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(ICREA), Spain, Departament de Fı´sica, UniVersitat Autònoma de Barcelona, E-08193 Bellaterra, Spain,
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The relationship between the structure and composition with the magnetic properties of near
stoichiometric cobalt ferrite nanoparticles CoxFe3-xO4+δ (0.85< x < 1.1) prepared in large batches with
average sizes in the range 60-210 nm has been investigated. Chemical analysis and Rietveld refinement
of the X-ray diffraction data in conjunction with Mo¨ssbauer spectroscopy allowed us to identify an interplay
between particle size, microstructure (concentration of interstitial ions, microstrain, cation arrangement
in octahedral and tetrahedral sites), and composition, which sensitively controls the magnetic properties
such as coercivity and saturation magnetization. In all cases, cobalt-rich compositions resulted in a higher
coercivity, whereas lower degrees of inversion and higher iron contents led to slightly higher saturation
magnetization values.

1. Introduction

Magnetic nanoparticles have drawn a lot of attention the
past decade because of their complex fundamental properties
(e.g., superparamagnetism, surface anisotropy, or exchange
bias) and their widespread applications ranging from in vivo
target drug delivery and ferrofluids to high-frequency mag-
netoelectric devices and high-density recording media.1-8

Ferrite nanoparticles of the type MFe2O4 (where M is a
divalent ion) have been studied because of their attractive
functional properties, e.g., large resistivities, or tunable
magnetic properties and low cost.8,9 Cobalt ferrite (CoFe2O4)
particles were extensively investigated during the 1980s
because of their rather large anisotropy and their potential

application as magnetic recording media.10 Recently, Co-
ferrite nanoparticles have gained renewed interest because
of the appealing novel magnetic properties such as photo-
induced magnetic effects,11 doping or strain enhanced
coercivity,12-14 the so-called multiferroic materials,15 and
their catalytic properties.16 However, systematic studies of
CoxFe3-xO4+δ nanoparticles have mostly been limited to
particles synthesized by “dry organic-based chemistry”. The
dry chemistry approaches allow for fine-tuning of the
composition and microstructural parameters,17 but the very
small yield of the reactions make this process unpractical
for industrial purposes. The low-cost wet-chemistry approach
(e.g., aqueous precipitation methods) is more versatile and
the most likely method to be used in large-scale production
of magnetic nanoparticles for applied science.18* Corresponding author: e-mail: gsa.icn@gmail.com.
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From a structural standpoint, the formula unit of stoichio-
metric ferrites can be written as (MyFe1-y)[M1-yFe1+y]O4,
where the round brackets denote tetrahedral sites (A), the
squared brackets represent octahedral sites [B], and the
inversion degree is defined as∆ ≡ 1 - y. The distribution
of cations in the different positions (A) and [B], i.e., the
chemical order, as well as deviation from the ideal 1:2 ratio
(M:Fe) are known to affect their magnetic properties.19-21

However, reports of the effects of small deviations from the
ideal stoichiometric composition for Co-ferrite nanoparticles
are very scarce,22 even though the impact of these deviations
on the magnetic properties is very significant.

Previously,23 we reported on the chemical conditions to
synthesize large batches of well-defined ferrites powders
(>16 g/batch) with compositions close to the stoichiometric
using the wet chemistry approach. The chemical composition,
[Fe(2,3)+]/[Co2+], and the density of the particles,F, varied
between 0.85< x < 1.1, and 4400< F < 5100 kg/m3,
respectively. In this article, we present the correlation
between the structural/morphological characteristics (i.e.,
chemical order, non-stoichiometry, particle size, occupancy
ratio, cation distribution) and the magnetic properties of
CoxFe3-xO4+δ nanoparticles with 0.85< x < 1.1 prepared
in large batches. The magnetic properties were found to be
very sensitive to the different structural parameters and in
particular to the Co content, which, in turn, could be directly
controlled by careful adjustment of the synthesis conditions.

