mi
croscopy (TEM) have been used to study the morphology and size of the 
particles in the different samples and energy dispersive X-ray spectros
copy (EDX) to quantify the elements present. The images used for this 
characterization were obtained using the equipment JEOL JSM 6335 F, 
JEOL JEM3000F and JEOL JEM2100. On the other hand, high resolution 
TEM (HRTEM) images were recorded to corroborate experimentally the 
existence of defects like stacking fault introduced in the perfect spinel 
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lattice as consequence of the plastic deformation during the milling 
process.

Calorimetric studies of thermogravimetric analysis (TG) and differ
ential scanning calorimetric (DSC) have been performed by equipment 
SDT Q600 V8.3 Build 101, with a ramp method of 10 ºC/min for a 
sample of 10 mg, from RT to 1000 ºC at N2 atmosphere.

3. Results

3.1. Microstructural results

Fig. 1(a) and (b) shows the XRD recorded in as-prepared CS0 and TS0 
samples, respectively. The major phase present in the patterns was 
confirmed to be the cubic and tetragonal spinel copper ferrite by 
matching the XRD pattern with the JCPDS cards 01–077–0010 and 
00–034–0425, respectively. Some impurity of CuO (JCPDS card no. 
00–048–1548) appears for the CS0 sample, whereas TS0 sample show 
small amount of delaffosite CuFeO2 (JCPDS card no.00–039–0246).

Quantitative phase analysis of these XRD patterns using Rietveld 
refinement showed that the amount of CuO and delaffosite in the CS0 
and TS0 samples represent about 3.53 % and 13 %, respectively. 
Diffraction peaks of these two phases disappear after 10 h of milling, as 
shows in Fig. 2(a) and (b), but whereas in the CS10 sample all diffraction 
peaks correspond to the cubic CuFe2O4, the diffraction peaks of the 
tetragonal and cubic CuFe2O4 are present in the TS10 sample. In TSt 
samples, it was observed that the relative content of the cubic phase 
increases with milling time, and after 70 h milling only the cubic 
structure was detected, as shown in Fig. 2(c).

A closer inspection of the simulated diffraction patterns obtained by 
the Rietveld refinement shows that the shape of the peaks corresponding 
to the cubic phase cannot be reproduced correctly when the double 
Voigt method is used for the line broadening analysis. It is observed a 
peculiar (hkl) anisotropic line broadening, but also the presence of peak 
shift and asymmetry in some reflections, as shown in Fig. 3(a) for the 
CS40 sample. This complex shape observed for the diffraction peaks may 
arise due to the presence of planar faults, such as stacking or twin faults. 
In spinel, oxygen framework is an almost perfect FCC packing in the 
<111> direction, with the cations interspersed between the ABCAB
CABC anion layers. Mechanical milling introduced severe plastic 
deformation into the spinel structure. Although dislocations should slip 
twice the anion-anion spacing in a <110> direction, they dissociate into 
two collinear half-partials a/2 <1 1 0>→a/4 <1 1 0> + a/4 <1 1 0> on 
the slip planes because the oxygen anion is very well fixed in the in
termediate positions [43]. The milling process produces a high dislo
cation density and thus stacking faults are introduced in the slip plane 
occupy by oxygen in wrong positions.

The anisotropic peak broadening may arise due to the presence of 
stacking faults and/or twin faults. The most widely used method for 

determining stacking parameters from diffraction data is the pattern 
simulation based on the different stacking faults and fault probabilities 
that may be present in the crystal lattice. The goodness of the fit is 
usually reduced to a visual comparison between the calculated curves 
and the measured intensity distributions along the different Bragg 
reflection, with manual retuning of the parameters to reach the best fit. 
However, a very good fit between experimental and calculated patterns 
may not be an evidence for the correctness of the used model since 
different kinds of faults can give rise to the same local layers’ stacking (i. 
e. the same diffracted intensity distribution). In the inverse spinel 
structure, the fault with lowest energy which do not disturb stoichi
ometry correspond to the displacement vector a/4<110>on the fault 
planes, which is completely equivalent to a pure shear along the (110) a/ 
4 [112] direction [44]. As it can be very difficult or even impractical to 
extract quantitative stacking information from the diffraction pattern 
via a nonlinear least squares refinement of calculated pattern to the 
experimental data, this approach was not used for the study of structural 
properties of copper ferrite. Moreover a better Rietveld refinement was 
obtain by applying the phenomenological Stephens model for aniso
tropic line broadening motivated by the grinding process, as shown in 
Fig. 3(b). In this refinement, the average microstructural parameters, 
such as crystallite size and microstrain, were determined using the 
double-voigt approach [45]. The results obtained are shown in Tables 1 
and 2 for CSt and TSt samples, respectively.

