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ABSTRACT: Understanding the complex link among composition,
microstructure, and magnetic properties paves the way to the rational
design of well-defined magnetic materials. In this context, the evolution of
the magnetic and structural properties in a series of oleate-capped
manganese-substituted cobalt ferrites (MnxCo1−xFe2O4) with variable Co/
Mn molar ratios is deeply discussed. Single-phase ferrites with similar
crystallite and particle sizes (about 10 nm), size dispersity (14%), and
weight percentage of capping oleate molecules (17%) were obtained by an
oleate-based solvothermal approach. The similarities among the samples
permitted the interpretation of the results exclusively on the basis of the
actual composition, beyond the other parameters. The temperature and
magnetic field dependences of the magnetization were studied together with the interparticle interactions by DC magnetometry.
Characteristic temperatures (Tmax, Tdiff, and Tb), coercivity, anisotropy field, and reduced remanence were found to be affected by
the Co/Mn ratio, mainly due to the magnetic anisotropy, interparticle interactions, and particle volume distribution. In addition, the
cobalt and manganese distributions were hypothesized on the basis of the chemical composition, the inversion degree obtained by
57Fe Mössbauer spectroscopy, the anisotropy constant, and the saturation magnetization.

■ INTRODUCTION
Magnetic cubic ferrites with the formula MFe2O4 (where M
stands for a divalent metal cation such as FeII, CoII, MnII, etc.)
crystallize in the spinel structure, which is described by a unit cell
of 32 cubic close-packed oxide anions in which the metal cations
occupy 8 tetrahedral (Td-site) and 16 octahedral sites (Oh-
site).1,2 The stoichiometry, the nature of the divalent cations,
and their distribution among these two types of interstitial sites
(usually summed up by the so-called “inversion degree”) are key
features to modulate the magnetic properties (e.g., saturation
magnetization and anisotropy) of the cubic ferrite, beyond size
and shape changes.1−3 Among these materials, cobalt ferrite
(CoFe2O4) features the highest anisotropy constant (2.9 × 105 J
m−3),2 which makes it the sole magnetically hard phase, but for
some applications, the higher toxicity of cobalt ions in
comparison with others has to be taken into account. Besides
the size-,4−6 shape-,4,7−10 and coating-tuning11−13 approaches,
cation substitution (also improperly called doping) is a well-
known strategy to modulate the properties of nanostructured
spinels.14−19 The co-presence of different types of divalent
cations in the structure (i.e., the production of chemically mixed
ferrites) represents a successful strategy to finely tune the
magnetic behavior and reduce the toxicity of the final product.1,2

The magnetic properties of cobalt ferrite nanoparticles (NPs)
have been modified by substituting cobalt ions with other

divalent metals since the 2000s. In the beginning, attention was
devoted to Co/Zn20 or Co/Fe mixed ferrites.21 Co/Mn
chemically mixed ferrites were first proposed in 2009, in the
form of spheroidal NPs or nanowires,22,23 but the attention on
these systems is still vivid with many recent studies
published.24−41 Indeed, manganese ferrite has 2 orders of
magnitude lower anisotropy constant2 but higher saturation
magnetization1 with respect to cobalt ferrite, and the co-
presence of Co andMn ions may lead to interesting physical and
chemical properties exploitable for different applications, from
magnetic stress sensoring42 to catalysis.43−46

Many synthesis methods have been proposed for the synthesis
of spinel ferrites with single or multiple divalent cations, from co-
precipitation to solvothermal methods.47 In particular, Co/Mn
mixed ferrites have been synthesized by high-temperature
thermal decomposition,22 glycothermal process,48−50 poly-
ethylene glycol-assisted hydrothermal method,51 polyol meth-
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od,52 mechanical milling,28,53 co-precipitation method,54−56

ceramic method,57 and self-combustion.58,59

The complex system of relationships between the magnetic
properties and other features of NPs, controllable by the chosen
synthesis method (such as the chemical composition, particle
size and size dispersity, cation distribution, spin canting,
interparticle interactions, etc.), depict the difficulties in this
research field in having a fully characterized set of samples with
only one feature varying. Indeed, in the literature, few studies
reported a discussion of the magnetic properties together with
the chemical composition obtained by quantitative analytical
methods, such as atomic absorption spectroscopy (AAS)55 or
inductively coupled plasma optical emission spectrometry
(ICP−OES),34 or semi-quantitative ones, such as scanning
electron microscopy (SEM)−energy dispersive X-ray (EDX)
analysis.29,34,39,40,51,59 The crystallite size in the studied samples
was found to change as a function of the Co/Mn ratio in the
range of 14−22,51 16−34,29 23−33,34,59 and 3.0−31.0 nm.55

Some studies focused on a single intermediate chemical
composition.34,39,40 Most commonly, a study of the magnetic
field24,26,31,34,35,39,40,52,57,59−61 and/or temperature depend-
ence28,30,49,51,52,55,60,62 of themagnetization is reported, whereas
only rarely an investigation of the interparticle interactions is
provided.28 In one case, the Co/Mnmixed ferrite NPs were used
for comparison with bimagnetic core−shell NPs.63
Recently, our group has developed an oleate-based

solvothermal method, which permitted us to prepare a wide
variety of highly crystalline and homogeneously sized spinel
ferrite-based nanosystems, from single phases11,19 and chemical
mixtures64 to bi-magnetic core−shell11,13,65 and optic-magnetic
flower-like nanoarchitectures.12

In this work, the magnetic properties of the chemically mixed
Co/Mn ferrite NPs prepared by the oleate-based solvothermal
method with sizes around 10 nm64 were studied by DC
magnetometry based on their actual chemical composition,
besides the influence of other structural or morphological
parameters, that is, crystallite size, particle size, size dispersity,
and organic capping content, that can be considered constant.
The NP size at around 10 nm was chosen to obtain the smaller
size dispersity with a single-step solvothermal synthesis, based
on previous studies.11,19 Temperature and magnetic field
dependences of the magnetization and the role of the
interparticle interactions are discussed, together with an
estimation of the cation distribution of CoII and MnII based
on metal cation contents from ICP−OES and the FeIII cation
distribution from low-temperature in-field 57Fe Mössbauer
spectroscopy, anisotropy constants, and saturation magnet-
ization values.