2. Experimental Section

2.1. Synthesis.The synthesis of the particles has been described
in detail in a previous publication.23 Briefly, an aqueous solution
of iron(II) sulfate and cobalt(II) chloride with a constant stoichio-
metric ratio of 2 was heated to 90°C and quickly added to a 2 dm3

three-neck round-bottom flask containing an aqueous solution of
sodium hydroxide and potassium nitrate, as mild oxidizing reagent,24

under mechanical stirring at 90°C. The final molar ratio of total

metal ions to hydroxide ions, ([Fe2+]+[Co2+])/[OH-] ) [M2+]T/
[OH-], was varied from 0.3 to 0.6. The reaction mixture was
maintained at the above-mentioned temperature for 3 h, after which
the particles were separated using a hard magnet and washed
thoroughly with water.

2.2. Characterization Techniques.The concentration of cobalt
and iron in the precipitated nanoparticles was determined by atomic
absorption spectroscopy (AAS, Perkin-Elmer). The microstructure
of the particles was characterized by X-ray diffraction (XRD) using
a Philips 3050 diffractometer with CuKR radiation (λ ) 0.154021
nm) in the range 30-140° and a scan rate of 0.004°/s. Analysis of
the XRD data was undertaken with a full-pattern fitting procedure
based on the Rietveld method.25 Hysteresis loops of the powders
were recorded in an Oxford Instruments vibrating sample magne-
tometer (VSM) at room temperature using a maximum applied field
of 11 kOe. Mössbauer spectra were obtained at 90 K using a
conventional constant acceleration transmission setup and a57Co/
Rh source. Velocity calibration was done using a 12µm foil of
metallic iron (R-Fe), and the Mo¨ssbauer parameters are given
relative to this standard at room temperature. Low-resolution
transmission electron micrographs (TEM) were obtained in a Tecnai
10 apparatus operating at 100 kV. High-resolution transmission
electron micrographs (HRTEM) were taken in a JEOL 2010 electron
microscope using an accelerating voltage of 200 kV.

3. Results

A number of samples were prepared under different
synthesis ratios, [M2+]T/[OH-]. The composition,x, calcu-
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Figure 1. Variation of the cobalt concentration with the synthesis ratio
[M2+]T/[OH-].23 The dashed lines indicate the stoichiometric values.

Figure 2. (a) XRD patterns of samples corresponding to various [M2+]T/
[OH-] ratios (from top to bottom, 0.30, 0.40, 0.53, 0.57, and 0.60). (b)
Magnified view corresponding to the reflections of the (220) and (222)
planes of a sample with [M2+]T/[OH-] ) 0.57; the graph below corresponds
to the difference between the experimental profile and the calculated one.
The symbols represent the experimental data, whereas the lines are fits using
the Rietveld method (see text for more details).

Figure 3. Variation of the mean crystallite diameter,DX, (open circles)
and the volume-weighted physical diameter,DV

P, (full squares) with the
metal to hydroxide [M2+]T/[OH-] ratio. The solid line is a guide to the
eye.
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lated from the metal molar ratio, [Fe(2,3)+]/[Co2+], assuming
the stoichiometry of the compound as CoxFe3-xO4+δ, varied
between 0.85< x < 1.1, i.e., 1.7< [Fe(2,3)+]/[Co2+] < 2.5
when varying the [M2+]T/[OH-] in the 0.3-0.6 range. As
can be seen in Figure 1, the cobalt content increased from a
substoichiometric composition (x < 1) to a superstoichio-
metric composition (x > 1) when increasing the [M2+]T/
[OH-] synthesis ratio, in good agreement with earlier
studies.24b

3.1. Microstructural Studies. The XRD patterns acquired
for samples prepared under different synthesis ratios, [M2+]T/
[OH-], are shown in Figure 2. The patterns were index-
matched with those ones corresponding to CoFe2O4 (JCPDS
card 22-1086) and no secondary crystalline phases were
observed. The peaks from the diffractograms were fitted with
a pseudo-Voigt function to determine the Lorentzian com-
ponent (related to particle size effects) and the Gaussian
component (related to microstrain). Figure 3 shows the range
of particle (crystallite) sizes determined from the XRD fits,
DX, as a function of the [Fe(2,3)+]/[Co2+] ratio. The figure
shows that the particle size decreases as the [Fe(2,3)+]/[Co2+]
and [M2+]T/[OH-] ratios increase. As expected, the particle
size becomes smaller when the concentration of the metal
salt is increased, because it leads to a higher number of
nucleation sites and a lower concentration of monomers
available for the subsequent particle growth. Note that the
particle sizes tend to stabilize (around 80 nm) near the
stoichiometric point at [M2+]T/[OH-] ≈ 0.5, in agreement
with earlier reports.23,24

