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Abstract 
The present Diploma thesis provides an original synthesis for the preparation magnetic cobalt 

chromite nanoparticles (CoCr2O4 NPs) well dispersed in non-polar solvents and extensive 

structural, morphological, phonon and magnetic characterization. Particular emphasis is on 

determination of the spiral magnetic structure in CoCr2O4 NPs prepared by various procedures 

such as hydrothermal synthesis and sol-gel method.  

CoCr2O4 NPs with diameters in the range of 3.0 – 4.1 nm are prepared by high temperature 

hydrothermal method. For the first time, the CoCr2O4 NPs are stable in non-polar solvents and 

they are prepared by one-step synthesis without post treatment. The structure of prepared NPs 

is refined by Rietveld analysis. Size of prepared NPs is determined and compared using various 

techniques as powder X-ray diffraction (PXRD), transmission electron microscopy (TEM) and 

small angle X-ray scattering (SAXS). Magnetic measurements reveal the transition from 

superparamagnetic (SPM) state to super spin glass – like (SSG) state. From a.c. susceptibility 

measurements, the spin dynamics studies and strength of inter-particles interaction are 

investigated.  

CoCr2O4 NPs with mean diameter of 26.9(1) nm are prepared by sol-gel method. The 

magnetization measurements reveal the transition from superparamagnetic to ferrimagnetic 

ordering at 92 K and the possible transition to spiral magnetic structure at 27 K.  

Comprehensive magnetic characterization is performed on CoCr2O4 NPs with large difference 

in particle size (~ 26.9(1) nm and 3.2(1) nm). Magnetic properties are studied on the 

macroscopic level by magnetizations measurements and on the microscopic level using 

polarized neutron scattering. Possible presence of the spiral structure in CoCr2O4 NPs is 

investigated. 

This thesis is completed with magnetic properties studies of CoCr2O4 NPs partially doped by 

iron. Magnetic properties are investigated by magnetization measurements and using 

Mössbauer spectroscopy. The cation distribution in spinel structure are carried out by 

Mössbauer spectroscopy measurements at low temperatures with and without applied field. On 

the base of these measurements, the occupancy of Co2+, Cr3+ and Fe3+ in tetrahedral and 

octahedral position is determined. 

Key words: Preparation of chromite nanoparticles, magnetic properties, polarized neutron 

scattering, spiral magnetic structure.  
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Abstrakt 
Předložená Diplomová práce popisuje originální syntézu přípravy magnetických nanočástic 

oxidu kobaltnato-chromitého (CoCr2O4) dobře dispergovaných v nepolárních rozpouštědlech a 

popisuje strukturní, morfologické, fononové a magnetické vlastnosti. Zvláštní důraz je kladen 

na studium spirální struktury v nanočásticích CoCr2O4 připravených různými technikami jako 

je hydrothermální syntéza a metoda sol-gel .  

Nanočástice CoCr2O4 s průměrem v intervalu 3.0 – 4.1 nm jsou připraveny hydrotermální 

metodou. Poprvé byly připraveny nanočástice CoCr2O4 jednokrokovou syntézou bez 

následného žíhání, které jsou stabilní v nepolárních rozpouštědlech. Struktura připravených 

nanočástic byla upřesněna Rietveldovou analýzou. Velikost připravených nanočástic byla 

určena a porovnána pomocí různých charakterizačních metod jako jsou prášková rentgenová 

difrakce (PXRD), transmisní elektronová mikroskopie (TEM) a maloúhlový rozptyl 

rentgenového záření (SAXS). Přechod ze superparamagnetického (SPM) stavu do super spin 

glass-like (SSG) stavu byl studován magnetickými měřeními. Spinová dynamika a síla 

mezičásticových interakcí byla studována meřením střídavé susceptibility.   

Nanočástice CoCr2O4 s průměrem 26.9(1) nm byly připraveny metodou sol-gel. Pomocí 

magnetických měření byl určen přechod ze SPM do ferrimagnetického uspořádaného stavu při 

92 K a možný přechod do spirální magnetické struktury při 27 K.  

Připravené nanočástice s rozdílnými velikostmi (~ 26.9(1) nm and 3.2(1) nm) byly detailně 

charakterizovány pomocí magnetických měření. Magnetické vlastnosti byly studovány 

v makroskopickém měřítku pomocí magnetizačních měření a v mikroskopickém měřítku 

pomocí polarizovaného neutronového rozptylu. Byla provedena studie možné spirální struktury 

v nanočásticích CoCr2O4.  

