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Two series of octahedral Fe3-xZnxO4 nanoparticles with mean sizes of 27 nm and 73 nm were prepared by thermal 
decomposition. All samples crystallize in inverse spinel cubic type structure with the Zn2+ ions located in tetrahedral sites. 
Magnetic measurements indicate an increase of the saturation magnetizations by 20% for a Zn content of x=0.12. The 

estimated anisotropy constants are close to that of pure magnetite. The physical properties of the investigated series are 
analysed in correlation with their structural properties. 
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1. Introduction 

 
The applications of bio-functionalized magnetite 

nanoparticles for the vitro diagnostic represent an 

important field of research due to their biocompatibility 

and easy removal from the body by natural routes [1]. The 

magnetite nanoparticles can be also efficiently stabilized 

in corrosive biological media, by SiO2 and Au coating, 

ensuring plasmonic properties. However, by coating the 

magnetite nanoparticles with nonmagnetic shells, their 

magnetic moments per volume unit decrease. It is thus of 

interest to investigate the behaviour of magnetite-based 

nanoparticles where the increase of magnetization can be 

obtained by iron substitutions. In this context, we report 

the preparation and physical properties of Fe3-xZnxO4 

nanoparticles that have a reduced toxicity in comparison 

with other ferrites [2]. 

The magnetite (Fe3+)A(Fe3+Fe2+)B crystallizes in a 

cubic inverse spinel structure, space group Fd3̅m, with the 

lattice parameter a = 0.8397 nm. The tetrahedral (A) sites 

are occupied by ferric ions, while in the octahedral (B) 

sites both ferrous and ferric ions are located. The 

magnetite is ferrimagnetically ordered, the iron moments 

in octahedral and tetrahedral sites respectively, being 

antiparallelly oriented.  

The location of Zn2+ ions in the magnetite structure, as 

well as the magnetic properties of this system were found 

to depend significantly on the synthesis and/or 

postprocessing method [3 - 12]. Several reports suggested 

that a small number of Zn2+ ions would occupy octahedral 

sites, when Fe3-xZnxO4 was prepared by coprecipitation 

[4], ball-milling [5, 6], twin roller grinding methods [7], 

sputtering [8] or pulsed laser deposition [9]. The Zn2+ ions 

dominantly occupy the tetrahedral sites when samples are 

obtained by thermal decomposition, thus inducing 

metastable Fe3-xZnxO4 phases with disordered 

arrangements of Zn2+ and Fe3+ ions [3, 10 - 12]. 

In the following, the physical properties of Zn doped 

magnetite nanoparticles having octahedral shapes, 

obtained by thermal decomposition method, are reported. 

The present data confirm the location of Zn2+ ions in 

tetrahedral sites. 

 

 
2. Experimental 
 

2.1. Nanoparticles synthesis 

 

The Zn doped nanoparticles were obtained from 

mixtures of 0.7 mmol iron (III) acetylacetonate Fe(acnc)3, 

1.05 mmol Zn (II) acetylacetonate (sample S1) or 1.0 

mmol Fe (acac)3, 1.5 mmol Zn (acac)2 (sample S2), with 

3.78 mmol oleic acid and 52.61 mmol benzylether. The 

above mixtures were heated up to T = 295o C with a rate 

of 5o C/min, kept at this temperature 30 min and cooled 

down to the ambient temperature. The Zn-doped 

nanoparticles were magnetically separated from the 

mixture and washed several times with ethylic alcohol. 

The samples were kept in ethylic alcohol before 

measurements.  

 
2.2. Characterization 

 

The SPECTRO CIROSCCD spectrometer (Spectro, 

Kleve, Germany) was used for the determination of Fe and 

Zn (n=3 measurements) by ICP-OES. The samples are 
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subjected to microwave-assisted digestion using Berghof 

MWS3+ (Berghof, Germany) high-pressure microwave 

digestion system in PTFE closed vessels, using 9 mL HCl 

37% and 3 ml HNO3 69%. The digest was transferred to a 

volumetric flask, made up to 25 mL with double distilled 

water, filtered and stored in polyethylene flask until 

analysis. Determination was based on external calibration 

using a 8-point linear calibration curve over the range 0 – 

10 mg/l element in 2% HNO3.  

