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ABSTRACT 

In this work, the effect of Cu2+ on the structural and magnetic properties of samples of magnetite is addressed. Samples 
of magnetite, both pure and Cu2+ doped, Fe3-xCuxO4, with x = 0, 5, 10 and 20 atm.% were synthesized hydrothermally. 
The two-lattice method was employed to measure the Mössbauer recoilless fraction of magnetite relative to hematite 
(fmag/fhem) of the samples, looking for evidence of substitution of Fe2+ by Cu2+. The relative recoilless fraction measure- 
ments were performed by taking room temperature Mössbauer spectra of mixtures of each sample with analytical grade 
hematite. The Mössbauer measurements were complemented with Atomic Absorption Spectroscopy (AAS) and Energy 
Dispersive X-ray Spectroscopy (EDS). The analyses by AAS and EDS showed that the copper concentration in the final 
products increases with increasing the content of Cu2+ in the starting solutions. The Mössbauer analyses showed a linear 
decrease trend of the relative Mössbauer recoilless fraction with increasing concentration of Cu2+ in the samples, as well 
as a reduction in the hyperfine magnetic field, which was more significant in the octahedral sites than tetrahedral sites. 
The broadening of the Mössbauer spectral lines was more significant for the octahedral sub spectrum than for the tetra- 
hedral sub spectrum. Our study points that Cu2+ occupies preferentially the octahedral sites, where it substitutes Fe2+ 
species, generating broadening in the lines of the octahedral sub spectrum and a reduction in the probability of having 
nuclear resonant absorption of Mössbauer gamma rays in the samples.  
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1. Introduction 

Since its discovery, magnetite has attracted the attention 
of many investigators given its multiple possibilities of 
application in several fields, such as information storage 
media [1,2], magnetic paints, magnetic fluids, pigments, 
contrast mean for clinical analysis [3,4], corrosion prod- 
ucts of steels [5,6], chemical sensors, spintronic devices 
[7-9], among others. The synthesis of magnetite in pres- 
ence of divalent and trivalent cations of transition metals 
such as V3+, Cr3+, Mn2+, Co2+, Ni2+ and Cu2+ has been 
very studied in the last decades due to that these cations 
can modify the magnetic, electrical and structural proper- 
ties of this iron oxide, which makes it possible to find the 
proper material for a specific application, or help to un- 
derstand the mechanism of formation of rusts in alloy 
steels which contain some of these cations. To mention 
some of these works, Sidhu, Gilkes and Posner [10]  

found that the surface area of magnetite particles synthe- 
sized in presence of Cu2+ is larger than that of the parti- 
cles of non doped magnetites. By transmission electron 
microscopy measurements, they found that the particle 
size of the magnetites doped with Cu2+ is smaller than the 
particle size of nondoped magnetites. Additional analyses 
by dissolution of the doped magnetites in HCl solutions 
showed a tendency of the Cu2+ cations to migrate to- 
wards the surface of the grains instead of the volume. 
Ishikawa, Nakazaki, Yasukawa, Kandori and Seto [11,12] 
investigated the influence of cations such as Cu2+, Ti4+, 
Ni2+ and Cr3+ in the formation of several iron oxides, 
especially magnetite. They found that only a fraction of 
Cu2+ present in the starting solution was incorporated 
within the structure of the magnetite and that the particle 
size decreases as the content of this cation increases. The 
crystallite size decreased from 47 nm to 20 nm as the 
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copper content increased. The authors argue that it is not 
possible to know where copper cations are incorporated 
in the structure. Sorescu, Oberst, Gosset, Tarabasanu and 
Diamandescu [13-15] synthesized hydrothermally sam- 
ples of magnetite doped with Co2+ in percentages from 0 
to 60 atm.% and characterized the samples by room tem- 
perature Mössbauer spectroscopy. Their results showed 
that Co2+ is incorporated preferentially in the octahedral 
sites, because the magnetic hyperfine field increased ap- 
preciably in these sites while remained almost constant in 
the tetrahedral sites, and the area of the octahedral sub 
spectrum decreased. They also suggest that Co2+ intro- 
duces disorder in the structure of the magnetite because 
the Mössbauer spectral lines are broad. Kim and Lee [16] 
studied comparatively magnetite and copper-ferrite, both 
in cubic phase. In the copper-ferrite it was found that 
Cu2+ occupies entirely the octahedral sites, substituting 
Fe2+, this sample also showed tetragonal Jahn-Teller dis- 
tortion, where a copper ion centred in an octahedron in- 
teracts strongly with oxygen atoms placed in the octahe- 
dron plane, but weakly with the oxygen atoms perpen- 
dicular to this plane. As a consequence, the octahedron is 
distorted, elongating in the direction of weaker interact- 
tion.  

