
Nanotechnology

ACCEPTED MANUSCRIPT

Zn- and (Mn, Zn)-substituted <i>versus</i> unsubstituted magnetite
nanoparticles: Structural, magnetic and hyperthermic properties
To cite this article before publication: Nataša Jovi Orsini et al 2020 Nanotechnology in press https://doi.org/10.1088/1361-6528/ab76e7

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2020 IOP Publishing Ltd.

 

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.
As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 168.96.255.100 on 20/02/2020 at 16:23

https://doi.org/10.1088/1361-6528/ab76e7
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-6528/ab76e7


1 
 

Zn- and (Mn, Zn)-substituted versus unsubstituted magnetite nanoparticles: 

Structural, magnetic and hyperthermic properties 

 
N. Jović Orsini1*, M. M. Milić1 and T. E. Torres2 

 
1Institute of Nuclear Sciences ”Vinča”, Laboratory of Theoretical Physics and Condensed Matter 

Physics (020), University of Belgrade, P.O. Box 522, RS-11001 Belgrade, Serbia 
2Instituto de Nanociencia de Aragón and Departamento de Fisica de la Materia Condensada, 

Universidad de Zaragoza, Mariano Esquillor s/n 500018, Zaragoza, Spain 
 

*Corresponding Author: 

Dr. Nataša Jović Orsini 
ORCID iD: https://orcid.org/0000-0003-1613-3361 

E-mail:natasaj@vin.bg.ac.rs 

 

Abstract 
 In this work, we studied structural and magnetic properties of 18nm-sized Zn-substituted 

magnetite, 28nm-sized unsubstituted and 17nm-sized (Mn,Zn)-substituted iron oxide 

nanoparticles, synthesized by thermal decomposition method. Their features were examined by 

analyzing the X-ray diffraction (XRD) data, 57Fe Mössbauer spectra and magnetization 

measurements by SQUID interferometer. The microstructure was inspected comparing different 

the size and strain broadening models incorporated into Fullprof software. In terms of 

crystallinity and size dispersion, applied synthesis protocol shows superiority over 

decomposition of iron oleate and the co-precipitation synthesis route. The saturation 

magnetization at T=5 K was found to be within the MS=91.2-98.6 Am2/kg range, while at 300 K 

MS of pure and Zn-substituted Fe3O4 nanoparticles is 83.6 and 86.2 Am2/kg, respectively. 

Effective magnetic anisotropy constant Keff, estimated under slow measurements by SQUID, is 

below 20 kJ/m3 in all three samples. Some preliminary measurements of the magnetic 

hyperthermia performance, expressed via Specific Absorption Rate (SAR) value showed that the 

best heating performances were displayed by 18nm-sized oleic acid-coated Zn0.13Fe2.87O4 cubo-

octahedrons with SAR≅425 W/gFe at H0=20 kA/m and f=228 kHz. 
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Keywords: magnetite-based nanoparticles, Mössbauer spectroscopy, magnetic hyperthermia, 

microstructure  

 

 

1. INTRODUCTION 

Magnetite (Fe3O4) and a series of mixed spinel ferrites (MO⋅Fe2O3, M being the divalent 

transition metal cations) have been of a technological and scientific interest for a long time. Their 

nanoparticulate forms have been exploited in medicine and new technologies in the last decades 

[1-4]. Due to the satisfied biocompatibility and biodegradability, ferrofluids based on 

superparamagnetic iron oxide-based nanoparticles (IONPs) have high potential for applications 

in medical diagnostic and curing procedures, particularly as contrast media for biomedical 

imaging (magnetic particle (MPI) or resonance (MRI) imaging) [5, 6] as magnetically-driven 

drug/gene delivery systems [7] or magnetic thermoseeds for magnetic particle hyperthermia 

(MPH) treatment of ill tissues [7-12]. Other iron oxide-based nanostructures, such as dumbbell, 

porous, core/shell, hollow or hybrid ones, have been also investigated for biomedical 

applications [13]. 

 The applicability of the magnetic nanoparticles in biomedicine is closely related to their 

own characteristics such as magnetic and microstructural features (e.g. size and shape, surface 

chemistry, composition, degree of crystallinity). Another important item, which should be 

considered regarding their bio-applicability is the way how MNPs interact with cells. The 

magnetic properties of nanoparticles are usually altered in in vivo conditions due to the 

unavoidable nanoparticle's clustering and movement restriction after interaction with cells [14]. 

Consequently, their biomedical performances are changed. 

 One of the promising application of superparamagnetic IONPs is their use for magnetic 

hyperthermia therapy [7-12]. Under exposure to an alternating magnetic field, superparamagnetic 

IONPs suspended in a fluid can absorb energy from the applied AC magnetic field and release it 

as heat. If they are properly functionalized and located in ill tissues, they will be able to inhibit 

activity of cancer cells by locally increasing temperature [7, 12]. To improve the heating 

efficiency, IONPs should possess the optimal size and shape, narrow size distribution and 

enhanced magnetic performances (e.g. high MS and Keff value). In recent years, remarkable 
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achievements in tailoring the optimal size and shape of nanoparticles have been accomplished [9, 

10, 15, 16]. Once that the particle size close to the critical value (related to the transition from 

superparamagnetic to ferrimagnetic regime) is reached, further increase of the heating efficiency 

can be achieved by changing the composition of IONPs from pure (Fe3O4) toward substituted-

magnetite (Fe3-xMxO4) nanoparticles [1, 5, 17]. It was shown that Zn-substituted Fe3O4 

nanoparticles represent one of the best choices, due to the low toxicity of Zn ions and the 

positive impact of Zn-ion substitution on the magnetic saturation value. Magnetite is a typical 

inverse spinel with one half of Fe3+ ions in tetrahedral (A) sites, and the second half of Fe3+ and 

all Fe2+ ions in octahedral (B) sites. The effect of magnetic Fe3+ ions substitution by diamagnetic 

Zn2+ ones at the tetrahedral, A-sites of the spinel lattice (represented by the formula AB2O4 (S.G. 

Fd 3 m)), is well known and visible by increases of the saturation magnetization, MS, for doping 

level up to x≈0.4 [18]. Relating to hyperthermia or magnetic sensing potential, superiority of 

cubic over spherical nanoparticles has been revealed, as well as of Zn-doped over pure Fe3O4 

nanoparticles [6, 19, 20]. Recently, it has been revealed that silica-coated nonstoichiometric Gd-

Zn ferrite exhibits the most promising therapeutic capability at relatively low particle 

concentrations [8]. Further improvement in the heating performances has been observed when 

Fe3O4 nanoparticles change shape and move from 3-dim objects (spherical and cubic) to 1-dim 

objects (nanorods) [15]. In terms of interparticle interactions, Tong et al., reported that well 

dispersed 33 nm sized ferromagnetic iron oxide nanocrystals heat much better than their 

aggregates [9].  

 Along with magnetic properties, the microstructure of nanoparticles is important item in 

defining the nanoparticle’s biomedical performances [21-25]. For that reason, a closer relation 

between the degrees of the nanoparticles crystallinity, phase composition and the magnetic 

response should be established. It could give better insight into understanding of hyperthermia 

efficiency of magnetic nanoparticles. 