The shape and sizes of Zn-doped magnetite 

nanoparticles were analysed by TEM using a Hitachi 

HT700 microscope equipped with an 8-megapixel CCD 

camera, operating at 100 keV in high contrast. X-ray 

diffraction measurements were carried out at ambient 

temperature using a Bruker D8 Advance Bruker 

Diffractometer with CuKα radiation. The lattice parameters 

were determined using FullProf software [13].  

Magnetic measurements were performed in the 

temperature range 5 K ≤ T ≤ 310 K by using a Vibrating 

Sample Magnetometer from Cryogenics, in fields up to 

µ0H = 12 T and with a Faraday-type balance in external 

field up to µ0H = 1 T in the temperature range 300 K ≤ T ≤ 

850 K. The ZFC results were obtained in a field of μ0H = 

0.05 T after cooling at T = 5 K in the absence of external 

fields. The FC measurements were recorded in the same 

field, after cooling the samples in the presence of an 

external field of 0.05 T. 

 
 
3. Results 
 

The TEM images of Fe3-xZnxO4 samples evidenced 

mainly the presence of faceted nanoparticles (Fig 1). 

Previously [14], was shown that the octahedral shapes of 

magnetite nanoparticles can be obtained by heating at T = 

200o C with rates higher than 5o C/min, while spherical 

nanoparticles are formed at lower heating rates. Thus, the 

obtained octahedral shapes of Fe3-xZnxO4 nanoparticles can 

be correlated with a rather high temperature used for 

thermal treatment, as well as a relatively high heating rate. 

As a result, the nuclei formation rate and the growth 

process are rather high, favouring the formation of the 

{111}, facets with smaller surface energy compared to 

those of {011} or {101} planes. The octahedral particle 

shapes have a reduced surface energy, the flat surfaces of 

the octahedra possessing a small number of broken bonds 

and oxygen vacancies. 

  

 
Fig. 1 TEM patterns of samples S1 (a) and S2 (b). In inset are given the particle sizes distribution (color online) 

 
The size distributions for S1 and S2 nanoparticle 

series, determined by TEM, are given in the insets of 

Fig.1. For S1 samples, the greatest fraction of 

nanoparticles is situated between 22 nm and 30 nm with a 

mean size of 27 nm. Higher dimensions are evidenced in 

S2 samples, their mean value being of ≈ 73 nm. The 

different nanoparticles sizes for these two series can be 

correlated with different ratio of Fe(acac)3 and Zn (acac)2 

to the oleic acid and benzylether, used in the starting 

mixture. 

The XRD patterns show the presence of only one 

phase, the inverse spinel cubic structure - Fig.2. The lattice 

parameters, listed in Table 1, are somewhat higher than 

those of pure magnetite. The increase in the lattice 

parameters, as compared with pure magnetite, suggests the 

location of Zn2+ ions in tetrahedrally coordinated site, due 

to the larger ionic radius of Zn2+(0.74 nm) as compared 

with that of Fe3+ ions (0.49 nm) [15 - 17]. The elemental 

analysis by ICP-OES yielded a molar ratio Fe/Zn of 

8.5±0.1 and 8.4±0.1, for series S1 and S2, respectively, 

with a 95% confidence level for the mean results and 

confidence interval. The mean sizes of the Zn doped 

nanoparticles, as determined from XRD measurements, are 

30±1 nm (S1) and 50±1 nm (S2) in rather good agreement 

with the values obtained by TEM studies. 
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Fig. 2. XRD patterns at ambient temperature  

for samples S1 and S2 (color online) 
 

Table 1. Lattice parameters and mean nanoparticles sizes 

 

Sample 
Lattice constants 

(nm) 

Mean nanoparticles sizes 

(nm) 

XRD TEM 

S1 0.841(3) 30±1 27 

S2 0.840(9) 50±1 73 

 

The magnetization isotherms, recorded at 5 K and 300 

K, show that the saturation magnetizations are obtained in 

external fields of µ0H > 2 T, for all samples, as shown in 

Fig. 3.  