Nakonec byly studovány magnetické vlastnosti nanočástic CoCr2O4 částečně substituovaných 

železem. Magnetické studie byly provedeny pomocí magnetizačních měření a Mössbauerovy 

spektroskopie. Mössbauerova měření prováděná v nízké teplotě a s aplikovaným vnějším polem 

nebo bez něj poskytla informace o distribuci kationtů ve spinelové struktuře. Na základě těchto 

měření bylo určeno obsazení tetraedrických a oktaedrických poloh kationty Co2+, Cr3+ a Fe3+.  

Klíčová slova: Příprava nanočástic chromitů, magnetické vlastnosti, rozptyl polarizovaných 

neutronů, spirální magnetická struktura.  
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1. Introduction 
Magnetic nanomaterials are widely studied due to their interesting physical properties, which 

are very different in comparison with their bulk analogues and have the potential for various 

technological applications. Most physical properties have their origin in nanosize and 

surface/interface effects.  

Multiferroic materials, with coexistence of two types of ordering (magnetic and charge), have 

attracted attention for application in data storage media, electromagnetic sensors etc1. Cobalt 

chromite (CoCr2O4) is considered to be a promising multiferroic material2,3 and thus interesting 

for their physical interest and technological applications4,5. Ferroelectricity and magnetic 

ordering are expected to be coupled with each other effectively, and one can therefore induce 

magnetization by an electric field or electrical polarization by a magnetic field. This 

phenomenon is the so-called magnetoelectric effect6. CoCr2O4 crystallizes in the cubic spinel 

structure, where Co2+ and Cr3+ are located on the tetrahedral and octahedral sites, respectively. 

CoCr2O4 is the first example of a multiferroic compound with both spontaneous magnetization 

and polarization of spin origin. The magnetic properties of bulk CoCr2O4 have mostly been 

studied in single crystal and polycrystalline form. CoCr2O4 exhibits ferrimagnetic order at  

Tc = 94 K3 and undergoes an order-to-order magnetic phase transition to a long range spiral 

magnetic order at the transition temperature, Ts = 26 K with an incommensurate propagation 

vector of (q q 0), where q ~ 0.63 nm-1 7. The ground state of magnetic order is established below 

the so-called lock-in transition, Tlock-in = 15 K and associated with a net change of propagation 

vector4. The ferrimagnetic component exhibits long-range order at all temperatures below Tc 

whereas short range order was found for the spiral component. In addition, a dielectric anomaly 

below the spiral magnetic order has been observed in polycrystalline sample8 as well as in single 

crystal9.  

Different methods were used for the CoCr2O4  NPs preparation such as sonochemical method10, 

co-precipitation method11-14, hydrothermal synthesis15-17, solvothermal route18, citrate 

method19, reduction method, precursor method20, thermal decomposition21, thermolysis22 etc. 

But up to date, after all mentioned preparation method, the NPs had to be treated at high 

temperatures to obtain the crystalline phase of CoCr2O4. The CoCr2O4 NPs were prepared in 

powder form with nearly spherical shape and different particle sizes from 4 up to >100 nm. 

The structure, phonon, catalytic and magnetic properties of CoCr2O4 NPs in previous research 

were studied. Whereas in the bulk material there is a magnetic transition from the paramagnetic 
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to the ferrimagnetic state, in the CoCr2O4 NPs a transition from paramagnetic to 

superparamagnetic phase at Curie temperature was observed11,12. In our previous study17, 

the NP size dependence of the magnetic properties of CoCr2O4 NPs is reported. The samples 

were prepared by hydrothermal synthesis and annealed at various temperatures from  

300 – 500 °C with a particles size range of 4.4 – 11.5 nm. It was found that the furcation and 

blocking temperature depends on the particle size. The shift of furcation point and blocking 

temperature toward lower temperatures with the decreasing particle size was determined. It was 

also found that with the decreasing NPs size, the typical feature of glassy-like state is more 

pronounce17. 

