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1. Introduction 

A material possessing at least two ferroic order phenomena like ferroelectricity, ferromagnetism 

and ferroelasticity is called multiferroic. A coupling between these orders leads to fascinating 

possibilities. Most interestingly is to directly influence either the magnetization M by 

application of an electric field E and/or the electric polarization P by a magnetic field H. This 

specific phenomenon is called the magnetoelectric effect and accordingly, these kind of 

materials are denoted as magnetoelectrics. A prominent depiction of the relations between 

ferroic orders is shown in Figure 1. The coexistence of polarization and magnetization promises 

innovative concepts for devices like transducers, actuators or advanced storage media.[1] 

 

 

Figure 1: Scheme of multiferroic interactions between ferroelectricity, ferromagnetism and 

ferroelasticity.[2] 

 

Historically, the research on multiferroics started with single phase materials, i.e. compounds 

that exhibit two or more ferroic order phenomena in the same phase. Unfortunately, there are 

only few compounds with useful electric and magnetic properties especially close to room 

temperature. One reason for this is that the cations of typical ferroelectrics possess empty or 

completely filled d orbitals while magnetic ordering requires unpaired electrons in these 

orbitals. Additionally, the observed magnetoelectric couplings in single phase materials are 

very weak.[3] 

A variety of mechanisms for the occurrence of magnetoelectricity are known. In BiFeO3 for 

example, a single phase magnetoelectric with perovskite structure, ferroelectricity and 

magnetism originate from different metal ions. The magnetic properties arise from the 3d-

elctrons of the Fe3+ ions and the ferroelectric properties from the lone 6s electron pair of the 

Bi3+ ions. Unfortunately, the coupling between the two ferroic properties is quite weak. Another 



2 

 

possibility to generate magnetoelectricity in single phase materials is to induce a polarization 

by strain in a material that possesses suitable magnetic properties.[4] A detailed review for 

single phase magnetoelectric mechanisms and materials was published by Dong et al. [5].  

To overcome the rareness and shortcomings of single phase magnetoelectrics, the first 

magnetoelectric composite was introduced in the 1970s by Van den Boomgaard et al. and Van 

Run et al. in two publications.[6,7] They described the quinary system Fe-Co-Ba-Ti-O that, 

when solidified in the eutectic composition, forms the two phases CoFe2O4 and BaTiO3. The 

combination of these two compounds results in a composite with superior magnetoelectric 

properties. CoFe2O4 is a hard ferrimagnetic ferrite spinel and BaTiO3 is a well-known 

ferroelectric perovskite. Both, the ferrimagnetic and ferroelectric Curie temperatures of the two 

oxides, are well above room temperature. Hence, this system attracted a lot of research interest 

over the last decades, especially in the last ten years. Until today, many more compounds were 

found to be suitable for magnetoelectric composites but still most of them consist of ferrite 

spinels combined with perovskites.[8] 

In magnetoelectric composites the maximization of the coupling between the two ferroic orders 

is always one of the main challenges to obtain a high magnetoelectric effect. Based on the 

concepts of Newnham et al.[9], several connectivities between the two phases have been 

investigated. The majority of the reported composites possess 0-3 and 2-2 connectivities, 

meaning either separated particles in a matrix or alternately layered structures.[10] A scheme 

of these two connectivities is depicted in Figure 2. 

 

 

Figure 2: Mainly investigated connectivities for magnetoelectric composites.  

Left: 0-3; right 2-2. 
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Although the CoFe2O4 – BaTiO3 system has been under investigation since four decades, the 

theoretically predicted high magnetoelectric coefficients of several V Oe-1 cm-1 [11] have not 

yet been achieved experimentally. The reported αME values range from a few µV Oe-1 cm-1 to 

several mV Oe-1 cm-1.[1,8,12] Usually, this discrepancy is explained by an insufficient interface 

that can be caused by chemical reactions, lattice mismatches and thermally induced stress 

because of high sintering temperatures. Additionally, using high fractions of the magnetic phase 

leads to leakage currents as the resistivity of the magnetic material usually is rather low. Hence, 

electric poling of such composites is difficult.[13] 

 

The aim of the present work was to prepare nanoparticles of ferrite spinels and barium titanate 

by soft chemistry methods. The usefulness of the obtained powders as educts for sintered 

magnetoelectric composites and the resulting magnetoelectric properties were to be 

investigated. The obtained composites have been investigated and characterized by various 

methods in order to clarify their structural, morphological, dielectrical, magnetic and 

magnetoelectric properties. 
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2. Theory 

2.1. Barium titanate 

Barium titanate (BaTiO3) crystallizes in the perovskite structure. In the cubic modification the 

Ba2+ ions are located on the corners, the Ti4+ ions in the center and the O2- ions in the middle of 

the faces of a cube. The oxygen ions build an octahedron around the titan ions and a 

cuboctahedron around the barium ions. In its cubic modification BaTiO3 is a pyroelectric 

material. This modification is stable above the transition temperature TC = 125 °C. Upon 

cooling below this Curie temperature, the material undergoes a transition into the tetragonal 

phase. In this modification the c-axis is slightly elongated and the Ti4+ position is shifted along 

the c-axis off-center. So are the oxygen atoms, which are shifted in the opposite direction as 

depicted in Figure 3. Because of this shift, the tetragonal phase is polarizable and switchable in 

an electric field. This leads to extraordinary dielectric, ferroelectric and piezoelectric properties. 

Barium titanate is therefore used e.g. as capacitor and energy storage devices. Upon doping, 

BaTiO3 can also be used as semiconductor, thermistors and in piezoelectric devices.[14,15] 

 

 

Figure 3: Unit cells of BaTiO3 in the cubic and tetragonal modification. The tetragonal 

distortion is exaggerated. 

 

2.2. Ferrite spinels 

Ferrite spinels possess the formula MFe2O4 with M being a bivalent metal cation, often of the 

3d series. 

In the spinel structure, oxygen atoms form a face centered cubic (fcc) lattice with tetrahedral 

and octahedral sites. In a normal spinel, like MgAl2O4, one quarter of the tetrahedral sites is 

occupied by the bivalent metal ions and half of the octahedral sites are occupied by the trivalent 

metal ions, as shown in Figure 4. In inverse spinels the bivalent metal ions are positioned on 

octahedral sites and half of the trivalent metal ions take tetrahedral positions.[16] An example 

for an inverse ferrite spinel is nickel ferrite, NiFe2O4. 
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Figure 4: Unit cell of a normal ferrite spinel.  

 

Many ferrite spinels crystallize in a partially inverse structure. To describe the degree of 

cationic ordering, the inversion parameter i can be used with i = 0 for normal spinels and i = 1 

for complete inverse spinels. The general formulas for normal, inverse and partial inverse ferrite 

spinels are as follows: 

 

normal spinel   (𝑀2+)𝑡𝑒𝑡 (𝐹𝑒3+)2
𝑜𝑐𝑡 𝑂4 

inverse spinel   (𝐹𝑒3+)𝑡𝑒𝑡 (𝑀2+𝐹𝑒3+)𝑜𝑐𝑡 𝑂4 

partial inverse spinel  (𝑀1−𝑖
2+ 𝐹𝑒𝑖

3+)𝑡𝑒𝑡 (𝑀𝑖
2+𝐹𝑒2−𝑖

3+ )𝑜𝑐𝑡 𝑂4 

 

The inversion parameter depends on the chemical composition and often also on the preparation 

conditions of the spinel. For example, in CoFe2O4 the inversion parameter i can vary from 0.7 

– 0.8.[17] An overview of typical inversion parameters of the ferrite spinels prepared in this 

work is listed in Table 1. 

Because of the high spin configuration of the d5 Fe3+ ions, ferrite spinels possess at least one 

kind of paramagnetic ions. Depending on the electron configuration of the M2+ ion, an 

additional paramagnetic species can be present. Octahedral and tetrahedral sites form two 

distinct magnetic sublattices. The paramagnetic ions of the two sublattices couple 

antiferromagnetic resulting in a ferromagnetic coupling within both sublattices. Thus, a net 

magnetization can result, whose strength is dependent on the occupancy of the lattice sites by 

M2+ and Fe3+ ions as well as the electronic configuration of the M2+ ions.[16] 

Exceptions from this normal magnetic structure can occur if the ions on the tetrahedral sites are 

diamagnetic. Normally, Mtet–O–Moct superexchanges between the tetrahedral and octahedral 
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coordinated ions lead to the antiferromagnetic coupling between the two sublattices. If the 

tetrahedral lattice is occupied by diamagnetic ions, Moct–O–O–Moct super-superexchanges 

between the paramagnetic ions in the octahedral sites can become dominant and may lead to an 

antiferromagnetic coupling in the octahedral lattice.[18] This explains why the normal spinel 

(i ≈ 0) ZnFe2O4 possesses a saturation magnetization close to zero. MgFe2O4, although it 

contains the diamagnetic Mg2+ ion, fits into the normal magnetic model, because it is partially 

inverse (i = 0.7 – 0.9) and the tetrahedral sites are predominantly occupied by Fe3+ ions. Hence, 

the Fe3+
tet–O–Fe3+

oct superexchange stabilizes the antiferromagnetic coupling between the 

tetrahedral and octahedral sublattices.  

