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Abstract 

Synthesis and processing methods can have a significant influence on the 

physical properties of spinel zinc ferrite since it can produce microstructures 

characterized by different microstructural parameter such as the arrangement 

of the ions, lattice parameter, crystallite size and lattice strains (or 

microstrain).  In this work, it has been evaluated the magnetic properties of 

samples prepared by ceramic synthesis, sol-gel and a third one provided by 

a ceramic powder supplier. Later, the synthesized samples have been ball-

milled for 50 h and compared with a sample prepared by mechanochemical 

synthesis during 150 h. X-ray powder diffraction (XRD) analysis, performed in 

order to understand the relation between microstructure and magnetic 

properties, showed that these four materials are characterized by different 

values of the microstructural parameters (lattice constant, inversion degree 

and crystallite size). It was concluded that cation inversion is the most 

important parameters that can be effective in the deviation of the magnetic 

properties of zinc ferrite from the properties of the bulk form.  Finally, the 

magnetization curves for the samples milled for 50 h were very similar to the 

sample prepared by mechanochemical, as expected from the similar 

microstructural parameters obtained from their XRD patterns. The inversion 
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degree for these samples varied from 0.56 and 0.61 with saturation 

magnetization at 5 K around 79.0 emu/g. 

 

Keywords: zinc ferrite, mechanochemical processing, solid state reactions, sol-

gel, magnetisation, microstructure  
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1. Introduction 

Structural and magnetic properties of zinc ferrites have been studied by many 

researchers over the last decades. It has been stablished, that this compound 

belongs to the 𝐹𝑑3 ̅𝑚 space group and presents a normal spinel structure with 

Zn2+ occupying only tetrahedral A sites, due to their affinity for strong sp3 bonding 

with oxygen, and Fe3+ ions located at the octahedral B sites.[1, 2] This compound 

is paramagnetic, with a transition to an antiferromagnetic order around 10 K,[3] 

in which Zn2+ ions with a d10 electronic configuration has not magnetic moment 

while Fe3+ B-ions with a d7 configuration are in a high spin state with an 

antiferromagnetic order. However, this magnetic structure can be largely modified 

by the cation exchange between Fe3+ ions in the octahedral sites and Zn2+ ions 

in the tetrahedral sites, through the onset super-exchange magnetic interaction 

between Fe3+ - Fe3+ ions at A-B sites via the bridging of an intermediate O2- ion.[4] 

It has been experimentally established that these interaction energies are 

negative, and hence induce an anti-parallel orientation of the magnetic moments 

of the Fe3+ cations on A and B sites.[5] This cation disorder is also accompanied 

by the decrease of both unit cell dimension (a) and oxygen parameter (u) that 

produce a change in the A-O-B cations bond angle.[6] All these microstructural 

modifications make possible that zinc ferrite can present superparamagnetic or 

ferrimagnetic behavior at room temperature.[7, 8]  

The site occupancy of Zn and Fe ions is temperature dependent,[9] and the 

equilibrium configuration described before can be re-adjusted at high 

temperature. This new configuration can be frozen by quenching to room 

temperature. For this reason, the site occupancy of these ions can depend on the 

thermal history of the spinel.[10]  On the other hand, it has been reported that the 

particular inversion degree is also dependent on particle size.[11, 12]  Since the 

synthesis process selected determines the thermal history of the material and its 

particle size, the experimental route used in the preparation of ferrites plays an 

important role in their properties, and anomalies in the magnetic behavior in 

samples prepared by various techniques has been reported. Comparing 

magnetic properties of this material prepared through different synthesis methods 

(eg. co-precipitation,[13, 14] combustion,[15-17] sol-gel,[18-20] hydrothermal 
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route,[21-23] solvothermal methods,[24, 25] spray drying,[26, 27] 

mechanochemical synthesis[28-31]) with the microstructure present, it can be 

concluded that beside the inversion degree, microstructural parameters like the 

lattice constant, crystallite size and lattice strains (or microstrain) must be taken 

in account to understand its magnetic properties.[32-34] 

The conventional ceramic methods for the preparation of ferrites consists of a 

high temperature thermal treatment of an equal molar mixture of ZnO and α-

Fe2O3 powders. This method is widely used for large scale production of zinc 

ferrite since allows the production of highly crystalline material at low cost.  