The saturation magnetizations are by ≈ 20% higher 

than that of pure magnetite, in agreement with the location 

of Zn2+ ions in tetrahedral site. Starting from the formula 

unit [𝐹𝑒0.88
3+ 𝑍𝑛0.12

2+ ]A[𝐹𝑒1.12
3+ 𝐹𝑒0.88

2+ ]BO4, and assuming 

ferrimagnetic type ordering, a magnetic moment of ≈ 4.72 

µB/f.u. is calculated, very closed to those experimentally 

determined at T = 5 K, confirming the location of Zn2+ 

ions in tetrahedral sites - Table 2. The exchange 

interactions Jij in magnetite are governed by a combination 

of antiferromagnetic superexchange (SE) and 

ferromagnetic double exchange (DE) interactions. As 

already pointed [18] ferrimagnetic ordering in Fe3O4 with 

high Curie temperature Tc, is obtained without any DE 

interaction when JAB >> JBB, JAA forming an antiparallel 

alignment of the moments on the A and B sites, 

respectively. When weakening the JAB interactions, as 

result of substitutions at A sites and strengthening JBB 

interactions, the B site magnetic moments cannot be 

parallelly orientated to the A site moments, leading to a 

canted magnetic structure [19, 20]. The replacement of 

iron by x = 0.12 Zn2+ ions, although decrease the Curie 

temperature, maintain the simplest ferrimagnetic ordering, 

where all iron moments are parallelly oriented, as 

confirmed by the result of magnetic measurements. This 

trend was already evidenced for a zinc content up to x ≤ 

0.2 [19]. 

 

 
 

Fig. 3. Magnetization isotherms at T=5K and T=300K  

as well as the hysteresis loops (color online) 
 

The hysteresis loops show the presence of small 

coercive fields at ambient temperature, µ0H = 0.01T (S1) 

and µ0Hc = 0.02T (S2), suggesting that the nanoparticles 

are close, to a superparamagnetic type behaviour at the 

above temperature. For S1 samples, the coercive field 

particularly seems to be due to the contribution of the 

nanoparticles fraction having sizes greater than 30 nm. 

The ratios between remanent (Mr) and saturation (Ms) 

magnetization at ambient temperature are approximately 

0.10 for S1 and 0.22 for S2. These values are rather low 

and particle size dependent. These follow the general trend 

as evidenced in Fe3-xZnxO4 system; in spite of increasing 

the saturation magnetizations, with increasing Zn content, 

there is a decrease of Mr/Ms ratio [21]. 

The anisotropy constants were determined assuming 

that below the blocking temperature TB, the anisotropy is 

uniaxial [22,23]. According to the Stoner-Wohlfarth model 

for noninteracting single domain particles, the coercivity, 

Hc, depends both on the anisotropy constant K as well as 

on saturation magnetization [24]: 

 

𝐻𝑐 =
2𝐾

µ0𝑀𝑠
                 (1) 
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The determined anisotropy constants, according to the 

relation (1), at ambient temperature, are of 0.48•104 J/m3 

(S2) and 0.22•104 J/m3 (S1), only little smaller than that of 

pure magnetite - Table 2.  These values approximate the 

real anisotropy constants. In case of noninteracting 

particles, a value of Mr/Ms = 0.5 is predicted, greater than 

those experimentally determined from hysteresis loops. 

The above trend can be explained assuming the presence 

of interactions between nanoparticles, influencing the 

estimated anisotropy constants. 
Table 2. Magnetic properties 

 

Sample 

Saturation 

magnetization 

(µB/f.u.) 

Coercive field 

(T) 

Tc 

(K) 

TB 

(K) 

Tv 

(K) 

Anisotropy constant 

K•104 J/m3 

T=5K T=300K T=5K T=300K 

determined from 

Hc 

determined from 

TB 

T=5K T=300K T=300K 

S1 4.91 3.95 0.04 0.01 756 400 26 1.2 0.48 0.23 

S2 4.82 3.51 0.05 0.01 783 310 27 0.9 0.22 0.70 

 

The temperature dependences of the ZFC and FC 

magnetization in the field of µ0H =0.05 T are given as 

example for S2 sample in Fig. 4. 