 In this paper, we report on the structural, magnetic and hyperthermic characteristics of 

three samples, composed of unsubstituted, Zn- and (Mn,Zn)-substituted Fe3O4 nanoparticles, 

synthesized by thermal decomposition method. We discuss the main advantages of this method 

(e.g. production of well crystallized nanoparticles with narrow size distribution) keeping in mind 

all shortcomings (use of expensive and environmentally harmful substances, need of a post-

synthesis treatment to transfer nanoparticles into water, etc.). The degree of crystallinity and 
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microstrains in the samples were evaluated from refinement of the XRD data using the Fullprof 

program. Different combinations of the size and strain broadening models were tested (isotropic 

vs. anisotropic), and the comparative analysis was done. Magnetic characterization of the 

powdered samples was performed using the Mössbauer spectroscopy and measurements by 

SQUID. Some preliminary measurements of the magnetic hyperthermia performance (expressed 

via the SAR value), were carried out on ferrofluids made of oleic acid-coated Fe3O4 nanoparticles 

(pure and substituted), dispersed in hexane, under physiologically tolerable AC magnetic field 

conditions. 

 

 

2. MATERIALS AND METHODS 

2.1 Chemicals  

Iron(III) acetylacetonate (Fe(acac)3, ≥99.9% p.a. Sigma Aldrich), zinc(II) acetylacetonate 

hydrate (Zn(acac)2·hydrate, Aldrich), zinc(II) chloride (ZnCl2, ≥97%, Sigma Aldrich), iron(II) 

chloride tetrahydrate (FeCl2·4H2O, ≥99.0% p.a. Sigma Aldrich), benzyl ether (98%, Aldrich), 

oleic acid (techical grade, >90%, Aldrich), oleylamine (techical grade, >70%, Aldrich). 

 

2.2 Synthesis of magnetite-based cuboctahedral nanoparticles 

Unsubstituted and Zn- and (Mn, Zn)-substituted magnetite nanoparticles were synthesized by 

thermal decomposition of metal precursors (acetylacetonate and chloride salts), in benzyl ether, 

under bubbling of nitrogen, in the presence of oleic acid and oleylamine as surfactants. Not any 

reducing agent was used. The concentration of metal cations was kept constant at 0.1 mol per 

dm3 of solvent. The molar ratios of the used reactants, given in the table 1, were set up according 

to the desired compositions of the products: Zn0.4Fe2.6O4, in samples 1 and 2, and 

Mn0.5Zn0.5Fe2O4 in sample 3. Due to the fact that incorporation of Zn2+ ions into a spinel 

structure is difficult to achieve when this synthesis route is chosen, two different sources of Zn2+ 

ions were used, Zn(acac)2 (sample 1) or ZnCl2 salt (samples 2 and 3). In the sample 2, the 

FeCl2·4H2O precursor was used as a source of Fe2+ ions. 

 

Page 4 of 33AUTHOR SUBMITTED MANUSCRIPT - NANO-122702.R3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



5 
 

Table 1 Molar ratios of metal precursors, oleic acid (OA) and oleylamine (OM), dissolved in 60 

mL of benzyl ether. 
Sample Zn(acac)2·

hydrate 

(mmol) 

Fe(acac)3 

 

(mmol) 

MnCl2·

4H2O 

(mmol) 

ZnCl2 

 

(mmol) 

FeCl2· 

4H2O 

(mmol) 

OA 

 

(mmol) 

OM 

 

(mmol) 

Actual 

stoichiometry 

(EDX) 

1-Z18  

 

0.8 5.2 - - - 24 - Zn0.13Fe2.87O4 

2-F28  - 4 - 0.8 1.2 18 18 Fe3O4 

3-MZ17  - 4 1 1 - 18 18 Mn0.06Zn0.04Fe2.9O4 

 

 In a typical procedure, the Zn-containing sample 1 (i.e. Z18) was synthesized starting 

from a mixture of Zn(acac)2·hydrate (0.8 mmol), Fe(acac)3 (5.2 mmol), oleic acid (24 mmol), 

and 60 mL of benzyl ether (the cations-to-OA molar ratio was kept at 1:4). The mixture was 

poured in a three neck flask (250 mL volume) and mechanically stirred at room temperature for 

30 minutes under nitrogen flow. The heating started, first up to 200 °C, followed by aging for ~2 

hours at that temperature, and then up to the boiling temperature of the mixture (∼290 °C) under 

refluxing conditions (see figure S1). A heating rate to reflux was around 8 °C/min, and the 

reaction time was about one hour. Afterwards, the flask was removed from a heating mantle and 

the product of reaction was left to cool down to room temperature. The black precipitate was 

magnetically collected, washed two or three times in an excess of ethanol and hexane, and re-

dispersed in hexane. Similarly, the synthesis of samples 2 and 3 were carried out starting from 

the mixture of reactants listed in table 1. But, for preparation of these two samples ZnCl2 salt was 

used as a precursor of Zn2+ ions and, in addition to oleic acid, oleylamine was used, too (the 

cations-to-OA-to-OM molar ratio was 1:3:3). The heating rates (∂T/∂t), the aging time, taging (2 

hours at the ramp and 1 hour under refluxing), and the reaction temperatures (Tr ∼ 290-270 °C) 

were kept almost the same in all three synthesis. 

 

2.3 Characterization 

Morphology, structure, microstructure and composition of the samples were analyzed by 

Transmission Electron Microscopy (TEM), X-ray diffraction (XRD) and Energy-Dispersion X-

ray (EDX) spectroscopy. Magnetic properties were studied from 57Fe Mössbauer spectra analysis 

and the temperature and field dependence of magnetization (measured by SQUID). The 
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powdered specimens of the prepared samples, used for characterization, were obtained after 

precipitation of nanocrystals from hexane upon adding ethanol and drying under nitrogen flow. 

 TEM (FEI TECNAI T20, 200 kV) and HRTEM (FEI TECNAI T30, 300 kV) 

microscopes were used to examine the nanoparticles morphology, average size and size 

distribution. Nanoparticle specimens for TEM were prepared by placing a drop of a diluted 

solution (in hexane) onto a carbon-coated cupper grid. Images were analyzed using the 

DigitalMicrograph program. To estimate the average particle size from TEM, between 200 and 

400 nanoparticles were counted. Electron microprobe analyses were obtained using a scanning 

electron microscope (SEM) connected with an energy-dispersion X-ray analysis (EDX) unit. 

 XRD patterns of all three samples were collected using Rigaku SmartLab diffractometer 

and Cu Kα and Kβ radiation. The XRD data were collected in a 2θ range between 10 and 90 or 

100°, with the step-size of 0.02°, and a speed counting rate of 0.2°/s. The collected data were 

fitted using the program Fullprof based on the Rietveld method. Both, structural and 

microstructural parameters were refined for all samples in the space group Fd 3 m (No.227), 

assuming a spinel structure. XRD peak profiles were modeled by the Thomson-Cox-Hasting 

modified pseudo-Voigt (TCH-pV) function. A correction for instrumental broadening was done 

considering the experimental profile as a convolution of the instrumental profile and the 

specimen profile. The instrumental resolution function (IRF) was obtained upon refinement of 

the standard, lanthanum hexaboride (LaB6). Following structural parameters:  lattice constant, a, 

fractional coordinates for oxygen in 32e site and isotropic displacement parameters, B, as well as 

microstructural parameters: the average crystallite size, dXRD, and microstrain, were fitted. The 

background was refined using linear interpolation between selected points.  