The theoretical saturation magnetization of ferrite spinels can be calculated with the spin-only 

approach. For an ion the theoretical magnetization is: 

 µ𝑖𝑜𝑛 = 𝑔 ∙ 𝑆 ∙ µ𝐵 [19] 

with the Landé factor g, the spin S and the Bohr magneton µB. With g = 2 for electrons and n 

being the amount of unpaired electrons in the ion, the formula reduces to 

µ𝑖𝑜𝑛 = 𝑛 ∙ µ𝐵 

In a ferrite spinel, the net magnetization is the difference between the magnetization of the 

octahedral and the tetrahedral sublattice: 

µ𝑡ℎ𝑒𝑜𝑟 = µ𝑜𝑐𝑡 − µ𝑡𝑒𝑡 

Taking the inversion parameter into consideration, and 𝑛𝐹𝑒3+ = 5, the final formula is given 

as: 

µ𝑡ℎ𝑒𝑜𝑟 = {[𝑖 ∙ 𝑛𝑀2+ + 5(2 − 𝑖)]𝑜𝑐𝑡 − [(1 − 𝑖) ∙ 𝑛𝑀2+ + 5𝑖]𝑡𝑒𝑡} ∙ µ𝐵 

In the case of an almost normal ferrite spinel (i ≤ 0.3) with diamagnetic M2+ ions, e.g. ZnFe2O4, 

the formula changes, because of the different coupling of the sublattices as explained above. In 

this case, only the magnetization of the Fe3+ ions on the tetrahedral sites have to be considered 

due to the antiferromagnetic coupling of the Fe3+ ions on the octahedral sites. 

µ𝑡ℎ𝑒𝑜𝑟 = 𝑛𝐹𝑒𝑡𝑒𝑡
3+ ∙ µ𝐵 = 𝑖 ∙ 𝑛𝐹𝑒3+ ∙ µ𝐵 = 𝑖 ∙ 5µ𝐵 

One has to keep in mind that the theoretical µtheor values are only an estimation that works best 

for single crystals at 0 K. The experimentally determined values can differ distinctly, especially 

when the particles are very small and additional effects, such as superparamagnetism, occur.  

Calculated µtheor values for the used ferrite spinels are listed in Table 1. 
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Table 1: Ferrite spinels used in this work with inversion parameters with MS values taken 

from literature and corresponding calculated theoretical saturation magnetizations. 

Compound Inversion Parameter MS µtheor MS from literature 

CoFe2O4 0.7 – 0.8 [17] 3.8 – 4.2 µB 3.5 µB [20] 

NiFe2O4 1.0 [21,22] 2 µB 2.6 µB [20] 

MnFe2O4 0.2 – 0.6 [22–25] 5 µB 4.1 µB [20] 

MgFe2O4 0.7 – 0.9 [26] 1 – 3 µB 1.4 – 1.6 µB [20,27] 

ZnFe2O4 0.0 – 0.3 [28,29] 0 – 1.5 µB 0 µB [20] 

CuFe2O4 0.8 – 1.0 [22,30,31] 1 – 2.6 µB 0.8 – 2.1 µB [32,33] 

 

2.3. Composites of barium titanate and ferrite spinels 

As mentioned in the introduction, the history of multiferroic and magnetoelectric 

BaTiO3 – MFe2O4 composites reaches back to the works of van Run et al. and van den 

Boomgaard et al. in the 1970s.[6,7,34–37] Since then, a multitude of studies concerning BaTiO3 

and ferrite spinels have been published. Over the time, a variety of systems were developed and 

investigated. For example there are many publications on 2-2 composites: BaTiO3 in 

combination with CoFe2O4 [38], NiFe2O4 [39], Ni0.4Zn0.6Fe2O4 [40], Fe3O4 [41] and many more 

especially with other perovskites as ferroelectric phase[42]. A lot of work has also been done 

on 0-3 composites: BaTiO3 mainly in combination with CoFe2O4 [43–45] but also NiFe2O4 

[46,47] and some mixed ferrites, e.g. Co0.6Zn0.4Fe1.7Mn0.3O4, CuFe1.6Cr0.4O4 and 

Ni0.7Zn0.3Fe2O4 [48–50]. 

The magnetoelectric effect in BaTiO3 – CoFe2O4 composites is based on the strain mediated 

mechanism. When a magnetic field H is applied to the composites, the CoFe2O4 particles 

change shape because of magnetostriction. The resulting strain ε induces a stress σ onto the 

BaTiO3 particles. Because of their piezoelectric properties, an electrical polarization P results 

and in turn a voltage can be measured. The corresponding coefficient 𝛼𝑀𝐸
𝐻→𝑃 is called the direct 

magnetoelectric coefficient. 

According to Nan et al., the direct magnetoelectric effect can be described as the product of the 

magnetostriction (piezomagnetic respectively magnetic-mechanical effect) in the ferromagnetic 

phase and the piezoelectric effect (mechanical-electrical effect) in the ferroelectric phase.[11] 

 

𝑀𝑎𝑔𝑛𝑒𝑡𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑒𝑓𝑓𝑒𝑐𝑡 =  
𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐

𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
×

𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙
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This mechanism also works in the opposite direction, i.e. when an electric field E is applied it 

induces strain ε in the piezoelectric phase, which then applies a stress σ on the magnetostrictive 

phase and yields a change in its magnetization M. In this case, the coefficient 𝛼𝑀𝐸
𝐸→𝑀 is called 

the converse magnetoelectric coefficient. In Figure 5, the pathway of such a coupling is shown 

schematically. 

Thus, magnetostrictive and piezoelectric properties of the phases and their coupling through the 

interfaces are essential for the magnetoelectric effect in composites. 

 

 

Figure 5: Schematic pathway (red) of the strain mediated coupling, yielding the converse 

magnetoelectric coefficient 𝛼𝑀𝐸
𝐸→𝑀 (green). Edited from [51]. 

 

2.4. Measuring the magnetoelectric effect 

A variety of experimental methods have been developed to measure the occurrence of 

magnetoelectricity and to determine the different magnetoelectric coefficients. These 

techniques usually include the application of a magnetic or electric field combined with a 

measurement of polarization, voltage or magnetization, respectively. In principle, many 

detection systems can be used e.g. vibrating sample magnetometers (VSM), superconductive 

quantum interference devices (SQUID), determination of the magnetooptic Kerr effect 

(MOKE) and various force microscopy setups. A very good review about magnetoelectric 

measuring techniques was published by Lupascu et al.[51] 

To measure the direct magnetoelectric coefficient, three methods are used typically.[52] 

In a static method, the contacted sample is placed in a magnetic DC field. The magnetoelectric 

measurements are performed by measuring the accumulated voltage that develops across the 

sample as function of the applied magnetic field. For this method the samples have to be poled 

electrically and magnetically prior to the measurement.[53] 
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Another magnetoelectric measurement technique is the quasi-static method. In this approach, 

charge is recorded as a function of time at zero magnetic field, initially. Followed by a linear 

increasement of the field to a given value, for example 20 kOe. The field is then kept constant 

for a specific time and subsequently, the field is decreased linearly to zero. Over the complete 

time the generated charge is measured. With this procedure the data can be corrected for natural 

drifts.[54] 

In the dynamic method, the magnetoelectric voltage is measured with an applied magnetic AC 

field additional to the DC field.[55] With this method the values of AC ME voltage are 

measured in contrast to the static and quasi-static methods where the DC ME charges or 

voltages are measured. One advantage of the dynamic approach is the possibility to measure 

the phase shift of the signal and hence a separation of the measured voltage into magnetoelectric 

and induction parts is possible. Additionally, because the signal in this method has a defined 

frequency and can be measured by a lock-in technique, the noise is dramatically reduced.[56] 

In this work, a custom made setup based on the AC transport (ACT) measuring option of a 

Quantum Design PPMS was used to determine the direct magnetoelectric voltage coefficient 

αME (HP). The setup is inspired by the dynamic measurement method [55,56]. It takes 

advantage of the built-in frequency generator and amplifying and detecting systems of the ACT 

option. Normally, the ACT option uses two pairs of contacts for a four point resistance setup, 

allowing different types of electrical transport measurements. The current connections pass a 

known current through the sample and the voltage connections are used to measure the 

occurring voltage drop. The current source is used as reference signal for the amplifier of the 

measuring voltage signal. This is called a lock-in amplifying system.  