Up to date, only studies of powder CoCr2O4 NPs were published. Up to our knowledge, there 

is no paper, which describes the preparation of isolated CoCr2O4 NPs in solvent prepared 

without post treatment procedure. In present work report the synthesis of well crystalline 

CoCr2O4 NPs dispersed in hexane/toluene and describe structure, morphology, phonon and 

magnetic properties of the prepared samples.  

Despite the large interest in the macroscopic magnetic properties in nanoparticles of cobalt 

chromite2-4,7,23,24, a microscopic study of the magnetic phase transitions in nanosized CoCr2O4 

is still missing. In present work we report on the magnetic phase transitions in cobalt chromite 

nanoparticles, observed using a combination of microscopic magnetic information, obtained 

using polarized neutron diffraction, and macroscopic magnetization measurements. 

There are several studies about the preparation and characterization of NPs of CoCr2O4 doped 

by iron. Doping of CoCr2O4 with Fe is interesting, because of the evolution of magnetic 

properties after diluting the B site with iron. Because Cr3+ has smaller magnetic moment than 

Fe3+, the partial replacement of elements might lead to magnetic frustration. In the bulk system 

of CoFeCrO4, anomalous magnetic properties were obtained as a result of a frustrated magnetic 

structure25. There is also Mössbauer spectroscopy in low temperature study of the cation 

distribution in the structure of polycrystalline CoFeCrO4
26.  

In present work the changes in magnetic properties of CoFexCr2-xO4 (x = 0.2, 0.8 and 1.0) NPs 

with increasing of iron content are studied using magnetization measurements and Mössbauer 

spectroscopy at low temperature with and without external magnetic field.  
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Concept 
The scope of this work is the preparation and structural, magnetic characterization of CoCr2O4 

and CoFexCr2-xO4 NPs. 

The first objective is the optimization of the preparation of magnetic nanoparticles using 

different synthetic routes including thermal decomposition, hydrothermal synthesis and sol gel 

methods.  Particular emphasis is on high temperature hydrothermal routes leading dispersed 

CoCr2O4 NPs in hexane/toluene solution without the need of post thermal treatment.  

The second objective is to investigate the structure and morphology of the prepared NPs and 

their magnetic properties and inter-particle interactions. The particle size and size distribution 

are determined and compared by scattering and imaging methods. 

The chapter 4.4 will focus on polarized neutron scattering experiments with xyz-polarization 

analysis of CoCr2O4 NPs with different particle size. This technique is important for the 

separation of pure magnetic neutron scattering contribution and reveals the possible presence 

of spiral magnetic order. 

In the chapter 4.5, the NPs system of CoFexCr2-xO4 (with x = 0.2, 0.8 and 1.0) is studied using 

magnetization measurements and Mössbauer spectroscopy at low temperature and applied field. 

The exact positions of iron in the spinel structure are determined and used for the detailed 

discussion of observed magnetic aspects from magnetization versus temperature measurements.   
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2. Theoretical Part 

2.1. Superparamagnetism 

The magnetic materials with crystalline size in nanometer range (1 – 100 nm) are the subject of 

intensive research in recent years27.  There exists the critical particle diameter which leads to a 

formation of monodomain state under this diameter. In the superparamagnetic state, the system 

with the particle size of a few nm acts as one magnetic domain which is characterized by total 

magnetization vector called super-spin. In the case of spherical particles, the critical diameter 

is following28: 

 !" ≈ 18&' ∙ )*
+, ∙ -.