In previous works, we have related the magnetic properties of spinel 
zinc ferrite with the structural disorder present, which was character
ized by the degree of inversion [40,46]. For the cubic phase, it was 
determined from the Rietveld refinement of the XRD data an inversion 
degree of about 0.95 and lattice parameter close to 0,8390 nm in both 
milled and annealed samples. On the other hand, XRD patterns of the 
CS40 samples annealed up to 600 ºC does not showed the reappearance 
of minor phases like Fe2O3 CuO and/or CuFeO2. Thus, the evolution of 
its magnetic properties during grinding and after successive thermal 
treatments cannot be explained exclusively by considering the 
misplacement of the cations. Defects like stacking or twin faults induced 
by mechanical milling have to be also considered. When two oxygen 
layers slip along each other in copper ferrite, the octahedral ions be
tween them have to move to another octahedral position to avoid the 
formation of a new type of cation layer, changing the distance between 
the octahedral ions and its neighbors. As shown in Tables 1 and 2, 
crystallite size decrease with milling time, tending to saturate to 
8–10 nm. However, microstrain follows a different trend, with a rapid 
increase in the initial stage of the grinding process. Formation of both 
stacking faults and twin faults restricts the dislocation mobility, result
ing high dislocation densities which increases stored energy. After a 
certain grinding time, it was observed a decrease on the microstrain. The 
long milling would promote the formation of new grains boundaries to 
release part of the energy stored during extensive deformation, 

Fig. 1. XRD patterns: (a) CS0 and (b) TS0 samples. Tenorite phase marked by + in the XRD pattern of the CS0 sample while delaffosite as * in the XRD pattern of the 
TS0 sample.
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decreasing the crystalline imperfections generated in the material dur
ing milling with dislocations being the major contributor. On the other 
hand, annealing caused the recovery and recrystallization of the struc
ture and the gradual appearance of the tetragonal phase.

SEM images of CS40 and TS40 samples presented in Fig. 4(a) and (b) 
show that these materials are formed by spherical powders of nano
particle agglomerates. The bright-field TEM micrograph shown in Fig. 5
for the CS40 sample reveals nanosized particles with polygonal/sphe
roidal shapes and a diameter close to the crystallite size determined from 
XRD patterns (~ 10 nm).

HRTEM images obtained from CS10 sample show that many particles 
contain numerous stacking faults due to severe plastic deformation 
during high energy ball milling. The square red area of around 

10×10 nm selected in Fig. 6(a) is shown in detail in Fig. 6(b). In this 
figure, it can be observed by red lines the discontinuity of interplanar 
lines caused by the stacking faults during milling process. This 
confirmed that the asymmetry observed in the corresponding XRD 
profile is due to the presence of planar defects in the sample.

Semi-quantitative energy-dispersive X-ray microanalysis was per
formed in a SEM at randomly selected regions of the CS10, CS40 and 
TS40 samples for testing their homogeneity and chemical composition. 

Fig. 2. Results of Rietveld refinements of the XRD patterns: (a) CS10, (b) TS10 
and (c) TS70 samples. The differences between experimental data (blue dots) 
and the fitted simulated pattern (red line) are plotted as a continuous black line 
at the bottom.

Fig. 3. Results of Rietveld refinements of the XRD data of sample CS40: (a) 
considering only the size-strain line-broadening given by the Double Voigt 
approach and (b) including also an anisotropic diffraction-line broadening ac
cording to the Stephen’s model. The difference between the experimental (blue 
dots) and the fitted simulated (red line) patterns are plotted as a continuous 
black line at the bottom.