For our magnetoelectric measurements, the current source of the ACT option is used to pass a 

known AC current through a solenoid that is mounted on the sample holder and thus applies a 

defined alternating magnetic field HAC on the sample. A picture of the sample holder is shown 

in Figure 6. The voltage detector of the ACT option is connected to the sample and the 

magnetoelectrical induced voltage is measured. The lock-in amplifier allows the determination 

of in-phase and out-of-phase parts of the measured voltage und thus, a differentiation between 

ME-voltage (UME, in-phase with HAC) and electromagnetically induced voltage (90° phase 

shift) is possible. αME can be calculated as 𝛼𝑀𝐸 =  𝑈𝑀𝐸/𝐻𝐴𝐶 ∙ ℎ  with h being the sample height.  

A magnetic DC field can be applied by the superconducting electromagnet of the PPMS and 

the temperature can be varied from 2K to 400K. A scheme of the setup is shown in Figure 7. 
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Figure 6: Picture of the sample holder for magnetoelectric measurements. 

 

 

Figure 7: Scheme of the magnetoelectric measurement setup. 
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3. Experimental part 

In the following chapters, mainly unpublished results are described. Additional preparations 

and characterizations were published in the according articles, see chapters 4.4. – 4.6. and 

appendix: A1[57], A2[58] and A3[59]. 

 

3.1. Preparations 

The chemicals that were used for the described preparations are listed in Table 2. 

 

Table 2: Used chemicals. 

Compound Company Purity 

Fe2O3 Sigma Aldrich ≥99% 

Co3O4 Alfa Aesar 99.7% 

MgO Sigma Aldrich ≥99% 

NiO Alfa Aesar 78.5% Ni 

MnCO3 VEB Laborchemie Apolda p.a. 

CuO VEB Berlin Chemie p.a. 

ZnO VEB Laborchemie Apolda p.a. 

Fe(NO3)3·9H2O Sigma Aldrich ≥98% 

Co(NO3)2·6H2O Carl Roth ≥98% 

Ni(NO3)2·6H2O VEB Laborchemie Apolda p.a. 

Cu(NO3)2·2.5H2O Alfa Aesar ≥98% 

Mg(NO3)2·6H2O Alfa Aesar ≥98% 

Mn(NO3)2·4H2O Sigma Aldrich ≥97% 

Zn(NO3)2·6H2O Acros 98% 

Ba(OH)2·8H2O Fluka p.a. 

titanium isopropoxide Alfa Aesar ≥97% 

diethylene glycol Carl Roth ≥99% 

palmitic acid VEB Laborchemie Apolda purum 

NaOH Grüssing 99% 
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3.1.1. Mixed oxide method for ferrite spinels 

The classical solid state method was used to prepare the following ferrite spinels: 

MFe2O4 M = Co, Ni, Mn, Mg, Zn, Cu 

To synthesize the ferrite spinels, stoichiometric amounts of the corresponding starting material 

for M2+ were mixed with Fe2O3 (10 mmol) in isopropyl alcohol and ground in an agate mortar 

until an optically homogeneous paste formed. The mixture was dried in air and transferred into 

an aluminum oxide crucible. Calcination for 24 h at an elevated temperature led to the formation 

of the desired ferrite spinel. The used starting materials and calcination conditions for the 

different compounds are listed in Table 3. 

 

Table 3: Calcination conditions and starting materials for ferrite spinels prepared by mixed 

oxide method. 

Compound Starting material M2+ Calcination temperature Remarks 

CoFe2O4 Co3O4 1100 °C  

NiFe2O4 NiO 1100 °C  

MnFe2O4 MnCO3 1250 °C calcined under N2 

MgFe2O4 MgO 1250 °C  

ZnFe2O4 ZnO 1000 °C  

CuFe2O4 CuO 900 °C, 72 h CuO impurities 

 

3.1.2. Polyol method for ferrite spinels 

The different ferrite spinel powders of MFe2O4, with M = Co, Ni, Mn, Mg, Zn and Cu, were 

synthesized using the same route for all samples as described in the following. 

Fe(NO3)3 · 9H2O (20 mmol) and the corresponding metal nitrate M(NO3)2 · xH2O (10 mmol) 

were dissolved in deionized water (6 ml). Diethylene glycol (250 ml) and NaOH (80 mmol) 

were added to the solution and the apparatus was flushed with argon. The mixture was heated 

to the boiling point (~160 °C) and kept under reflux for one hour. Eventually, brown gases 

(NOx) evolved from the reaction mixture. After cooling to room temperature, acetone (250 ml) 

was added and the precipitate was centrifuged, washed with acetone three times and dried at 

air. 
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3.1.3. Preparation of palmitic acid capped ferrite spinels 

A series of CoxNi(1-x)Fe2O4 ferrites with x = 1 to 0 (Δx = 0.1) capped with palmitic acid was 

prepared as follows. 

Fe(NO3)3 · 9H2O (20 mmol) and the respective amounts of Co(NO3)2 · 6H2O and 

Ni(NO3)2 · 6H2O (10 mmol in total) were dissolved in deionized water (6 ml). Diethylene 

glycol (250 ml) and NaOH (80 mmol) were added to the solution and the apparatus was flushed 

with argon. The mixture was heated to the boiling point (~160 °C) and kept under reflux for an 

hour. Eventually, brown gases evolve from the reaction mixture. After the mixture stopped 

boiling, palmitic acid (20 mmol) was added under vigorous stirring while the mixture was still 

hot. The flask was then allowed to cool to room temperature. A gel formed and was dissolved 

by the addition of isopropyl alcohol (250 ml). The product was filtered off and washed three 

times each with isopropyl alcohol and water. The samples were obtained as brown fluffy 

powders. 

 

3.2. Characterizations 

3.2.1. X-ray diffraction 

X-ray diffraction patterns were recorded at room temperature on a Bruker D8 Advance 

diffractometer operating with CuKα radiation. 

 

3.2.2. Thermogravimetric analyses 

Thermogravimetric measurements in flowing synthetic air or forming gas (10% H2) (flow rate 

40 ml min-1, heat rate 10 K min-1) were performed using a Netzsch STA 409 system. 

 

3.2.3. Electron microscopy 

Scanning electron microscopy images in the backscattered electron (BSE) mode and EDX 

spectra were recorded using a Philips ESEM XL 30 FEG and a Phenom-World B.V. Phenom 

ProX. 

Transmission electron microscopy images were recorded with a Philips CM20Twin. 

 

3.2.4. Magnetic properties 

All magnetic measurements were carried out using the ACMS option of a 

Quantum Design PPMS 9. 
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For field dependent magnetic properties, hysteresis loops were measured at 300 K and 10 K 

while cycling the magnetic field HDC between +90 and –90 kOe.  

For the determination of the saturation magnetization values MS, linear fittings of the 

magnetizations from the ranges of +50 to +90 kOe and –50 to –90 kOe were performed. The 

mean of the absolute values of both intercepts was taken as MS. 

Remanent magnetization values MR were determined by taking the mean of the absolute values 

of the positive and negative magnetization M at H = 0 Oe. 

Coercivities HC were determined by taking the mean of the absolute values of H at M = 0 Oe. 

 

To measure the temperature dependent magnetic properties, at first, the samples were cooled 

down to 10 K under zero field conditions (HDC = 0 Oe). The samples were then heated up to 

300 K with an applied field of HDC = 100 Oe (zero field cooled, ZFC) followed by cooling 

down under the same field (field cooled, FC). The magnetization M of the samples was 

measured during ZFC and FC. The blocking temperature TB is the temperature T at the 

maximum value of the magnetization M of the ZFC curve. 

 

3.2.5. Direct magnetoelectric voltage coefficient αME  

The direct magnetoelectric voltage coefficient αME was measured with the setup described on 

page 8pp. Prior to the measurements, the samples were sputtered with 100 nm thick gold 

electrodes using a Cressington Sputter Coater 108 auto. The contacted samples were poled 

electrically with a Heinzinger DC high voltage power supply LNC 1200-50pos at electrical 

fields of 4 kV cm-1 with a current limited to 0.1 mA. The electric field was applied at ambient 

temperature and the sample was heated above the Curie Temperature of BaTiO3 to 200 °C and 

kept at this temperature for 1 h. Afterwards the sample was allowed to cool down to ambient 

temperature with an applied electric field in order to maximize the polarization of the 

composites. Directly before the magnetoelectric measurement, the samples were short circuited 

for 10 minutes to deplete any accumulated charges. Afterwards, the samples were glued to the 

contacts of the sample holder with conductive silver epoxy EPO-TEK H20E. 

