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Mn2+ Doping Level Dependence on the Magnetic Hyperthermia 
Response of Mn Ferrite Nanoparticles 
Xabier lasherasa, Maite Insaustia,b, Eneko Garaioc, Laura De Matteisd, Jesús M. de la Fuented,e and 
Luis Lezamaa,b 

Manganese/iron ferrite nanoparticles with different Mn2+ doping grades have been prepared by a thermal decomposition 
optimized approach so as to ascertain the doping effect in magnetic properties and, specially, in the magnetic hyperthermia 
response. The particle size effect in this response has been studied by growing one of the prepared samples by a seed 
mediated growth mechanism. After analyzing the main structural and chemical parameters as Mn/Fe rate, crystalline 
structure, particle diameter, shape and organic coating grade, some Mn doping induced changes have been observed in 
particle shapes, as the insertion of Mn2+ cations yielded more anisotropic conformations. The magnetic properties analysis 
performed by M (H), M(T) and EMR techniques has shown interesting differences between different ferrites, obtaining 
higher saturation magnetization values at lower Mn doping levels and decreasing the magnetocrystalline anisotropy 
constant value increasing the Mn content. The homogeneous magnetic response under applied magnetic fields, besides the 
great effect of nanoparticle size and shape in such response, has been verified by the EMR analysis. Finally, a deep magnetic 
hyperthermia analysis has demonstrated the great effect of NP size and shape in the magnetic hyperthermia response and 
has presented the optimized Mn0.13Fe2.87O4_G growth sample as an interesting candidate for future magnetic hyperthermia 
mediated biomedical treatments.  

 

Introduction 
Superparamagnetic nanoparticles, specially ferrite structure 
based iron oxides (magnetite Fe3O4), are being broadly 
investigated since their special magnetic behaviour was 
discovered,1,2 and are considered and tested for many and 
diverse applications as colour imaging, data storage, metal 
separation, catalysis, magnetic inks, biomedical applications 
and so forth.2,3 This last application area is the mostly explored 
one as many serious diseases, as some kind of cancer, could 
eventually be more easily diagnosed and treated by magnetic 
nanoparticle based therapies.4,5 In fact, these kind of magnetic 
nanosystems are currently being used as contrast agents in MRI 
diagnosis techniques.6,7 Nowadays, the goal that magnetic 
nanoparticle (MNP) biomedical research is trying to reach is, on 
the one hand, to develop a magnetically directed drug delivery 
system so as to increase the specificity and efficiency of drug 
activity.8,9,10 On the other hand, the development of a MNP 
mediated new kind of cancer treatment is possible through 
their magnetic hyperthermia response, what is based on the 
tumoral cell apoptosis or necrosis though the MNP mediated 
controlled heating.4,11 These treatments are directed to 

generate heat by MNPs locally in tumors, without damaging the 
surrounding healthy tissues. Furthermore, these two 
possibilities can be combined in order to achieve a drug delivery 
and magnetic hyperthermia triggered controlled release 
therapy.12,13 
All these potential applications of MNPs arise from their 
magnetic hyperthermia response, what is based on their ability 
to generate heat under the influence of an applied alternating 
magnetic field.14 The heat generation can be controlled by 
modifying the synthesis parameters to prepare different sized, 
shaped and composed MNPs or by modifying the amplitude (H) 
and the frequency (ν) of the alternating magnetic field.15 Ferro-
/ferrimagnetic and superparamagnetic particles become 
heated by hysteresis or relaxation loss under the applied 
magnetic field, depending on their magnetocrystalline 
anisotropy, saturation magnetization, average particle size, 
shape and size dispersion.16,17 
The mostly used material for such applications is the magnetite 
Fe3O4, a ferrimagnetic material (superparamagnetic below ≈40 
nm) with a great magnetic susceptibility and saturation 
magnetization, which does not show a great toxicity in human 
body, as its decomposition follows the bodies iron cycle.18 
Therefore, its use in biomedicine is approved by the Food and 
Drug Administration (FDA).19 Magnetite has an inverse spinel 
structure (G. E.: Fd-3m), with O2- anions forming a Face 
Centered Cubic arrangement, one eight of the tetrahedral holes 
(8) are occupied by Fe3+ cations and one half of octahedral Oh 
holes (16) are occupied by Fe3+ cations (8) and Fe2+ cations (8).20 
One way that many authors are following to enhance the 
magnetic hyperthermia response of magnetite is by doping the 
inverse spinel structure with different paramagnetic atoms as 
zinc, nickel, cobalt or manganese.15,21,22 This chemical and 
structural modification produces changes in the intrinsic 
magnetic couplings and net magnetization, what result in 
different saturation magnetization and magnetocrystalline 
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anisotropy values, comparing with magnetite. In this manner, 
the amount of this or these inserted paramagnetic atoms also 
has a major significance, as the doping effect can be limited.21 
The control of such factors is the key to obtain materials with 
enhanced magnetic hyperthermia response, which could 
produce more heat with less concentration and approach to 
their application in humans. 
In order to perform this research efficiently, magnetic 
characterization techniques able to predict accurately the 
magnetic hyperthermia response are required. In this way, 
many authors have focused their research on developing new 
characterization techniques to achieve a greater understanding 
of the studied MNP systems.4,23 The usefulness of the Electronic 
Magnetic Resonance (EMR) spectroscopy, for instance, to study 
small differences between different magnetic nanosystems 
based on its short time window has been proved, and is 
currently being widely employed to analyze the homogeneity of 
MNP systems magnetic response.15,24,25 The instrument 
developed by Garaio et al has also revealed as an useful tool to 
predict intrinsically what the materials response under different 
alternating magnetic fields would be.26  
The aim of this work is to explore the possibilities that the 
nanoparticulate Mn ferrite systems bring to the biomedicine 
field, by studying the magnetic behaviour and in vitro magnetic 
hyperthermia response of manganese ferrite nanoparticles with 
different Mn doping grades. Thus, by means of an optimized 
metal acetylacetonate precursors based thermal 
decomposition synthesis, four NP systems with different Mn/Fe 
rates have been prepared, in order to obtain different doping 
grade Mn ferrites. Basic parameters as particle diameters and 
Mn/Fe rates have been determined by a deep chemical and 
structural characterization to identify possible changes induced 
by the Mn doping. The magnetic characterization has been 
performed by means of field and temperature dependant 
magnetization measurements, besides a microscopic magnetic 
analysis via Electronic Magnetic Resonance (EMR) 
spectroscopy. Finally, the effect of Mn2+ doping grade in the 
magnetic hyperthermia response has been studied. Moreover, 
the particle size effect in the magnetic properties and 
hyperthermia response has also be analyzed in a higher 
diameter seed mediated growth Mn ferrite nanoparticle 
system. 