The cell parameter,a0, decreased by increasing the
[Fe(2,3)+]/[Co2+] ratio stabilizing toward the bulk value of
cobalt ferrite (JCPDS card 22-1086), as shown in Figure 4a.
Because decreasing the synthesis ratio results in a higher
cobalt content in the particles, the observed increment of
the lattice cell parameter at low [Fe(2,3)+]/[Co2+] ratios can
be expected to be due to an excess of Co(II) ions in the
crystal unit cell, whereas the increment at high [Fe(2,3)+]/
[Co2+] ratios may result in an excess of iron species. Another
plausible explanation would be the formation of interstitial
ions. Such variations would affect the crystal lattice param-
eter and also the average microstrain,<ε2>1/2. Figure 4b
shows the nonmonotonic variation of the microstrain with
the metal composition ratio [Fe(2,3)+]/[Co2+] displaying a
minimum for compositions near the stoichiometric value.

The analysis of the XRD diffractograms yielded also
information on the overall cation arrangement in the spinel
structure. For instance, it is known that in the case of spinels,

the intensity of the (220) reflection,I(220), is due only to the
concentration of ions in tetrahedral positions, (a), whereas
the intensity of the (222) reflection,I(222), is related only to
the concentration of ions in octahedral positions (denoted
as [B]).26 Hence, the intensity ratioI(222)/I(220) provides us
with information on the different occupancy ratio, [B]/(A),
of the metal ions in the spinel structure (see fittings in Figure
2b). To obtain the [B]/(A) ratios, the occupancy of the tetra-
hedral and octahedral positions was set as a refinable param-
eter at the final stages of the fitting. Note that because the
atomic scattering factors and absorption coefficients for Fe
and Co are rather similar (within 5%), they were assumed
to change equally. Figure 5 shows the variation of the occu-
pancy ratio [B]/(A) with the composition ratio. From the
values reported in the figure it can be seen that the octahedral
occupancy, [B], increases steeply close for Co-rich composi-
tions ([Fe(2,3)+]/[Co2+] < 2) to decrease monotonically toward
a cobalt-deficient compositions ([Fe(2,3)+]/[Co2+] > 2).

The composition and crystallinity were further assessed
with high-resolution electron microscopy. For example,
Figure 6 shows the analysis carried out on a sample with a
[Fe(2,3)+]/[Co2+] ) 2.3. Figure 6(a) shows a selected area
electron diffraction (SAED) with the diffraction rings index-
matched to those of spinel cobalt ferrite (JCPDS card 22-
1086). Figure 6(b) evidence the lattice planes corresponding
to the (111) reflections of the spinel phase27 crossing the
whole particle, demonstrating the single-crystalline character
of the nanoparticles.

Transmission electron microscopy was also used to evalu-
ate the particle size and the size distribution of the different
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Figure 4. Variation of (a) lattice cell parameter,a0, and (b) microstrain,<ε2>1/2, with the composition ratio. The continuous lines are added as a guide to
the eye; the dotted line shows the bulk value ofa0, whereas the dashed lines indicate the stoichiometric value [Fe(2,3)+]/[Co2+] ) 2.

Figure 5. Variation of the occupancy ratio [B]/(A) with the composition
ratio [Fe(2,3)+]/[Co2+]. The continuous lines are added as a guide to the eye
and the dashed lines indicate the stoichiometric values.
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samples. Images a and b of Figure 7 present the results for
samples prepared with [M2+]T/[OH-] ratios of 0.4 and 0.6,
respectively. Because of the volume dependence of the
magnetic properties and the XRD, the particle size distribu-
tions are presented as volume-weighted distributions. The
distributions show that the particles prepared at low synthesis
ratios are rather polydispersed, whereas those prepared at
high synthesis ratios have a relative narrower size distribu-
tion, as can be seen in panels c and d of Figure 7,
respectively. The volume weight size average,DV