■ METHODS

Chemically mixed Co/Mn spinel ferrites were synthesized by
the oleate-based solvothermal method reported elsewhere,64

together with ICP−OES and X-ray diffraction (XRD) analyses.
The chemical composition was studied by ICP−OES. The

dried samples were digested by using HNO3 65% w/w. The
digested sample solutions were stirred at room temperature for 1
h and then heated at 50 °C for 2 h. The solutions were left to
cool, filtered, and diluted with distilled water to obtain a 2%w/w
HNO3 solution. The ICP measurements were performed on a
Liberty 200 ICP Varian spectrometer under the following
conditions: Fe line, 259.940 nm; Co line, 238.892 nm; Mn line,
257.610 nm; and Fe, Co, and Mn concentration range, 0.1−2

mg/L. The chemical formulas were calculated by assuming the
absence of anion vacancies.
The weight percentage of capping oleate molecules was

determined by ThermoGravimetric Analysis (TGA) by using a
PerkinElmer STA 6000, in the 25-850 °C range, with a heating
rate of 10 °C/min under 40 mL/min O2 flow.
The samples were characterized using a PANalytical X’Pert

PRO diffractometer equipped with a Cu anode (λKα = 1.5418
Å), a secondarymonochromator, and a PIXcel position-sensitive
detector. Calibration of the peak position and instrumental
width was done by using powdered LaB6 from NIST. The
hexane dispersions were dried on a glass plate and measured in
the angular range of 10−85°with a step of 0.039°. Refinement of
the structural parameters was performed by the Rietveld method
using MAUD software,18 adopting the recommended fitting
procedures.66 Structural models of the identified phases were
obtained by the Crystallographic Open Database (COD).
Transmission electron microscopy (TEM) micrographs were

obtained by using a JEOL JEM 1400 PLUS operating at 120 kV.
The particle size distribution was obtained by measuring in the
automatic mode over 1000 particles through software Pebbles
and adopting a spherical shape.67 The mean particle diameter
was calculated as the average value and the dispersity as the
percentage ratio between the standard deviation and the average
value.
DC magnetic properties were studied on powders with a

Quantum Design PPMS DynaCool (Hmax = 90 kOe) system by
using the VSM module. Magnetization values were normalized
for the amount of inorganic phase, based on thermogravimetric
analyses. Different kinds of magnetic measurements were carried
out. The field dependence of the magnetization (M vs H) was
studied at 10 and 300 K between 70 and−70 kOe. Themagnetic
moment and domain size distributions were obtained by two
different approaches (see the paragraph in the Supporting
Information entitled “S4. Magnetic domain size and moment
distribution by numerical inversion” for further details): a non-
regularized inversionmethod usingMINORIM software68 and a
regularized inversion method.69,70 The input data were pre-
treated by mathematical interpolation in the case of MINORIM
method in order to get a 1000-point curve. For the second
method, the raw data were used instead. The magnetic domain
size (DMAG) distribution from MINORIM software was
estimated according to the following equation

μ
μ π

=D
a

( )
6

i
i

MAG

3

uc

3

(1)

where a is the lattice parameter obtained by Rietveld refinement,
μuc the magnetic moment of the unit cell of the spinel ferrite, and
μi the ith magnetic moment value, calculated from M versus H
recorded at 300 K. When usingMINORIM for the calculation, a
cut off of 1,500,000 A/m was considered for correcting the
diamagnetic contribution; the minimum and maximum dipole
moments were set as 1 × 10−22 and 1 × 10−17 A·m2, respectively,
and 36 bins were used for 6 subsets or optimized values for a
Langevin dipole domain mode. The mean magnetic domain size
⟨DMAG⟩ was then obtained as the value at the maximum in the
Ms-weighted magnetic domain size (DMAG) distribution
obtained for the 36 bins and 6 subsets approach (which gave
rise to a monomodal size distribution).
The saturation magnetization (Ms

300K and Ms
10K) was

estimated by using the equation
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for H tending to ∞.71 The temperature dependence of
magnetization (M vs T) was studied by using the zero-field-
cooled (ZFC) and field-cooled (FC) protocols: the sample was
cooled down from 300 to 2 K in a zero magnetic field; then, the
signals were recorded under a static magnetic field of 100 Oe.

MZFC was measured during the warm-up from 2 to 300 K,

whereas MFC was recorded during the cooling step.

The anisotropy constant (K) was calculated as72

=
· −( )

K
H M

0.96 1 T
T

c s
0.77

B (3)

Table 1. Experimental Composition Determined by ICP−OES; Cell Parameter (a), Crystallite Size (DXRD), and Microstrain (ε)
Determined by Rietveld Refinement on the XRD Patterns; Particle Size (DTEM, VTEM) and Related Standard Deviation (σ) of the
Particle Size Distribution Obtained by TEM Analysisa

sample

Co/Mn
ratio by

ICP−OES
a (Å) by
SPA

a (Å) by
Rietveld

⟨DXRD⟩ (nm)
by Rietveld -

no ε

⟨⟨DXRD⟩
(nm) by
Rietveld ⟨ε⟩

⟨DTEM⟩
(nm)

σ ⟨DTEM⟩
(%)

⟨VTEM⟩>
(nm3)

σ
⟨VTEM⟩
(%)