Table 1 
Microstructural parameters obtained from the Rietveld refinement of the 
diffraction patterns recorded for the CSt samples. The standard deviations are in 
parenthesis.

Sample 
Name

Phase 
content

Size 
crystallite 
(nm)

microstrain Tetrahedral 
occupancy of Fe3þ

CS0 C100 % 50(5) 0.0004(1) 0.95(1)
CS10 C100 % 10(1) 0.0030(3) 0.94(1)
CS20 C100 % 10(1) 0.0022(2) 0.94(1)
CS40 C100 % 11(1) 0.0021(2) 0.94(1)
CS40–300 C100 % 10.5(1) 0.0020(2) 0.94(1)
CS40–400 C56 % 

T44 %
13(1) 

12(1)
0.0038(4) 
0.0030(3)

0.93(1) 
1.00(1)

CS40–500 C57 % 
T43 %

17(2) 
13(1)

0.0030(3) 
0.0029(3)

0.93(1) 
1.00(1)

CS40–600 C51 % 
T49 %

60(6) 
13(1)

0.0031(3) 
0.0018(2)

0.88(1) 
1.00(1)

M.Á. Cobos et al.                                                                                                                                                                                                                               Journal of Alloys and Compounds 1006 (2024) 176206 

4 



Atomic per cent of the Fe and Cu are listed in Table 3. Taking into ac
count precisions of EDX analyses, this table shows that the actual 
composition of milled powders is maintained close to the nominal 
composition. However, due to the very small size of the particles shown 
in Fig. 5 and crystallite sizes reported in Tables 1 and 2, these values will 
include information of several particles since the spatial resolution 
associated with a SEM-EDX analysis is higher than 1 μm. There are 
several techniques for creating nanoscale maps of elemental composi
tion, like nanoscale secondary ion mass spectrometry (NanoSIMS) or 
scanning transmission electron microscope (STEM) image and EDX 
maps, which will be considered as the following step in the close future.

3.2. Thermal results

The differential scanning calorimetry (DSC)/ Thermogravimetric 
analysis (TGA) curves of samples with the cubic and tetragonal structure 
milled for 40 h (CS40 and TS40 samples, respectively) are depicted in 
Fig. 7(a) and (b). In this figure, the TGA curves (in black) of these two 
samples show two weight losses. The first one is observed between room 
temperature and 400 ºC. A similar result is reported by Younes et al. 
[47], who related this weight loss to the evaporation of water. On the 
other hand, another temperature interval of weight loss occurs between 
750 and 1000 ºC. This second weight loss was associated with the 
thermal decomposition of a small amount of CuFe2O4 at high tempera
tures due to the loss of oxygen and the partial reduction of Cu2+ to Cu+1 

[48]. For this reason, it can be observed the presence of traces of CuO 
and CuFeO2 in as-synthetized CS0 and TS0 samples in Fig. 1. Finally, it is 
worth noting that no considerable weight loss took place in this tem
perature range since the weight loss in Fig. 7 is about 3 % for both 
samples. Therefore, no significant changes in magnetic moments are 
expected associated to the presence of secondary phases.

According to the obtained results of DSC measurements shown in red 
in Fig. 7, in our case is difficult to determine a phase transformation 
between tetragonal and cubic crystal structures during heating from the 

Table 2 
Microstructural parameters obtained from the Rietveld refinement of the 
diffraction patterns recorded for the TSt samples. The standard deviations are in 
parenthesis.

Sample Phase 
content

Size crystallite 
(nm)

microstrain Tetrahedral 
occupancy of Fe3þ

TS0 T100 % >150 0.0005(1) 1.00(1)
TS10 C46 % 

T54 %
17(2) 
19(2)

0.0032(3) 
0.0015(1)

0.92(1) 
1.00(1)

TS20 C54 % 
T46 %

12(1) 
18(2)

0.0028(3) 
0.0018(2)

0.94(1) 
1.00(1)

TS40 C66 % 
T34 %

9(1) 
10(1)

0.0024(2) 
0.0026(2)

0.92(1) 
1.00(1)

TS70 C100 % 8(1) 0.0015(1) 0.98(1)

Fig. 4. SEM images: (a) CS40 and (b) TS40 samples.