P, for the
different samples is given in Figure 3, along with that
obtained from the diffractograms. Both averages obtained
for particles prepared at [M2+]T/[OH-] < 0.6 agree fairly
well. However, the volume weight average size for particles
obtained at [M2+]T/[OH-] ) 0.6 are larger than the corre-
spondingDX. Such apparent disagreement could be intrinsic
to the volume distribution since the particles are counted by
hand and large particles are easily oversampled.28

3.2. Magnetic Characterization.Some of the hysteresis
loops recorded for the powders are shown in Figure 8a,
whereas panels b and c in Figure 8 display the variation of
saturation magnetization,MS, and the coercivity,HC, of the
nanoparticles with the chemical composition, [Fe(2,3)+]/
[Co2+]. Figure 8b shows that the saturation magnetization
of the samples decreases as the content of cobalt increases.
From Figure 8c, it can be observed that the coercivity of the
particles with a cobalt-rich composition,HC ≈ 1.5 kOe, is
notably larger than the one for stoichiometric compositions,
decreasing, to stabilize nearHC ) 0.85 kOe, for the cobalt-
deficient particles.

Because of the variation of particle sizes shown in Figure
3, it is important to discern the diverse variables affecting

the magnetic properties of the samples. Figure 9 shows the
variation of the coercivity as a function of the particle size,
DX. The coercivity increases with the particle size over a
wide range of sizes, from ca. 60 nm toward>200 nm. This
trend is opposite to what would be expected from critical
single domain size of Co-ferrite, DCrit ≈ 40-80 nm.29,30

Namely, for<D> > DCrit, one would expectHC to decrease
with increasing crystallite size as the system enters into the
multidomain region. Another possible factor influencing the
magnetic properties would be the stress anisotropy13,14 due
to the large magnetostriction of CoFe2O4 (λS ≈ -260 ×
10-6),31 because the different particles exhibit diverse mi-
crostrain values. However, given the large size of the
nanoparticles, the microstrains are exceedingly small to
significantly affect the coercivity.

4. Discussion

In a previous report,23 it has been shown that there is a
clear correlation between the synthesis ratio [M2+]T/[OH-]
and the final composition ratio [Fe(2,3)+]/[Co2+]. Actually,
the variation of the composition ratio, [Fe(2,3)+]/[Co2+], can
be achieved by varying [M2+]T/[OH-] even while using a
constant ratio [Fe(2,3)+]/[Co2+] ) 2 throughout the syntheses,
which has been proposed to arise from different rates of
formation of the metal hydroxide precursors.

Therefore, varying the [M2+]T/[OH-] ratio away from the
stoichiometric point resulted in the existence of (a) an excess
of Co(II) ions at a low [M2+]T/[OH-] ratio and (b) the
presence of hydroxyl ions at high [M2+]T/[OH-] ratio. Both
of these conditions would increase the lattice cell parameter
a0, because the former would result in an excess of Co(II)
ions in the unit cell combined with the possible formation
of interstitial ions, whereas the latter would be due to the
presence of the sterically hindered hydroxyl ion. Furthermore,
the increment of interstitial metallic ions at low [Fe(2,3)+]/
[Co2+] and the existence of hydroxyl ions at high [Fe(2,3)+]/
[Co2+] would not only have an effect on the crystal lattice
parameter but also on the average microstrain,<ε2>1/2.
Indeed, Figure 4b shows a non-monotonic behavior of
<ε2>1/2, similar to that of the lattice parameter presenting a
minimum for compositions near the stoichiometric value. It
has been argued that low [M2+]T/[OH-] ratios (condition to
obtain [Fe(2,3)+]/[Co2+] < 2) produced fewer Fe(II) ions than
high [M2+]T/[OH-] ratios. This is due to the excess of
hydroxyl ions needed to catalyze the oxidation of Fe(II) by
nitrate ions.24 Hence, the opposite condition, i.e., a high
[M2+]T/[OH-], would preserve more Fe(II) in solution during
the formation of the spinel phase. Because Fe(II) is a larger
cation than both Co(II) and Fe(III), it is expected that it will
have higher preference for octahedral sites rather than the
smaller tetrahedral cavities, which are preferred by the Fe-
(III) cations. It is expected that by the end of the reaction,
all of the Fe(II) ions would have oxidized to Fe(III). Thus,

(28) Allen, T. Particle Size Measurements, 5th ed.; Chapman & Hall:
London, 1997; Vol. 1.
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Phys. Lett.2003, 83, 2862.