/  (2.1.1) 

where A is exchange constant, K1 is the constant of magnetocrystalline anisotropy of first order, 

+, is permeability of vacuum and Ms is saturation magnetization. Near the critical diameter, dc 

the monodomain state occurs, which is associated with the appearing of hysteresis. With the 

decreasing of particle size we reach the superparamagnetic limit and the coercivity and 

remanence disappear. The magnetization in such a single-domain nanoparticle is preferably 

oriented along an easy axis. An energy barrier of 0 =  )344 ∙ 5 ∙ sin 9 =  :; ∙ <; (Keff is the 

effective anisotropy constant, θ represents the angle between external magnetic field and easy 

axis of magnetization, V is the particle volume, kB corresponds to Boltzmann constant and TB 

is blocking temperature) has to be overcome for magnetization reversal. When  

:; ∙ <;  ≫ )344 ∙ 5 the particle can be considered freely fluctuating and it is possible to change 

spontaneously the orientation of super-spin (magnetic moments of supeparamagnetic state) 

from one equilibrium position to another without application of external magnetic field. In this 

case, the system is in superparamagnetic mode. The magnetization curve of a 

superparamagnetic system follows the classical Langevin behaviour: 

 >? ! = coth? ! − 1  with  =  +, ∙ + ∙ (:; ∙ <
 (2.1.2) 

with + as super-spin. At the given temperature, the magnetization of NPs fluctuates with the 

characteristic frequency or relaxation time: 

 -?)! =  -, ∙ exp-−) ./ 0 (2.1.3) 
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where -, corresponds to mean magnetization of a non-relaxing particle, ) represents time after 

the removal of the field and . is the superparamagnetic relaxation time. Relaxation time related 

to the size of the energy barrier follows the Neél-Arhenius law: 

 . =  ., ∙ exp 1
)344 ∙ 5
:; ∙ <

2 (2.1.4) 

where the inverse attempt frequency τ0 is typically 10−9 s. The system shows 

the superparamagnetic behaviour if the relaxation time is shorter than the characteristic 

timescale of the applied measurement technique. When the relaxation time is longer than 

the characteristic timescale, the system appears to be in the blocked state. If we decrease 

the temperature to the critical value called blocking temperature at which )344 ∙ 5 =  :; ∙ <; 

the system undergoes the transition to the blocking state. This point is characterized by 

the opening of hysteresis loop in field dependent magnetization measurements. Typical 

timescales of experimental methods are in the following ranges: 10-12 – 10-10 s for inelastic 

neutron scattering, 10-10 – 10-7 s for Mössbauer spectroscopy, 10-10 – 10-5 s for muon 

spectroscopy (lifetime of muon is typically 2.2 ms), 10-1 – 10-5 s for a.c. susceptibility 

measurements, 10-14 – 10-11 s for ferromagnetic resonance etc. 

In the real systems, the inter-particle interactions, distribution of particle size and spin disorder 

must be taken into account. The magnetic response is affected by inter-particle interaction. 

Depending on inter-particle distances and the value of spin, two type of interactions occur: 

dipolar and exchange interactions. Inter-particle interactions cause changes of the characteristic 

values of blocking temperature, relaxation processes and spin structures of NPs. Exchange 

interactions play the role in the interface of ferromagnetic and antiferromagnetic materials 

(exchange bias phenomena) and give rise to an asymmetric hysteresis loop and an increased 

coercive field. In high concentrations of NPs in dispersion, the collective order is formed, which 

is called super-spin glass (SSG). Dipolar interactions are the consequences of long-range 

interaction of magnetic dipole and they cause the suppression of superparamagnetic relaxation 

or increasing of blocking temperature. In the case of weak interactions, the superparamagnetic 

relaxation can be expressed using Vogel-Fulcher law29,30: 

 .3 =  ., ∙ exp 1−
)344 ∙ 5

:; ∙ ?< − <45!
2 (2.1.5) 
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where TVF represents the strength of dipolar interaction and τ0 is characteristic relaxation time 

of the system of non-interacting super-spins. If the formation of collective blocking state called 

SSG takes place, the satisfactory description for changes of relaxation time is critical for 

the dynamics of the relationship established for spin glass31: 

 .3 =  ., ∙ 6
<3
<7

− 18
9:

 (2.1.6) 

where Tg corresponds to the temperature of the phase transition to glass state, Tm represents 

the a.c. susceptibility maxima and zv is critical exponent of the order of units to tens. 