 Magnetic properties of the samples were studied using the Mössbauer spectroscopy and 

measurements of the magnetization by MPMS XL-5 SQUID magnetometer. The Mössbauer 

spectra of samples were collected at room temperature, in transmission geometry using a 57Co γ-

ray source within a Rh matrix. The velocity scale was calibrated relative to standard α-Fe foil. 

The best fit of the spectra was achieved considering a distribution of magnetic sextets through 

Voigt-based profile analysis (χ2 close to one). Field-cooled (FC) and zero-field-cooled (ZFC) 

DC magnetization measurements were performed in a magnetic field of 7.96 kA/m (100 Oe), in 

the 5-300 K temperature range, following standard protocol. Hysteresis loops, M(H), were 

recorded at 5 and 300 K at magnetic field up to 3978.88 kA/m (50 kOe). To calculate the mass 
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magnetization accurately, the thermogravimetric analysis (TGA) and the differential thermal 

analysis (DTA) were employed using a TA SDT 2960 instrument. TGA/DTA analysis was 

performed in air, at a heating rate of 10 °C/min, up to 700 °C. The weight loss due to evaporation 

of organic phase (in wt%), obtained by the TGA/DTA analysis, was re-calculated taking into 

account that during heating the partial oxidation takes place, bringing in a mixture of hematite 

and magnetite phases (proved by the XRD analysis of thermally treated samples; not shown).   

 Preliminary measurements of the heating efficiency of here investigated ferrofluids 

composed of iron oxide-based nanoparticles (1, 2, and 3) dispersed in hexane, were done using a 

calorimetric analyzer (DM 100 Series, by nBnanoScale Biomagnetics, Spain). The specific 

absorption rate (SAR) of all samples was determined from the measurement of the temperature 

rise in time, T(t), when the ferrofluids (previously placed in a 2 ml glass holder) were exposed to 

an alternating magnetic field, H = H0 sin(ωt) (H0 - is the magnetic field amplitude, and ω - is an 

angular velocity) [7]. The T(t) curves were recorded using an optical fiber temperature probe 

immersed inside the ferrofluids. During the measurements, a glass holder with ferrofluids 1 and 2 

was placed in a high-vacuum environment allowing us to consider almost adiabatic conditions of 

SAR measurements. The T(t) curves for ferrofluid 3 were recorded five months later under 

slightly different conditions (frequency was 252 kHz (instead of 228 kHz) and without vacuum 

isolation). The following expression was used to estimate SAR value: SAR(W/gFe) ≅ ρhexane × 

chexane ×(∆T/∆t)max× [xFe]-1, where ρhexane = 654.8 kg/m3 is the density and chexane = 2.26 J/g °C is 

the specific heat capacity of hexane, (∆T/∆t)max is the initial slope of the heating curve T(t) and 

[xFe] is the average concentration of Fe3+ ions in ferrofluids. The [xFe] was determined comparing 

the UV-vis absorbance of Fe3+ ions from sample solutions (after oxidation) with the calibration 

curve obtained measuring the UV-absorbance of patron solutions of known, but different Fe3+ 

concentrations [26]. Patron solutions were prepared from iron standard solution (in a mixture of 

6M H2SO4 and 65% HNO3). The absorbance was measured by UV-visible spectrometer when 

solution was exposed to irradiation (λ = 480 nm). 

 

2.4 Rietveld refinement 

The structural and microstructural parameters of Zn-doped (sample 1), unsubstituted (sample 2), 

and (Mn,Zn)-containing (sample 3) magnetite, were refined in a model in which the 

stoichiometry of the samples was adjusted according to the results obtained by EDX analysis 
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(see figure S2). The cations distribution was modeled in accordance with the preferred cations 

occupancy and not refined. Such an assumption is reliable since, for X-rays, ions with low 

electron density difference do not distinguish significantly. In the Zn- and (Mn,Zn)-containing 

magnetite all zinc cations occupy tetrahedrally coordinated, 8a sites (A-sites). Although in 

nanostructured Zn-doped magnetite (ZnxFe3-xO4), the Zn2+ ions can occupy both A and B sites, 

for x<0.4, the Zn2+ ions follow their high preference for tetrahedral A-sites, valid for bulk 

materials [5, 18]. In addition, cations distribution in the (Mn,Zn)-doped sample was previously 

set up in the way so that all manganese ions were considered to be +2 valence and in A-sites, 

even though it is known that the manganese ions can easily vary the valence state (between 

+2/+3), and that Mn3+ ions preferably occupy octahedral, B-sites (16d) [27]. After refinement of 

the Mössbauer spectra, the presence of Mn3+ ions in B-sites was allowed. The attempt to refine 

occupation parameters of cations and to determined the cations distribution failed due to the fact 

that the zinc (3d104s2) and iron (3d64s2) are the fourth, while manganese (3d54s2) and iron are the 

nearest neighbours in the periodic system. As such, they are hardly distinguished for X-rays. In 

addition, refinement of the crystal structure solely, when pseudo-Voigt function was used to 

delineate diffraction profiles and the instrumental broadening was disregarded, gave very good 

agreement between experimental and refined XRD patterns, regardless the cations distribution 

over the 8a and 16d sites. 

 When the microstructural analysis was applied, the XRD peak profiles were modeled by 

the TCH-pV function and the IRF function was included (see section 2.3). Different 

combinations of the isotropic/anisotropic size and strain broadening were considered during 

refinement. An anisotropic size broadening was considered as a linear combination of spherical 

harmonics (SPH) [28]. In the case of an anisotropic strain broadening, the Stephens parameters, 

S400 and S220, for m3m symmetry, were refined [28, 29]. 

 

 

3. RESULTS AND DISCUSSION 

3.1 Composition, morphology and size  

The experimental XRD patterns of all three samples, 1, 2 and 3, are shown in the figure S3 (see 

Supplementary Info). All reflections were indexed in a spinel structure with cubic symmetry 

(space group Fd-3m, No. 227). The reflection at 2θ ∼32° with very low intensity (observed in all 

Page 8 of 33AUTHOR SUBMITTED MANUSCRIPT - NANO-122702.R3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



9 
 

three XRD patterns), is a satellite of the major (311) spinel reflection caused by Cu Kβ radiation 

of wavelength 1.39217 Å. It might be accidentally ascribed to the (100) reflection of ZnO phase. 

Since, no improvement in the crystal structure refinement was observed in a two phases model, 

ZnO phase presence was ruled out. The presence of hematite or FeO as an impurity was 

excluded in all three samples due to the results of Mössbauer spectra analysis (see forthcoming 

results). 

 The EDX analysis on selected surfaces of the studied samples showed that the amount of 

incorporated Zn and Mn ions into the spinel structure is notably lower than it was set up by the 

initial stoichiometry of precursors (table 1). According to it, the sample 1 is Zn-doped, the 

sample 2 is unsubstituted, while the sample 3 is (Mn,Zn)-containing magnetite, with the 

stoichiometry Zn0.13Fe2.87O4, Fe3O4 and Mn0.06Zn0.04Fe2.9O4, respectively. 