(31) McCallum, R. W.; Dennis, K. W.; Jiles, D. C.; Snyder, J. E.; Chen,
Y. H. Low Temp. Phys. 2001, 27, 266.

Figure 6. (a) SAED and (b) HRTEM image of particles with a [Fe(2,3)+]/
[Co2+] ) 2.3. The rings of the diffraction pattern are index-matched with
those of CoFe2O4 (JCPDS card 22-1086). The lattice fringe of 0.48 nm
corresponds to the interplanar distance of the (111) reflections.
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the concentration of ions in tetrahedral sites would increase,
and the occupancy ratio [B]/(A) would consequently de-
crease, behavior shown by the cobalt-lean samples in Figure
5. The overall high values of [B]/(A)> 2 and the lattice
cell parametera0 > 0.8392 nm for all the samples could be
due to a larger concentration of cations in octahedral
positions arising from an incomplete migration of ions during
the dehydration of the precursor.32

From the magnetic point of view, the increase of Fe(III)
ions in tetrahedral places would explain the larger magne-
tization at high [Fe(2,3)+]/[Co2+] ratios shown in Figure 8b.

However, traditional analysis ofMS in ferrites is carried out
assuming a formula unit of (CoyFe1-y)[Co1-yFe1+y]O4 with
Fe3+ and Co2+ having a magnetic moment of 5µB and 3µB,
respectively. The analysis becomes more complex consider-
ing the non-stoichiometry of the occupancy ratio [B]/(A),
the chemical composition [Fe(2,3)+]/[Co2+] and the possible(32) Cudennec, Y.; Lecerf, A.Solid State Sci.2005, 7, 520.

Figure 7. Low-resolution TEM images of samples prepared with a [M2+]T/[OH-] ratio of (a) 0.4 and (b) 0.6; (c,d) corresponding volume-weighted particle
size distributions. Note the different magnification used for the TEM images.

Figure 8. (a) Magnetic hysteresis loops of particles prepared with different composition ratios [Fe(2,3)+]/[Co2+] and (b) variation of saturation magnetization,
MS, and (c) coercivity,HC, of the materials with the chemical composition. The lines in (b) and (c) are guides to the eye.

Figure 9. Variation of the coercivity,HC, with the mean particle diameter,
DX.

Figure 10. Mössbauer spectra obtained at 90 K for samples with (top)
[Fe(2,3)+]/[Co2+] ) 1.94 and (bottom) [Fe(2,3)+]/[Co2+] ) 2.38. The symbols
correspond to the measurement, whereas the sharp sextets correspond to
the (A) sites, the broad ones (magnetic hyperfine field distributions,P(BHF),
shown at the right) to the [B] sites, and the thick solid line to the overall
sum.
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presence of Fe(II). Therefore, a more accurate composition
of cobalt ferrites prepared in aqueous media would be
given by a formula unit composition of
(CoyFeIII

1-z-uFeII
u)[Cox-yFeII

VFeIII
2-x+z-V]O4+δ with the inver-

sion parameter defined as∆ ) 1 - z - u.
To better understand the behavior of the CoxFe3-xO4+δ

nanoparticles, we carried out Mo¨ssbauer spectroscopy on
selected samples. Shown in Figure 10 are the spectra for
samples with a [Fe(2,3)+]/[Co2+] ) 1.94 and 2.38 with the
corresponding fits, which because of the strong line overlap-
ping were carried out assuming one sextet for the (A) site
and a distribution of magnetic hyperfine fields,BHF, for site
[B] because the hyperfine parameters of the (A) sites are
very insensitive to the Co content, whereas those at [B] sites
are affected by the different nearest-neighbor occupancy at
the tetrahedral (A) sites.33 The main results from the
Mössbauer study are summarized in Table 1. It can be seen
that the BHF for the (A) site is∼511 kOe, whereas the
distribution ofBHF for the [B] gives an average BHF of ∼525
kOe. These results are consistent with literatureBHF values
for cobalt ferrite nanoparticles and evidence a significant
absence of Fe(II) species.33