The manifestation of dipolar inter-particle interactions can be directly observed in the changes 

of the evolution of magnetizations measured versus temperature. Interaction in NPs typically 

shows the saturation of field cooled (FC) curve. The evolution of FC curve can be determined 

from the measurements of magnetic susceptibility in superparamagnetic state. Generally, 

the blocking temperature and coercive field increase with the increasing dipolar interactions. 

Distribution of particle size has influence on the distribution of blocking temperatures, super-

spin and relaxation time. In the most cases the log-normal distribution function of super-spins 

is used: 

 ;?+! =  <
√2 ∙ ?

exp
− ln/-+ +3/ 0

2 ∙ A/  (2.1.7) 

N is the number of particle, σ represents width of distribution and μm is median of distribution 

from which the super-spin can be calculated by equation: 

 + =  +3 ∙ exp B−A2 C (2.1.8) 

Spin disorder is due to small particle size in nanometer range, when the magnetic dead layer at 

the surface of NPs is formed. It means that the effective volume of particle is smaller than 

physical size of particle. The example of characteristic structure of partial disordered particles 

and the typical process of hysteresis loops in the blocking state is shown in Fig. 1. 
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Fig. 1 Possible spin disordered in the NPs systems with the resulting hysteresis loop in 

the blocking state32. (1) The recrystallization of whole particle, (2) particle sintering without 

change of the core-shell structure and (3) removal of part of the amorphous paramagnetic shell.  

2.2. Scattering Methods 

The scattering techniques provide the most current methods for the obtaining quantitative 

information on size and shape of particles. The scattering methods based on interaction between 

incident radiation such as microwaves, infrared, visible or UV light, X-rays, neutrons and 

particles. Experimental methods of these radiations are very useful for investigation of structure 

and dynamics of materials. All methods represent modern characterization tools over a large 

range of length scale from Angstroms to nanometers. The nanoparticle morphology, particle 

size and size distribution can be investigated by small-angle scattering methods. The neutron 

spin can be employed to investigate magnetic scattering contributions using polarized neutron 

scattering techniques. Furthermore, polarization analysis allows for the separation of the pure 

magnetic scattering contribution and eliminates the background caused by spin incoherent 

scattering. In this section, the scattering technique used for investigation of magnetic 

nanoparticles will be introduced. 

2.2.1. Small-Angle X-ray Scattering 

For the characterization of density fluctuation in nanometer scale, the small-angle scattering 

(SAS) is used. For the particle systems, SAS is the method which can determine the structure 
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in terms of averaged particle sizes and shapes. The strength of signal in SAS scales with 

the squared volume of the particle. This represents that the smaller particle are hardly visible in 

the presence of big particles. For this reason SAS is very sensitive to the formation of larger 

structure or aggregates. The measured small-angle scattering intensity scales with the respective 

spatial density difference (so called contrast). X-ray probe fluctuations of the electron density 

is given by: 

 D3E =  F353
∙GHI

I
 (2.2.1) 

Where re is radius of electron, Zj represents the electron number of the atom j and Vm is 

molecular volume of the formula unit. The scattering cross section of particle monodisperse 

particle dispersion is given by: 

 !A?J!
!Ω = L ∙ ∆D/ ∙ N?J! ∙ O?J! (2.2.2) 

with n and the number of density of particle, Δρ the scattering contrast between particles and 

solvent, P(Q) and S(Q) being form and structure factors, respectively. The scattering cross 

section has the unit of area per solid angle. The particle form factor describes the morphology 

of individual particles. The structure factor gives information about the interactions between 

the particles and the resulting interference of scattering from different particles. In SAS, 

the atomic model can be replaced by a function which describes the density of the atomic form 

factors in a volume element. The form factor of particle is the square of its scattering amplitude 

which can be derived by Fourier transform of the radial density distribution: 

 N-JPQ0 = R?JPQ!/ =  ST D?FQ! ∙ UVWXPQYQ!FQS
/
 (2.2.3) 

The particle scattering (or the form factor) P(Q) is related to the particle size and shape 

(monodispersed sample) if the dispersion of particles is diluted and the particles are far away 

from each other. For the particles of various shapes the mathematical expressions have been 

calculated. For instance, the scattering amplitude of a spherical particle is given by: 

 R?J, [! = 4
3 ∙ ? ∙ [^ 63 ∙ sin?J ∙ [! − J ∙ [ ∙ cos?J ∙ [!