However, the required long heating schedule at high temperatures can lead to 

zinc loss and the sintering of the powders forms large and hard agglomerates 

with particles and grain sizes bigger than the optimal for most of the 

applications.[35] These compacts have to be ball-milled to achieve a better 

homogeneity and to reduce the particle size, but by this process it is obtained a 

broad distribution of size and shape of particles with different morphologies.[36, 

37] Besides, contamination of the ferrite powder with the grinding material can 

result in deviation from the desired stoichiometry.[38] 

Sol-gel chemical methods for the preparation of a variety of mixed-metal oxide 

could present advantages to overcome the most drawbacks of the conventional 

route in terms of simplicity.[39, 40] The process consists on the preparation of a 

colloidal suspension of the desired oxide from salts, that is converted into a gel 

by dehydration.  Finally, this gel is calcined without a specific heating or cooling 

rate to produce the desired ceramic particles.[41] It has been demonstrated that 

this technique allows to produce oxides with an excellent chemical homogeneity 

at low processing temperatures.[42] Besides, this technique represents the 

possibility of producing nano-sized ferrite particles with uniform and narrow size, 

which can present large differences in properties from bulk materials and, 

therefore, they can find new areas of applications.   

Other fabrication method reported to prepare spinel zinc ferrite nanocrystals with 

new and unusual properties is the high energy ball milling at room temperature 

of ZnO and α-Fe2O3 powder mixture (mechanochemical synthesis).[43] This 

technique has the advantage that it can easily be operated and produces large 
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amounts of nanostructured powders for a short period of time.[44]  Besides, this 

processing allows tailoring magnetic properties of zinc ferrite by producing the 

desired inversion degree and reducing strains and structural defects introduced 

by milling through thermal treatments. However, a problem found in 

nanostructured high-energy milled spinel ferrites is related to its thermal stability 

owing to their small particle size, non-equilibrium cation distribution,[31] 

disordered spin configuration,[45, 46] and high-chemical activity.[47] Because of 

their unstable character, decomposition of zinc ferrite into ZnO and/or hematite 

may occur as a result of a further thermal treatment. 

This work is aimed to understand the relation between microstructure and 

magnetic properties of ferrites by comparing XRD and magnetic properties 

measurements performed on samples prepared by the three most common 

synthesis methods (conventional ceramic, mechanochemical, and sol-gel 

synthesis) and powders of zinc ferrite supplied by Alpha Aesar. For this goal, 

changes on microstructural parameters like the lattice constant, inversion degree, 

crystallite size and lattice strains (or microstrain) were correlated with the 

temperature dependence of the magnetization under zero-field cooled and field 

cooled procedure and hysteresis cycles at room and low temperatures measured 

by SQUID magnetometry. Finally, the effect of ball milling on the structural and 

magnetic properties of these four samples was investigated since this method 

can result in an enhancement in magnetization by the elimination of the residual 

amount of amount of ZnO and/or α-Fe2O3 that can be present in the 

microstructure and also changing the cation distribution and particle size. 

2. Experimental procedure  

Stoichiometric ZnFe2O4 particle have been processed by four different routes: 

a) Conventional ceramic synthesis: a 1:1 molar ratio mixture of ZnO and α-Fe2O3 

(both 99% purity) supplied by Panreac and Alpha Aesar, respectively, were 

ground to a very fine powder and then pressed into pellets using a uniaxial press 

and sintered at 1200 ºC for 24 h. After this treatment, the samples were air cooled 

to room temperature. The sample is denominated as CS. 
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b) Sol-gel: Zn(NO3)2-6H2O and Fe(NO3)3-9H2O were dissolved separately in a 

stoichiometric ratio of 1:2 in ethanol and ethylenglycol, respectively. Both 

solutions were mixed with continuous stirring with a magnetic agitator to form a 

sol by heating at 60 ºC for 8 h.  This sol was heated at 120 ºC until it transformed 

into a dark brown gel. Finally, the dried gel was calcined at 600 ºC for 24 h to 

obtain a nanosized zinc ferrite powder, following the result of the characterization 

study performed with the gel. The sample is called SG. 