Experimental section 
Materials 

1,2-Hexadecanediol (90%), dibenzyl ether (98%), toluene 
(99.5%), manganese (II) acetylacetonate (Mn(acac)2, 100%) and 
iron (III) acetylacetonate (Fe(acac)3, 99%) were purchased from 
Sigma-Aldrich. Oleylamine (80-90%) was from Acros Organic, 
oleic acid (100%) from Fluka and ethanol (96%) from Panreac. 
All chemicals were used as received. 
MnxFe3-xO4 nanoparticle synthesis 
Manganese ferrites with different Mn amounts were 
synthesized by an optimized thermal decomposition method. 
Different amounts of Mn(acac)2 and Fe(acac)3 acetylacetonates 

reagents were mixed to form ferrite phases with different Mn 
doping levels. The used reagent amounts for all prepared 
samples are shown in Table S1. Briefly, a total of 2.2 mmol of 
two metal precursor mixture (Fe(acac)3 and Mn(acac)2), 1.3 g 
of oleic acid (4.4 mmol), 1.7 g of oleylamine (4.4 mmol) and 2.5 
g of 1,2-hexadecanediol (8.8 mmol) were mixed and dissolved 
in 25 mL of benzyl ether in a 250 mL three neck flask. Under Ar 
atmosphere and mechanical stirring, the mixture was heated to 
200 °C at 5.5 °C/min heating rate and maintained for 30 min to 
nucleate the NPs. The mixture colour turn from reddish brown 
to black. The solution was then heated to 290 °C at 3 °C/min 
heating rate and maintained boiling for 90 min to complete the 
NP growth. The obtained NPs were precipitated by adding 30 
mL of ethanol and redispersed in toluene. Unstable aggregates 
and possibly formed co-phases were removed by centrifugation 
at 3 000 rpm over 60 min. NPs were precipitated with ethanol 
and resuspended in toluene 3 times to remove the reagents and 
solvent remainders. Thus, Mn0.13Fe2.87O4, Mn0.18Fe2.82O4, 
Mn0.27Fe2.73O4 and Mn0.36Fe2.64O4 nanoparticle samples were 
obtained and stored at 4 °C in 2 mg/mL toluene dispersions with 
1 % of oleic acid and oleylamine in volume. 
Mn0.13Fe2.87O4_G nanoparticle seed mediated growth 

The sample which showed the most suitable magnetic 
properties to generate the highest magnetic hyperthermia 
response (Mn0.13Fe2.87O4) was growth by means of a modified 
seed mediated growth technique developed by Castellanos et 
al.15 Just after the initial "seed" MNP synthesis process, the 
solution was cooled and kept at room temperature for 30 min. 
Then, 1.97 mmol of Fe (acac)3, 0.22 mmol Mn(acac)2, 3.02 
mmol of oleic acid, 3.02 mmol of oleylamine and 2.25 mmol of 
1,2-hexadecanediol were added. This mixture was heated to 
200 °C first for 30 min and to reflux for 90 min, as in the first 
step. After cooling and keeping at room temperature for 30 min, 
the process was repeated other two times modifying the 
reagents amounts, as can be seen in the Table S1. The same 
washing process performed for main samples was repeated for 
the growth MNPs. The group of highest diameter MNPs present 
in the mixture was isolated by adding a small amount of ethanol 
(0.25:1 in ethanol:toluene rate) to NP toluene dispersion. The 
obtained sample was labelled as Mn0.13Fe2.87O4_G and stored 
at 4 °C in 2 mg/mL toluene dispersions with 1 % of oleic acid and 
oleylamine in volume. 
Chemical and structural characterization 