During the measurements, the magnetic DC field was raised from 0 Oe to 10 kOe, decreased to 

-10 kOe and again increased to 10 kOe. Between 1 and -1 kOe, measuring points were taken 

every 100 Oe. This interval was increased to 200 Oe from 1 to 10 kOe and -1 to -10 kOe. 

At every measuring point, the AC field (I = 20 mA; HAC ≈ 10 Oe) was applied with five different 

frequencies (107, 307, 507, 707 and 907 Hz) and the magnetoelectric voltage was measured for 

five seconds, each.  
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A typical dataset of a magnetoelectric measurement, as depicted by the MultiVu PPMS 

software, is shown in Figure 8. As mentioned before, the in-phase and 90° out-of-phase voltages 

are measured. Unfortunately, only the in-phase part of the voltage is stored directly. The 90° 

phase shifted part can be extracted from a value that is called the Drive Signal. The Drive Signal 

is described as the total magnitude of the sample response and is the square root of the sum of 

the squares of in-phase and out-of-phase voltage.[60] 

𝐷𝑟𝑖𝑣𝑒 𝑆𝑖𝑔𝑛𝑎𝑙 = √(𝑈𝑖𝑛−𝑝ℎ𝑎𝑠𝑒)2 + (𝑈𝑜𝑢𝑡−𝑜𝑓−𝑝ℎ𝑎𝑠𝑒)2 

It should be noted that the measured out-of-phase voltage is not constant with HDC and does not 

increase linearly with the frequency of HAC, as would be expected for an induced electromotive 

force. The origin of this effect is yet unknown. 

𝑈𝑜𝑢𝑡−𝑜𝑓−𝑝ℎ𝑎𝑠𝑒 = −µ𝑟(𝑆𝑐𝑜𝑠𝜃)𝜔∆𝐻𝐴𝐶sin (𝜔𝑡 +
𝜋

2
) [13] 

 

 

 

Figure 8: Raw data of a magnetoelectric measurement in the PPMS software MultiVu.  

Left: all HAC frequencies, right: data for f = 907 Hz.  

Upper diagrams: Uin-phase. Lower diagrams: Drive Signal. 

 

The raw data were evaluated using OriginPro 8G. It turned out that even for an empty sample 

holder a small and frequency dependent bias voltage was measured, leading to a shift of the U-

HDC curves as can be seen in Figure 8. The raw data therefore had to be corrected for this voltage 

shift. Although the general trend of the bias voltage was identical for all measurements, its exact 

value varied for the individual samples, i.e. a simple addition of the values of a blank 
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measurement was not sufficient as correction. For this reason the average of the voltage values 

measured at 10 and -10 kOe were chosen as voltage offset and subtracted from the original data 

as shown in Figure 9. 

 

Figure 9: Blue squares: raw magnetoelectric measurement dataset, red circles: data corrected 

for the systematical voltage shift. 

 

With the sample height h and the applied AC field HAC, the magnetoelectric coefficient αME can 

be calculated from the measured magnetoelectric voltage UME as follows:  

 

𝛼𝑀𝐸 =
∆𝐸

∆𝐻
=

𝑈𝑀𝐸

ℎ ∙ 𝐻𝐴𝐶
 

 

3.2.6. Calibration of the HAC field for magnetoelectric measurements. 

As described earlier, the HAC field was applied via a custom made solenoid using the AC-

Transport option of the PPMS. Because only the current can be set with the ACT option, the 

HAC field had to be determined and calibrated with additional equipment.  

For the first calibration method an AC hall sensor was installed on the sample holder. In this 

way, the sensor took the exact position of a sample in a ME measurement. The sensor was 

calibrated, so that a measured voltage across the sensor could be transferred in a HAC field with 

the following formula. 

𝐻𝐴𝐶 =
10 𝑂𝑒

25 𝑚𝑉
∙ 𝑈𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 
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For the measurements, an external voltage of 5 V had to be applied to the AC hall sensor. For 

this reason the electronics of the PPMS ACT option could not be used but the current was 

provided by an external source and the voltage was measured with an oscilloscope. 

Measurements with the sample holder connected to an external test box and mounted inside the 

PPMS showed that the supply cables inside the PPMS have a remarkable frequency-dependent 

effect. The determined HAC fields for different currents and frequencies are listed in Table 4. 

 

Table 4: Calibrated magnetic AC fields for different currents and frequencies. 

I in mA fAC in Hz HAC in Oe HAC/I in Oe mA-1  

5 107 2.1 0.42 

5 307 1.8 0.36 

5 507 1.6 0.32 

5 707 1.5 0.30 

5 907 1.4 0.28 

10 107 4.5 0.45 

10 307 4.4 0.44 

10 507 4.1 0.41 

10 707 3.9 0.39 

10 907 3.7 0.37 

20 107 9.2 0.46 

20 307 8.8 0.44 

20 507 8.2 0.41 

20 707 7.9 0.40 

20 907 7.6 0.38 

 

For a second calibration method of the HAC field, an induction coil was wound manually from 

copper wire and contacted to the sample holder. Different driving currents, and thus HAC fields, 

were applied in the PPMS and the induced voltage was measured with the AC-Transport option. 

From these voltages, the HAC fields were calculated. In Figure 10, the obtained values divided 

by the corresponding currents are shown. As can be seen, the determined values are in the same 

range as the ones from the Hall sensor and also the frequency dependency is similar. 

As a conclusion, the HAC field was calibrated with two independent methods and similar results 

were obtained. 
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Figure 10: Magnetic AC field per mA driving current obtained from a Hall sensor (blue solid 

symbols) and from an induction coil (open symbols). 
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4. Results and discussion 

4.1. Ferrite spinels prepared by mixed oxide method 

As can be seen in Figure 11, the mixed oxide synthesis leads to phase pure ferrite spinels 

MFe2O4 in the case of M = Co, Ni, Mn, Mg or Zn. However, because of its redox properties, 

the manganese ferrite spinel had to be synthesized under a protecting atmosphere of N2. 

For two reasons CuFe2O4 stands out. On the one hand the five other ferrite spinels crystallize 

in the cubic space group Fd-3m while the modification stable at room temperature of CuFe2O4 

is the tetragonal I41/amd.[31] On the other hand, all prepared samples of CuFe2O4 contained at 

least trace amounts of CuO. 

 

 

Figure 11: X-ray diffractograms of ferrite spinels prepared by the mixed oxide method. 

 

The field dependent magnetic measurements of the ferrites show ferrimagnetic hystereses for 

all samples, as shown in Figure 12. The measurements were performed at 300 and 10 K and 

generally show the expected ferrimagnetic behavior with rising magnetization values and 

higher coercive fields at lower temperatures.  
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Figure 12: Magnetic field dependent magnetization curves at 300 and 10 K of ferrite spinels 

prepared by the mixed oxide route: (a) CoFe2O4, (b) NiFe2O4, (c) MnFe2O4, (d) MgFe2O4, (e) 

ZnFe2O4 and (f) CuFe2O4. 

 

The determined saturation magnetizations (MS), remanences (MR) and coercivities (HC) are 

listed in Table 5. With MS = 3.5 µB, CoFe2O4 shows the highest saturation magnetization at 300 

K. The remanence MR = 0.85 µB and coercivity HC = 482 Oe are the highest values at room 

temperature, too. In contrast, although high MS values could be achieved for MnFe2O4 and 

MgFe2O4, the corresponding hystereses were too narrow to be measured accurately with the 
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ACMS Option of the Quantum Design PPMS.* ZnFe2O4 showed almost no hysteresis at 300 K 

but it strongly broadens at 10 K. On the other hand, the MS, MR, and HC values for zinc ferrite 

are very low. As can be seen in Figure 12 e), ZnFe2O4 is basically paramagnetic with a small 

ferrimagnetic contribution. This indicates an inversion parameter close to i = 0. 

As can be seen in Table 5, all investigated ferrite spinels possess saturation magnetizations, and 

thus inversion parameters, that are consistent with the theoretic and literature values for bulk 

samples. The MS values increase when measured at 10 K compared to measurements taken at 

300 K. Especially CoFe2O4 and MnFe2O4 the low temperature results fit well into the spin only 

theory. 

In summary, the desired ferrite spinels were prepared successfully by the classic mixed oxide 

method either phase pure or, in the case of CuFe2O4, with good purity. The obtained samples 

and data were used for comparison with the ferrites synthesized by the soft chemistry methods 

described in the following chapters. 

 

Table 5: MS, MR and HC, literature values of MS and theoretical ones. Inversion parameters 

from literature (ilit) and calculated from experimental MS values at 10 K (iexp). 