% w/w of
oleate

molecules by
TGA

Mn 8.48(1) 8.497(1) 9.5(1) 10.7(1) 0.004(1) 9.8 14 519 42 18(1)
Co23Mn77 0.3 8.46(1) 8.471(1) 9.6(1) 10.0(1) 0.002(1) 10.3 16 607 47 17(1)
Co37Mn63 0.6 8.44(1) 8.449(2) 9.5(1) 10.1(1) 0.003(1) 10.9 14 699 39 17(1)
Co59Mn41 1.4 8.42(1) 8.422(1) 9.0(1) 9.6(1) 0.003(1) 9.7 14 501 41 17(1)
Co74Mn26 2.8 8.40(1) 8.412(1) 9.2(1) 9.8(1) 0.003(1) 9.0 13 383 37 18(1)
Co86Mn14 6.1 8.40(1) 8.399(1) 10.4(1) 11.6(1) 0.004(1) 9.2 14 431 44 17(1)
Co 8.38(1) 8.393(1) 9.2(1) 10.3(1) 0.004(1) 9.1 14 427 48 16(1)
mean valuesb 9.5(5) 10.2(8) 0.0032(4) 9.7(8) 14.1(9) 5(1) × 102 43(4) 17(1)
aThe XRD data were refined by using as a starting crystalline structure that of cobalt ferrite (#1533163 available on the COD). Weight percentage
of capping oleate molecules obtained by TGA bMean values calculated based on the values obtained for the Co/Mn mixed ferrite NPs.

Figure 1. Rietveld refinement of the Co59Mn41 sample obtained with (a) and without microstrain (b). Trends of the lattice parameter calculated by
Rietveld refinement (equal values were found for the two attempts carried out with and without microstrain) (c) or SPA (d) of the Co/Mn ferrite
samples as a function of the actual cobalt content determined by ICP-OES. The red curve in (a,b) represents the amorphous contribution of the glass
sample holder, while the red dashed line in (c,d) represents the linear curve fitting. The error bars in (c,d) represent the errors listed in Table 1 for a (Å)
by Rietveld and a (Å) by SPA, respectively.
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Isothermal remanent magnetization (IRM) was measured

according to the following steps: (i) demagnetization of the

sample after cooling it in a zeromagnetic field; (ii) setting a small

field (of progressively higher intensity); (iii) switching off the

magnetic field; and (iv) measurement of the remanence. For the

direct current demagnetization (DCD)measurements, the same

procedure was applied but starting from a negative saturated

state (−70 kOe of the applied field).
ΔM was calculated according to Kelly’s version of the

Wohlfarth equation73

Δ = − − +M m H m H( ) 1 2 ( )DCD IRM (4)

where mDCD(H) and mIRM(H) are, respectively, the remanence
values for the DCD and IRM curves divided for the maximum
values at 70 kOe.
The acquisition of 57Fe Mössbauer spectra was done in a

transmission mode with the 57Co source diffused into a Rh
matrix, moving with a constant acceleration. The velocity
calibration of the Wissel spectrometer was performed using a
standard α−Fe foil, and the isomer shifts (ISs) are given relative
to this standard at 296 K. For each sample, around 50 mg of
powdered particles was encapsulated in an aluminum foil and
measured in a helium bath cryostat from Janis Research at 4.2 K
with an applied external magnetic field of 6 T perpendicular to
the direction of the γ-beam. The fitting of the hyperfine
parameters, using a standard least-squares fitting routine with

Figure 2. TEM bright-field micrographs of the samples and particle size distributions (as number (#) of particles per class of TEM-derived diameter,
DTEM, or volume, VTEM). Solid lines on the histograms represent the curve fitting of the size distributions by the log-normal function. The dashed lines
represent the mean values reported in Table 1 for DTEM and VTEM, calculated as the average of the values obtained for the Co/Mn ferrites samples.
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Lorentzian spectral lines, was performed with SpectrRelax
software.74 A sextet component with the IS of 0.32(3) mm/s,
quadrupole shift (QS) close to 0 mm/s, and hyperfine field Beff
of 6.2(2) T in the central part of Mössbauer spectra models the
contribution of a paramagnetic Fe diluted in an aluminum foil
originating from the experimental setup.

■ RESULTS AND DISCUSSION

Five samples of chemically mixed Co/Mn ferrite, cobalt ferrite,
and manganese ferrite NPs were previously synthesized through
an oleate-based solvothermal method.64 The chemical compo-
sition of the oleate-capped ferrite NPs was determined for all
samples by ICP−OES64 for the inorganic counterpart and by
TGA for the oleate molecule quantification. The results show
(Table 1) the following: (i) stoichiometric cobalt ferrite (sample
named Co, Co/Fe 1:2); (ii) a slight manganese deficiency in
manganese ferrite (sample named Mn, Mn/Fe 0.8:2.1); (iii)
Co/Mn mixed ferrite NPs with an almost constant iron content
(2.09 ± 0.02) and a Co/Mn ratio of 6.1 and 0.3; and (iv) a 17%
w/w of oleate capping for all samples.
The XRD patterns for all Co/Mn mixed ferrite samples were

analyzed by the Rietveld method both with (Figures 1a and S1,
right) and without microstrain contribution (Figures 1b and S1,
left) by using as a starting crystalline structure that of cobalt
ferrite ((#1533163) available on the COD). Indeed, attempts
(not reported here), done by inserting MnII ions according to
the ICP−OES estimated contents in the structure, did not lead
to any significant difference in the results, probably due to the