Metal content analysis. Manganese and iron content rates 
were determined measuring the metal concentrations by 
Inductively Coupled Plasma-Mass Spectrometry technique in a 
ICP-MS (7700x, Agilent Technologies, Palo Alto, USA) 
spectrometer using a Micro Mist micro-uptake glass concentric 
nebulizer (Glass Expansion, Victoria, Australia) 
spectrophotometer by previously digesting the MNPs in 1% 
nitric acid solution.  
Size and Shape analysis. MNP size and shape have been 
determined by Transmission Electronic Microscopy (TEM), in a 
Philips CM200 microscope at an acceleration of 200 kV. MNP 
toluene diluted dispersions (0.05 mgFe/mL) were dropped-cast 
onto copper grid. Nanoparticle dynamic diameters have been 



 

 

measured by Dynamic Light Scattering technique in a Malvern's 
Zetasizer Nano ZS instrument which works in 0.3 nm - 10 µm 
range using a He-Ne laser (633 nm). Measurements were 
performed in the following conditions: 0.01 mg/mL, 90°, 6 runs 
and 3 min/run. 
Crystalline structure determination. The samples crystalline 
structure was analyzed by X Ray Diffraction (XRD), measuring 
the samples in powder in a Philips PW1710 diffractometer 
equipped with copper anodes. The X-ray source operated at 40 
kV and 40 mA, and the 2θ scan was performed in the 10° <2θ 
<90° range each 0.02° with scan step speed of 1.25 s. 
NP coating analysis. The NP coating grade has been determined 
by Thermogravimetric analysis (TG), performed in a NETZSCH 
STA 449 C thermogravimetric analyzer, by heating ≈10 mg of 
sample in powder to 800 °C at 10 °C/min heating rate under dry 
Ar atmosphere.  
Magnetic characterization 

Field dependant magnetization measurements. Magnetization 
measurements as a function of applied field (M(H)) have been 
recorded in two different manners. To determine the saturation 
magnetization and superparamagnetic nature of NPs, samples 
were measured in powder (≈30 mg) at 300 and 5 K in a VSM 
magnetometer from Cryogenic Ltd. up to a maximum field of 
100 kOe. Sample powders were compressed in a gelatin 
capsules to avoid vibrations during the measurement. To 
determine accurately the NPs coercive fields at 5 K, samples 
were measured in a SQUID magnetometer from Quantum 
Design (MPMS-7K) up to a maximum magnetic field of 70 kOe. 
In this case, diluted sample colloidal dispersions (0.05 mgFe/mL) 
were deposited and dried in a filter paper to avoid interactions 
between MNPs. 
Temperature dependant magnetization measurements. 
Magnetization measurements as a function of temperature 
after cooling at zero field and field (10 Oe, ZFC-FC curve) were 
performed in a commercial SQUID magnetometer from 
Quantum Design (MPMS-7T). Sample dispersions were 
deposited in filter paper, in the same way as in M (H) 
measurements. 
Electronic magnetic Resonance (EMR) measurements. EMR 
spectra of samples in 0.05 mgFe/mL toluene dispersions at 
room temperature were recorded on a Bruker ELESYS 
spectrometer, equipped with a standard Oxford low-
temperature device operating at X band. 
Magnetic Hyperthermia in vitro experiments 

As an in vitro magnetic hyperthermia experiment, the thermal 
energy generated by Mn ferrites has been measured at 
different frequencies and magnetic field amplitudes to analyze 
their behaviour and to find the sample with the best magnetic 
hyperthermia response. The measurements were carried out in 
a home-made instrument designed and described by Garaio et 
al.26 The Specific Absorption Rate (SAR) of different samples 
have been directly measured from the dynamic hysteresis 
cycles measured by exposing MNP toluene colloidal dispersions 
(1 mgSAMPLE/mL) to the alternating magnetic field.27 

Results and discussion 
Based on a thermal decomposition synthetic procedure, ferrites 
with different amounts of Mn (Mn0.13Fe2.87O4, Mn0.18Fe2.82O4, 
Mn0.27Fe2.73O4 and Mn0.36Fe2.64O4) have been prepared and 
chemically, structurally and magnetically characterized to 
achieve an outline of these kind of nanostructured ferrite 
materials behaviour and the Mn doping grade effect on their 
structural and magnetic properties. The one which showed the 
most suitable magnetic properties to produce a great magnetic 
hyperthermia response was grown by an optimized seed 
mediated growth process (Mn0.13Fe2.87O4_G), in order to obtain 
a MNP sample with the optimized Mn doping grade and higher 
diameter which generates an enhanced magnetic hyperthermia 
response and to verify its suitability for future treatments.  