 TEM images of the samples 1, 2 and 3, and their size distributions are shown in figure 1. 

The highest uniformity of particles size and shape is achieved in the sample 1. It is evident that 

most of the nanoparticles are cubo-octahedra-like in shape. Nanoparticles with shapes different 

than those are observed in the samples 2 and 3, but significantly less in number. Average edge 

dimensions of the nanoparticles, obtained by fitting the size distribution with Gauss function, 

were found to be 18.3, 28.1 and 17.2 nm for 1, 2 and 3, respectively. According to the results of 

EDX and TEM analysis we re-label the samples as: 1 is Z18, 2 is F28 and 3 is MZ17, where the 

capital latter indicate composition, while the number indicates the average particle size.  

 For the sake of comparison, Zn-substituted Fe3O4 nanoparticles were synthesized 

following the classical thermal decomposition synthesis (when 1,2-hexadecanediol was used as a 

reducing agent). Thus obtained nanoparticles are quasi-spherical with an average diameter ∼10 

nm (figure S4). Based on the literature data, the polyalcohol, when acting as a reducing agent, 

can produce polyaldehydes and polyorganic acids, whose presence during the synthesis can 

suppress formation of bigger nanoparticles [30]. Thus, partial reducing or avoiding adding of 

polyalcohol in the synthesis seems to be the easiest way to obtain bigger nanoparticles. In 

addition, by fine tuning of the cations/capping ligands molar ratio and the heating rate to reflux, 

it is possible to further manipulate the size and shape of nanoparticles [16]. Such an approach in 

the thermal decomposition of metal precursors becomes competitive to the co-precipitation 

synthesis route [22, 23], the two steps synthesis via decomposition of iron oleate complexes [31, 
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32], or polyol method [33], in the sense of designing bigger nanoparticles with high degree of 

crystallinity and low density of defects. 

 

 

  

Figure 1. TEM images of the samples: (a) 1-Z18, (b) 2-F28 and (c) 3-MZ17, with the 

stoichiometry Zn0.13Fe2.87O4, Fe3O4 and Mn0.06Zn0.04Fe2.9O4, respectively. 

 

 Following the above mentioned modification in the synthesis procedure, it seems that 

Zn2+ ions are built in into the spinel structure more efficiently when Zn(acac)2 salt is used 

(sample 1), instead of ZnCl2 precursor (samples 2 and 3). Generally, building-in Zn ions into the 

spinel structure is difficult and dependent on the used precursors for Zn ions [5, 17, 34, 35]. The 

large difference in the decomposition temperature between Zn(acac)2 (Tdec ≈ 248 °C) and 

Fe(acac)3 (Tdec ≈ 180 °C) salts of almost 70 °C, obviously impedes the incorporation of zinc ions 
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into the spinel crystal structure [34, 35]. It might be also that presence of water, introduced as 

bounded molecules to chloride salts (in samples 2-F27 and 3- MZ17), has negative impact on 

this process. 

 

3.2 Crystal structure and microstructure analysis  

Rietveld analysis. The experimental XRD patterns of all three samples, Z18, F28 and MZ17, 

were fitted using FullProf program based on the Rietveld method. Different combinations of the 

isotropic/anisotropic size and strain broadening were considered during refinement of the 

microstructural parameters. A rather good agreement between the experimental and modeled 

XRD pattern was obtained when an anisotropic size broadening was considered, regardless 

whether the isotropic or anisotropic strain broadening was applied. For these two models, the 

obtained values for all refined parameters overlapped within the standard deviations (table S1). 

Further improvement in the refinement (lower goodness-of-fit, GoF) was achieved when, in 

addition to the anisotropic size broadening (which contribute to the Lorentzian component of the 

profile function), we introduced a contribution of an isotropic size broadening via a Gaussian 

function, and kept the isotropic strain broadening model [36]. Following this model, we 

observed decrease of the average apparent size (App-Size) values for about 11% (in Z18 and 

MZ17) and 16 % (in F28), and the average maximum strain values for more than 50% (Max-

Strain = 1/4 apparent strain Stokes-Wilson), compared to the values obtained following previous 

models. The comparative analysis of the refined structural and microstructural parameters for 

each applied model, as well as the refined and calculated cation-oxygen bond distances and the 

reliability factors are given for the sample Z18 in the Supplementary (table S1). 

 Although the best agreement between the experimental and refined XRD data (the lowest 

GoF) gave the model: (isotropic+anisotropic) size and isotropic strain broadening, the results 

presented here are obtained in the frame of the model which considers an anisotropic size 

broadening and an anisotropic strain broadening. One of the reasons for this is that we were able 

to refine all parameters simultaneously, what is not quite common situation for nanocrystals 

(therefore, is interesting to show). The second reason is that the shape of Z18 nanocrystallites 

obtained upon refinement the XRD data in this model fits in the best way the real shape of 

nanoparticles observed by HRTEM (figure 2(b) and 2(d)). The experimental and refined XRD 

data of the samples Z18, F28 and MZ17 applying a model which consider an anisotropic size 
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broadening and an anisotropic strain broadening contribution, as well as the projection on xy-

plane of the average crystallite size and the average maximum strain in the reciprocal space, are 

shown in figure 3, while the main results of the Rietveld refinement are summarized in table 2. 

 

 

 
Figure 2. (a_b) HRTEM images and (c) SAED (selected area electron diffraction) pattern of the 

sample Z18; (d) shape of Z18 nanoparticle obtained applying anisotropic size and anisotropic 

strain broadening model. 
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Figure 3. (left): Refined XRD patterns of the samples Z18 (a), F28 (b), and MZ17 (c) in a model 

which consider an anisotropic size broadening and an anisotropic strain broadening contribution. 

(right): Visualization of the average crystallite size and the average maximum strain in the 

reciprocal space (projection on xy-plane), obtained from refinement of the patterns by 

GFOURIER program. 
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 Lattice parameters show typical values of bulk magnetite and vary slightly by changing 

the composition, a=(8.391-8.396) Å. Slight increase of the lattice parameter, a, in Zn-doped 

sample, Z18, compared to the unsubstituted magnetite, F28, indicates that the Zn2+ ions are 

incorporated into the tetrahedrally coordinated, A-sites in the spinel lattice. Oppositely, slight 

decrease of the lattice parameter in (Mn,Zn)-containing sample, MZ17, compared to F28, could 

be an indication that some Mn2+ ions are oxidized into Mn3+ and sited at octahedrally 

coordinated, B-sites, replacing Fe2+ ions. 

 Microstructural analysis showed that the size of coherent domains, dXRD, for applied 

model matches the average particle size estimated using TEM, <d>TEM (see table 2). In addition, 

the shape of Z18 nanocrystallites obtained upon refinement the XRD data fits the shape observed 

by HRTEM (figures 2(b) and 2(d)). A low value of the applied maximum strain (i.e. the 

microstrain) is obtained in all three samples indicating the low density of crystal imperfections. 