similarities among MnII, CoII, and FeIII in terms of X-ray
interaction. The Rietveld analysis was also carried out for the
extreme chemical compositions of the cobalt and manganese
ferrite samples (Co and Mn samples) by using the
corresponding structural files available in the COD (#1533163
and #2300585, respectively). The average crystallite sizes for the
Co/Mnmixed ferrite samples were 10.2± 0.8 and 9.5± 0.5 nm,
respectively, which are ∼1.5 nm larger than those obtained by
the Scherrer equation (mean value of 8.5 ± 0.2 nm)64 and
without any trend as a function of the chemical composition
(Table 1). These values are close to those of the reference cobalt
and manganese ferrite samples (Table 1). The refinement done
by adopting microstrain or no microstrain contribution did not
lead to changes in the lattice parameter values, a, which
decreased with increasing cobalt content for both Rietveld
refinement and single-peak analysis (SPA) (Figure 1c,d, Table
1). The values found for the cobalt and manganese ferrites are in
good agreement with those reported in the literature (8.3919 Å,
PDF card: 022-1086 for cobalt ferrite and 8.4990 Å, PDF card:
010-0319 formanganese ferrite). The Co-dependent decrease in
the lattice parameter was ascribed to the smaller ionic radius of
CoII (58 pm for Td coordination, 74.5 pm for Oh high-spin
coordination, and 65 pm for Oh low-spin coordination)
compared to MnII (66 pm for Td coordination, 83 pm for Oh

high-spin coordination, and 67 pm for Oh low-spin coordina-
tion).65,75

Figure 3. ZFC (empty circles) and FC (full circles) curves recorded at a low external magnetic field (10 mT) (a) and anisotropy energy barrier
distributions estimated by the first derivative−d(MFC−MZFC)/dT (b).Magnetization isotherms of the chemical mixtures recorded at 10 K (b) and 300
K (d). Magnetization values were normalized for the amount of inorganic phase, based on TGA.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c06211
J. Phys. Chem. C 2021, 125, 20626−20638

20630

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c06211/suppl_file/jp1c06211_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c06211/suppl_file/jp1c06211_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06211?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06211?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06211?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06211?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c06211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


A slightly better linear curve fitting (higher R2 value) was
obtained by SPA in comparison with the Rietveld method, but
both led to similar intercept (≈8.48 Å) and slope (0.10) values.
Similar microstrain extent (quantified as two to five defects

out of 104 lattice planes) was estimated for all samples (Table 1),
in agreement with previous results on spinel ferrite-based NPs
synthesized through similar synthetic approaches.12,65

TEM bright-field micrographs (Figures 2, S2) showed well-
separated polygonal/spheroidal NPs for all samples with particle
diameter (mean value of 9.7 ± 0.8 nm for the Co/Mn mixed
ferrite samples) close to the crystallite size, unimodal diameter

distributions, and mean dispersity for the Co/Mn mixed ferrite
samples of 14.1 ± 0.9% (Table 1). Slight differences were
observed between Co37Mn63 and Co23Mn77 samples, with
higher manganese content with respect to the others. In
particular, these samples exhibited slightly larger NPs (⟨DTEM⟩
equal to 10.9 and 10.3 nm, respectively). In addition, the
Co59Mn41 sample, even though characterized by a monomodal
DTEM distribution, featured a second population of smaller NPs,
as clearly visible in the TEM micrograph (Figure 2). To further
deepen this aspect, particle volume distributions were also
calculated (Figure 2), revealing log-normal distributions,

Table 2. Basic Parameters Determined from the ZFC Curves and Magnetization Isotherms of Cobalt and Manganese Ferrite
Chemical Mixturesa

sample Tmax (K) Tdiff (K) Tb (K)
Hc

10K

(T)
HK

10K

(T)
M7T

10K (Am2

kg−1)
Ms

10K (Am2

kg−1) Mr/Ms
10K

Ms
300K (Am2

kg−1)
⟨DMAG⟩
(nm)

K (105
Jm−3)

Mn 79(2) 81(2) 18(1) n.a. n.a. 83(2) 86(3) 0.44(2)
Co23Mn77 231(5) 235(5) 171(3) 0.65(1) 1.9(1) 91(3) 98(3) 0.59(2) 74(2) 7.1(5) 3.74(2)
Co37Mn63 259(5) 280(6) 194(4) 1.12(3) 3.0(1) 89(3) 98(3) 0.62(2) 77(2) 6.2(5) 6.37(3)
Co59Mn41 284(6) 303(6) 219(4) 1.65(1) 4.0(1) 86(3) 95(3) 0.65(2) 76(2) 5.6(5) 9.00(3)
Co74Mn26 282(6) 314(6) 197(4) 1.76(1) 4.3(1) 91(3) 98(3) 0.71(2) 79(2) 5.6(5) 9.99(4)
Co86Mn14 315(6) 328(7) 234(5) 1.92(1) 4.5(1) 91(3) 99(3) 0.74(2) 80(2) 5.7(5) 10.9(4)
Co 307(6) 336(7) 221(4) 1.53(1) 4.2(1) 87(3) 97(3) 0.65(2) 8.51(3)
Mix1:5 66(1) 299(6) 16(1) n.a. 4.0(1) 79(2) 82(2) 0.11(1)

aTmax, Tdiff, and Tb correspond to the maximum, furcation point of the ZFC curve (2% of difference), and blocking temperature, respectively, the
latter calculated as the maximum in the −d(MFC−MZFC)/dT curve; Hc

10K and HK
10K correspond to the coercivity and anisotropy field, respectively;

M7T
10K, Ms

10K, Ms
300K, Mr/Ms

10K, ⟨DMAG⟩, and K are magnetization at 7 T, saturation magnetization values at 10 and 300 K, reduced remanence,
magnetic domain size, and anisotropy constant, respectively. n.a. stands for not applicable. Magnetization values were normalized for the amount of
inorganic phase, based on TGA.