Ferrite 

Spinel 

T 

in K 

MS  

in µB 

MR  

in µB 

HC  

in Oe 

MS from lit. 

in µB 

MS µtheor 

in µB 

ilit 

 

iexp 

 

CoFe2O4 300 3.5 0.85 482.4 3.5 3.8 – 4.2 0.7 – 0.8 ~0.82 

 10 3.7 2.63 2462.0 [20]  [17]  

NiFe2O4 300 2.0 0.16 51.2 2.6 2 1.0 0.95 

 10 2.3 0.20 61.9 [20]  [21,22]  

MnFe2O4 300 3.4 0.0 <20 4.1 5 0.2 – 0.6 † 

 10 4.8 0.0 <20 [20]  [22–25]  

MgFe2O4 300 1.0 0.0 <20 1.4 – 1.6 1 – 3 0.7 – 0.9 0.88 

 10 1.2 0.0 <20 [20,27]  [26]  

ZnFe2O4 300 0.03 0.0 <20 0 0 – 1.5 0.0 – 0.3 ~0.02 

 10 0.11 0.03 212.4 [20]  [28,29]  

CuFe2O4 300 1.2 0.49 442.2 0.8 – 2.1 1 – 2.6 0.8 – 1.0 0.95 

 10 1.4 0.55 470.2 [32,33]  [22,30,31]  

† For MnFe2O4, the calculation is not possible, because µtheor = 5 for all inversion parameters. 

                                                 
* Because of a small residual magnetization of the superconductive magnet in the PPMS when switching from 

high magnetic fields to zero, hystereses with HC < 20 Oe are not measured correctly and can appear as inverted 

hystereses in the experimental data. See [61] for detailed information. 
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4.2. Ferrite spinels prepared by polyol mediated synthesis 

4.2.1. Introduction to polyol synthesis 

The so called polyol process was first described as a synthesis method for nanosized metal 

particles, e.g. copper, by the group of Fernand Fièvet and Michel Figlarz in 1993.[62] It 

involved a reduction of metal ions using a polyol as solvent.  

Polyols in general are molecules that contain more than one alcohol functional group. The most 

common used polyols are short α-diols and etherglycols. Using polyols as solvent has some 

advantages, for examples they have relatively high dipole moments and therefore are able to 

solvate ionic substances such as metal chlorides, nitrates or acetates quite readily. Additionally, 

they possess high boiling points and can be heated up to 250 °C under pressure. Because of 

their multiple oxygen atoms, polyols are also chelating agents which allows them to form metal 

complexes as intermediates and to coordinate on particle surfaces, preventing aggregations and 

stopping particle growth.  

Over the years, the polyol process was picked up by other groups that amplified the range of 

preparable compounds from simple metals to various metal oxides such as spinels and 

perovskites.[63,64] Eventually, additional amphiphils were used as surfactants and ferrite 

spinels were prepared as described by Caruntu et al.[65] 

The polyol synthesis route used in this work derived from a combination of different literature 

references[62–65] and was adjusted to finally yield phase pure ferrite spinel nanopowders. 

 

4.2.2. Characterization of the polyol prepared ferrite spinel powders 

X-ray diffractograms of the obtained samples are shown in Figure 13. With the exception of 

CuFe2O4, all ferrites gave diffractograms with a low signal to noise ratio. The spinel reflexes 

are strongly broadened and only the main peak around 35° indicates the formation of the cubic 

spinel phases. As will be explained in the following sections (XRD, TEM and BET of the 

calcined powders) this broadening is due to the small particle sizes of the powders.  

In the diffractogram of CuFe2O4, comparatively sharp reflexes are present. The peak at 22.8° 

could not be assigned, but a set of other reflexes can be referenced to Cu2O. The occurrence of 

the reduced cooper species can be explained as follows: The alcohol function of the diethylene 

glycol can be oxidized by nitrate to the corresponding aldehyde or carboxylic acid under the 

formation of nitrogen oxides that evolve as brown gases.[66] While this has no further influence 

on the preparation of the other ferrites, Cu2+ ions react with aldehydes and hydroxide to Cu2O, 

water and the corresponding carboxylic acid. This reaction is widely used for example in 

Fehling’s test. An additional heat treatment of the powder leads to the oxidation of Cu2O to 
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CuO but does not yield the desired CuFe2O4 species (Figure 16). In summary, it is not possible 

to obtain CuFe2O4 under the applied conditions. Correspondingly, CuFe2O4 was not further 

investigated. To overcome these side reactions it could be favorable to use chlorides instead of 

nitrates as starting materials to prevent the oxidation of the alcohol function of the solvent and 

thus the reduction of Cu2+. 

 

 

Figure 13: X-ray diffractograms of the as prepared ferrite spinels synthesized by the polyol 

method. A background correction was performed for all diffractograms. 

 

To determine residuals of nitrates, diethylene glycolate, water and hydroxides, the powders 

were characterized by thermogravimetric analyses (TGA). In general, all powders contain a 

high amount of thermally decomposable substances. The weight losses range from 32% to 60% 

at temperatures between 250 and 400 °C as listed in detail in Table 6 and shown exemplarily 

for two samples in Figure 14 (a). 

In Figure 14 (b), the X-ray diffractograms of CoFe2O4 calcined at 250 °C and 950 °C are 

compared. With the pattern of the as prepared sample in mind (Figure 13), it can be seen that, 

with increasing temperature, the peaks of the spinel phase get sharper, reflecting a successive 

crystallite growth. Furthermore, no additional side reactions or secondary phases occur at 

elevated temperatures. 

For further investigations, aliquots of the as prepared ferrites from the polyol syntheses were 

heated for one hour at the respective calcination temperatures determined by TGA (listed in 

Table 6). These samples are denoted as ‘calcined’ in the following. 
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Figure 14: (a) Exemplarily thermogravimetric measurement of the as prepared ferrite spinel 

powders of CoFe2O4 and MnFe2O4 synthesized by the polyol route and (b) X-ray 

diffractograms of CoFe2O4 after calcination at 250 °C and after the TGA measurement. 

 

The particle/crystallite sizes of the samples, calcined at the corresponding temperature with no 

further weight loss, were determined by two different methods. In a first step the specific surface 

areas of the powders were measured via nitrogen physisorption according to the Brunauer, 

Emmett and Teller (BET) theory.[67] Presuming uniformly cubic or spherical particles, the 

corresponding sizes can be calculated from the specific surface areas and the crystallographic 

density as follows: 

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 (𝑛𝑚) =  
6000

𝜌 (𝑔 𝑐𝑚−3) ∙ 𝐴 (𝑚2 𝑔−1)
 

Using this method, the average particle sizes were calculated to be in the range of 10 to 16 nm, 

as listed in Table 6. From the X-ray patterns an average crystallite size can be determined by 

the Scherrer equation using the Full Width at Half Maximum (FWHM) values.[68] The 

FWHMs were determined by fitting of the reflexes with the program WinXpow. The results are 

in the same range as from the BET investigations and are listed in Table 6, too. Because of the 

similarity of crystallite and particle sizes it can be concluded that each powder particle consists 

of one crystallographic domain. 

To get a better understanding of the particle morphologies and size distributions, transmission 

electron microscopy (TEM) investigations were performed. Selected micrographs with 

different magnifications of the calcined CoFe2O4 and NiFe2O4 powders are shown in Figure 15. 

The powders consist of micrometer sized conglomerates of mostly uniform, spherical particles 

with a narrow size distribution ranging from 10 to 50 nm with most of the particles being close 

to 10 nm. Hence, the results from the BET and Scherrer calculations were confirmed by TEM. 
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Table 6: TGA results and particle/crystallite sizes derived from BET and XRD measurements 

of the calcined ferrite spinel powders synthesized by polyol route. 

Compound Temperature 

in °C 

Weight loss 

in % 

Particle size 

in nm 

Crystallite size 

in nm 

CoFe2O4 250 32.0 15 13 

NiFe2O4 400 48.6 14 14 

MnFe2O4 250 56.3 10 10 

MgFe2O4 400 60.3 16 12 

ZnFe2O4 350 56.2 14 13 

 

 

Figure 15: TEM micrographs of CoFe2O4 and NiFe2O4 polyol powders after calcination at 

250 °C and 400 °C, respectively. 
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In general, all ferrites show a temperature dependent particle growth but the samples of 

MnFe2O4 and CuFe2O4 undergo side reactions at higher temperatures as derived from the          

X-ray diffractograms shown in Figure 16. The CuFe2O4 sample treated at 950 °C contains CuO 

and Fe2O3 as impurities. 

The formation of manganese ferrite cannot unambiguously be proven. After calcination of the 

as prepared powder at 600 °C a spinel phase forms but the Bragg angles are in better accordance 

with Fe3O4 (PDF 75-0033) than MnFe2O4 (PDF 10-0319) or Mn3O4 (PDF 24-0734). 