The low density of crystal imperfections is also confirmed in the sample Z18 by HRTEM 

observation (figure 2(b)). In substituted Fe3O4 cuboctahedral nanoparticles, Z18 and MZ17, with 

similar particle size and substitution level, x (x=0.13 and x=0.10, respectively), microstrain is 

almost of the same order, while in the unsubstituted magnetite F28, microstrain decreases (table 

2). Presumably, the density of crystal imperfections in nanocrystals synthesized by thermal 

decomposition method can be inversely related with a particle size and/or substitution level. 

 

Table 2. The results of Rietveld refinement of XRPD patterns of samples 1-Z18, 2-F28 and 3-

MZ17 in the model which consider a combination of an anisotropic size broadening and an 

anisotropic strain broadening. 

Sample 1-Z18 2-F28 3-MZ17 
Composition Zn0.13Fe2.87O4 Fe3O4 Mn0.06Zn0.04Fe2.9O4 

Occupancy set up at: 
(Zn2+

0.13Fe3+
0.87) 

[Fe2+
0.87Fe3+

1.13]O4 
(Fe3+) 
[Fe2+Fe3+]O4 

(Mn2+
0.03Zn2+

0.04Fe3+
0.93) 

[Fe2+Fe3+
0.97Mn3+

0.03]O4 
Average particle size, 〈d〉TEM 
(nm) 

18.3±4.0 28±10 17.2±4.8 

Average App-Size, dXRD(nm) 19.7(2.0)# 25.9(1.6)# 16.1(1.1)# 
along [111] 
along [110] 
along [100] 

17.7 
20.7 
24.7 

23.6 
28.0 
27.6 

14.2 
17.5 
17.0 

Applied Max-Strain(×10-4) 21(8) 13(2) 21(8) 
Density, ρ (g/cm3) 5.224 5.202 5.212 
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Lattice constant, a (Å) 8.3965(1) 8.3934(2) 8.3917(1) 
Oxygen parameter, u 0.2528(2) 0.2518(2) 0.2532(2) 
# measure of anisotropy, no standard deviation 

 

3.3. Mössbauer spectra analysis 

To observe changes in the local environment of Fe ions caused by substituting Fe3+ ions with 

Zn2+ or (Zn2+/Mn2+/3+) in the spinel lattice, we used the Mössbauer spectroscopy. The 

experimental and fitted zero-field transmission Mössbauer spectra of Z18, F28 and MZ17 

samples, collected at ambient conditions, are shown in figure 4. All three spectra are composed 

of two magnetic components typical for magnetite, representing two inequivalent A (tetrahedral) 

and B (octahedral) Fe ion positions in the spinel AB2O4 structure [37]. No characteristic 

paramagnetic components appear despite the nanoparticulate nature of the samples indicating 

that all particles are blocked at room temperature (TB
Möss > RT) for the experimental time 

window of measurements defined by the Mössbauer spectroscopy (τmeas
Möss = τLarmor ≈10-8−10-9 s 

for 57Fe). The RT spectra of samples F28, Z18 and MZ17 were fitted with two, three and four 

magnetic sextets, respectively, giving the best results. The fitted hyperfine parameters values are 

summarized in table 3. 
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Figure 4. The room temperature Mössbauer spectra of sample Z18, F28 and MZ17. In 

substituted samples, Z18 and MZ17, the background was adjusted with an addition of a broad 

singlet line (with zero quadrupole splitting). 

 

Table 3. Fitted room temperature Mössbauer parameters: δ - isomer shift, Bhf - magnetic 

hyperfine field, ε - quadrupole shift and Γexp- line width, for Z18, F28 and MZ17 samples. 

Sample assignment δ  
(mm s-1) 

Bhf  

(T) 
ε  

(mm s-1) 
Ratio 
(%) 

F28 
 

A1: (Fe3+)tet 
B1: (Fe2+/Fe3+)oct 

0.29 
0.65 

47.7 
45.3 

-0.008 
-0.008 

45.6 
48.9 

Z18 
 

A1: (Fe3+)tet 
B1: (Fe2+/Fe3+)oct 
B2: (Fe2+/Fe3+)oct 

0.29 
0.65 
0.49 

47.2 
44.1 
41.3 

-0.006 
-0.007 
0.054 

36.3 
44.3 
15.5 

MZ17 
 

A1: (Fe3+)tet 
A2: (Fe3+)tet 
B1: (Fe2+/Fe3+)oct 

B2: (Fe2+/Fe3+)oct 

0.28 
0.28 
0.65 
0.55 

47.9 
45.7 
44.7 
42.5 

-0.007 
-0.050 
-0.009 
-0.020 

31.4 
16.51 
24.27 
20.80 

 

 Mössbauer spectrum of unsubstituted Fe3O4 (F28). Mössbauer spectrum of the sample 

F28, which is by EDX measurements identified as unsubstituted magnetite, was fitted with two 

magnetic components belonging to Fe ions on sites with different local surrounding. The 

magnetic sextet A1 with lower isomer shift, δ and a higher hyperfine field, Bhf was attributed to 

the Fe3+ ions residing on the A sites. The second component, B1 was assigned to the mixture of 

Fe3+ and Fe2+ ions at the B sites. The quadrupole shift, ε was find to be close to zero for both 

sites indicating symmetric charge distribution around iron nucleus. The values of the fit 

parameters are in good agreement with values reported in the literature for pure magnetite (even 

though the hyperfine fields are somewhat lower than the ones obtained for bulk magnetite) [38, 

39]. However, the obtained ratio of spectral areas of A and B sextets, of RA/B=0.97, for F28 

sample is significantly higher than the theoretical value 0.5 predicted for stoichiometric 

magnetite (this value is valid if the same recoil fraction is assumed for both A and B sites, and it 

can be slightly larger if the recoil fraction is assumed to be larger for A sites [37]). The literature 

results revealed that for Fe3O4, RA/B=1.09±0.04 at room temperature [40]. Accordingly, we could 

expect a possible nonstoichiometry of the sample (the intensity of B line relative to the A line 
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reduces in nonstoichiometric magnetite [41]). This points out to the presence of larger amount of 

Fe3+ ions in the sample, indicating that the sample contains a certain amount of maghemitized 

magnetite [23, 42]. The broadening of the inner sextet compared to the outer one additionally 

indicates that our sample can be consisted of partially oxidized magnetite. Since the oxidation of 

magnetite is followed by the vacancy formation, the nonstoichiometric magnetite can be 

represented in the following form: (Fe3+)A[(Fe2+Fe3+)2-6x(Fe3+)5-x(ð)x]BO4, where ð stand for a 

vacancy (it is assumed that vacancy are formed exclusively on the octahedral sites of the spinel 

structure) [43]. Following procedure from the paper of Costa et al [43] we were able to estimate 

the amount of vacancies in the sample. It was found that the chemical formula of the sample F28 

can be Fe2.92O4. The estimated number of vacancies are in concordance with the previous 

Mössbauer studies on nonstoichiometric partially oxidized magnetite [43, 44]. However it should 

be noted that the lattice parameter evaluated from the XRD analysis and the observed Verwey 

transition temperature at ∼117 K (see figure 5(a)) correspond to the magnetite with less number 

of vacancies [45]. Therefore we conclude that our sample F28 probably comprises particles 

whose outer shell layer consists of oxidized Fe2+ ions while the nucleus consists of pure 

magnetite [46, 47]. 