Fig. 5. TEM micrograph of CS40 sample.

Fig. 6. HRTEM images: (a) CS10 sample and (b) red square detail showings 
stacking faults produced by the milling process.

Table 3 
Semi-quantitative elemental composition of various samples obtained from 
SEM-EDX spectra. The standard deviations are in parenthesis.

Sample Fe (atomic %) Cu(atomic %)

CS10 66(4) 34(4)
CS40 62(4) 38(4)
TS40 66(4) 34(4)
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DSC curves, as expected in a second-order phase transition like the phase 
transition between tetragonal and cubic modifications of Cu spinel. In 
general, well-defined peaks can be observed for first-order transitions, 
while second-order transitions are characterized by variations in the 
heat flow curve. Thus, the transition should be monitored in a future 
work by the examination the evolution of the lattice parameters as a 
function of temperature using high-temperature X-ray diffraction, 
looking for the temperature at which the tetragonal splitting is lost and 
the pattern can be indexed to a face-centered cubic cell.

3.3. Magnetic results

Figs. 8 and 9 show the hysteresis curves at 5 and 300 K in for the CSt 
and TSt samples, respectively.

There are markedly differences in the magnetic parameters for all the 
samples. As synthesized CS0 sample has around 20 % higher magneti
zation than the TS0 sample, however, after 10 h of milling, both samples 
reach similar Ms values. This value corresponds to the minimum 
magnetization reached by any sample of the CSt serie, but in the case of 
the TSt samples the minimum value of Ms is only reached after 40 h of 
milling, as shown in Table 4. After this minimum, a progressive increase 
in magnetization is observed in both, CS and TS samples. Finally, a value 
similar to that measured in sample CS0 was found after 40 and 70 h for 
CS40 and TS70 samples, respectively. On the other hand, the coercitivity 
is quite similar for CSt and TSt samples.

Table 5 shows experimental and theoretical magnetic moments as a 
function of inversion degree for CSt samples. Theoretical calculations 

have been done using the site occupancy factors obtained from the 
Rietveld refinement and considering values of 5.92 and 1.73 µB for the 
magnetic moments of Fe3+ and Cu+2 cations, respectively. With the 
exception of the as-synthesized CS0 sample, Table 5 shows remarkable 
differences between experimental and theoretical values. Although ac
cording to Table 1 the CSt samples have a pure cubic structure until 40 h 
of milling and similar values for the inversion degree, the evolution of 
the experimental values of Ms with milling time would indicate that 
there must be additional parameters affecting the magnetization.

Table 4 also shows that annealing the CS40 sample at temperatures 
above 400 ◦C causes a decrease in magnetization. This treatment 
induced the phase transformation from the cubic to tetragonal phase and 
an increase in the microstrain of the cubic phase (see Table 1). Thus, it 
was concluded that Ms depends on both cubic and tetragonal phases and 
the formation of stacking faults associated with an increase on the 
dislocation density.

4. Discussion

Microstructural factors that may influence on the variation of Ms are 
mainly: phase type (cubic or tetragonal, and its average if it is mix), 
inversion degree, particle size and structural defects as stacking faults 
[49]. Inversion degree is directly responsible for the net magnetization 
produced by the antiferromagnetic coupling between cations in the 
tetrahedral and octahedral sublattices. Since perfect inverse copper 
ferrite has δ =1, any decrease of δ should lead to an increase of the 
magnetization. We were not able to obtain δ =1, and a maximum value 

Fig. 7. TG (black) and heat flow (red) curves obtained in samples milled for 40 h: (a) SC40 and (b) TS40 samples.