Chemical and structural properties 

As a previous step before start analyzing any structural or 
magnetic properties of MNPs, the doping level, which 
determines the chemical formula of the synthesized phases, has 
been determined by ICP measurements of previously digested 
Fe and Mn amounts present in nanoparticles. The nominal 
formula employed to label the samples (Mn0.13Fe2.87O4, 
Mn0.18Fe2.82O4, Mn0.27Fe2.73O4 and Mn0.36Fe2.64O4) have been 
calculated from the relative metal amounts in molarity obtained 
from the ICP measurements. However, the obtained relative 
Mn amounts are nearly three times lower than the theoretical 
values, according to the metal rates added during the synthesis, 
as can be seen in the Table 1. There are two possible reasons 
that could explain this phenomenon. On the one hand, the 
formation of a manganese oxide secondary phase which would 
has been removed during the washing process, would explain 
the lack of manganese in the ferrite structure. On the other 
hand, the higher cationic radius of Mn2+ (91 pm) comparing with 
Fe2+ (82 pm) and Fe3+ (67 pm) cation could reduce the 
probability of Mn2+ cations to occupy the octahedral or 
tetrahedral holes of the inverse spinel structure due to the 
limited space to fix the Mn2+ cations.  
The X Ray Diffraction (XRD) technique was employed to verify 
the presence of the inverse spinel structure and to discard the 
existence of possible impurities or secondary phases. 
Furthermore, an increase of Mn doping level in the inverse 
spinel structure could modify the unite cell parameters of the 
crystalline structure, inducing a measurable displacement of 
Bragg diffraction peaks. As can be observed in the 
diffractograms shown in Figure 1A, all prepared Mn ferrite 
systems are composed by the inverse spinel structure without 
impurities or secondary phases, in good agreement with the 
face centred cubic pattern of magnetite crystalline structure 
(S.G.: Fd-3m, PDF number 89-0691). The most intense peak, 
corresponding to (311) plane, was fitted in order to measure the 
Mn doping induced peak displacements and to estimate the 
crystal size by means of the Debye-Scherrer formula.28 The 
fitting of the (311) reflexion peak for Mn0.1 3Fe2.8 7O4 and 
Mn0.1 3Fe2.8 7O4_G samples is shown in Figure 1B, and the 
obtained 2θ values of all sample (311) peaks and the estimated 
crystal sizes are represented in Table 1. 



  

 

Due to the comparable ionic radius of Fe2+, Fe3+ and Mn2+ 
cations no representative differences between ferrites 2θ peak 
positions can be observed. Hence, the cation substitution does 
not induce measurable effects in the unite cell dimensions. 
Furthermore, by measuring the (311) peak width at half height 
an estimation of the crystal diameter was performed as is 
shown in Table 1. The particle average diameters, considering 
them as monocrystals, are in the 10-13 nm range for main 
ferrites and around 19 nm for the Mn0.13Fe2.87O4_G growth 
sample. As can be seen in Figure 1B, the growth samples (311) 
peak is considerably narrower than the Mn0.13Fe2.87O4 seed 
samples peak, what is related with its higher crystal size.28  
The monodomain nature of the prepared MNP samples and the 
obtained shape and size have been analyzed by visualizing the 
samples through TEM (Figure 2). The average diameters of main 
Mn ferrite samples, measured from the histograms presented 
in Figure S1, go from 7 to 11 nm for Mn0.13Fe2.87O4, 
Mn0.18Fe2.82O4, Mn0.27Fe2.73O4 and Mn0.36Fe2.64O4 samples. 
MNP size distributions fit well to a gaussian profile, with 
deviations around 1.5 nm. Particle shapes in all cases are 
similar, not being perfectly spherical. Magnetite MNPs 
prepared from acetylacetonate precursors are normally 
spherical,15,29 whereas these Mn ferrites have a tendency to 
form more anisotropic shapes, as can be easily appreciated in 
Mn0.18Fe2.82O4 sample micrograph. This effect is even more 
apparent in the Mn0.13Fe2.87O4_G growth sample, which shows 
a completely prismatic shape and a main diameter of 15.5 nm 
with also a narrow size distribution. 
The prismatic shape of this growth sample shows a 
transformation from the 10 nm seed spherical particles. The 
spin coupling increase inside nanoparticles at higher particle 

diameters is related to a higher ferromagnetic behaviour of 
MNP, which induces anisotropy in particles.30 This anisotropy 
increase can also be verified by the strong tendency to self 
assembling that nanoprisms show in Figure 2. The applied 
growth process, besides the different particle size separation 
performed to obtain Mn0.13Fe2.87O4_G, has been highly 
successful as bigger MNPs have been obtained, maintaining the 
narrow size distribution. In all cases, the obtained average NP 
sizes are comparable to the crystal sizes obtained from the XRD, 
hence, the monodomain nature of all samples can be assured. 
The particle dynamic diameter in toluene colloidal dispersion 
has also been measured by DLS to discard the presence of 

aggregates and to assure that the MNPs behave as single 
particles in colloidal suspension. The measured dynamic size 
dispersions represented in Figure S2 are in all cases in good 
agreement with the sizes obtained from TEM and XRD, what 
discards the aggregation of particles dispersed in toluene. 

Figure 1. A. X Ray diffractograms of prepared ferrite phases with different 
Mn rates, measured in powder. B. (311) diffractogram peak fitting for 
Mn0.13 Fe2.87 O4  and Mn0.13 Fe2.87 O4 _G samples. 

SAMPLE % Mn 
theor. 