?J ∙ [!^ 8 (2.2.4) 
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The dependence of the form factor on Q for independent monodisperse spheres is shown in  

Fig. 2. The form factor becomes dominant at very high Q values where S(Q) (the structure 

factor) approaches unity. At very low particle concentrations, S(Q) approaches 1 and for this 

reason for sufficiently diluted solutions (Guiner region) the S(Q) term can be ignored. 

 
Fig. 2 The form factor of homogeneous spheres33.  

When the system of particles is concentrated, the distances relative to each other are of the same 

order of magnitude as the distances inside the particles. In consequence, the interference pattern 

will contain contributions also from neighbouring particles. This additional interference pattern 

multiplies with the form factor of the single particle and is called the structure factor. 

The formation of an additional wave at the small angles represents concentration effects  

(Fig. 3).  

 
Fig. 3 The SAS profile of (red curve) a concentrated particle dispersion is the product of (green 

curve) the form factor of the single particle with the (blue curve) structure factor of the particle 

positions34. 
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The structure factor S(Q) is defined as the Fourier transform of pair correlation function g(r): 

 O?J! = 1 _	4 ∙ ?L ∙ T F ∙ `a,F! & 1b ∙ sin,J ∙ F! 4F (2.2.5) 

All particles in a sample aren’t identical. Particles can have different size, which is called 

‘polydisperse’ or have different shapes, which is called ‘polymorphous’. The scattering curve 

of polymorphous and ‘polydisperse’ samples can be taken as that sum of all form factors, Nc,J! 
weighted with the respective contrast, ∆Dc and volume of the particle, 9c. Then the dilute particle 

dispersion follow: 

 ∆d,J! ; 	 d< ∙G,∆D!c>
e

cfA
∙ 9c> ∙ Nc,J! (2.2.6) 

The result of this equation is an averaged form factor (Fig. 4).  

 
Fig. 4 The sum of form factors (red curve) of different particle size34. 

The lognormal distribution function can be implemented to a model of particle size 

distribution: 

 ;	,[, [<, A! ; 	
1

√2 ∙ ? ∙ A ∙ [
exp6& ln ,2[ [<!⁄

2 ∙ A> 8 (2.2.7) 

where R denotes the particle radius, R0 represents the median of the distribution and σ 

corresponds to the width of distribution. The advantage of this distribution function is 

the logarithmic weighting that ensures that even for small particle sizes and wide size 

distribution no negative particle size is assumed. The effect of the different size distribution on 
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scattering cross section is presented in Fig. 5. For a lognormal size distribution of 20%, 

the minima are smeared out. 
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Fig. 5 Effect of particle size distribution on SAXS. 

2.2.2. Polarized Neutron Scattering 

The unique properties of neutron probe is due to its spin and magnetic moment in scattering 

process. Advantage is that neutron moment interacts with the unfilled electron shells of 

the atoms or ions in magnetic scattering. 

Nuclear scattering results from the interaction of the neutron with the scattering nucleus, which 

is isotope specific and also spin-dependent. Magnetic scattering results from interaction of 

neutron moment with the unfilled electron shells of the atoms or ions. Polarized neutron 

scattering allows for separation of individual scattering contributions such as nuclear coherent, 

magnetic and spin incoherent scattering. The scattering cross section is given by: 

 AXPQh ; i<XPQi
> ;  AXPQ,jklh + AXPQ,cmknko3Vcpjh + AXPQ,mocpVcpjh    (2.2.8) 

where <XPQ =  ∑ rs ∙ UW∙XPQ∙tPQus  is the total nuclear scattering amplitude. In absence of magnetic 

scattering, the sum of the coherent and isotopic incoherent nuclear scattering can be separated 

from the spin-incoherent scattering measuring spin-flip (SF) and non-spin-flip scattering 

(NSF): 
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 AXPQ,jklh + AXPQ,cmknko3Vcpjh =  AXPQh.v − 12 ∙ AXPQ
.v    (2.2.9) 

 AXPQ,mocpVcpjh =  32 ∙ AXPQ
.v    (2.2.10) 

The spin incoherent and isotopically incoherent scattering do not contain any phase 

information. Incoherent scattering gives us the information only about single particle behaviour. 