 Mössbauer spectrum of Zn-substituted Fe3O4 (Z18). It can be readily seen that, 

compared to unsubstituted Fe3O4, F28, the spectrum of Zn-doped Fe3O4, Z18, displays less 

resolved sextets which is the result of incorporation of the nonmagnetic Zn2+ ions at A sites of 

the magnetite spinel structure. It was reported that for low values of Zn doping (x<0.4 [18] or 

x<1/3 [48]), the Zn ions preferentially occupy A sites which leads to broadening of the B 

absorption lines. Namely, incorporation of nonmagnetic Zn2+ ion at the A sites cause the break of 

four magnetic A-B connections [22], thus leading to the weakening of A-O-B superexchange 

interactions and, consequently to the lowering of hyperfine fields values. Random distribution of 

Zn ions on A sites produces non-uniform hyperfine fields on B-sites, thus causing the line 

broadening of inner sextets. Therefore, the Mössbauer spectrum of Zn-substituted magnetite 

(figure 4), with composition Zn0.13Fe2.87O4 predicted by EDX analysis, was fitted with three 

sextets. The sextet A1 was assigned to the Fe3+ ions at A sites, while the two sextets, B1 and B2, 

with higher values of the isomer shift, δ and lower hyperfine field values, Bhf were attributed to 

the Fe2+/3+ ions residing on B sites (see table 3). Due to the decreased magnetic coupling strength 

between Fe3+ in A and B sites (invoked by non-magnetic substitution on A-sites), hyperfine 
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fields values are slightly lower for the sample Z18 compared to the sample F28. A smaller Bhf 

value of component B2 can be associated with a part of iron ions on B sites which are coupled 

with lower number of Fe3+ ions on A-sites. In addition, the lower isomer shift value of the 

components assigned to the octahedral B-sites, δB (isomer shift of A sites remains almost 

unchanged) is due to the increased number of Fe3+ ions on the B sites. This excess of Fe3+ ions 

appears as a consequence of the fact that the neutral charge balance requires one Fe2+ ion on B 

site to be oxidized to Fe3+, for each Fe3+ on A site replaced by Zn2+ ion, or some vacancies to be 

generated at B sites [48]. The relative spectral area between A and B components is significantly 

reduced (RA/B=0.61) in Z18, due to Fe3+ ions replacement. Here is worth to remember that for 

low density of vacancies and low degree of iron substitution, the rapid electron hopping process 

between Fe2+ and Fe3+ ions on B-sites will not be suppressed at room temperatrure [49]. 

 Mössbauer spectrum of (Mn,Zn)-substituted Fe3O4 (MF17). The Mössbauer spectrum 

of the Zn and Mn ions substituted Fe3O4 sample, MF17, having stoichiometry 

Mn0.06Zn0.04Fe2.9O4, is drastically altered compared to the other two samples. For thus low 

doping, Zn2+ ions enter only A sites replacing Fe3+ ions, while the XRD analysis indicates that 

Mn ions probably replace Fe ions on both A- and B-sites. Nevertheless, even a small amount of 

Mn-substituted sample strongly affects the shape and the intensity of the spectrum [50, 51]. 

Replacement of iron by manganese ions is evidenced by the high broadening and decreased 

intensity of both, and especially inner band associated with octahedral (B) sites. A more 

pronounced decrease of the B component intensity can be an indication that manganese ions 

occupies B-sites [50]. The best fit of the Mössbauer spectrum was obtained when it was fitted 

with four components (two for tetrahedral and two for octahedral Fe sites). Two sextets, A1 and 

A2, having the same value of isomer shifts (δ=0.28 mm/s), but different values of hyperfine 

fields, are assigned to the Fe3+ ions on the A-sites with nonequivalent environments. 

Accordingly, part of the Fe3+ ions (A2) are subjected to hyperfine field with lower Bhf values, but 

larger qudrupole shift, ε, implying slight distortion of charge symmetry around Fe3+ ions on the 

tetrahedral sites. It is probably due to the presence of manganese ions on B sites which introduce 

the Jahn-Teller distortion of crystal field symmetry [41, 51, 52]. Based on this result, in the final 

refinement of the XRD data of sample MZ17, the cation occupancy was set up so that some Mn 

ions occypy the B sites. Another set of two magnetic components, B1 and B2, with larger isomer 

shifts, δ and smaller hyperfine fields, Bhf (table 3), were assigned to the Fe2+ and Fe3+ ions on the 
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B-sites. The component B2 originates from parts of the lattice where iron ions have larger 

number of non-magnetic ions as neighbors on A sites (therefore reduced hyperfine field), and 

where larger number of iron ions are oxidized to Fe3+ (therefore smaller isomer shift)  [37, 53]. 

The other component, B1, having hyperfine parameters similar to those of pure magnetite 

sample, can be again ascribed to the Fe2+/Fe3+ ions on octahedral sites with electron hopping 

occurring in a "regular" environment, i.e. not having zinc and manganese ions as neighbors. 

Somewhat reduced hyperfine field values of the components assigned to the B sites is in 

concordance with previous findings on Mn doping decreasing the hyperfine fields for these sites 

[54]. 

 In conclusion, the isomer shift values for A1, A2 and B1 components (δtet and δoct(B1)) 

were found to be almost the same in all three samples, indicating that the 57Fe ions on the 

tetrahedral (A) and partially on the octahedral (B1) sites of spinel lattice see no changes in the 

electron density with the variation in particle size and the composition. Upon substitution with 

Zn or (Mn,Zn) ions, broadening of the magnetic sextets was observed, inferring the introduction 

of additional component(s) (one for Zn- and two for (Mn,Zn)-substituted sample). The additional 

component, delineated to the 57Fe ions on octahedral B2 sites, has the lower δoct value and 

weaken hyperfine magnetic fields, and can be explained as being due to the distortion in the B-

sites invoked by non-magnetic substitution in the A-sublattice. At the same time, the partial 

oxidation of Fe2+ ions at B-sites takes place. The second component A2 introduced to delineate 

the Mössbauer spectrum of sample MZ17 was assigned to the 57Fe ions on tetrahedral A-sites 

which feel distortion invoked by substitution on the B-sites, probably with manganese ions. 

Manganese ions has high ability to change valence state, and as Mn3+ it has high preference for 

B-sites, where can introduce additional increases of the linewidth of B components by invoking 

Jahn-Teller distortion [41, 52]). It is worth noting that no additional components which could be 

associated to α-Fe2O3, γ-Fe2O3 or FeO phase, were observed in the Mössbauer spectra in all three 

samples: nano-α-Fe2O3 has higher Bhf≈51.5 T at RT [55]; γ-Fe2O3 has very symmetric 

Mössbauer spectra at RT [50, 56, 57]; while FeO phase should give the nonmagnetic 

contribution to the Mössbauer spectra since its Néel temperature is TN≈200 K [31].  

 

3.4 Magnetic characterization. 
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Magnetic responses of unsubstituted, Zn- and (Mn,Zn)-substituted Fe3O4 powdered nanoparticles 

in a static (DC) magnetic field were studied from measurements of the field and temperature 

dependence of DC magnetization, M(H) and M(T). To calculate mass magnetization of samples, 

we performed TGA/DTA analysis. The weight loss due to evaporation of organic phase, gave the 

residue corresponding to 94.7, 96.5 and 92.2 wt.% of the original weight of samples Z18, F28 

and MZ17, respectively (see figure S5). Thus obtained weight loss was re-calculated taking into 

account that during TGA/DTA experiment the partial oxidation takes place bringing in a mixture 

of hematite and magnetite phases (proved by the XRD analysis). 