Figure 4. Trend of different magnetic parameters as a function of the Co/Mn ratio for the Co/Mnmixed ferrite samples. Tmax, Tdiff, and Tb correspond
to the maximum, furcation point of the ZFC curve (2% of difference), and blocking temperature, respectively (a);Hc

10K andHK
10K correspond to the

coercivity and anisotropy field, respectively (b);M7T
10K,Ms

10K, andMs
300K represent themagnetization at 7 T and saturationmagnetization values at 10

and 300 K, respectively (c); and Mr/Ms
10K indicates the reduced remanence (d).
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broader in the case of Mn-rich samples, with the exception of
Co59Mn41, whose distribution is characterized by a second
population of smaller particles in addition to the principal one
which is slightly shifted toward a higher mean volume value
(Figure S3) if compared to the other Mn-rich samples.
As reported elsewhere,18 a discussion of the magnetic

properties of chemical mixtures as an exclusive function of the
chemical composition can be carried out only if all the other
structural and morphological parameters are kept constant since
they have an influence on the magnetic properties. The set of
samples described here served this purpose perfectly. Therefore,
DC magnetometry measurements were carried out on all
chemical mixtures (Figure 3, Table 2) and on the Co and Mn
samples for comparison.
Both the temperature and magnetic field dependences of

magnetization (M vs T, M vs H) showed a single-magnet
behavior (i.e., a single peak in the M vs T curves obtained by
ZFC−FC protocols and in the energy barrier distribution shown
in Figure 3a,b; a single-stage loop in the M vs H curves at 10 K
shown in Figure 3c) that, together with the actual chemical
composition and changes in the lattice parameters, indicated the
effectiveness of the synthesis method in producing chemically
mixed ferrite NPs. For comparison with the Co/Mn mixed
ferrites, a mechanical mixture of Co and Mn samples with a Co/
Mn weight ratio equal to 1:5 was prepared and analyzed for its
magnetic properties. The results, summarized in Table 2 and
Figure S4, revealed a superposition of both the soft and hard
magnetic behavior of the extreme ferrite compositions, a
completely different behavior with respect to what was observed
in the Co/Mn mixed ferrite samples.
TheM versus T curves appeared similar for all samples with a

general progressive shift of Tmax, Tdiff, and Tb toward lower
temperatures with increasing manganese content (∼80, 90, and
60 K of difference between the extreme Co/Mn mixed ferrite
compositions, respectively), as expected for systems featuring
progressively more soft magnetic behavior.63 However, an odd
behavior is found for the Co59Mn41 and Co74Mn26 samples
(Figure 4a). Indeed, a lower Tb value for the Co74Mn26 and no
differences in the Tmax for Co59Mn41 and Co74Mn26 samples
were found, even though the ZFC curves are differently shaped:
those of the sample Co59Mn41 are a bit sharper but with a
shoulder at a temperature lower than 200 K, which is also visible
in the corresponding energy barrier distribution below 150 K.
These findings are in agreement with the TEM analysis results

(Figures 2, S3), which showed the presence of smaller NPs in
addition to the main population in the Co59Mn41 sample.
In theM versus H curves at 10 K, a progressive decrease with

manganese was also observed in the coercive field (Hc
10K) and

anisotropy field (HK
10K) (Figure 4b), with closer values for the

Co-rich samples, which are also comparable with those of the
cobalt ferrite sample (Co). The higher similarities among the
Co-rich samples correspond to similar values of the mean
magnetic diameter (⟨DMAG⟩, Ms-weighted by MINORIM with
36 bins and 6 subsets shown in Figures S5 and S6) and the
anisotropy constant (K) (Table 2). A lowering of K with
increasing manganese content was found, which reflects the
lower single-ion anisotropy constant of MnII with respect to
CoII,63,76 as already observed by the previous characterization
through room-temperature 57Fe Mössbauer spectroscopy.64

⟨DMAG⟩ was found to be higher for the Mn-rich samples, in
agreement with the slightly higher ⟨DTEM⟩ values. If the number-
weighted magnetic domain size distributions are calculated for
the samples and compared with the DTEM distributions (Figure
S7, see the paragraph on the Supporting Information entitled
“S4. Magnetic domain size and moment distribution by
numerical inversion” for further details), it is possible to
highlight for all samples a shift of the magnetic domain size
distribution toward lower values, probably due to spin structure
inhomogeneities. Depending on how the magnetic domain size
distribution is calculated (Figures S5, S6, and S8), the second
population of smaller particles observed for the sample
Co59Mn41 is reflected in the distribution of the magnetic
moment and magnetic domain size. Considering these trends,
the lowering of magnetic anisotropy seemed to be the most
crucial parameter in defining the shift toward lower values of the
characteristic temperatures in the M versus T curves. The
magnetization at 7 T and the saturation magnetization at 10 K
were about 90 and 100 Am2/kg, respectively, for all Co-
containing samples, with no remarkable differences, while for
the Mn sample, slightly lower values were obtained (83 and 86
Am2/kg, Table 2, Figure 4c). Also, at 300 K, similar saturation
magnetization values are found for all Co/Mn mixed ferrite
samples (about 77 Am2/kg) with a superparamagnetic behavior
and slightly higher magnetization values along the whole curve
for the Co74Mn26 and Co86Mn14 samples (Figure 3d). The
reduced remanence at 10 K (Mr/Ms

10K, Table 2 and Figure 4d)
was found in the range 0.59−0.74, due to a mixed cubic/uniaxial

Figure 5. IRM (full circles) and DCD (empty circles) curves normalized between 0 and 1 and−1 and +1 (a),ΔM (b), and Henkel (inset) plots of the
Co/Mn mixed ferrite samples.
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anisotropy18 with a progressive shift toward cubic anisotropy
(the theoretical value is 0.83)77 as the Co content increases.
The observed saturation magnetization values appeared

higher than those usually observed in the literature for Co/
Mnmixed ferrite NPs29,30,39,40,51,55,56,59,61,78,79 from about 30 to
70 Am2/kg, due to differences in the particle size and particle
size distribution, the presence of dead layers of canted surface
spins, and cation distribution. However, the values are close to
those observed for other spinel ferrite systems produced by the
same oleate-based solvothermal method.13