c) As zinc ferrite obtained by the ceramic and sol-gel methods can present some 

residual amount of amount of ZnO and/or α-Fe2O3, a portion of the powder 

obtained by these methods was mechanically milled to get complete 

homogeneity. For this goal, the powder was placed in stainless steel vial with 

10:1 ball to powder weight ratio keeping milling intensity at 275 rpm for 50 and 38 

h, respectively. 

d) Mechanochemical synthesis: 10 g of a powder mixture in a 1:1 molar ratio of 

ZnO and α-Fe2O3 (both 99% purity) supplied by Panreac and Alpha Aesar, 

respectively, was introduced together with stainless steel balls of 10 mm into a 

stainless steel jar of 250 cm3 in ball-to-powder weight ratio of 10:1. The milling 

process was carried out up at room temperature in a planetary ball mill Retsch 

PM4 working at an average rotation speed of 275 rpm.  The milling process was 

interrupted after 150 h since in a previous work it was confirmed that it is the 

required time to obtain a single phase.[31] The sample is named MS. 

e) This study was complemented with the microstructural and magnetic 

characterization of 99% purity zinc ferrite supplied by Alpha Aesar.  Besides, a 

certain amount of the powder was mechanical milling under the same conditions 

as given in c). The sample is denominated as ZFS. 

The preparation processes are shown in the following schematic diagram: 
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Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

measurements of about 10 mg of SG were carried from 50 to 1200 ºC using 

SDT Q600 V8.3 Build 101 thermal analyzer in Pt crucibles at a heating rate of 10 

K/min. From the steps weigh loss temperature observed on the TGA curve during 

heating, powder of the dried gel was calcined at temperatures ranging from 350 

to 600 ºC to understand the removing process of unwanted organic ions. Powder 

of these calcined samples was mixed with KBr powder to prepare a pellet for 

Fourier Transform Infrared (FTIR) studies to determine stretching and vibrations 

molecular modes of organic sources. FTIR absorption spectra, were recorded in 

the wave-number range between 500 and 4000 cm−1. 

Microstructural characterization for the different processing routes was 

conducted by X-ray diffraction (XRD). XRD measurements were carried out in a 

Bruker AXS D8 diffractometer equipped with a Goebel mirror and a LynxEye 

detector. XRD spectra were collected in Bragg-Brentano geometry using Co 

radiation over a range from 10 to 120º with a step width of 0.01º. The version 6.0 

of Rietveld analysis program TOPAS (Bruker AXS) was used to model the 

• ZnO and α-Fe2O3

• Thermal treatment at 1200 ºC for 24 h

• Ball-milled for 50 h

Ceramic syntesis

(CS)

•Zn(NO3)2-6H2O and Fe(NO3)3-9H2O in ethanol and 
ethilenglicol with cstirring at 60 ºC for 8 h

•Thermal treatment at 600 ºC for 24 h 

•Ball-milled for 38 hs

Sol-gel synthesis

(SG)

•ZnO and α-Fe2O3

•Ball-milled for 150 hMechanochemical 
syntesis (MS)

• Ball-milled for 50 h
Commercial sample 

(ZFS)
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diffraction pattern with the crystallographic information of ZnO, α-Fe2O3 and 

ZnFe2O4 obtained from Pearson's Crystal Structure databases.[48] The 

refinement protocol included determination of the following structure parameters 

for the zinc ferrite: the unit-cell parameters (a), oxygen fractional coordinates 

(x=y=z), and the degree of inversion  (constraining the octahedral and 

tetrahedral sites to keep the sum of the same cations in the two sites to its 

stoichiometric value). Uncertainties in these three parameters were determined 

from the standard deviation obtained from the least-squares refinements. 

Isotropic temperature factors (Biso) used in Rietveld refinements were fixed to 

the values reported by O’Neill.[9] The determination of crystallite size and lattice 

strain simultaneously from line broadening of the XRD patterns has been carried 

out by the double Voigt approach.[49, 50] For this analysis, the instrumental 

contribution to peak broadening was removed using the diffraction patter of a 

corundum sample.  However, the results obtained for domain size and strain 

parameters present a limited reliability (ranging from 10 to 20%) associated with 

a large standard deviation. 