In a previous investigation [17], we employed the 
hydrothermal method to synthesize samples of magnetite, 
both pure and doped with Cu2+, Fe3-xCuxO4, with x = 0, 5, 
10 and 20 atm.%, which were characterized by chemical, 
structural and magnetic analysis techniques, such as Ato- 
mic Absorption Spectroscopy, X-ray diffraction, room 
temperature Mössbauer Spectroscopy and SQUID mag- 
netometry. Changes in the structural and magnetic pro- 
perties of the samples were observed with the addition of 
Cu2+ to the starting solutions. The mean crystallite size, 
particle size and lattice parameter of the samples dimini- 
shed sequentially with increasing amount of Cu2+, the 
morphology of the particles changed from cubical for the 
nondoped sample to undefined for the sample with x = 20 
atm.%. The hyperfine magnetic field showed more re-
duction at octahedral sites than tetrahedral sites and the 
saturation magnetization was reduced from 77.5 emu/g 
for the non doped sample to 67.1 emu/g for the sample 
with x = 20 atm.%. These analyses suggested one or two 
combined effects of Cu2+ in the structure of the magnetite, 
the first effect is its incorporation in the structure, pre- 
ferentially in the octahedral sites, replacing Fe2+ species, 
and the second one is the promotion of vacancies at oc- 
tahedral sites. 

Looking for additional evidence of the effects of Cu2+ 
on the structural properties of magnetite, we report the 
results derived from a subsequent investigation per- 
formed on this same set of samples, in which we studied 
the effects caused by Cu2+ in the lattice dynamics of the 
samples through measurements of Mössbauer recoilless 

fraction of the magnetite relative to analytical hematite, 
because the Mössbauer recoilless fraction, also termed f 
factor, is very sensitive to changes in the lattice dynamics 
caused by different reasons, among them substitution of 
Mössbauer nuclei in crystalline sites. The experimental 
details and the conclusions obtained from these measure- 
ments are presented through this paper.  

2. Experimental Procedure 

2.1. Preparation of the Samples 

The magnetites were obtained by the hydrothermal syn- 
thesis method reported by Cornell and Schwertmann 18. 
We used FeCl2-4H2O as Fe2+ precursor and NaNO3 as 
Fe2+ oxidant. For the synthesis of nondoped magnetite 
we start from 0.1 M (300 ml) FeCl2-4H2O aqueous solu- 
tion, which was constantly bubbled with N2(g) and heated 
in a thermal bath at 90˚C. When the thermal equilibrium 
was reached, 100 ml of alkaline mixture composed of 
NaOH 3 M and NaNO3 0.06 M were added dropwise to 
the before solution during a time of 5 min. Finished the 
addition of the alkaline mixture, the reaction continued at 
90˚C during 30 min, with permanent stirring at 300 rpm 
and deaeration with N2(g). When the reaction finished, the 
black precipitate was washed repeatedly with deionized 
water to obtain a neutral pH in the residual supernatant. 
To remove water molecules of the precipitate this was 
filtered and dried in an oven at 40˚C for 48 h, after which 
powdered magnetite was obtained. For an efficient 
washing and drying of the reaction product, this was di- 
vided in two parts, the first part was taken from the pre- 
cipitate accumulated on the bottom of the reaction vessel, 
while the second part, which was used for this investiga- 
tion, was the remainder precipitate taken from the reac- 
tion vessel. 

The magnetites doped with Cu2+ were prepared from 
300 ml of aqueous solutions 0.1 M in FeCl2-4H2O and 
1.662  10−3 M, 3.324  10−3 M and 6.648  10−3 M in 
CuCl2-2H2O for 5, 10 and 20 atm.%-Cu2+, respectively. 
The subsequent procedure was the same described for the 
nondoped magnetite. According to the doping percentage, 
the samples were labeled: mag0cu, mag5cu, mag10cu 
and mag20cu for x = 0, 5, 10 and 20 atm.%-Cu2+ respec- 
tively. 

2.2. Experimental Techniques 

Atomic Absorption Spectroscopy (AAS) measurements 
were performed with an UNICAM 929 AA spectrometer 
with copper lamp. The samples were first diluted in HCl 
solutions for these measurements. Energy Dispersive X- 
ray Spectroscopy (EDS) spectra were taken with a Low 
Vacuum Scanning Electron Microscopy JEOL model 
JSM-6460LV, operating at voltages of 20 kV. Room 
temperature Mössbauer spectra were taken with a spec- 
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trometer developed in our laboratory, which operates 
with a 57Co/Rh radioactive source, 512 channels and a 
triangular velocity waveform, thin absorbers with disk 
shape and effective thickness of 6 mg/cm2 of iron were 
prepared for these measurements. 