Fig. 8. Hysteresis curves for CSt samples: (a) at 5 K and (b) at 300 K.
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of 0.95 was reached for the as-synthesized sample CS0. This inversion 
degree value does not decrease very much after 40 h of milling (from 
0.95 to 0.94). This indicates there is not enough energy with the plan
etary speed of 275 rpm to move Fe cations from octahedral to tetrahe
dral sites of the spinel crystal as it is possible in direct ferrite like zinc 
ferrite in the same milling conditions [46].

For the CS0 sample, the Ms at 5 K is 53 emu/g, in good agreement 
inside the experimental errors with the theoretical values given in 
Table 5. The saturation magnetization Ms at 5 K decreases with 
increasing grinding time, but due to an expected decrease in inversion 
degree as grinding time increases, theoretically the saturation magne
tization should increase. Table 5 shows a significant decrease in Ms after 
10 h of milling followed by a continuous increase in magnetization up to 
the initial value for higher times, although δ remains practically con
stant. Therefore, there are additional effects that are affecting the 
magnetic properties.

The Rietveld refinement with Stephens’s phenomenological model of 
anisotropic strain (Fig. 4(b)), confirms the presence of defects in the 
crystal like stacking faults and/or twin faults that tend to decrease the 
magnetization. When two oxygen layers displace along each other, the 

octahedral ions between them have to move to another octahedral po
sition to avoid the formation of a new type of cation layer, changing the 
distance between the octahedral ions and its neighbors, leading to a 
decrease of the magnetization.

For a better understand of the behavior of Ms evolution of CS samples 
in their full itinerary (disorder by grinding and order by annealing), 
Fig. 10 includes 4 stages during the milling and annealing processes. At 
the beginning of the milling (Stage I), it is observed a very sharp drop 
caused by a continuous increase of planar defects like staking faults that 
arise from plastic deformation induced by mechanical milling. The 
ferrimagnetism of crystals of the spinel type is determined by super- 
exchange interaction between cations at the tetrahedral and octahe
dral positions. Generally, the interaction energy depends on the dis
tances between the cations and oxygen anions and the angle formed by 
the M-O-M′ bonds. As the formation of a stacking fault changes the 
distance between the octahedral ions in the new position and its 
neighbors, these two parameters will be disturbed, explaining the 
observed decrease on the Ms in the Fig. 10 after 10 h milling. This 
phenomenon has been studied before for material such as palladium and 
nickel [49–51]. Fig. 10 shows a partial recovery of the Ms value for 
longer grinding times (Stage II). Long milling would promote the 
reduction of crystalline defects, mainly dislocations generated in the 
material by the severe plastic deformation that accompanies this process 
by forming new grain boundaries to release part of the stored energy 
(dynamic recovery). Thus, it is observed a decrease on microstrain value 
in Table 1 in the samples milled for more than 20 h. The Ms value 
reached after 40 h milling is conserved after annealing at 300 ºC since at 
this temperature the cation diffusion is too slow. As cations are frozen on 
their sites, the defect structure remains basically unchanged. The ve
locity of the cation rearrangement in cooper ferrite is rapid above 400 ºC 
[52]. This temperature coincides with the tetragonal-cubic transition of 

Fig. 9. Hysteresis curves for TSt samples: (a) at 5 K and (b) at 300 K.

Table 4 
Magnetic results of CSt and TSt samples. Saturation magnetization (Ms) and coercivity (Hc) at 5 and 300 K are given in emu/g and Oe, respectively. The standard 
deviations are in parenthesis.

CS Samples 5 K 300 K TS samples 5 K 300 K

Ms Hc Ms Hc Ms Hc Ms Hc

CS0 53(1) 80(1) 43(1) 0 TS0 45(1) 50(1) 38(1) 25(1)
CS10 42(1) 700(7) 34(1) 85(1) TS10 42(1) 500(5) 34(1) 175(2)
CS20 47(1) 800(8) 37(1) 60(1) TS20 38(1) 600(6) 31(1) 140(1)
CS40 49(1) 750(8) 39(1) 60(1) TS40 36(1) 800(8) 28(1) 100(1)
CS40–300 48(1) 800(8) 39(1) 50(1) TS70 54(1) 700(7) 42(1) 65(1)
CS40–400 30(1) 810(8) 27(1) 150(2)
CS40–500 34(1) 500(5) 30(1) 120(2)
CS40–600 34(1) 550(5) 31(1) 200(2)

Table 5 
Experimental and theoretical magnetization values for CSt samples. The stan
dard deviations are in parenthesis.