Scanning and transmission electron microscopes have been used to determine 

the particle size.  The images used for this task were obtained using a JEOL - 

JSM 6330F and a JEOL JEM2100, respectively.  In order to avoid measurements 

error during image analysis, the recognition and delimitation of primary particles 

in agglomerates was performed manually.   

Magnetic characterization of the samples as a function of applied field and 

temperature has been carried out using a standard superconducting quantum 

interference device (SQUID) MPMS (Quantum Design) magnetometer with the 

maximum applied field of 5 T. In addition, Physical Property Measurement 

System (PPMS) Quantum Design Vibrant sample magnetometer (VSM) was also 

used. Hysteresis cycles have been made at 5 and 300 K at 5 T. Zero field cooled 

(ZFC) and field cooled (FC) measurements were made at magnetic field of 100 

Oe between 5 and 300 K.  

3 Results 

3.1 Microstructural characterization 



9 
 

The XRD patterns of the precursor prepared by sol-gel showed the presence of 

many sharp diffraction peaks, but none of them could be associated to the zinc 

ferrite (see Fig. 1a). The XRD patterns of sampled calcined at 300, 425 and 550 

ºC for 2 h (Fig. 1b, 1c and 1d) confirm the presence of a spinel structure that 

match with the JCPDS file of Franklinite (JCPDS 22-1012) together with some 

amount of ZnO (JCPDS 36-1451), α-Fe2O3 (JCPDS 33-0664) and an 

amorphous phase. Table 1 gives the structural parameter of sample SG. 

 

 

 

Figure 1: X-ray diffraction patterns of the sol-gel sample (a) as synthetized and after 2 h calcination at (b) 

300, (c) 425 (d) 550 ºC. Red, green and blue bars peaks, correspond to -Fe2O3, ZnO and ZnFe2O4, 

respectively. 

Fig. 2 shows the FTIR spectrum of the precursor and calcined samples in the 

wave-number range between 500 and 4000 cm−1. As observed in Fig. 2(a), the 

precursor presents several bands: 

a) The large and broad peak at 3465 cm−1 resulting from the stretching and 

deformation vibrations of the water molecules coordinated to the ferrite 

structure.[51] 
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b) The characteristic vibrations at 2950 and 2850 cm-1 are attributed to the 

stretching of asymmetric and symmetric vibrations of (–CH2–) group.[51]   

c) The bands at 1685 and 1390 cm-1 correspond to the carboxylic anions (COO-

) coordinated by the metal cations, and as the difference between their 

frequencies is about 295 cm-1, it is suggested a bidentate coordination between 

the carboxylate and metal ion.[52]  Looking in more detail the band at around 

1400 cm-1, it is observed that it is actually composed by three overlapping peak, 

and the other two contributions could be attributed to the stretching vibration of 

the antisymmetric NO3 and O-H groups.[53]  

d) In the domain 1200 to 600 cm-1 the precursor spectrum present bands 

corresponding to symmetric stretching mode of C-O-C group (1075 cm-1), and to 

the C-C (900 cm-1) and the wagging mode of C-O bond (780 cm-1).[54] 

e) The high intensity band observed in the 670-400 cm-1 domain was assigned to 

the stretching modes of metal-oxygen bonds. 

The vibrational spectra of the absorption bands of the samples calcined at 300, 

425 and 550 ºC showed the progressive disappearance of the peaks in the range 

from 900 to 1800 cm-1 and 2400 to 3700 cm-1, as observed in the FTIR spectra 

of Fig 2b, 2c and 2d, confirming the elimination of the stretching mode of organic 

part during calcination. Besides the presence of some remaining organic sources, 

these figures show the existence of two mean absorption bands at 425 cm−1 and 

at 575 cm−1, which are attributed to the stretching vibration of the octahedral and 

tetrahedral metal-oxygen bond, respectively.[55] 
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Figure 1: FTIR spectra of the sol-gel sample in (a) as synthetized condition and after 2 h calcination at (b) 300, (c) 425 
and (d) 550 ºC. The dotted lines indicate the stretching vibration of the octahedral and tetrahedral metal-oxygen 
bonds. 