 The zero-field-cooled magnetization curves (MZFC, figure 5(a)) do not rich the maximum 

in a field of 7.96 kA/m (100 Oe) up to 300 K, suggesting the existence of strong interparticle 

interactions. The magnetic dipole-dipole interactions modify the energy barrier ΔEA (=KeffV; Keff 

is an effective anisotropy constant), and shift the average blocking temperature, <TB>, to higher 

temperature range [14]. The drop of MZFC value observed in the sample F28 at TV≈117 K is 

assigned to the Verwey transition, which should involves slight distortion of the crystal structure 

and change in the symmetry of crystal lattice from face centered cubic (f.c.c) to rhombohedral 

[58]. Consequently, it should bring about the transformation of the magnetocrystalline anisotropy 

symmetry from cubic to uniaxial when passing from T>TV to T<TV [42]. Since, in high-purity 

magnetite, the Verwey temperature TV range between 110 and 125 K [59], we can assume that 

the core of F28 nanoparticles has stoichiometry very close to pure Fe3O4 [41]. On the contrary, 

in doped Z18 and MZ17 nanoparticles, the Verwey transition has not been experimentally 

observed owing to the stoichiometry deviations in samples caused by the presence of chemical 

dopants [60, 61]. A sudden slope change in the ZFC magnetization curve, which occurs at TS∼40 

K in all three samples (figure 5(a)), could come from the relaxation processes occurring in 

particles with smaller size or the freezing associated with the frustrated interactions among 

surface spins [23, 62]. 

 The hysteresis loops of all three samples, recorded at 300 and 5 K, are shown in figure 5 

b_c. The MS, HC and MR values are extracted and given in the table 4. At 5 K, the samples show 

a ferromagnetic behavior, with the HC value similar in the substituted samples Z18 and MZ17, 

and somewhat higher coercivity, HC, in the pure F28 magnetite. At 300 K, only unsubstituted 28 

nm-sized Fe3O4 nanoparticles show the remanence and coecivity, while in the samples, Z18 and 

MZ17, HC and MR are zero at 300 K. It means that the ensemble of 28 nm-sized unsubstituted 
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Fe3O4 nanoparticles exhibit weak ferrimagnetic features at 300 K coming from the part of 

nanoparticles which size exceeds the critical value for superparamagnetic behavior and, 

therefore, the thermal energy is not enough to overcome the energy barrier, ΔEA. The saturation 

magnetization values, MS at 5 K range from 91.2 Am2/kg (sample MZ17) to 98.6 Am2/kgFe3O4 

(sample Z18), overcoming the MS value of bulk magnetite (∼95 Am2/kg) in Zn-substituted 

sample (table 4). With increasing temperature up to 300 K, MS value remains high in Z18 and 

F28 (see table 4), indicating the good crystalinity and low density of the structural defects in 

magnetite particles with size below 30 nm [63]. The maghemitized surface layer, predicted by 

Mössbauer spectra analysis in F28, as well as the surface spin disorder, have a minor 

(decreasing) effect on the MS value. 

 

 

Figure 5. (a) ZFC and FC magnetizations as a function of temperature, measured with an 

external applied field of 7.96 kA/m (100 Oe); (b_c) the hysteresis loops of unsubstituted (F28), 

and Zn- (Z18) and (Mn,Zn)-substituted (MZ17) magnetite nanoparticles recorded at 300 K (b) 

and 5 K (c).  

 

Table 4. Saturation magnetization (MS), coercitive field (HC), ratio MR/MS and the magnetic 

moment per formula unit (μeff), estimated from the hysteresis loops measured at 300 and 5 K; an 

effective anisotropy constant (Keff) at 5 K estimated from slow, DC magnetic measurements; the 

heating efficiency of ferrofluids expressed by the specific absorption rate (SAR), measured in the 

AC magnetic field (H0=23.87 kA/m and f=228 kHz (for Z18 and F28) or 252 kHz (for MZ17)); 

the intrinsic loss parameter (ILP). 
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 300 K  5 K  

Sample MS 

[Am2/kg] 

HC 

[kA/m] 

μeff 

[μB] 

 MS 

[Am2/kg] 

MR/MS  

 

HC 

[kA/m] 

μeff 

[μB] 

Keff 

[kJ/m3] 

SAR 

[W/

gFe] 

ILP 

[nHm2

/kg] 

1-Z18 86.2 ∼0 3.6  98.6 0.17 19.1 4.1 12.9  525 4.04 

2-F28 83.6 2.23 3.5  93.3 0.18 27.45 3.9 17.4 285 2.19 

3-MZ17 77.6 ∼0 3.2  91.2 0.18 19.5 3.8 12.1 426 2.97 

 

 

In order to estimate the effective magnetic anisotropy constant Keff, we have used a 

simple analytical approach based on the relation between the coercivity of magnetic 

nanoparticles, HC, and the magnetic anisotropy energy of single domain nanoparticles, ΔEA, with 

uniaxial symmetry, represented by the equation: µ0HC = 0.48 (2Keff/MS) [1-(T/TB)γ] [33, 64]. The 

fact that Keff of the ensemble of magnetic nanoparticles depends on the distribution of the easy 

axes of magnetization in space is partially delineated with the parameter γ, which takes value 

0.77 for an ensemble of randomly oriented particles and 0.5 for an ensemble of aligned particles 

[65]. In our case the term (T/TB) can be neglected, since the ZFC-FC magnetization 

measurements point out that the blocking temperature of samples is high. Thus, using the 

simplified formula, Keff=μ0HCMS/0.96, the experimental HC and MS values obtained from the 

hysteresis loops at 5 K (table 4), as well as the density of material, ρ given as the output of XRD 

refinements, we estimated Keff values of 12.9, 17.4 and 12.1 kJ/m3 for Z18, F28 and MZ17, 

respectively. These values are rather consistent with those found in the literature [66]. Just to 

note that the Keff value will be increased for approximately 6% in Z18 and MZ17, e.g. ∼4% in 

F28, considering the random distribution of nanoparticles, and maximum ∼15% for an assembly 

of aligned nanocrystallites (γ=0.5) (we suppose the TB lies between 200 and 300 K in the 

substituted, and ∼300 K in unsubstituted Fe3O4). Even with such increments, Keff would be below 

20 kJ/m3.  

Such estimated Keff value (from DC magnetic measurements at T<<TB) usually is related 

to the single-particle anisotropy properties at room temperature [67, 68]. According to it, the Keff 

value in the substituted samples, Z18 and MZ17, is very close to the first order 

magnetocrystalline anisotropy constant, K1 of bulk magnetite regarding the cubic symmetry 
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(intermediate literature value for K1(Fe3O4) is between 11 and 14 kJ/m3 [23, 42, 69]. In 

unsubstituted F28 sample, the resulting anisotropy constant Keff is higher than K1 probably due to 

the contribution of the shape anisotropy (should be considered for elongated NPs with the aspect 

ratio >1.1 [67]), and/or the anisotropy coming from the magneto-dipole interaction of the 

particles. It is well known that with increasing particle size, the interparticle interactions 

increases and tend to form aggregates of nanocrystals [70]. Additionally, it seems that the surface 

anisotropy can be neglected in all three samples due to the diminishing effect of surface spin 

disordered in cubic-like nanoparticles at low temperatures [20, 70]. Following the simple 

analytical approach, the anisotropy properties of Z18 and MZ17 samples seem to be dominated 

by crystal-field effect [69, 71]. 