% Mn 
ICP 

(311) pos. 
(2θ °) 

DXRD  
(nm) 

DTEM  
(nm) 

DDLS  
(nm) 

Org. Matter 
(%) 

Mn0.13Fe2.87O4 10 4.3 35.63 11.7 10.1 ±1.6 10.0 ±2.0 19 
Mn0.18Fe2.82O4 14 6.0 35.59 11.8 7.0 ±1.2 8.7 ±2.1 20 
Mn0.27Fe2.73O4 18 9.0 35.55 10.2 8.5 ±1.2 7.5 ±1.8 19 
Mn0.36Fe2.64O4 30 12.3 35.58 12.1 7.4 ±1.0 9.3 ±2.0 19 

Mn0.13Fe2.87O4_G 14 6.6 35.52 19.5 15.5 ±1.5 16.1 ±3.1 18 

Table 1. Theoretical Mn rates (% Mn theor., added during the synthesis), calculated Mn rates (% Mn ICP, determined by ICP measurements), positions of (311) peaks in XRD 
diffractograms ((311) pos.), crystal sizes estimated from peak widths at half height from the XRD (DXRD), average diameters measured from TEM micrographs (DTEM), average 
dynamic diameters calculated from DLS measurements (DDLS) and organic matter percentages (Org. Matter) for Mn0.13Fe2.87O4, Mn0.18Fe2.82O4, Mn0.27Fe2.73O4, Mn0.36Fe2.64O4  
and Mn0.13Fe2.87O4_G samples. 



 

 

To perform a complete structural and chemical characterization 
of the prepared MNPs not only the magnetic core needs to be 

analyzed. The organic coating, formed in this case by oleate 
chains, has a vital role in the colloidal and chemical stability of 
the magnetic nuclei. The organic coating density has been 
analyzed by thermogravimetric analysis, which is shown in 
Figure 3 for all Mn ferrites and oleic acid and oleylamine as 
controls. In all cases, thermogravimetric curves show a well-
defined mass loss profile over the temperature range of 200-
600 °C. The profile, that is similar for all samples, is related to 
the decomposition of organic matter, what happens in the 
same way in all prepared MNPs. Looses below 150 °C 
correspond to adsorbed humidity, present in all samples. Slight 
mass looses can also be appreciated below 300 °C in most 
samples correlated with benzyl ether solvent reminders. The 
presence of two different slopes at 400 and 550 °C suggests two 
different kind of interactions between oleic acid and MNP 
surface, which produces different dissociations at two different 
temperatures. Oleic acid molecules are chemically absorbed on 
the surface of ferrite nanoparticles though the chemical 
interaction between their -COOH groups and -OH surface 
groups. Some authors have attributed this two step 
degradation to a double oleate layer in the MNP surface.31 An 
excess of oleic acid induces the formation of a new oleic acid 
layer by Van der Waals induced dipole interactions between 
oleate chains, what would be the reason of the appearance of 
two different dissociation temperatures. Thus, the first slope 
refers to the secondary oleate layer decomposition, only 
attached by dipolar interactions, what occurs at 300-400 °C, 
same as oleic acid decomposition temperature, whereas the 
second drop refers to the decomposition of the primary oleate 
layer, chemically attached to NP surface. The organic mass 
losses are summarized in Table 1.  
All organic matter rates are in the 18-20% range. These high 
oleate density in particle surfaces maintain the MNPs stable in 
colloidal dispersion in non polar solvents, avoiding the 
aggregation by hydrophobic and steric repulsions. In this way, 
no great changes can be appreciated between different 
samples. Higher diameter MNPs, which have been synthesized 
by seed mediated growth method (Mn0.13Fe2.87O4_G) show the 
lowest amount of organic mass. Thus, the coating proportion of 
nanoparticles is directly related to their size and shape, as these 
factors limit the proportion of superficial area available to be 
coated.  
 

Magnetic behaviour 

As the aim of these systems is to be eventually applied as 
magnetic hyperthermia inductors, their ability to produce 
thermal energy under an alternating magnetic field needs to be 
analyzed, what is directly related with their magnetic 
properties, as saturation magnetization (Ms) and 
magnetocrystalline anisotropy (K). Hence, such properties 
needs to be deeply studied.  
As can be seen in the magnetization versus field cycles at 5 K  
shown in Figure 4A, all samples show the usual 
superparamagnetic behaviour of soft ferrite MNPs, with high 
Ms values and small remanence at low temperatures and no 
remanence at 300 K (Figure S3). As was expected, the 

Figure 2. TEM micrographs of Mn0.13 Fe2.87 O4 (A), Mn0.18 Fe2.82 O4 (B), 
Mn0.27 Fe2.73 O4 (C), Mn0.36 Fe2.64 O4 (D) and Mn0.13 Fe2.87 O4 _G (E) with their 
calculated average diameters and size distributions. 

Figure 3. Thermogravimetric curves of Mn0.13 Fe2.87 O4, Mn0.18 Fe2.82 O4 , 
Mn0.27 Fe2.73 O4, Mn0.36 Fe2.64 O4  and Mn0.13 Fe2.87 O4 _G samples and oleic acid 
and oleylamine as controls, measured under Ar atmosphere in 25-800 °C 
range by 10 °C/min heating rate. 