In order to understand the reduction process of the sol-gel precursor, it was 

carried out simultaneous TGA and DSC measurements in the range from 50 to 

1200 ºC at 10 K/min. During heating, the TGA curve of Fig. 3 presents a four 

steps weight loss, with an initial loss of 20% associated with a broad slightly 

endothermic peak in DSC in the temperature range from RT to 200 ºC, which was 

attributed to absorbed water release. A second weight loss of 37% with a strong 

and broad exothermic peak was observed in the temperature range from 200 to 

320 ºC due to the decomposition of hydroxides and nitrates. On further heating, 

it was observed a weight loss of 5% with an small exothermic peak in the 

temperature range from 320 to 370 ºC. The comparison of the FTIR spectra of 

samples calcined at 300 and 425ºC (Fig. 2b and 2c) suggests the elimination of 

almost all the residual organic sources in this temperature range. Finally, it was 

found a weight loss of 3% with a very  small exothermic peak between 450 and 

525 ºC that can be related to further crystallization from an amorphous phase 

since the FTIR of the sample calcined at 425 and 550ºC are almost identical. As 

far as no further distinguishable weight loss and peaks on the DSC curve were 

observed between 525 and 1200 ºC, it was concluded that the combustion and 

transformation process have been already completed.  
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Figure 2: TGA and DSC measurements of the sol-gel precursor 

This FTIR analysis together with TGA and DSC curves were very useful for 

establishing the calcination temperature of 600 ºC to remove unwanted organic 

ions that may pollute the crystal lattice during preparation and to obtain a high 

crystalline sample.  

The XRD, FTIR, TGA and DSC measurements were also performed in the 

provided zinc ferrite sample, as shown in Fig. 4a, 4b and 4c.  Although the XRD 

pattern of Figure 4a shows only the presence of zinc ferrite, IR analysis and TG 

curves confirm the presence of some organic sources.  
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Figure 3: (a) XRD pattern, (b) FTIR spectrum and (c) TGA and DSC measurements obtained for ZFS. 

The morphological characteristics of the zinc ferrite powder obtained by the 

different processing routes were investigated by SEM and TEM. The particle size 

varies substantially for the different samples due to a different kinetics of the 

crystal growth for each processing route.  As shown in SEM images of Fig. 5a, it 

was observed the presence of very coarse particles produced in the ceramic 

route due to the high temperature of the synthesis and the low volume fraction of 

second phase particles that can pin the grain boundaries. On the other hand, 

nanometric particles were obtained by the other processing routes including the 

material supplied by Alfa Aesar. These particles are aggregated, and so it is 

difficult to determine their exact size and shape.  Hence, the exact size and shape 

of the ZnFe2O4 particles were examined by TEM images. Figure 5b and 5c shows 

the typical bright field TEM image of zinc ferrite nanoparticles obtained by sol-gel 

and mechanochemical synthesis. It can be seen in these TEM image that the zinc 

ferrite nanoparticles are essentially spherical. 
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Independently of the preparation method used for their synthesis, the diffraction 

peaks in the XRD patterns show the presence of a spinel structure, and the EDX 

measurement confirmed that the Zn to Fe ratio was about 1 to 2, as can be seen 

in Fig. 1S and Table 1S of the supporting information.  However, the samples 

prepared by the sol-gel and ceramic methods are not monophasic, and they can 

a 

b 

c 

Figure 4: Micrographs of zinc ferrites: (a) SEM images 
of particles prepared by the conventional ceramic 
route, (b) TEM images of particles prepared by the 
sol-gel and (c) mechanochemical synthesis methods 
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include some reflections corresponding to ZnO and α-Fe2O3. On the other hand, 

XRD patters of the samples by mechanochemical synthesis and the rest of the 

samples mechanically milled for 50 h included beside the zinc ferrite about 1.3% 

of Fe contamination with the grinding material. Only the sample supplied by Alfa 

Aesar can be considered as pure zinc ferrite since their XRD patterns showed 

only the presence of ZnFe2O4. 

The most important microstructural parameter of zinc ferrite determined from the 

XRD patterns using Rietveld refinement are summarized in Table 1. This table 

shows that the crystallite size, microstrain and lattice parameter for zinc ferrite 

prepared by mechanochemical synthesis and for the samples mechanically 

milled for 50 h are essentially the same. On the other hand, the inversion degree 

for these samples, defined as the fraction of A-sites occupied by Fe3+, reaches a 

value close to 0.6 in all samples (see Table 1), suggesting a random distribution 

of both Fe3+ cations between A and B sites. 