To deeply study the role of interactions in the magnetic
behavior of the samples, DCD and IRM protocols were adopted
at 10 K (Figure 5a). The IRM and DCD curves appeared similar
for the Co-rich samples, in particular, for Co86Mn14 and
Co74Mn26, whereas those of the Co23Mn77 and Co37Mn63
samples are quite different, reaching saturation at lower fields in
comparison with the Co-rich samples (about 20 and 30 kOe for
Co23Mn77 and Co37Mn63, respectively, against about 50 kOe
for the others). Figure 5b and its inset show the ΔM plot73 and
the Henkel plot,80 respectively. Both these graphs provided
evidence of deviations in the samples’ behavior with respect to
the ideal case of non-interacting single-domain NPs. In
particular, negative values of ΔM or the upward concave curve
in the Henkel plot are considered to be caused by demagnetizing
dipolar interactions or also by an inhomogeneous spin
structure,81 while positive ΔM and the downward concave
curve in the Henkel plot are due to magnetizing interactions, for
instance, exchange interactions,82,83 or can be caused by cubic
anisotropy.83 The results indicated the predominance of weak
dipolar interactions and/or a more inhomogeneous spin
structure for all samples but Co23Mn77, which seemed to be
characterized by weak exchange interactions or cubic anisotropy
NPs. The positive ΔM peak found for this sample is actually
much lower in its intensity (about 0.08) with respect to theΔM
negative peaks of the other samples (about 0.14−0.23),
suggesting even weaker interactions. Nevertheless, the different
behavior observed for this sample might suggest a certain degree
of contact between the surface atoms of the NPs, that is, a certain
degree of agglomeration and a less homogeneous oleate capping.
However, these reasons can be excluded based on TEM and
TGA data, respectively. A second explanation concerns cubic
anisotropy, but the discussion appears more complex. Indeed,
Mr/Ms values for all samples are found between 0.6 and 0.74,
suggesting the coexistence of cubic and uniaxial anisotropy to a
similar extent.18 Therefore, one might conclude that if cubic
anisotropy is responsible for the positive ΔM peak in
Co23Mn77, in the other samples this contribution is masked
by stronger dipolar interactions or a more inhomogeneous spin
structure, which seems to follow the anisotropy constant trend.
Indeed, it is worthmentioning thatK of Co37Mn63 is almost 1.8
times that of the Co23Mn77 one. The position of the ΔM
negative peaks increased toward a higher magnetic field in the
order of Co37Mn63 ≪ Co59Mn41 ≈ Co74Mn26 <
Co86Mn14, which is again coherent with an increase in the
magnetic anisotropy (see the K values in Table 2), due to
increasing cobalt ion content. The shapes of the ΔM negative
peaks for these samples in terms of intensity and broadness were
also different: (i) the Co37Mn63 sample was characterized by a
sharper and more intense peak; (ii) the Co59Mn41 and
Co86Mn14 samples exhibited very similar curves (although the
second one is slightly shifted towards higher field values); and
(iii) a broad and weaker peak was visible for the Co74Mn26.
These results help shed light on the differences/similarities

found in the ZFC−FC curves of the samples, which are affected
by the particle volume, magnetic anisotropy, and magnetic
interparticle interactions. In particular, the sample Co37Mn63
featured lower Tmax (Tdiff and Tb) with respect to the Co-rich
samples due to lower magnetic anisotropy and weaker dipolar
interactions. In the Co59Mn41 and Co74Mn26 samples, the
difference in the cobalt content was probably compensated by
lower dipolar interactions in the latter sample (weaker ΔM
peak) together with slightly smaller NPs as revealed by the TEM
analysis, leading to almost equal Tmax values and lower Tb for the
Co74Mn26 sample.
The first derivative of the DCD and IRM curves associated

with the irreversible susceptibility gave similar distributions
centered at the same magnetic field values for the DCD−IRM
pairs for each sample (Figure S10) but shifted in agreement with
an increase in the cobalt content. The absence of any shift in the
DCD derivative distributions with respect to the IRM
counterparts, expected in the case of dipolar interactions, may
suggest that the most relevant contribution to the negative peaks
observed in the ΔM plots is due to inhomogeneities in the spin
structure. In addition, an increase in the broadness of the curves
is observed as a function of the Co content, and with great
similarities among those of the Co-rich samples. These findings
agreed with the results obtained by other authors that provided,
to the best of our knowledge, the only available paper in the
literature about the study of themagnetic interactions in Co/Mn
mixed ferrites.28 In that work, the cobalt substitution degree in
about 10 nm-sized particles produced remarkable differences in
the magnetic properties in terms of magnetic anisotropy,
coercivity, and interparticle interactions. All samples were
found to feature dipolar interactions, with a direct correlation
between the intensity of interactions and single-particle
anisotropy.
In a previous publication, room-temperature 57Fe Mössbauer

spectra of the samples were recorded, revealing the absence of
FeII and cubic symmetry from the IS andQS values, respectively.
A decrease in the hyperfine field (Bhf) values with increasing Mn
content for both octahedral and tetrahedral sites was observed,
with a stronger effect for the latter one due to the preference of
Mn ions for the four-fold coordination.64 In this work, in order
to determine the cationic distribution of iron ions in the spinel
structure, in-field low-temperature 57Fe Mössbauer spectra were
recorded for all samples (Figure 6a), thus enabling the
separation of overlapping spectral components which model
the contribution of 57Fe nuclei in tetrahedral and octahedral
sites.
Since the Co/Mn mixed ferrites NPs at a liquid helium