Analysis of the hyperfine data provides with information
on the distribution of Fe ions in octahedral and tetrahedral
sites, i.e., the iron distribution ratio Fe[B]/Fe(A). From the

results of the chemical composition, the occupancy ratio, and
the iron distribution ratio, it was possible to obtain an
estimated composition of the samples as shown in Table 2
(more details are given in the Supporting Information). From
the results, it can be readily seen that the Co2+ ions are found
both in the (A) and [B] sites with a tendency to increased
inversion (more Co2+ in the (A) sites) as the [Fe(2,3)+]/[Co2+]
ratio becomes smaller (largerx). As can be seen in Figure
8c, the samples with superstoichiometric concentration of
Co2+ tend to have larger coercivity,HC. However, for
stoichiometric and substoichiometric cobalt concentrations
other effects such as the amount of Co2+ in [B], the particle
size and its distribution, the [B]/(A) ratio,a0, or the
microstrains can also play a role. The large coercivity in bulk
stoichiometric CoFe2O4 has been traditionally explained by
the single-ion anisotropy model,34 arising from the contribu-
tion of the orbital magnetism of Co2+ ions at the [B]
sites.35-37 Namely, when the Co2+ ions migrate from the
octahedral sites to the tetrahedral ones because of the
variations in inversion produced by the synthesis conditions
or annealing, the coercivity decreases because of the less
anisotropic environment of the tetrahedral sites. However,
for non-stoichiometric Co-ferrites, the situation can be more
complex. In particular, for large Co2+ contents, the amount
of Co2+ in octahedral sites could remain roughly constant,
thus this contribution to the coercivity enhancement would
be unchanged. However, as more Co2+ is introduced, it goes

(33) (a) Sawatzky, G. A.; van der Woude, F.; Morrish, A. H.Phys. ReV.
1969, 187, 747. (b) Sawatzky, G. A.; van der Woude, F.; Morrish, A.
H. J. Appl. Phys.1968, 39, 1204. (c) Dormann, J. L.; Greneche, J. L.;
Pourroy, G.; La¨kamp, S.Hyperfine Interact.1998, 112, 89. (d) Lelis,
M. F. F.; Porto, A. O.; Gonc¸alves, C. M.; Fabris, J. D.J. Magn. Magn.
Mater. 2004, 278, 263.

(34) Berkowitz, A. E.; Schuele, W. J.; Flanders, P. J.J. Appl. Phys.1968,
39, 1261.

(35) Slonczewski, J. C.Phys. ReV. 1958, 110, 1341.
(36) Wolf, W. P.Phys. ReV. 1957, 108, 1152.
(37) Song, Q., Zhang, Z. J.J. Phys. Chem. B2006, 110, 11205.

Figure 11. Variation of the coercivity,HC, with the fraction of cobalt ions
in (a) tetrahedral sites,φCo

(A), and (b) octahedral sites,φCo
[B], obtained from

chemical analysis, XRD diffraction, and Mo¨ssbauer data.

Table 1. Mo1ssbauer Parameters (line widthΓ, isomer shift δ, quadrupole splitting ∆, magnetic hyperfine field BHF, and relative area A at 90 K)
of CoxFe3-xO4+δ Nanoparticles

(A) [B] a

sample Γ (mm/s) δ (mm/s) ∆ (mm/s) BHF (kOe) A (%) δ (mm/s) ∆ (mm/s) BHF (kOe) A (%)

S1 0.44 0.33 -0.00 511 38 0.50 527 62
S2 0.53 0.31 0.02 510 42 0.50 520 58
S3 0.56 0.33 0.03 511 41 0.48 525 59
S4 0.50 0.34 0.01 510 41 0.50 523 59
S5 0.55 0.34 -0.02 511 42 0.50 528 55
S6 0.54 0.35 -0.02 512 45 0.50 524 55
S7 0.48 0.33 -0.01 512 41 0.50 528 59
S8 0.44 0.34 -0.00 511 38 0.50 527 62
S9 0.57 0.36 -0.00 509 43 0.51 515 57

a Average value forδ and BHF

Table 2. Formula Unit Composition and Degree of Inversion,∆, of Some of the CoxFe3-xO4+δ Samples, as Estimated from the Chemical
Analysis, Mo1ssbauer Spectra and Occupancy Ratio.