Table 1. Microstructural parameters obtained after Rietveld refinement of the XRD patterns. The numbers 

in parenthesis represent the standard deviations. The sample names are CS (ceramic synthesis), SG (sol-

gel), ZFS (supplied by Alfa Aesar) and MS (mechanochemical synthesis). 

 

 

3.2 Magnetic characterization  

To understand the nature of magnetic behavior, the temperature dependence of 

the magnetization under ZFC-FC procedure was measured. As shown in Fig. 6, 

there is a clear difference between the thermal dependence of ZFC-FC curves 

Samples Lattice 
parameter 
(Å) 

Inversion 
parameter 

Crystallite 
size,   
(nm) 

Microstrain O Position 
(x=y=z) 

Other 
phases 
present (%)  

As prepared samples 

CS 8.4424(5) 0.14(1) >150  - 0.242(2) 1.1 ZnO 

SG - 600 ºC 8.4439(5) 0.10(1) 24(2)    0.0005(1) 0.241(2) 4.1 ZnO 
4.8 Fe2O3 

ZFS 8.4469(5) 0.25(1)  8.2(5)  0.0010(2) 0.242(2) -- 

Milled samples 

MS – 150 h 8.4326(5) 0.56(1) 12(1)   0.0010(2) 0.247(2) 1.3 Fe 

CS - 50 h 8.4308(5) 0.61(1) 12(1)  0.0013(2) 0.247(2) 1.3 Fe 

SG - 38 h 8.4372(5) 0.56(1) 12(1)  0.0011(2) 0.246(2) 1.6 Fe 
2.1 Fe2O3 

ZFS – 50 h 8.4314(5) 0.56(1) 15 (1)  0.0019(2) 0.246(2) 1.2 Fe 
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for the different samples which are given by the differences in inversion degree 

and crystallite sizes. The samples synthesized by ceramic method have the 

largest crystallite size (>150 nm) and a relative low inversion degree ( =0.14), 

this sample shows a cusp a T = 20 K and a splitting of the ZFC from the FC at 

irreversible temperature Tirr  200 K. Even though this curve resembles a 

antiferromagnetic behavior of the zinc ferrite, the temperature of the cusp is much 

higher than the Néel temperature of ZnFe2O4, TN  11 K.[56] It is worth noting 

that this sample shows a 14% inversion degree, the exchange of Fe3+ from the B 

to A sites gives place to a spin frustration that leads to spin glass behavior and 

shifts the maximum of the thermal curves to higher temperatures. In fact, Tirr is 

also related to the observation of spin glass behavior in a system with different 

sizes of magnetic frustrated clusters.[57] On the other side, the sample provided 

by Alfa Aesar presents a higher inversion degree (0.25) and much smaller 

crystallite size (d = 8 nm). As can be seen in Fig. 6b, the maximum of the ZFC 

curves is displaced to higher temperature (T 40 K) and Tirr is also close to this 

value. This is consistent with a nanostructured system with a non-negligible value 

of inversion degree.[31] Regarding the sol-gel sample, the inversion degree is 

0.10 and particle size d = 24 nm, i.e, smaller inversion degree and higher 

particle size should shift the maximum of the ZFC-FC to smaller temperatures; 

however, it has the opposite behavior. This is probable a consequence of the 

presence of 5% of -Fe2O3 of about 80 nm which can mask the behavior of the 

zinc ferrite. 
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Figure 5: ZFC-FC curves at 100 Oe for (a) CS, (b) ZFS and (c) SG. 

ZFC-FC curves of the milled samples are shown in Fig. 7. As it can be seen, after 

milling, all the samples show similar behavior, with blocking temperature above 

room temperature. This is related to the fact that, after milling, all the samples 

have quite similar inversion degree and particle sizes. 
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Figure 6: ZFC-FC curves at 100 Oe for mechanochemical synthesis during 150 h milling, sol-gel milled during 38 h, 
ceramic synthesis and sample supplied by Alfa Aesar milled during 50 h. CS: Ceramic sample, SG: Sol-Gel, ZFS: Zinc 
Ferrite sample, MS: Mecano-chemical sample. 