3. Results and Discussion 

3.1. Atomic Absorption Analyses 

To quantify the concentration of copper present in the 
doped samples, we made atomic absorption measure- 
ments, the results are presented in Table 1, which shows 
the weight percentages of copper measured in the doped 
samples, the expected copper concentrations calculated 
from the initial solutions prepared and the substitution 
parameter x calculated from these results. These same 
results were reported in [17] because the samples were 
obtained from the same reaction product in all cases. 
From Table 1, it can be observed that the copper con- 
centration measured in the samples increases as the cop- 
per content increases in the synthesis process, being the 
weight percentage of copper close to 70% of the initial 
copper present in the synthesis of each doped sample. 

3.2. EDS Analyses 

The EDS spectra of the samples are presented in Figure 
1. These spectra show an increase of the intensity of the 
copper peaks as the Cu2+ content increases in the synthe- 
sis process, which is an indication that increasing amount 
of Cu2+ is being incorporated within the structure of the 
doped samples as the concentration of Cu2+ increases in 
the starting solutions. Although EDS measurements have 
a more qualitative than quantitative character in this 
work, it is important to notice that the increasing content 
of the copper concentration obtained by EDS from an 
arbitrary region of the samples with a volume of the or- 
der of 1 m3 is consistent with the information obtained 
by Atomic Absorption Spectroscopy for the bulk samples, 
which suggests a homogeneous distribution of the copper 
in the samples. 
 
Table 1. Weight percentage of copper found in the samples 
by atomic absorption spectroscopy. 

Sample 
Measured copper 

concentration 
(%wt) 

Expected copper 
concentration 

(%wt) 

Substitution 
parameter calculated

x 

mag0cu Nondoped Nondoped 0 

mag5cu 1.14  0.02 1.62 0.035 

mag10cu 2.32  0.04 3.24 0.072 

mag20cu 4.78  0.09 6.48 0.148 

 

 

 

 

Figure 1. EDS spectra of the samples. 
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3.3. Estimation of the Relative Mössbauer  
Recoilless Fraction (fmag/fhem) 

The Mössbauer recoilless fraction, also termed f factor, 
measures the probability of having absorption or emis- 
sion of Mössbauer gamma rays without energy loss by 
recoil of the Mössbauer nuclei [19]. Several parameters 
can affect its magnitude among them are the Debye tem- 
perature of the solid, the external temperature applied to 
the sample, crystalline defects, particle size [20] and sub- 
stituent elements in the structure of the solid, which re- 
place resonant Mössbauer nuclei. Substituent cations can 
reduce the bonding strength between the resonant nuclei 
and their ligands, reducing the probability of having a 
zero phonon process. A good experiment to measure the 
Mössbauer recoilless fraction is the two-lattice absorber 
method, reported by Sorescu [20]. According to this me- 
thod, if a powder sample under study is mixed with a 
reference powder phase, whose Mössbauer recoilless 
fraction is known, then the unknown Mössbauer recoil- 
less fraction of the sample can be estimated from a room 
temperature Mössbauer spectrum according to the rela- 
tion:  

 
 

 
 

 
 

57Fe Fe Fe

57 Fe FeFe

N Asrf aN NA As sr rs
af N NA Ars sr N Ars

  
r

  (1) 

where: 
fs, fr: Mössbauer recoilless fraction of the sample and 

reference phase; 
a: isotopic abundance of the 57Fe  2.2%; 
Ns(

57Fe), Nr(
57Fe): number of Mössbauer nuclei in the 

sample and reference phase; 
Ns(Fe), Nr(Fe): number of Fe atoms in the sample and 

reference phase; 
As, Ar: Mössbauer spectral areas of the sample and 

reference phase. 
By applying chemical arguments, the number of iron 

atoms in each phase can be expressed in terms of the 
mass and molecular weight of the phase according to the 
relation:  

f g y W Asss r r
f g y W Arrr s s

            (2) 

where: 
gs, gr: mass of the sample and reference phase; 
ys, yr: number of iron atoms per chemical formula in 

the sample and reference phase; 
Ws, Wr: molar weight of the sample and reference 

phase. 
In our experiment each sample was mixed with the 

same quantity of analytical grade hematite (Analysis 
Oxide -Fe2O3, Merck KgaA), the masses of both phases 
were calculated to obtain approximately the same con- 

tribution of iron atoms per phase to the mixture. The 
values of the parameters g, y and W, described before, are 
presented in Table 2.  