  

 

magnetization of ferrites at an applied constant magnetic field 
was higher at 5 K, since the absence of thermal fluctuation 
allows the blocking of magnetic moments oriented to magnetic 
field. As can be seen in Table 2, the Ms reached a maximum 
value of 92 emu/gFerrite in the lowest Mn proportion 
(Mn0,13Fe2,87O4 and Mn0,13Fe2,87O4_G) at 5 K, what is a quite 
high value for ferrite nanostructured materials, comparing with 
magnetite MNPs reported in literature.17,32 However, a slight 
linear decrease of Ms can be appreciated when increasing Mn 
content. Considering that Mn2+ cations are inside the ferrite 
structure, the substitution of Fe3+ cations of octahedral holes by 
the magnetically equal Mn2+ (5 µB) ions would be an acceptable 
explanation for such behaviour, as has been previously 
discussed.33 However, changes in Mn oxidation state during this 
kind of synthesis to conform more stable compounds have also 
been reported in literature.32 Hence, an oxidation from Mn2+ to 
Mn3+ (4 µB) could yield a net magnetization decrease, explaining 
the linear sight decrease at higher Mn proportions observed in 
our ferrites. 
Differences between coercive fields at 5 K usually provides 
useful information about the obtained material properties. 
However, due to the great magnetic and dipolar interactions 
that occur between MNPs in powder, such HC measurements 
must be perfumed avoiding these interactions. In our case, the 
MNP toluene dispersion has been deposited and dried on filter 
paper. The original equation which explains the magnetic 
behaviour of monodomain magnetic systems was developed by 
Stoner and Wohlfarth, and explains the relation between the Hc 
at 5 K and the materials anisotropy constant (explained in 
SI).34,30 As can be seen in Figure 4B and Table 2, the differences 
between ferrites coercive fields are minimum. However, a weak 
decreasing tendency in the anisotropy constant calculated from 
the Hc values by Stoner and Wohlfarth equation can be noticed 
when increasing the Mn doping level (Table 2). Mn2+ doping 
induce a softening effect in ferrite structure. It Is known that the 
insertion of some paramagnetic cations as Ni2+, Mn2+, Mn3+ or 
Co2+ in the inverse spinel structure produce an important effect 
in magnetic remanence and coercive values of resultant ferrites, 
dividing them between hard ferrites (higher Mr and Hc values 
than Fe3O4) and soft ferrites (lower Mr and Hc values than 
Fe3O4), depending on if the inserted cations favour (hard 
ferrites) or not (soft ferrites) the spin orientation in a 
preferential direction inside the crystalline structure, related to 
the density and orientation of spin orbitals.35 Thus, less 
preferential orientation is caused by the presence Mn cation 
spin orbitals comparing with Fe and, therefore, the anisotropy 
of material is reduced by presence of such cations.36  
By measuring the temperature dependant magnetization after 
Zero (ZFC) and field (10 Oe, FC) cooling, important magnetic 
hyperthermia response related factors as blocking temperature 
(TB) and magnetocrystalline anisotropy constant (K) have been 
determined. All measured samples present superparamagnetic 
behaviour, with several differences between their average 
blocking temperatures and TB distribution, as can be seen in 
Figure 5A. The direct dependence of TB value with particle 
diameter can be appreciated in the average TB values exposed 
in Table 2, as the Mn0.13Fe2.87O4_G growth sample doubles the 

TB value of its seed sample (Mn0.13Fe2.87O4). Furthermore, the 
observed blocking temperatures are significantly lower than 
those corresponding magnetites,15 mainly due to the softening 
effect that Mn cation presence induces in ferrite crystalline 
structure, aiding the easy rotation of particle magnetic moment 
in both directions of the easy magnetization axis. Although 
apparently different manganese contents do not affect strongly 
the blocking temperature, the anisotropy constants, which are 
independent of particle size, decrease at increasing manganese 
doping grade (Table 2). A lower coupling between magnetic 
moments is caused by the insertion of Mn atoms into ferrite 
structure, what decreases the anisotropy barrier value (KV).20,17 
Thus, less preferential orientation is caused by the presence of 
Mn atoms spin orbitals comparing with Fe2+ and Fe3+ orbitals 
and, therefore, the anisotropy of the material is reduced by 
presence of these cations, as has been commented in the H C 
analysis.36  
More information about microscopic changes in MNPs 
magnetic behaviour has been obtained from the Electronic 
Magnetic Resonance (EMR) spectroscopy measurements. 
Previous works have demonstrated the high influence of MNP 
diameter in the EMR signal and the corresponding geff values.15 
As can be seen in Figure 5B, all spectra show mostly single peaks 
(double the case of Mn0.13Fe2.87O4_G growth sample). The 
signal broadness is related to differences in resonant magnetic 
fields (Hr) of all MNPs present in the sample. This Hr value can 
be strongly influenced by differences in MNP size, shape, 
structure or chemistry. Thus, heterogeneity in size, shape or Mn 

Figure 4. M (H) cycles for all prepared Mn ferrite nanoparticles measured at 5. 
A. M (H) cycles measured in the VSM magnetometer in powder to visualize 
properly the materials saturation magnetization value. The matrix effect in the 
final magnetization value has been discarded by diminishing the mass 
corresponding to organic matter. B. M (H) cycles measured in the SQUID 
magnetometer dispersed in filter paper to avoid interactions and determine 
accurately the coercive field (HC ). 