temperature are in a blocked state, two well resolved sextets
associated with the FeIII ions located in tetrahedral and
octahedral sites of the ferrimagnetic spinel ferrite could be
clearly discerned for all samples. Considering the fact that the
presence of CoII and MnII ions in the sites nearest to the
resonating 57Fe nuclei manifests itself in a broadening of the
spectral lines, each sextet was modeled by a convolution of
Lorentz lines (full width at half-maximum ∼ 0.29 mm/s) with a
distribution of hyperfine fields (see curves in Figure 6b). The
strong correlation of fit parameters did not allow us to
unambiguously resolve the individual distributions of hyperfine
fields. However, regardless of the choice of physically reasonable
cut-off of effective hyperfine fields, every fit provided the same
area fraction of the given component (i.e., the relative
occupancies) and hyperfine parameters within the experimental
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error. The hyperfine parameters determined from 57Fe
Mössbauer spectra are listed in Table 3.
The obtained IS (0.38 ± 0.02 and 0.49 ± 0.02 mm/s for Td

and Oh, respectively) and QS values close to zero are those
typical for spinel ferrites.18 The mean effective field (Beff )
appears almost constant for FeIII ions in the tetrahedral sites,
whereas that for octahedrally coordinated ions increases (of
about 0.5 T) with the cobalt content until a plateau is reached for
the two Co-richest samples (Co74Mn26 and Co86Mn14), as

already observed for the room temperature measurements.64

Indeed, also in this case, the data can be fitted by the CME
model (Figure 7), obtaining a R2 factor of 0.97 and a saturation

hyperfine field equal to 47.9 T, indicating a strong dependence
of the hyperfine field in octahedral sites on the anisotropy
constant. In addition, a change in the distribution of hyperfine
fields for both interstitial sites was visible, due to different local
environments of 57Fe nuclei in agreement with the different
chemical composition. In particular, with increasing Mn
content, more symmetric distributions are obtained for
octahedral sites, while those for tetrahedral sites become
broader toward lower values. This indicates again a preference
of Mn cations for tetrahedral coordination, in agreement with
the room temperature study.64

The mean angle between the γ-beam and the vector Beff, θm,
might be related to the mean size of particles within the
framework of a core−shell model, which assumes randomly
oriented magnetic moments in the surface layer, that is, the shell
and well-ordered magnetic moments in the core of the NPs.84,85

Due to the enhanced anisotropy at the surface, not even the
external magnetic field as high as 6 T is sufficient to align all
magnetic moments in the shell to the direction of the applied
field, observed as the deviation of the ratio of spectral line
intensities b = I2,5/I3,4 = 4 sin (2θm)/(1 + cos (2θm)), where Ii is

Figure 6. 57Fe Mössbauer spectra (a) of the Co/Mn mixed ferrite
samples in an applied field of Bext = 6 T at liquid helium temperature
(4.2 K) fitted by two sextets with a distribution of hyperfine fields (b)
that represent FeIII in the tetrahedral sublattice (red curve), that is,
(FeIII) and FeIII in the octahedral sublattice (blue curve), that is, [FeIII].
The minor sextet (green component) with the IS = 0.32(3) mm/s, QS
close to 0 mm/s, and hyperfine field Beff = 6.2(2) T represents a
parasitic signal originating from the experimental setup.

Table 3. Hyperfine Parameters Determined from the Mössbauer Spectra of the Samples Recorded at a Low Temperature (4.2 K)
in the ExternalMagnetic Field of 6 T: Values of the IS, QS,Mean EffectiveHyperfine Field at 6 T (Beff), Area Fraction of theGiven
Component (A), Ratio of Line Intensities I2,5/I3,4 (b), Mean Angle between the γ-Beam and the Vector Beff (θm), and Chemical
Formula Calculated from Site Occupancy Corrected by ICP−OES Data

sample site IS (mm/s) QS (mm/s)

Beff

(T) A (%) b θm (deg) cation distributions

Co23Mn77 Td 0.39(3) −0.02(3) 56.2(3) 34.7(9) 3.1(1) 69.3(7) (MII)0.25(Fe
III)0.73[M

II]0.59[Fe
III]1.38O4

Oh 0.49(2) 0.01(3) 46.3(3) 65.3(9)
Co37Mn63 Td 0.37(2) −0.01(2) 56.5(2) 33.3(6) 3.22(8) 70.8(4) (MII)0.28(Fe

III)0.70[M
II]0.55[Fe

III]1.41O4

Oh 0.49(2) 0.01(2) 47.1(2) 66.7(6)
Co59Mn41 Td 0.37(2) 0.00(3) 56.1(3) 39.3(7) 3.17(9) 70.1(5) (MII)0.16(Fe

III)0.83[M
II]0.67[Fe

III]1.28O4

Oh 0.49(2) 0.01(3) 47.5(3) 60.7(7)
Co74Mn26 Td 0.37(3) 0.00(3) 56.3(2) 41.2(6) 3.22(9) 70.8(6) (MII)0.14(Fe

III)0.85[M
II]0.76[Fe

III]1.22O4

Oh 0.48(2) 0.01(3) 47.8(3) 58.8(6)
Co86Mn14 Td 0.37(2) 0.00(2) 56.4(2) 41.2(6) 3.0(1) 68.3(7) (MII)0.14(Fe

III)0.85[M
II]0.76[Fe

III]1.22O4

Oh 0.48(3) 0.00(2) 48.0(3) 58.8(6)