By replacing the parameters given in Table 2 in the 
Equation (2), the ratio between the Mössbauer recoilless 
fractions of magnetite and hematite can be expressed in 
terms of their relative areas in the Mössbauer spectrum of 
the mixture, as follows:  

2.9

3
mag mag

hemhem

f A

xf A



            (3) 

As the hematite used in all mixtures was the same, its 
Mössbauer recoilless fraction can be assumed constant, 
in this way, the changes observed in the ratio fmag/fhem can 
be attributed only to the changes in the magnitude fmag.  

Room temperature Mössbauer spectra of the mixtures 
are shown in Figure 2, the hyperfine parameters of the 
spectra obtained by least squares fitting with the program 
MOSF [21] and the spectral areas are presented in Ta- 
bles 3 and 4. All spectra were fitted with one sextet for 
hematite, one sextet for tetrahedral sites of magnetite, 
one sextet for octahedral sites of magnetite and a doublet 
attributed to superparamagnetic goethite (-FeOOH), 
whose spectral area was lower than 2% in all spectra. 
The percentage of goethite was too small to be taken into 
account in our calculations. Goethite may form in the 
hydrothermal synthesis of iron oxides due to easy forma- 
tion of iron hydroxides under the conditions here present 
[18]. It is important to note here that all Mössbauer spec- 
tra of the samples studied in [17] were fitted with a small 
sextet of magnetic goethite, whose spectral area varied 
between 4% and 8%. This magnetic phase was not iden- 
tified in the spectra of the mixtures. We attribute this fact 
to a lower particle size of the goethite present in the last 
precipitate recovered from the reaction vessel, which 
contains particles whose precipitation rate is slowed by 
their smaller particle size, which could explain that only 
superparamagnetic goethite was observed in all samples.  

The Table 3 shows that the hyperfine magnetic field 
decreases more in the octahedral sites than in the tetra- 
hedral sites, the linewidth of the octahedral sub spectrum 
increases while the linewidth of the tetrahedral sub spec- 
trum remains nearly constant within the error bar of this 
parameter.  

These observations suggest that the dominant effect of 
the Cu2+ in the synthesis process is its incorporation in  
 
Table 2. Parameters of the Equation (2) for magnetite and 
hematite. 

Phase g (mg) y W (g/mol) 

Magnetite 10 3 − x 231.5 

Hematite 10 2 159.7 
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Figure 2. Room temperature Mössbauer spectra of the mix- 
tures magnetite-hematite.  

Table 3. Mössbauer parameters of the samples. 

Sample Bhf-hem (0.2 T) Bhf-magA (0.2 T) Bhf-magB (0.2 T)

mag0cu-hematite 51.6 48.8 45.9 

mag5cu-hematite 51.6 48.8 45.7 

mag10cu-hematite 51.6 48.6 45.6 

mag20cu-hematite 51.6 48.4 45.3 

 

Sample 
IShem  

(0.02 mm/s) 
ISmagA  

(0.02 mm/s) 
ISmagB  

(0.02 mm/s)

mag0cu-hematite 0.36 0.37 0.69 

mag5cu-hematite 0.36 0.38 0.63 

mag10cu-hematite 0.36 0.36 0.69 

mag20cu-hematite 0.36 0.37 0.69 

 

Sample 
QShem 

(0.02 mm/s) 
QSmagA 

(0.02 mm/s) 
QSmagB 

(0.02 mm/s)

mag0cu-hematite −0.20 −0.02 −0.04 

mag5cu-hematite −0.21 0.02 −0.07 

mag10cu-hematite −0.21 −0.01 −0.04 

mag20cu-hematite −0.22 −0.01 −0.03 

 

Sample 
Whem 

(0.02 mm/s) 

WmagA 

(0.02 mm/s) 
WmagB 

(0.02 mm/s)

mag0cu-hematite 0.27 0.48 0.51 

mag5cu-hematite 0.26 0.46 0.54 

mag10cu-hematite 0.26 0.46 0.58 

mag20cu-hematite 0.26 0.44 0.62 

 
Sample Ahem (%) Amag (%) 

mag0cu-hematite 43.0 ± 0.8 55 ± 1 

mag5cu-hematite 44.4 ± 0.9 54 ± 1 

mag10cu-hematite 46.4 ± 0.9 52 ± 1 

mag20cu-hematite 49.0 ± 0.9 49.6 ± 0.9 

a. Subscripts hem, magA and magB represent hematite, tetrahedral and 
octahedral sites of magnetite, respectively, Bhf: hyperfine magnetic field, IS: 
isomer shift relative to -Fe, QS: quadrupole splitting, W: linewidth of the 
inner lines and A: spectral area. 
 