sample [Fe(2,3)+]/[Co2+] Fe[B]/Fe(A) [B]/(A) composition degree of inversion,∆

S1 2.66 1.66 2.17 (Fe0.82Co0.13)[Fe1.36Co0.69]O4+δ 0.82
S2 2.32 1.46 2.29 (Fe0.85Co0.06)[Fe1.24Co0.84]O4+δ 0.85
S3 2.39 1.46 2.32 (Fe0.86Co0.04)[Fe1.25Co0.84]O4+δ 0.86
S4 2.03 1.26 2.25 (Fe0.87Co0.05)[Fe1.13Co0.94]O4+δ 0.87
S5 2.03 1.35 2.44 (Fe0.90Co0.00)[Fe1.11Co1.02]O4+δ 0.90
S6 2.04 1.29 2.12 (Fe0.81Co0.15)[Fe1.20Co0.84]O4+δ 0.81
S7 1.98 1.48 2.36 (Fe0.80Co0.09)[Fe1.19Co0.92]O4+δ 0.80
S8 1.94 1.63 2.12 (Fe0.75Co0.21)[Fe1.23Co0.81]O4+δ 0.75
S9 1.96 1.31 2.01 (Fe0.86Co0.14)[Fe1.13Co0.87]O4+δ 0.86
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into the tetrahedral or interstitial sites. Because Co2+ is more
anisotropic than both Fe2+ and Fe3+, having more Co2+ would
still increase the overall anisotropy. Moreover, the presence
of both Fe2+ and Fe3+ makes the quantitative analysis not
straight forward, because these kinds of effects have not been
studied systematically in controlled bulk materials. However,
this trend should hold only forx values in CoxFe3-xO4+δ close
to the stoichiometric CoFe2O4 (x ≈ 1), because Co2FeO4,

i.e., x ≈ 2, is only weakly anisotropic at room temperature
because of the presence of low-spin Co3+ ions.38,39

It is clear from the structural and Mo¨ssbauer data that it
becomes difficult to control one parameter at a time. Namely,
by varying the [M2+]T/[OH-] ratio in the synthesis, not only
does the [Fe(2,3)+]/[Co2+] ratio change, as intended, but also
thea0, <D>, <ε2>1/2, [B]/(A) ratio, and the amount of Co2+

in the (A) and [B] sites. Concomitantly, the magnetic
properties are affected to different degrees by the diverse
structural parameters. In general, as-obtained nanoparticles
are likely to have [B]/(A) ratios away from the ideal inverse
spinel ([B]/(A) ) 2) of bulk CoFe2O4, which should depend
on the synthesis method. Similarly, the exact [Fe(2,3)+]/[Co2+]
stoichiometry may be difficult to control in certain chemical
processes. Both of these parameters, together with the amount
of Co2+ in the (A) or [B] sites (also complex to control during
the synthesis), strongly affect the properties of the Co-ferrite
nanoparticles. Moreover, the magnetic properties of Co-
ferrite nanoparticles could also be affected by the oxygen
stoichiometry, which is known to modify the properties in
bulk ferrites.40 Consequently, this combination of effects
makes the detailed correlation between the structural and

magnetic results rather complex and actually may explain
the spread of magnetic properties of Co-ferrite nanoparticles
reported in the literature.8-11,14,16,17,19-23,29-31,33Nevertheless,
there is a clear correlation between, for instance, high
coercivity with larger overall Co2+ content and lowerMS

with higher Co content.

5. Conclusions

In conclusion, we have shown that in the synthesis of off-
stoichiometric Co-ferrite by a wet chemical route, several
of the final structural parameters are strongly correlated,
making it complicated to control one property at a time. The
magnetic results indicate that excess of Co in the CoxFe3-xO4+δ

(with x ≈ 1) may be an alternative route for the improvement
of the coercivity of these ferrites.
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