It is worth mentioning that the problem with estimation of Keff still remain opened for 

nanoparticulate systems. For an ensemble of the magnetic nanoparticles it is difficult to evaluate 

Keff due to the fact that apart from the magnetocrystalline, the shape and the surface anisotropies, 

the anisotropy comes from interparticle interactions and is dependent on the configuration of the 

particles inside ensembles (i.e. orientation of their easy axis of magnetization relative to the 

applied magnetic field). When an ensemble of magnetic nanoparticles is subject to an alternating 

current (AC) magnetic field (as in magnetic hyperthermia application), then the effective 

anisotropy Keff can be changed (the magnetization process, as well as the topology of the 

particles can be changed). Thus, Keff may obey particular dependence upon the frequency, f and 

AC field amplitude, H0 variations [70, 72, 73]. This fact can significantly change the 

hyperthermia efficiency of magnetic nanoparticles. Comparing some literature results based on 

ferromagnetic resonance experiments, we may expect decrease of the Keff with increasing 

frequency f [70], as well as with a field amplitude H0 increase [72]. Additionally, a significant 

reduce of the Keff can be found in in vivo conditions, when IONPs are taken by live cells [14]. 

With decreasing the Keff value, a metastable regime of heating can be established in AC magnetic 

fields. 

More realistic description of the Keff can be obtained from the numerical calculations for 

multi-particle systems. Another alternative approach is an atomistic spin model [74]. These 

methods should involve the consideration of the surface spin disorder, the shape anisotropy, the 

topology of the nanoparticles in an ensemble, the diamagnetic contribution, the Zeeman's 
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splitting of atomic energy levels in the magnetic field. A complexity of determining the Keff 

values (especially under AC magnetic conditions) are reflected on a heating efficiency study. 

 

3.5 Heating abilities of pure, Zn- and (Mn,Zn)-doped samples. 

In figure 6 are shown the heating ability of oleic acid (OA)-coated magnetic Z18, F28 and 

MZ17 nanoseeds dispersed in hexane, when the nanoparticle were exposed to AC magnetic field 

of amplitudes, H0 in the range between 7 and 23.87 kA/m and frequency f=228 or 252 kHz. 

Some characteristic hyperthermia curves of the samples are given in figure S6. The values of the 

intensity of magnetic field H0 and frequency f are in the range commonly used in the literature 

[6, 20, 21, 65], even though their product, H0 × f (between 1.6 × 109 and 6.0 × 109 Am-1s-1), 

exceeds the value limited by the Atkinson-Brezovich criterion (4.85×108 Am-1s-1) [75], for one 

order of magnitude. If we assume that the magnetic hyperthermia treatment will be applied 

locally (for tissue heating), the use of larger field-frequency product may be considered tolerable 

for the human body [76]. 

 

 
 

Figure 6. The SAR values of samples (a) Z18 and F28 and (b) MZ17 measured at frequency f, 

for different applied magnetic fields. Dash-line is a guide for eyes.  

 

 As we can see from figure 6, the increase of SAR value upon field amplitude is observed 

for higher H0 values in all three samples, with the difference in the offset of the heating for 

substituted and unsubstituted samples. Substituted samples, Z18 and MZ17, start to release heat 
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before the F28 ferrofluid (i.e. F28 nanoseeds needs higher amplitude of the applied field, H0, to 

start to generate heat). The estimated SAR values of three samples seems to be correlated with 

the field cooled (FC) magnetization value, MFC, measured in a low field of 7.96 kA/m (100 Oe), 

as well as the saturation magnetization to coercivity ratio, MS/HC, at 5 K. The unsubstituted 

magnetite nanoparticles, F28, have the lowest MFC and MS/HC values and consequently lower 

heating potential under the same experimental conditions (H0,f), in comparison with Z18 and 

MZ17. This can be partially due to the broader particle size distribution in F28 (bigger NPs, 

which stay blocked and do not participate in the transformation of magnetic to thermal energy), 

as well as to the formation of nanoclusters. The relaxation time for nanoclusters and single 

nanoparaticles can differ [77], consequently bringing the changes in the heating abilities (i.e. 

SAR values). In addition, the lower intrinsic loss parameters value, ILP (ILP = SAR/(H0
2 f)), 

could also indicate on the formation of nanoclusters in the sample F28 (see table 4). Zinc-

substituted Fe3O4 cubo-octahedrons, Z18, show the best heating performances. This sample has a 

good potential for using in the hyperthermia therapy. On inspection of literature, we just mention 

some SAR and ILP values of nanoparticles similar in size, composition and shape with here 

studied ones. Thus, 18nm-sized Zn0.4Fe2.6O4 cubes have shown SAR=1860 W/g at H0 = 37.4 

kA/m and f = 500 kHz (ILP = 2.66 nH m2/kg) [20], while 15.4nm-sized Zn0.4Fe2.6O4 cubes 

possess higher heating potential, i.e. SAR=1019.2 W/g at H0 = 16 kA/m and f = 380 kHz, and ILP 

= 10.5 nH m2/kg [6]. On the other hand, 17nm- and 26nm-sized octopods of composition FeO-

Fe3O4 have SAR and ILP values of ∼190 and 150 W/g and 1 and 0.8 nH m2/kg, respectively, 

when are exposed to AC field of H0 = 24.67 kA/m and f = 310 kHz [65]. Bigger iron oxide 

nanocubes, with an average size ∼23 nm have SAR=375 W/gFe at H0 = 24 kA/m and f = 301 kHz 

[21], and very similar ILP value (2.16 nH m2/kg), as our F28 nanoparticles. To what extent the 

heating ability of our nanoparticles will be influenced by the media viscosity, clustering and 

interparticle interactions will be a task for our future investigations. 

 

 

Conclusion 

The single crystalline Fe3O4-based nanoparticles, pure or substituted by zinc or (zinc, 

manganese) of size above 15 nm were fabricated by a thermal decomposition of metal 

precursors. The incorporation of Zn2+ ions into a spinel structure was found to be difficult, even 
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though two different sources of Zn2+ ions were used, Zn(acac)2 and ZnCl2 salt. The XRD 

analysis revealed presence of the pure magnetite-based phase in all three samples. In terms of 

crystallinity and size dispersion, this synthesis protocol shows superiority over decomposition of 

iron oleate and the co-precipitation synthesis route. High saturation magnetization and single 

magnetic phase were detected in all three samples. Slightly cation-deficient magnetite phase 

could only be presented at the nanoparticle's surface, but is negligible for magnetization 

diminution. 18nm-sized Zn0.13Fe2.87O4 cuboctahedrons, with the specific absorption rate, SAR ≅ 

425 W/gFe at H0=20 kA/m and f=228 kHz, show the best heating performance. 
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