Additionally, hematite (that is not present in the sample calcined at 250 °C) was found. A 

qualitative test of the MnFe2O4 powder was performed by oxidizing a sample with KNO3 in a 

bunsen burner flame in the presence of carbonate ions. The resulting green color of MnO4
2- 

confirms the presence of Mn. However, it seems likely that the precipitation of Mn was not 

quantitative during the polyol synthesis. Thus, the applied conditions most likely do not lead to 

phase pure MnFe2O4. 

 

 

Figure 16: X-ray diffractograms of thermally treated (600 °C) MnFe2O4 and CuFe2O4 

powders from the polyol synthesis. 
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4.2.3. Magnetic properties of polyol prepared ferrite spinel powders 

Superparamagnetism describes a single domain behavior of sufficiently small ferro- or 

ferrimagnetic particles. When the particle size is below a compound-specific critical limit, the 

magnetic moments are locked together and act as a super magnetic moment. By thermal 

relaxations, this moment fluctuates and with a measuring time higher than the relaxation time 

the net magnetization is zero without an applied external field, leading to the disappearance of 

the hysteresis in magnetic field dependent measurements.[69] 

Obviously, the thermal fluctuation of the magnetic moments depends on the temperature and 

the transition temperature between “free” fluctuation and locked magnetic moment is called 

blocking temperature (TB). Below TB the field dependent magnetization curves exhibit 

hystereses whereas above TB no remanence or coercivity but only a saturation magnetization 

can be observed. There are multiple influences on the blocking temperature. An applied DC 

magnetic field, for example, results in a lowering of TB. Smaller particles sizes also lead to a 

lowering of TB. Furthermore, the measuring time has a great impact on the observed TB. That 

leads to a wide range of possible blocking temperatures for any substance from several Kelvin 

to more than room temperature.[69] 

The field dependent magnetic properties of the calcined polyol prepared powders were 

characterized and the graphs are shown in Figure 17. The corresponding saturation and 

remanent magnetization values and coercivities are listed in Table 7. All samples show 

ferrimagnetic behavior at 10 K. Whereas cobalt ferrite also shows a distinct hysteresis with 

considerable remanent magnetization and coercive field at 300 K, the hystereses of nickel, 

magnesium and zinc ferrite become very small at room temperature. This behavior is part of 

the superparamagnetism that is expected for magnetic particles with sizes smaller than about 

20 nm, depending on the anisotropy constants and MS values of each compound. Cobalt ferrite 

for example, has been studied intensely and, depending on the particle size, its saturation 

magnetization can be varied from values as low as 0.9 µB [70] to 2.7 µB [71] and even up to the 

bulk value of 3.5 µB [20]. For small particles of ZnFe2O4 it is known that an exchange of Zn2+ 

and Fe3+ between tetrahedral and octahedral sites can occur and nanoscale samples have 

considerably higher ferrimagnetism than the bulk.[72] This can explain the significantly 

increased hysteresis of the polyol prepared ZnFe2O4 compared to the mixed oxide sample. 

Temperature dependent magnetization measurements, depicted in Figure 18, reveal the 

occurrence of blocking temperatures and therefore prove superparamagnetic properties for all 

powders.  
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The blocking temperatures were determined from the maximum magnetization values of the 

ZFC curves. Whereas the TB values for Ni, Mg and ZnFe2O4 are below 300 K, it seems that for 

CoFe2O4 TB is significantly higher under the applied measuring conditions and is not yet 

reached up to 300 K. For this reason, the CoFe2O4 sample appears to be ferrimagnetic in the 

field dependent measurements at 300 K. 

 

Table 7: Saturation magnetization, remanence magnetization and coercive fields measured at 

300 K and 10 K of the calcined ferrite spinels prepared by the polyol method. 

Compound Temperature MS in µB MR in µB HC in Oe 

CoFe2O4 300 K 2.2 0.2 228 

 10 K 2.4 1.9 16484 

NiFe2O4 300 K 1.6 0.0 < 20 

 10 K 1.9 0.5 323 

MgFe2O4 300 K 0.8 0.0 < 20 

 10 K 1.0 0.3 360 

ZnFe2O4 300 K 0.3 0.0 < 20 

 10 K 1.7 0.3 254 
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Figure 17: Magnetic field dependent magnetization curves at 300 and 10 K of calcined ferrite 

spinels prepared by polyol route: (a) CoFe2O4, (b) NiFe2O4, (c) MgFe2O4 and (d) ZnFe2O4. 

 

 

Figure 18: Temperature dependent magnetizations of the calcined ferrite powders prepared by 

the polyol method. 
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Additional calcination experiments at different temperatures were performed to gain a better 

understanding of the particle growth at temperatures suitable to achieve dense ceramic bodies. 

Therefore, samples of CoFe2O4 were calcined for 1 h at 400, 600, 800 and 1000 °C respectively. 

The calcined powders were characterized by XRD and the resulting diffractograms are shown 

in Figure 19. With increasing calcination temperature, the peaks in the X-ray diffractograms 

get sharper and the signal-to-noise ratio rises because of the increasing crystallinity of the 

samples. 

TEM micrographs, depicted in Figure 21, show the temperature dependent growth of the 

particles as indicated by the sharpening reflexes and thus bigger crystallites in the X-ray 

diffractograms. The particle sizes of the powder, heated at 400 °C, range from 15 to 40 nm. 

After treatment at 600 °C, the sizes increase to 20 to 45 nm and the particles start to form sharp 

edges. At 800 °C all crystallites exhibit sharp edges with a size between 50 and 150 nm and the 

powders are no longer exclusively nanoparticles. The smallest particles of the sample treated at 

1000 °C are about 300 nm in diameter and the biggest are close to the µm range. 

The corresponding magnetic properties are shown in Figure 20. Although the sample calcined 

at 400 °C shows a distinct hysteresis, the MS, MR, and HC values are small when compared to 

the other samples. For higher calcination temperatures, the saturation and remanent 

magnetizations rise. The coercivity reaches a maximum at 800 °C and then decreases. The 

values are summarized in Table 8. 

 

Table 8: Saturation magnetization, remanence magnetization and coercive fields measured at 

300 K the CoFe2O4 polyol powders calcined at different temperatures. 

Calcination temperature MS in µB MR in µB HC in Oe 

400 °C 2.1 0.40 636 

600 °C 3.0 0.92 1135 

800 °C 3.1 1.17 1226 

1000 °C 3.2 1.16 933 

1100 °C (see MO method) 3.5 0.85 483 

 

Concluding, the particle size of the ferrites and their magnetic properties are tunable by the 

calcination temperature. The particle growth continues with increasing temperature and the 

saturation and remanence magnetization values as well as the coercivities, are strongly 

dependent on the particle size. 
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Figure 19: X-ray diffractograms of the CoFe2O4 polyol powders calcined at different 

temperatures. 

 

 

Figure 20: Field dependent magnetization measurements of the CoFe2O4 polyol powders 

calcined at different temperatures. 
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Figure 21: TEM micrographs of CoFe2O4 samples calcined at different temperatures. 

 

In summary, the polyol method proved to be a convenient synthesis approach to prepare cobalt, 

nickel, magnesium and zinc ferrite spinel powders with particle sizes in the range of 10 to 20 

nm. In the case of manganese and copper ferrite, side reactions occur and therefore other 

preparation routes should be used. 

TEM investigations along with BET and XRD reveal a homogeneous size distribution and the 

single crystalline nature of the single particles.  

When calcined at low temperatures, the powders exhibit superparamagnetic properties. The 

particle size, and hence the magnetic behavior, can be tuned by further thermal treatments at 

higher temperatures. 
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4.3. Functionalized cobalt and nickel ferrite spinels. 

4.3.1. Surface modification of nanoparticles 

In the polyol synthesis, surface active agents are frequently used to limit the particle growth. 

The idea to use amphiphilic agents in the synthesis of ferrite spinels was inspired by a paper of 

Caruntu et al.[65] In this publication, different carboxylic acids as myristic acid and oleic acid 

were used to obtain discrete monodisperse nanoparticles of ferrite spinels. As the authors 

showed it is possible to synthesize different MFe2O4 samples with M2+ = Fe, Mn, Co, Ni and 

Zn with only slight alterations of the preparation conditions.  

Therefore, the size control of the nanoparticles using a similar capping agent was aimed at. 

Palmitic acid was chosen as detergent because of its long alkylic chain and predictably strong 

preference to interact with the polar surface of the metal oxides with the carboxylate function. 

As described in the following paragraphs, the palmitic acid indeed coordinates to the 

nanoparticles surface while forming a “shell” of alkylic chains, making the particles 

hydrophobic enough to precipitate from the solvent diethylene glycol. Additionally, the 

synthesized powders were completely soluble in nonpolar solvents, which is advantageous for 

further applications. 