the octahedral sites of magnetite, replacing Fe2+ cations, 
and consequently reducing the magnetic interactions in 
those sites and creating broad and asymmetric lines in the 
octahedral sub spectrum. These effects are similar to that 
found in the samples studied in [17], where the reduction 
in the hyperfine magnetic field and the broadening of the 
octahedral sub spectrum confirms the distribution of hy- 

erfine magnetic fields produced by the incorporation of  p 
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Table 4. Mössbauer parameters of the doublet attributed to superparamagnetic goethite impurity found in all samples. 

Sample ISb (0.02 mm/s) QS (0.02 mm/s) W (0.02 mm/s) A (%) 

mag0cu-hematite 0.16 0.31 0.27 2.00  0.05 

mag5cu-hematite 0.23 0.32 0.26 1.91  0.04 

mag10cu-hematite 0.15 0.40 0.40 1.60  0.03 

mag20cu-hematite 0.36 0.38 0.40 1.40  0.03 

b. Isomer shifts are relative to -Fe. 
 
Cu2+ in the octahedral sites.  Table 5. Relative Mössbauer recoilless fraction of the sam- 

ples. The Table 5 shows the values of the ratio fmag/fhem ob- 
tained by substitution of the spectral areas and the pa- 
rameter x calculated from atomic absorption measure- 
ments in the Equation (3). The Figure 3 shows the pro- 
gressive and nearly linear decrease in the ratio fmag/fhem 
with increasing the content of Cu2+ in the precursor solu- 
tion, which as explained above, is due to a reduction in 
fmag.  

Sample fmag/fhem 

mag0cu-hematite 1.24 ± 0.04 

mag5cu-hematite 1.19 ± 0.03 

mag10cu-hematite 1.11 ± 0.03 

mag20cu-hematite 1.03 ± 0.03 

It is well known [22] that when certain cations, among 
them Cu2+, occupy octahedral sites, they tend to distort 
the crystalline structure through the Jahn-Teller effect, in 
order to minimize the crystal field stabilization energy.  

 

 

When Cu2+ occupies an octahedral site in the structure 
of the magnetite, the Jahn-Teller distortion produces a 
weakening of the bonding Cu-O along the direction per- 
pendicular to the octahedron middle plane, this weaken- 
ing of the bonding Cu-O can rearrange the crystalline 
structure, reducing the energy necessary to create pho- 
nons in the crystalline lattice, which can contribute to the 
reduction observed in the recoilless Mössbauer fraction 
of the doped samples.  

4. Conclusion 

Magnetite samples, both pure and doped with Cu2+, were 
synthesized by the hydrothermal method. Analyses by 
AAS and EDS showed that globally and locally the cop- 
per content in the samples increases successively with 
the increasing of Cu2+ in the synthesis process, being the 
percentage of copper in the doped samples close to 70% 
of the copper used in the starting solutions. The presence 
of Cu2+ in the synthesis of magnetite reduces the Möss- 
bauer recoilless fraction of the doped samples, being this 
reduction nearly linear for the range of doping studied. 
While the hyperfine parameters derived from the Möss- 
bauer spectra of the mixtures gave similar information 
for the phase of magnetite than that obtained from non- 
mixed magnetites studied in [17], the reduction observed 
in the Mössbauer recoilless fraction of magnetite rein- 
force our previous hypothesis that the dominant effect of 
Cu2+ in the synthesis process is its incorporation in the 
octahedral sites of magnetite, where it substitutes Fe2+  

Figure 3. Variation of the ratio fmag/fhem in function of the 
atomic Cu2+ substitution. 
 
species and produces Jahn-Teller distortion. Both effects 
reduce the probability of having resonant absorption of 
14.4 keV gamma rays, because substitution reduces the 
amount of resonant nuclei in the sample while the Jahn- 
Teller distortion weakens the bonding Cu-O in the struc- 
ture, reducing the energy necessary to excite phonons in 
the crystalline lattice. This study provides new evidences 
for previous works, where the role of Cu2+ in magnetite 
has not been fully understood. On the other hand, the un- 
derstanding of the effect of the copper in the magnetic 
and structural properties of magnetite can be useful to 
researches who work in the design of products based on 
substituted magnetites, such as doped magnetite paints, 
doped magnetite inks, doped nanoparticles, doped mag- 
netite thin films, among others. 
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