 

 

doping levels would lead to a great broadening effect in EMR 
signal.37 The signal broadness is determined by measurung the 
peak to peak distance (ΔHpp), expressed in Table 2. The 
similarity between the ΔHpp is related to their similar size 
distributions and structural homogeneity. The only sample 
which shows two different peaks is the Mn0.13Fe2.87O4_G 
growth sample. These two peaks could have been produced by 
two different size, shape or chemistry particle groups. In this 
case, according to the size homogeneity verified by DLS and 
TEM, this distortion could be attributed to the presence of a 

spherical shape MNP group in the sample. This proves once 
again the high sensibility of this technique, as this distortion was 
no detected with any other characterization techniques. A small 
peak can be observed in most of Mn ferrite samples at a 3300 

Oe applied magnetic field. This signal appears frequently in 
MNP samples EMR spectra and is representative of a little 
population of small size (≈4 nm) particles.38  
The ferromagnetic contribution of each sample can be tested by 
measuring the effective gyromagnetic factor (geff) deviation  
from the ideal value for a paramagnet, that is 2.0 in the case of 
Fe3O4.39 On the one hand, the strong influence of particle size 
in the geff value can be clearly appreciated in the great 
difference between the geff values of Mn0.13Fe2.87O4 and 
Mn0.13Fe2.87O4_G samples, 2.02 and 2.60 respectively. 

However, this difference is even higher than the expected 
according to previous studies.21,15 Having discarded great 
differences in anisotropy constants, calculated from M (T) and 
M (H) experiments, this difference could have been increased 
by the anisotropy in particle shape observed in TEM 
micrographs. This anisotropy could induce stronger 
interparticle interactions, interfering in the magnetic moment 
orientation with the applied magnetic field. On the other hand, 
the values obtained for main Mn ferrite samples are nearly the 
same in all cases. The different Mn doping levels influence the 
MNP rotation and, therefore, the geff value. However, different 
factors which are having effect in the final result as particle size, 
shape and doping level make impossible to analyze properly 
the Mn doping influence in the main g eff value. 

Magnetic hyperthermia response 

Magnetic hyperthermia response of MNPs is the key factor to 
determine their potential applicability in future magnetic 
hyperthermia anticancer therapies. Firstly, according to the 
equations explained in the SI, Neèl, Brown and effective 
relaxation times were calculated for all NP samples in order to 
ascertain which is the predominant mechanism in each case, 
and to anticipate which one would show the highest 
hyperthermia response (Table S2). According to the calculated 
data, the NP size has a great influence in τN values, as was 
expected according to its exponential dependence with the 
volume and anisotropy constant. The growth sample, according 
to its higher volume, show a much higher τN value. The 
effective relaxation times obtained by combining contributions 
of both mechanisms show that the growth MNP sample is the 
most promising one for hyperthermia treatments due to its 
higher MNP main diameter that leads to a τeff  value more 
similar to resonance condition, represented in Figure S4A for 
Mn0.13Fe2.87O4_G sample. The obtained SAR values at 

Figure 5. A. Temperature dependant magnetization curves measured after 
zero field (ZFC) and field (FC, 10 Oe) cooling for Mn0.13 Fe2.87 O4, 
Mn0.18 Fe2.82 O4, Mn0.27 Fe2.73 O4 , Mn0.36 Fe2.64 O4  and Mn0.13 Fe2.87 O4 _G 
samples measured dispersed in filter paper in the 5- 300 K range. B. Electronic 
Magnetization Resonance (EMR) spectroscopy measurements for all prepared 
Mn ferrite NPs measured in toluene dispersions (0.05 mgFe/mL) at room 
temperature in 1.5-4 kOe range.  

SAMPLE MS 5K 
(emu/gFerrite) 

HC 5K 
(Oe) 

KM(H) (kJ/m3) TB (K) KM(T) 
(kJ/m3) 

geff ΔHpp (Oe) 

Mn0.13Fe2.87O4 92 251 19.72 34 20.11 2.02 720 
Mn0.18Fe2.82O4 88 224 19.02 26 20.17 2.01 1072 
Mn0.27Fe2.73O4 87 216 17.29 26 20.26 2.01 883 
Mn0.36Fe2.64O4 85 215 17.14 28 16.49 2.04 628 

Mn0.13Fe2.87O4_G 96 209 19.61 75 21.03 2.6 756 

Table 3. Saturation magnetization values at 5 K (MS, discarding the organic matter weight), coercive field at 5 K measured by SQUID (HC), Blocking temperatures (TB), 
magnetocrystalline anisotropy constant values measured from blocking temperatures (KM(T)), gyromagnetic effective values calculated from EMR measurements (geff) and peak 
to peak distance in EMR spectra (ΔH pp) for Mn0.13Fe2.87O4, Mn0.18Fe2.82O4, Mn0.27Fe2.73O4, Mn0.36Fe2.64O4 and Mn0.13Fe2.87O4_G samples. 