 

4.3.2. Characterization of the palmitic acid capped cobalt and nickel ferrites 

The powders were found to be indissoluble in polar solvents but dissolve easily in nonpolar 

solvents such as toluene, chloroform, diethyl ether and heptane. These findings agree with the 

general assumption that the polar carboxylate function of the palmitate interacts with the polar 

ferrite spinels and the alkyl groups form a hydrophobic sphere around these particles.  

With a sufficient concentration of nanoparticles, the so obtained solutions form a ferro fluid 

that can be manipulated with external magnetic fields. An image of a saturated solution of the 

palmitate capped cobalt ferrite particles in chloroform is shown in Figure 22. 
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Figure 22: A saturated solution of palmitate capped CoFe2O4 particles in chloroform next to a 

permanent magnet. The solution is drawn towards the magnet. 

 

The homogeneous solutions can be used as starting materials for further syntheses. For example 

a solution of palmitic acid capped CoFe2O4 was used for spray drying and the mixed spinels of 

CoxNi(1-x)Fe2O4 were used for the formation of uniform thin films on indium tin oxide substrates 

to investigate their catalytic properties in the electrochemical oxygen evolution and oxygen 

reduction reactions. The latter is described more thoroughly in one of the following sections. 

 

In the X-ray diffractograms of the palmitic acid capped ferrite spinels only the main peak (311) 

of the spinel structure at 35 °2θ is detected as is shown exemplarily in Figure 23 for 

Co0.4Ni0.6Fe2O4. Additionally, a set of reflexes shows conformity with a reference of calcium 

palmitate. Because there is no calcium involved in the synthesis, it can be concluded that a 

structure similar to calcium palmitate forms, i.e. palmitate coordinated to a bivalent metal ion, 

formed. Calcination of the as prepared powders for 30 min at 950 °C resulted in a sharpening 

of the ferrite spinel peaks without the occurrence of any impurities.  
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Figure 23: X-ray diffractogram of the as prepared powder of Co0.4Ni0.6Fe2O4 (left) and after 

calcination at 950 °C (right). 

 

Raman investigations of the as prepared powders showed that the spinel structure has already 

formed. A typical Raman spectrum of these powders in comparison with a spectrum of 

CoFe2O4, prepared by the mixed oxide method, is shown in Figure 24. These spectra prove that 

the as prepared powders are not a mixture of cobalt, nickel and iron oxides, hydroxides or 

nitrates because such components would readily be detectable in the Raman spectra. Only traces 

of hematite (Fe2O3) are present in the spectra. Furthermore, bands related to palmitic acid prove 

the presence of the organic surface coating. 

 

 

Figure 24: Raman spectrum of an as prepared palmitic acid functionalized ferrite spinel. 
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The thermogravimetric investigation in flowing synthetic air is shown in Figure 25. The 

palmitic acid functionalized powders lose 40 – 60% of their weight between room temperature 

and 450 °C. The main weight loss occurs at temperatures around 250 °C. Higher temperatures 

of up to 950 °C do not lead to any further weight changes. Thus, the palmitic acid can be 

decomposed completely from the system by calcination without destroying the ferrites, but of 

course a particle growth has to be taken into consideration during the heat treatment. 

 

 

Figure 25: Thermogravimetric measurement of a ferrite spinel capped with palmitic acid. 

 

The palmitic acid capped powders show ferrimagnetic and superparamagnetic properties. 

Similar to the samples prepared by the polyol method without additional surface 

functionalization. Corresponding graphs are shown in Figure 26 exemplarily for 

Co0.9Ni0.1Fe2O4. 

 

Figure 26: Field (left) and temperature (right) dependent magnetization of Co0.9Ni0.1Fe2O4 

capped with palmitic acid. 
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In Table 9 the saturation magnetizations, remanences, coercivities and blocking temperatures 

are listed for the complete CoxNi(1-x)Fe2O4 series. It was found that all values decrease with 

increasing nickel content, in consistence with literature.[73–76] 

 

Table 9: Saturation and remanence magnetizations and coercive fields at different 

temperatures and blocking temperatures of as prepared ferrite spinels capped with palmitic 

acid. 

CoxNi(1-x)Fe2O4 MS in µB at MR in µB at HC in Oe at TB 

x =  300 K 10 K 300 K 10 K 300 K 10 K in K 

1 0.49 0.81 0.00 0.41 <20 9900 140 

0.9 1.17 1.64 0.00 0.87 <20 9470 190 

0.8 0.57 0.92 0.00 0.43 <20 7480 145 

0.7 0.31 0.58 0.00 0.24 <20 6570 125 

0.6 0.25 0.50 0.00 0.14 <20 743 110 

0.5 0.15 0.38 0.00 0.08 <20 1540 90 

0.4 0.22 0.47 0.00 0.09 <20 850 110 

0.3 0.18 0.42 0.00 0.13 <20 3536 85 

0.2 0.12 0.36 0.00 0.07 <20 1500 65 

0.1 0.07 0.31 0.00 0.03 <20 303 26 

0.0 0.06 0.32 0.00 0.00 <20 <20 11 

 

4.3.3. Catalytic properties in the oxygen evolution and reduction reaction 

The oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) are two major 

electrochemical challenges in the development of reversible fuel cells operating on oxygen.[77]  

 

3d metal spinels have been reported to be interesting compounds for catalyzing both 

reactions.[78] For this reason, the CoxNi(1-x)Fe2O4 series was screened with linear sweep 

voltammetry (LSV) and scanning electrochemical microscopy (SECM) to reveal the catalytic 

properties in the OER and ORR. This characterization was done by Gerda Seiffarth and 

Matthias Steimecke from the group of Prof. Michael Bron at the Martin Luther University 

Halle-Wittenberg and the results were published in a peer reviewed journal.[79] 
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Essential for the investigations are evenly distributed thin films of the catalyst on the indium 

tin oxide substrates. Because of the palmitic acid functionalization, the as prepared spinel 

powders are soluble in nonpolar solvents. Therefore, solutions of the spinels can be pipetted 

onto the substrate and uniform films form upon evaporation of the organic solvent. The desired 

film thickness can easily be adjusted by variation of the concentration and repeating the coating 

step several times. 

The sample Co0.1Ni0.9Fe2O4 showed the most promising activities as OER catalyst and was 

mixed with nitrogen doped carbon nanotubes (NCNT), which are known to be good ORR 

catalysts to obtain a bifunctional electrocatalyst. As can be seen from Figure 27, the mixture of 

the ferrite spinel and the NCNT is a suitable bifunctional electrocatalyst for both, the ORR (high 

negative current density at negative potentials) and the OER (high current density at positive 

potentials). The results are described in detail in [79]. 

 

 

Figure 27: Combination of ORR and OER polarization curves of the ferrite spinel, NCNT, 

mixed sample and heat treated mixed sample. Edited from [79]. 
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4.4. Composites of CoFe2O4 and BaTiO3 with 2-2 connectivity 

The following findings were obtained together with Norman Quandt during his time as master 

candidate. The results were published in [57] and are summarized in the following. The full 

article is included in the appendix as A1. 

As mentioned in the introduction, aligning different phases in (alternating) layers is referred to 

as 2-2 connectivity. To realize this type of structure, the ferroic layers were spin coated in a 

triple layer system onto Pt-coated silicon wafers. In this arrangement, a CoFe2O4 layer was 

placed between a bottom and a top layer of BaTiO3. In addition to its ferroic properties, BaTiO3 

acts as insulating material and to minimize leakage currents.  

Both CoFe2O4 and BaTiO3 were spin coated from a solution of the respective metal salts in a 

mixture of DMF and acetic acid. Each spin coating step was followed by the heat treatment 

shown in Figure 28. 

 

 

Figure 28: Reaction flow chart of triple layer multiferroics.[57] 

 

The resulting multilayers were investigated with scanning electron microscopy to determine 

their structure. In Figure 29 the images of the two samples are shown. 

The magnetic and electric polarization properties of the obtained thin film multiferroics were 

investigated. As depicted in Figure 30, it was found that the samples exhibit both magnetic and 

electric polarization hystereses, which is essential for magnetoelectric coupling. The 

magnetoelectric properties of the thin film structures are still to be characterized, which is not 

trivial as the electric polarization turned out to be difficult. 
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Figure 29 Scanning electron microscopy images, revealing the triple layer structure of the 

samples. Edited from [57]. 

 

 

Figure 30: Magnetic (left) and electric polarization (right) hystereses of sample 2 from [57]. 
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4.5. Composites of CoFe2O4 and BaTiO3 with 0-3 connectivity 

The results in this chapter have been published in [58]. 