Experimental data Calculated values

Sample µB emu/g δ µB emu/g

CS0 2.3 53(1) 0.95 2.3 50
CS10 1.8 42(1) 0.94 2.2 52
CS20 2.0 47(1) 0.93 2.3 54
CS40 2.1 49(1) 0.93 2.3 54
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a material slowly cooled to room temperature. As the cubic to tetragonal 
phase transition in CuFe2O4 is accompanied by a noticeably increase in 
cell volume, it must be accommodated by the generation and motion of 
dislocations, and therefore stacking faults and twin faults, in the sur
rounding cubic structure, leading to the microstrain increase observed in 
Table 1 for the CS40–400 sample. Thus, a new sharp drop is observed in 
Fig. 10 when samples are annealed at 400 ºC (Stage III), Finally at 500 
and 600 ºC (Stage IV) an increase of Ms is produced because the increase 
of particle size and a decrease of the defects density associated with the 
recrystallization process of the cubic phase.

Copper ion having an odd number of electrons has all the energy 
levels degenerated with Kramers degeneration [53]. But as is well 
known in any nonlinear assembly of electrons the only possible de
generacy of a steady state is the Kramers one. As the d subspace is split 
under octahedral or tetrahedral environment in the two subspaces eg 
and t2 g, the configuration d9 is necessarily degenerated as concerns the 
orbital part of the wave function. To eliminate this degeneracy, the 
environment is elastically deformed up to split the lower energy sub
space giving rise to an orbital singlet, in which the remaining de
generacy is only due to the spin, i. e. Kramers degeneracy.

However, the crystal field splitting for the same charge and distances 
to the first neighbors ligands is different for octahedral and tetrahedral 
environment, being for the tetrahedral symmetry 0.4 times the corre
sponding one for the octahedral one. This difference could explain a 
subsequent difference in the Jahn-Teller strain induced by Cu ion in A 
and B sublattices. When all the Cu atoms are located at the B sublattice, 
δ=1, the Jahn-Teller distortion is uniform over the whole sample that, in 
this case, holds tetragonal symmetry. However, as Cu atoms migrate to A 
sublattice the local Jahn-Teller strain fluctuates in strength through the 
crystal. This heterogeneous strain distribution may be in the origin of 
formation of a cubic symmetry and the appearance of stacking faults, 
experimentally detected and that would contribute to the decrease in 
magnetization observed experimentally and that was unexpected by 
considering simply a δ decrease. Note that as δ decreases an increase in 
the magnetization is expected.

5. Conclusions

In conclusion, two copper ferrites have been obtained by solid state 
ceramic synthesis with pure cubic and tetragonal structures respec
tively, with different calcination temperatures and cooling rates.

The ferrite with the cubic structure maintains this structure when 
subjected to a milling process of up to 40 h. During this milling process, 

it is induced an increase of the defects density associated with plastic 
deformations, which have been analyzed by X ray diffraction and by 
HRTEM microscopy. This characterization study showed the presence of 
planar defects like stacking faults, which produces a drastic fall in the 
saturation magnetization in the first 10 h of milling to later undergo a 
recrystallization process of the microstructure that causes the recovering 
of part of the lost saturation magnetization. However, the applied en
ergy of milling is not enough to decrease the degree of inversion less 
than 0.94. On the other hand, when an annealing treatment above 400 
ºC is carried out in milled samples, it is induced the phase transformation 
from the cubic to tetragonal phase.

The tetragonal ferrite is produced by the Jahn-Teller (JT) effect and 
it is found that all its copper cations are always in the octahedral sites of 
the spinel due to its inversion degree is 1. When subjected to a dis
ordering process by milling it gives rise to the appearance of a cubic 
phase with a small decrement of inversion degree (0.95), but enough to 
break the JT effect.
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