  

 

relaxation times that are incomparable to the period time of the 
experiment are negligible. However, at values close to the 
experiments time window, from 10-7 to 10-5, the line fits to a 
gaussian profile, which reaches the maximum value at 
τeff=1.9·10-6 s, called resonance condition.40  
The thermal energy generated by different samples has been 
measured at different frequencies and magnetic field 
amplitudes (Happ) and compared to indentify the most 
promising sample.27 Besides the dependence of hyperthermia 
response with the applied frequency that can be appreciated in 
Figure S4A and Figure S4B, the produced thermal energy also 
depends on the amplitude of the Happ. As can be seen in Figure 
6A, all SAR values increase linearly with the field amplitude. SAR 
values are in the same range in all samples, excepting 
Mn0,13Fe2,87O4_G growth sample, which shows much higher 
magnetic hyperthermia response due to its higher average 
particle size and anisotropic shape, which induce a much higher 
hyperthermia response, as was proved by other authors.16 The 
linear SAR response shown by the main samples is in the same 
range as the signals shown by similar ferrite nanoparticles.15 
 
Furthermore, there is a slight SAR increasing tendency at higher 
Mn2+ doping levels, specially at higher applied magnetic field 
amplitudes. Nevertheless, as was explained in the EMR analysis, 
is difficult to relate the SAR results directly to the Mn2+ doping 
levels, as the obtained values are very close and many factors 
as particle average size, shape, and size dispersion are involved 
in this hyperthermia response.  

 
 
Moreover, from this magnetic field dependent SAR evolution, 
an estimation of the anisotropy constant can be carried out to 
check their agreement with the values determined from 
blocking temperatures in the M (T) analysis. These data have 
been obtained by fitting the H dependent SAR values in the 
linear response at low H values, generally below 10 kA/m, as can 
be seen in Figure S5. Although the anisotropy constants 
estimated from SAR measurements, 18.0, 24.3, 18.8, 18.4 and 
9.3 for Mn0.13Fe2.87O4, Mn0.18Fe2.82O4, Mn0.27Fe2.73O4, 
Mn0.36Fe2.64O4 and Mn0.13Fe2.87O4_G samples respectively, do 
not suit perfectly with the ones obtained from FC-ZFC, all non 
growth samples are in the same value range. Thus, the well 
concordance of the obtained results with the non interacting 
superparamagnetic model can be assured for main Mn ferrite 
samples. In contrast, the Mn0.13Fe2.87O4_G growth sample 
show much lower anisotropy value than it was expected. This 
effect could be induced by ferromagnetic interactions between 
particles with bigger sizes, according to their high effective 
relaxation times.  

Figure 6. A. Magnetic field amplitude dependant Specific Absorption Rate 
(SAR) measurements at 1 mg/mL concentration in toluene for different Mn 
ferrite NP samples at 532 kHz frequency alternating magnetic field. B. 
Magnetic field dependant magnetization measurements of Mn 0.18 Fe2.82 O4 _G 
sample in different magnetic field amplitudes under an 1030 kHz frequency 
alternating magnetic field in the home-made magnetic hyperthermia 
instrument.  



 

 

The SAR value evolution could be also displaced from the linear 
response at high applied magnetic field amplitudes. In order to 
verify that, Mn0.13Fe2.87O4_G sample magnetization values 
under a constant field frequency (1030 kHz) at different field 
amplitudes have been represented in Figure 6B. The strong 
magnetization hysteresis increase at higher Happ is directly 
related to the specific absorption rate as the area inside each 
cycle represents the absorbed magnetic energy. This linear 
relation between the SAR and Happ can be identified in these 
cycles by the presence of ellipse shape magnetization curves. 
This elliptical cycle shape can only be observed in the cycle 
measured at the lowest field amplitude, 2.8kA/m. This cycle 
shows by far the lowest magnetic hyperthermia response, as 
the area inside the cycle is much smaller than the others. At 
higher field amplitude measurements the area inside cycles 
rises powerfully, what implies a greater absorbed magnetic 
energy. But these intense magnetic fields induces also a 
displacement from the linear response as a consequence of the 
saturation of magnetic moments.  

Conclusions 
In balance, the influence of the Mn doping in the magnetite 
nanoparticles inverse spinel structure has been proved, being 
the doping grade a vital factor to tune many of its magnetic 
properties and, therefore, its hyperthermia response.  
The Mn presence has demonstrated to induce a transformation 
in MNP shape, from spherical in the case of magnetite 
counterpart to more anisotropic shapes in Mn ferrites, being 
completely prismatic in the case of the Mn0.13Fe2.87O4_G seed 
mediated growth sample. This phenomena has not been 
observed in any magnetite NP sample prepared by this method. 
The results obtained from the magnetic characterization have 
provided a well overview about the effect of the Mn doping 
grade in essential values for magnetic hyperthermia response 
such as magnetocrystalline anisotropy and saturation 
magnetization, besides in many other points which increase our 
understanding on this kind of materials. Thus, low proportions 
of Mn in the structure provide higher values of Ms and K, 
increasing also the magnetic hyperthermia response. This 
response has been proved to be quite strong by magnetic 
hyperthermia measurements, comparing with magnetite and 
other ferrite values reported in literature.  
Finally, the great size dependence of magnetic hyperthermia 
response has been proved, as the growth samples much higher 
SAR value, besides its geff value measured from EMR, makes the 
difference for magnetic hyperthermia related applications, 
presenting this as a great candidate for future biomedical 
applications. 
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