Coherent and isotope incoherent scattering do not affect the polarization of the scattered 

neutron. In contrast, the neutron polarization is flipped by the component of the nuclear spin 

perpendicular to the neutron polarization. Because the nuclear spins are oriented randomly, two 

thirds of the spin incoherent scattering are spin-flip scattering. The result of interaction of 

neutron spin with magnetic dipole of the sample is magnetic scattering. In the scattering at a 

magnetic dipole, the neutron polarization component perpendicular to the magnetic field 

amplitude is flipped (Fig. 6). When the vector of the neutron polarization NPQ ∥  JPQ and NPQ, JPQ ⊥ -PPQ 
then all magnetic scattering will be spin-flip scattering. Therefore, nuclear and magnetic 

Bragg’s peaks can be separated from NSF and SF scattering by scanning with NPQ ∥  JPQ.  

 
Fig. 6 Change of initial polarization to final polarization35. 
The scattering process can be completely described by equation of scattering cross section and 

equation of final polarization: 

 AXPQ =  i<XPQi
/ + y-PPQXPQzy

/
+ NPQ B<VXPQ-PPQXPQz + -PPQVXPQz <XPQC + {NPQ B-PPQVXPQz × -PPQXPQzC (2.2.11) 

 

 
N}PPPQAXPQ =  i<XPQi

/NPQ + -PPQXPQz BNPQ-PPQVXPQz C + -PPQVXPQz  BNPQ-PPQXPQzC − NPQ-PPQXPQz-PPQVXPQz + -PPQXPQz<VXPQ  

+  -PPQVXPQz <XPQ + {-PPQXPQz × -PPQVXPQz + { B-PPQXPQz<VXPQ −  -PPQVXPQz <XPQC × NPQ 
(2.2.12) 

where -PPQXPQz  is vector of magnetic interaction, NPQ represents the polarization vector. The notation 

uses –QPPQ to denote the complex conjugate. XYZ polarization analysis and measurements of SF 

and NSF intensities estimate all nuclear scattering contributions and yield magnetic scattering.  
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The pure magnetic scattering contribution, spin-incoherent and coherent scattering 

contributions are derived from35,36: 

 
4A

4ΩoWÄW
; 26!A
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  (2.2.15) 

The equation above are valid for perfect polarization (P = 1), for the real experiment 

the corrections for the non-perfect polarization have to be performed (P < 1). A useful 

illustration of the relative SF and NSF intensities of coherent, incoherent and magnetic 

scattering cross sections in dependence of the neutron polarization are presented in Fig. 7. 

 
Fig. 7 Dependence of the SF and NSF scattering and the magnetic scattering at the initial 

polarization36. 
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2.3. Mössbauer Spectroscopy 

Mössbauer spectroscopy is a resonance spectroscopy of γ -ray. The excited state at 14.4 keV is 

produced from electron capture of 57 Co with half time of 271.7 days (see Fig. 8). Mössbauer 

spectroscopy measures the transition of γM1 (Fig. 8). 

 

Fig. 8 Scheme of electron capture of 57Co.  
From the position and numbers of peaks observed in a Mössbauer spectrum three parameters 

are obtained (see Fig. 9). The first is the isomer shift, δ (mm/s), which indicates the position of 

the centre of multiplet (doublet or sextet) compared to the standard of α – Fe. It corresponds to 

the electron density at nucleus of 57Fe. Electron density is affected by the oxidation state of Fe. 

The second parameter is quadrupole splitting, ΔEQ (mm/s). It indicates the non – homogeneous 

distribution of electric charge at the nucleus. The last is the effective field, which causes 

the splitting of Mössbauer spectra into the sextet and has two contributions – hyperfine field 

and external (applied) field: 

 ÖPQZ[[ ; 	ÖPQl[ _	ÖPQWoo (2.3.1) 

The hyperfine field is sum of several contributions: 

 ÖPQl[ ; 	ÖPQkÄÜ _	ÖPQáco _	ÖPQjkp (2.3.2) 
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where, ÖPQkÄÜ is due to the orbital moment of un-paired d electrons, ÖPQáco is the dipolar field due 

to the spin of un-paired d electrons and ÖPQjkp is due to the spin of un-paired d electrons polarising 

the spin density at the nucleus. The splitting arises only, when the magnetic field is non-zero at 

least for the time of mean-life of nucleus 57Fe* (10-7 s is characteristic time resolution of 

Mössbauer spectroscopy).  