 

 
 

Fig. 4. Temperature dependences of the ZFC and FC 

magnetizations in the external field μ0H=0.05T for the 

samples S1 and S2. In inset is shown the temperature 

dependence of the magnetization for the sample S2  

(color online) 
 

The separation point between the ZFC/FC curves 

corresponds to the maximum blocking temperature, Ts, 

whereas the peak position in the ZFC curve is related to 

the average blocking temperature, TB [25]. The TB value 

decreases parallelly with particle sizes. The maxima in the 

ZFC curves, located at TB, define the temperature where 

the thermal energy becomes comparable to the anisotropy 

energy barrier and consequently it is related to the 

anisotropy constant: 

 

TB =
K

25kB
𝑉                 (2) 

 

where V is the nanoparticle volume and kB is the 

Boltzmann constant. The anisotropy constants estimated 

from relation (2) are in the range of those obtained starting 

from coercive filed, as shown in Table 2.  

The magnetic particle’s sizes or magnetic domain 

sizes, dm, were estimated according to the relation [26]: 

 

dm = [
18kBT

𝜋

χ𝑖

ρMs
2 V]

1/3

       (3) 

 

By χi is denoted the initial susceptibility, ρ represents 

the sample density, and Ms is the saturation magnetization. 

Starting from the hysteresis loops at ambient temperature, 

the initial susceptibilities values were determined as 0.096 

emu/gOe for sample S1 and 0.078 emu/gOe for sample S2. 

According to relation (3) the estimated domain sizes are 

11±1 nm for sample S1 and 9±1 nm for sample S2. These 

values are smaller than the mean sizes of the nanoparticles 

determined from XRD and TEM investigations. Such 

differences were also shown in other reports and attributed 

to the approximation used in developing the model [27]. 

The ZFC magnetization curves evidence the presence 

of the Verwey transitions [10], at temperatures TV≈26 K 

for both samples, not depending on particle sizes, as 

evidenced in Fig 4. In magnetite, the Verwey transition is 

not full-size dependent, like on nanoparticle shapes and 

morphology, being mainly influenced by the composition 

and stability of the nanoparticle surfaces [28]. Since the 

Verwey transition is caused by the phonon modes X3 and 

Γ5 which are linked to octahedral iron cations, the 

transition should be influenced by the dynamic and static 

positions of these ions [29]. Accordingly, a linear decrease 

of the Verwey transition temperature TV with composition 

was observed in Fe3-xZnxO4 system in the composition 

range 0.01 ≤ x ≤ 0.04, which can be described by the 

relation TV ≅ 113-750x K. Considering the location of 

Zn2+ ions in tetrahedral sites, as well as the gradual change 

in the valence states of iron ions in the octahedral sites, we 

assumed that the TV follows the same trend in our case. 

Thus, for the determined Zn content in our samples, of 

about x ≈ 0.12, a Verwey temperature of 23 K is obtained 

using the above relation, nearly the same as the 

experimentally evidenced values. This suggests that the 

previously reported Tv trend evidenced for x ≤ 0.04, is 

followed also for nanoparticles having higher Zn content, 

at least up to x = 0.12. 
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4. Conclusions 
 

Octahedral shape Fe2.88Zn0.12O4 nanoparticles with 

average sizes of 27 nm and 73 nm were successfully 

prepared by thermal decomposition. All samples 

crystallize in an inverse spinelic cubic type structure with 

the Zn2+ ions located in tetrahedral sites. As result of the 

Zn2+ substitutions, the saturation magnetizations increase 

by ≈20%, while the estimated anisotropy constants are 

close to those of pure magnetite. The Verwey transition 

temperature TV is not influenced by the nanoparticle sizes. 

The linear decrease of TV values when increasing the Zn 

content can be correlated with the iron valence states in 

octahedral sites. 
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