The 0-3 composites of CoFe2O4 and BaTiO3 were prepared from powders synthesized by the 

polyol mediated synthesis method. A cobalt ferrite nanopowder was prepared by the polyol 

mediated synthesis, as described in chapter 4.2. and was redispersed in diethylene glycol. 

Barium hydroxide and titanium isopropoxide were added under protective argon atmosphere as 

barium titanate starting compounds. This mixture ware refluxed to form the barium titanate 

precursor together with the cobalt ferrite embedded.  

The resulting powdery mixture was treated in air to decompose carbonates and to form barium 

titanate. To form dense ceramics suitable for magnetoelectric measurements, sintering 

temperatures of at least 1200 °C had to be carried out. 

Unfortunately, barium titanate reacts with cobalt ferrite in air at temperatures higher than 

900 °C and forms side products like barium hexaferrites (BaFe12O19). The situation becomes 

even more complicated since Ti4+/Co2+ can substitute Fe3+ in BaFe12O19. Additionally, cobalt 

and iron can be incorporated in barium titanate, leading to an increased electric conductivity 

which is highly undesired for magnetoelectrics.  

To avoid these problems, a reductive sintering step followed by reoxidation at low temperatures 

was implemented. During thermal treatment in forming gas, cobalt ferrite is reduced to an alloy 

of cobalt and iron. This leads to a powder consisting of barium titanate and cobalt iron alloy 

that was sintered under forming gas atmosphere. As metals, Co and Fe are not incorporated in 

the BaTiO3 matrix, i.e. contaminations of this phase are effectively avoided.  

It has to be noted that the density of the ceramic samples must be adjusted precisely. If the 

samples density is too low, the resulting cobalt ferrite / barium titanate composite will also 

possess a low density. If the density is too high, upon reoxidation, the cobalt iron alloy, reacting 

to cobalt ferrite, increases its volume and thus cracks and even powderization of the ceramic 

can occur. 

During reoxidation of the ceramic bodies in air at 800 °C, a temperature much lower than the 

sintering temperature, the cobalt ferrite is formed again leading to magnetoelectric ceramics of 

barium titanate and cobalt ferrite. A scheme of this synthesis route is depicted in Figure 31. 

XRD measurements proved phase-purity and SEM/EDX investigations revealed the desired 0-

3 distribution of the cobalt ferrite in the barium titanate matrix with no indications for 

incorporation of Fe or Co in BaTiO3. 

Impedance measurements show a Maxwell-Wagner like behavior as described before for 

barium titanate ferrite spinel composites. The loss tangents are quite low compared to 
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composites prepared in air pointing to a very low incorporation of cobalt and iron ions in the 

BaTiO3 matrix. 

The composites exhibit the expected magnetic properties with hystereses typically for cobalt 

ferrite. The observed saturation magnetizations agree well with the nominal CoFe2O4 contents. 

 

 

Figure 31: Synthesis scheme for BaTiO3 – CoFe2O4 composites with reductive sintering.[58] 

 

To investigate the magnetoelectric properties of the composites the custom made device 

described in chapter 2.4. was used. The HDC dependent measurements reveal a hysteretic 

behavior of the magnetoelectric voltage coefficient αME as shown in Figure 32. It could be 

shown that the magnetic and magnetoelectric coercivities are very different and that the 

maximum αME values are dependent on the sweep direction of the applied magnetic field HDC. 
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Figure 32: HDC field dependent magnetoelectric coefficient of a composite.[58] 

 

The new approach of reductive sintering and reoxidation at low temperatures results in phase-

pure samples with the desired 0-3 morphology and magnetic and electric properties 

characteristic for CoFe2O4 and BaTiO3. The magnetoelectric hystereses exhibit a hitherto 

unknown dependence on the sweep direction of the magnetic DC field and coercivities that are 

different from the magnetic ones. 
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4.6. Composites of Co1/3Fe2/3 and BaTiO3 with 0-3 connectivity 

In the course of the investigations discussed in the previous chapter, a new kind of composites 

was obtained, namely composites of barium titanate with cobalt iron alloy particles embedded.  

This kind of composites has been unknown in magnetoelectric literature and could be explained 

by the fact that, if the sintering is performed under oxidizing atmospheres, the alloy will is not 

stable and oxidizes. With the reductive sintering, introduced in [58], it is possible to preserve 

iron and cobalt in their metallic state while at the same time apply temperatures high enough to 

achieve a sufficient sintering of the BaTiO3 matrix yielding dense ceramics. But it has to be 

taken in mind that oxygen vacancies can occur in the barium titanate. These oxygen vacancies 

affect the ferroelectric properties of the barium titanate and have to be kept at a minimum. 

A series of Co1/3Fe2/3 – BaTiO3 composites was prepared and tested with focus on the 

magnetoelectric properties. The results have been published in [59]. 

It turned out that the composites possess appropriate electric and magnetic properties to achieve 

a magnetoelectric coupling. The HDC dependent magnetoelectric investigations revealed a 

behavior completely different from the CoFe2O4/BaTiO3 composites. The magnetoelectric 

hystereses are shown in Figure 33. When electrically poled in the same direction, the sign of 

αME is opposite to those of the composites containing CoFe2O4 and also the course of the 

hystereses differs strongly. What’s more, each sample had a different course of its hysteresis 

and thus the Co1/3Fe2/3 content has a different influence on the magnetoelectric behavior than 

CoFe2O4. The cobalt ferrite content mainly influences the values of αME but not the whole 

course of the hysteresis as with Co1/3Fe2/3. 

With the new reductive sintering approach, a synthesis route for barium titanate composites 

with ferromagnetic alloys or elements was developed. It was shown that these kind of 

composites exhibit magnetoelectric coupling and they show a behavior, which is completely 

new in the field of magnetoelectrics, opening a door for an additional branch of research. 



45 

 

 

Figure 33 HDC field dependent magnetoelectric coefficients of (Co1/3Fe2/3)x – (BaTiO3)(1-x) 

composites.[59] 
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5. Summary 

This thesis covers the synthesis and investigation of multiferroic and magnetoelectric 

composites of barium titanate with ferrite spinels and a Co1/3Fe2/3 alloy.  

Different approaches were addressed to prepare ferrite spinels as composite precursors. While 

the mixed oxide method leads to well crystallized ferrite spinels with appropriate ferrimagnetic 

properties, the polyol mediated synthesis initially results in nearly amorphous nano sized 

powders with superparamagnetic properties. However, by additional heat treatment, the particle 

sizes increase and the magnetic properties can be tuned betweeen superparamagnetic and 

ferrimagnetic behavior. 

The polyol mediated method was used for the composites, because the small particle sizes 

ensure an evenly distribution of the ferrite and barium titanate in the precursor and thus in the 

final ceramics, although the high sintering temperatures lead to a massive particle growth 

To prevent chemical reactions between barium titanate and the ferrite spinel, i.e. a substitution 

of the BaTiO3 matrix by cobalt and iron ions as well as the formation of barium hexaferrite, a 

reductive sintering procedure with subsequent reoxidation was developed. In this way, the side 

reactions were strongly suppressed, which is a key factor in the preparation of barium titanate 

– ferrite spinel composites from nanoscaled powders. 

With this route – polyol mediated synthesis for ferrite and titanate with subsequent calcination 

and sintering in reductive atmosphere – two kinds of composites were prepared. The first set of 

composites consists of CoFe2O4 as ferrimagnetic phase embedded in a ferroelectric matrix of 

BaTiO3. The second kind of composites also contains BaTiO3 as matrix but involves the alloy 

Co1/3Fe2/3 as ferromagnetic phase. Both sets of composites were prepared with different 

compositions. The composites were characterized by XRD, SEM, EDX, impedance 

spectroscopy, magnetic and magnetoelectric measurements. For the magnetoelectric 

investigations, a custom made measurement setup was developed. This allowed detailed 

investigations on the completely different magnetoelectric properties for both kinds of 

composites. The cobalt ferrite composites show magnetoelectric hystereses with maxima of αME 

up to 420 µV Oe-1 cm-1 that are dependent on the direction of the sweep of the magnetic field 

HDC. The cobalt iron alloy composites possess αME values of up to 165 µV Oe-1 cm -1 and for 

each composition the course of the magnetoelectric hystereses is unique, which was not 

anticipated and is completely new to magnetoelectric research. The results have been published 

in peer reviewed journals. 
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A2 Hysteretic magnetoelectric behavior of CoFe2O4–BaTiO3 composites prepared by 

reductive sintering and reoxidation 

Reprinted with the permission of the Royal Society of Chemistry. 
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A3 Novel magnetoelectric composites of cobalt iron alloy and barium titanate 

Reprinted with the permission of the American Ceramic Society and Blackwell Publishing. 
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