Magnetic hysteresis measurements of the samples are shown in Fig. 8 and 9 and 

included in Table 2. At room temperature, only the samples prepared by the 

conventional ceramic exhibits a paramagnetic behavior characterized by a very 

feeble magnetization and a magnetic susceptibility =1.48(1) emu/g·Oe (Fig. 9a). 

The sample supplied by Alfa Aesar show an “S” shape with no coercivity and 

maximum magnetization 17 emu/g achieved at 50 kOe which is consistent with a 

nanostructured material with non-negligible inversion degree (see Table 1). 

Sample synthesized by sol-gel shows two contributions: one paramagnetic 

contribution with =1.23(1) emu/g·Oe, and the second one corresponds to a 

superparamagnetic contribution with Ms = 2 emu/g, which can be associated to 

the 5% of -Fe2O3 in this sample. On the other hand, Fig. 9b shows that the 

magnetization curves at room temperature for the samples milled for 50 h are 

very similar to that of the sample prepared by mechanochemical synthesis, which 

was expected for the similar values for the microstructural parameters observed 

in Table 1. 
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Figure 7: Hysteresis loops measured at 300 K for (a) the samples prepared by different methods and (b) the same 
samples milled for 50 h. The sample prepared by mechanosynthesis is also shown with a purple line. The insets show 
the hysteresis curves at low fields.  CS: Ceramic sample, SG: Sol-Gel, ZFS: Zinc Ferrite sample, MS: Mecano-chemical 
sample 
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Figure 8: Hysteresis loops measured at 5 K for (a) the samples prepared by different methods and (b) the same 
samples milled for 50 h. The sample prepared by mechanochemical is also shown with a purple line. The insets show 
the hysteresis curves at low fields. CS: Ceramic sample, SG: Sol-Gel, ZFS: Zinc Ferrite sample, MS: Mecano-chemical 
sample 
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Table 2: Magnetic and structural parameters for all the samples. The saturation magnetization Ms, coercive 

field Hc, inversion degree, crystallite size d and content of other magnetic phases (Fe and/or hematite). The 

standard deviations are in parenthesis. CS: Ceramic sample, SG: Sol-Gel, ZFS: Zinc Ferrite sample, MS: 

Mecano-chemical sample 

 

 

As non-magnetic Zn2+ ions are not expected to contribute to the magnetic 

behavior of the samples, the magnetization is ascribed to Fe3+ ions, which 

present a large magnetic moment of 5.9 μB associated to their individual high-

spin Fe3+(d5) ion configuration. It has been observed from neutron diffraction 

studies that zinc ferrite with an inversion value near to 0.1-0.2, the 

antiferromagnetic order changes to a ferrimagnetic one.[58] Thus, the samples 

synthetized by the conventional ceramic and sol-gel routes should present a 

paramagnetic behavior at room temperature, the weak magnetic component in 

the sample prepared by the sol-gel route is to the impurity of α-Fe2O3 phase 

detected by XRD. 

At low temperatures, the magnetic behaviors of the as-prepared samples are 

quite different. The magnetization at 50 kOe is different for each sample and, 

besides, any of them reaches the saturation (see Fig. 9a), which implies a 

different antiferromagnetic contribution for each sample. The high magnetization 

Sample 
Ms (emu/g) Hc (Oe) δ 

Cryst. 

size (nm) 

-Fe / -

Fe2O3 (%) 

5 K 300 K 5 K 300 K    

As prepared Samples 

CS 37.4(1) 7.5(1) 290(1) 0 0.14(1) >150  - 

SG-600 ºC 27.8(1) 8.2(1) 700(1) 0 0.10(1) 24(2)   4.8 

ZFS 62.5(1) 17.6(1) 350(1) 0 0.25(1)  8.2(5)  - 

Milled samples 

CS-50h 79.0(1) 45.3(1) 366(1) 0 0.61(1) 12(1)  1.3 

SG-50h 80.1(1) 44.1(1) 295(1) 0 0.56(1) 12(1)  1.6/2.1 

ZFS-50h 84.3(1) 46.6(1) 390(1) 0 0.56(1) 15 (1)  1.2 

MS-150 79.2(1) 45.6(1) 370(1) 0 0.56(1) 12(1)   1.3 
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of sample supplied sample (Ms = 62.5 emu/g) is a consequence of the small 

particle size with an inversion degree of 0.25. By subtracting the susceptibility at 

high field, a ferromagnetic contribution with Ms = 43 emu/g is obtained, i.e, a 

significant ferromagnetic component is present[31] that improves the maximum 

magnetization.  