Figure 7. Evolution of mean effective field (Beff ) in octahedral (Oh)
sites as a function of the Co/Mn ratio for the Co/Mn mixed samples.
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the intensity of the ith spectral line, from its limit values (4 for
completely alignedmagnetic moments along the direction of the
applied magnetic field and 2 for disordered magnetic mo-
ments).86,87 The narrow variance of θmvalues provided in Table
3 around∼70° is in excellent agreement with the similarity in the
mean sizes of NPs within the sequence of studied samples
determined by both XRD and TEM.
Assuming the same f-factors for the individual spectral

components and no vacancies, the relative fraction of iron ions
within the two coordination types, together with the chemical
composition obtained by ICP−OES,64 indicates that, as the
structure accommodates more cobalt ions, the iron ions move to
the tetrahedral sites, revealing three values of inversion degree
(γ): ∼0.57 for the samples with the highest manganese content
(Co23Mn77 and Co37Mn63), 0.67 for the sample with an
intermediate composition (Co59Mn41), and 0.76 for the
samples with the highest cobalt content (Co74Mn26 and
Co86Mn14). These results agree with the general tendency
observed in manganese and cobalt ferrite, both in bulk (γ = 0.2
and γ = 1, respectively)88 and in nanostructured (γ =
0.511,19,64,89 and γ = 0.7,18,90−92 respectively) single MII ferrites.
Notably, the two Co-richest samples exhibited exactly the same
iron cation distribution, in agreement with many similarities in
the magnetic properties.
On the basis of the Co, Mn, and Fe contents from ICP−OES,

the iron ion distribution obtained by 57Fe Mössbauer spectros-
copy, the saturation magnetization, and the anisotropy constant
values, attempts to define the cation distribution of CoII and
MnII for the different samples were made according to the Neél
model, which accounts for the existence of two magnetic sub-
lattices in cubic ferrites.18 The best results obtained are reported
in Table S1. First, the cobalt distribution was estimated based on
the trend of the magnetic anisotropy, which is mainly affected by
the single-ion anisotropy of cobalt ions in the tetrahedral (−7.9
× 10−23 J/ion) and octahedral (8.5 × 10−22 J/ion) sites. The
theoretical set of values are found compatible with the
experimental trends (Tables S2,S3,S4) if all the cobalt ions
(up to about 0.50 per formula unit) are located in the octahedral
sites, coherent with the preference of cobalt ions for this kind of
coordination. Only for the samples Co74Mn26 and Co86Mn14,
it is necessary to hypothesize a small fraction of cobalt in the
tetrahedral sites (0.12 and 0.16 per formula unit). Based on this
hypothesis, the manganese distribution was estimated in order
to obtain a theoretical saturation magnetization compatible with
the experimental values. In this case, for the samples with the
highest manganese content (Co23Mn77, Co37Mn63, and
Co59Mn41), a good agreement (Tables S2−S4) between
experimental and theoretical values is obtained with about a
50:50 manganese ions in the octahedral and tetrahedral sites in
agreement with the value of inversion degree generally found for
manganese ferrite NPs (γ = 0.50). It is worth noting that a
certain deviation is obtained in particular for the Co23Mn77 and
Co37Mn63 samples concerning the total amount of octahe-
drally coordinated metal cations per formula unit (Table S3),
which made us to consider the presence of a small percentage of
vacancies in the octahedral sites (0.08−0.05 per formula unit,
respectively). This is necessary in order to lower the obtained
saturation magnetization to reasonable values (about 100 Am2/
kg) closer to the experimental ones (98 Am2/kg) (Table S4).
However, the discrepancy between theoretical and experimental
low-temperature Ms is somehow expected since it is also
observed for bulk manganese ferrite (theoretical and exper-
imental magnetic moments per molecule equal to 5 and 4.6 μB,

respectively) and cobalt ferrite (3 and 3.7 μB, respectively).
These deviations from theory are usually ascribed to the non-
quenched orbital moments and the spinel structure.1

■ CONCLUSIONS
Mixed Co/Mn ferrites having variable Co/Mnmolar ratios (6.1,
2.8, 1.4, 0.6, and 0.3) were prepared by an oleate-based
solvothermal approach and studied for their magnetic behavior.
With the sample being similar in the iron content (2.09 ± 0.02)
per formula unit, crystallite and particle sizes (about 10 nm), size
dispersity (14%), and weight percentage of capping oleate
molecules (17%), the magnetic properties were discussed
exclusively on the basis of Co/Mn ratio. Similar and high
saturation magnetization at 10 and 300 K were found due to
different chemical compositions and cation distributions, as
hypothesized by the Neél sub-lattices model. In general,
magnetic anisotropy was found to be the key parameter affecting
the trend in other magnetic parameters (Tmax, Tdiff, Tb, Hc, HK,
and Mr/Ms) due to the different cobalt content with some
exceptions associated with a complex interplay between
anisotropy, interparticle interactions, and details in the particle
volume distribution. In particular, deviations from the ideal case
of non-interacting NPs were found by IRM-DCD protocols for
all samples, with dipolar interactions as predominant (negative
ΔM peak) and with a correlation between cobalt content and
magnetic anisotropy. Only the sample with the lowest cobalt
content exhibited a positive ΔM peak, which probably accounts
for the unmasked cubic anisotropy as a result of weaker dipolar
interactions. Moreover, in an attempt to define the cation
distribution based on Co, Mn, and Fe contents from ICP−OES,
the iron ion distribution obtained by 57Fe Mössbauer spectros-
copy, the saturation magnetization, and anisotropy constant
values revealed some general trends in the crystalline structure of
these chemically mixed spinel ferrites as a function of the
composition. In particular, the samples can be distinguished into
two groups: (i) those with manganese content up to about 40%
of total divalent cations characterized by MnII ions equally
distributed in the two types of interstitial sites and CoII present
only in the octahedral sites and (ii) Co-richer samples having all
the MnII cations in the octahedral sites.
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