The coercivity of samples CS and ZFS are 290 and 350 Oe, respectively, 

whereas it increases up to 690 Oe in SG. The high coercivity of sample SG could 

be given by an exchange interaction between the -Fe2O3 and antiferromagnetic 

ZnFe2O4 that enhances the coercive field.  

On the other hand, it can be seen that the samples milled during 50 h presents 

all similar saturation magnetization and coercive fields (see Table 2 and Fig. 9b). 

The presence of Fe+3 ions in both tetrahedral and octahedral sites in the rest of 

the samples will produce uncompensated moments, giving rise to a ferrimagnetic 

behavior that enhances the saturation magnetization. Thus, cation inversion is 

the most important parameters that can be effective in the variation of the 

magnetic properties of zinc ferrite from the properties of the bulk form. Comparing 

the results of Tables 1 and 2, and Fig. 9b, the presence of an amount of Fe3+ ions 

in tetrahedral higher than 0.2 gives rise to a ferrimagnetic behavior that enhances 

the saturation magnetization, associate to inter-sub-lattice AB super-exchange 

interaction stronger than AA and BB interactions and depends on distances and 

angles between magnetic cations.[59]  

Figure 10 shows that Ms calculated from the hysteresis curves at 5 K after 

substraction of AFM or PM contributions increases with inversion degree.  As 

Fe+3 has a magnetic moment of 5.9B and Zn2+ has a zero magnetic moment, Ms 

should follow the relationship Ms= 5.9B which counts for the ratio of Fe3+ in A 

sites. As can be seen in Fig. 10, Ms varies lineally with  following with a slope 

close to this value. 
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Figure 10: Experimental values of Ms per Bohr magneton as a function inversion degree (δ) (black circles) and 

calculated as Ms = δ 5.9B (red circles) . SG: Sol-Gel, CS: Ceramic, ZFS: zin ferrite supplied, MS: Mechanochemical 
synthesis. 

 

4. Conclusions 

In this work, the magnetic and structural properties of Zn ferrites prepared by 

ceramic synthesis, sol-gel and mechanochemical synthesis as well as a one 

provided by a supplier have been investigated. Structural and magnetic studies 

performed on spinel zinc ferrites prepared by different method of synthesis 

showed that deviation of their magnetic properties is associated mainly with the 

cation inversion degree . As  is lower than 0.2 for the samples synthetized by 

the conventional ceramic or sol-gel routes, they should present a paramagnetic 

behaviour at room temperature, but due to the presence of some amount of α-

Fe2O3 phase, the sample prepared by the sol-gel route has a weak magnetic 

component. On the other hand, the higher inversion degree and much smaller 

crystallite size showed by the sample provided by Alfa Aesar present a significant 

ferromagnetic component at low temperatures.  

The ZFC-FC curves of the as-prepared samples show that microstructural 

parameters, such as the inversion degree and the crystallite size as well as the 

presence of impurities, play a fundamental role in thermal behaviour. On the other 

hand, ZFC-FC curves of the samples milled for 50 h show similar behaviour to 

that of the sample prepared by mechanochemical synthesis, with blocking 

temperature above room temperature, since their microstructure consist of a 
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single phase spinel ferrite with an almost random distribution of Fe3+ and Zn2+ 

cations in both tetrahedral and octahedral sites, that makes the ferrimagnetic 

interactions are dominant. 

Ms calculated from the hysteresis curves at 5 K after subtraction of AFM or PM 

contributions follow for all samples the relationship Ms= 5.9B which counts for 

the ratio of Fe3+ in A sites. 

Finally, it has been observed that, after long milling time, all the samples show 

the same microstructural and magnetic properties, independently of the initial 

synthesis route.  
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