 

Fig. 9 Typical parameters in a Mössbauer spectroscopy and their influence on the measured 

spectra.  

Mössbauer spectra in external magnetic field can be measured in two configurations. The first 

configuration is with the arrangement of the magnetic field and γ – beam parallel and the second 

configuration is with the magnetic field perpendicular to the γ – beam (Fig. 10). 
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Fig. 10 Two possible configuration of Mössbauer spectra measurement in external magnetic 

field. These setups allow us to determine the canting angle, α between the direction of hyperfine 

field (magnetic moment) and external field. 

The parallel configuration gives us more information about the canting angles in the sample. It 

can be seen from Fig. 10 that the vector of Bhf of atoms in respective sub-lattice is oriented in 

the opposite direction than magnetic moment of sub-lattice. From Fig. 10 is clear, that angle α 

for both arrangement can be calculated by: 

 ÖPQl[> ;  ÖPQ344/ + ÖPQ�oo/ − 2 ∙ ÖPQ344ÖPQ�oo cos à (2.3.3) 

From (2.3.3), the canting angle α should be calculated in case of Mössbauer spectroscopy 

measurement in external magnetic field with perpendicular configuration. In case of parallel 

configuration the canting angle can be calculated directly from sextet’s lines. 



 

17 

3. Experimental Part 

3.1. Instruments 

PXRD and HT PXRD was performed using the PANalytical X`Pert PRO diffractometer with 

Cu Kα radiation (λ = 1.541874 Å) equipped by secondary monochromator and PIXcel detector 

and HTK 16 Anton Paar sample stage. PXRD were measured in the 2θ range of 15 - 80° with 

the step of 0.02°. For HT PXRD measurements, the samples were deposited on a Pt plate and 

heated in the temperature range of 250 °C up to 1000 °C with slope of 10 °C/min. The particle 

diameter obtained from PXRD measurements were determined by the Rietveld analysis, 

implemented within the FullProf software37 or calculated using Scherrer’s equation:  

 4 ;  )â ÖmcÑ3 cos 9⁄  (3.1.1) 

and the lattice strain was calculated following: 

 ä =  ÖmnÄ�cp 4 tan 9⁄  (3.1.2) 

where λ is wavelength of used X-rays, K is shape factor and B describes structural broadening, 

which is the difference in integral profile width between a standard and the unknown sample: 

 ÖmcÑ3 =   ÖkÜm3Äå3á − Ömn�pá�Äá (3.1.3) 

 ÖmnÄ�cp =  çÖkÜm3Äå3á
/ − Ömn�pá�Äá

/  (3.1.4) 

In all approaches, the instrumental broadening, Ömn�pá�Äá was considered by measurement and 

refinement of LaB6 reference material.    

SAXS measurements were carried out using the Gallium Anode Low-Angle X-ray Instrument 

(GALAXI) at JCNS, Forschungszentrum Jülich, equipped with a Pilatus 1M detector, parabolic 

optics and 4 m long collimation. For the SAXS measurement dispersion of NPs were filled in 

glass capillaries. An X-ray wavelength, λ = 1.314 Å and detector distances of 853 and 3548 mm 

were used for the measurement.  
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DLS was measured using the Malvern Zetasizer NANO-ZS ZEN3600. Dispersed samples were 

measured in glass cell with optical path of 1 cm and focus position of 4.65 cm. 

TGA was performed on SETARAM SETSYS evolution 1750 in the argon atmosphere 

(40 ml/min). Samples (3-10 mg) were placed into 100 μl alumina crucible and mounted on 

a Pt/Rh DSC rod. Heating rate was 10 K/min. 

TEM was carried out using the LVTEM device operating at 5 kV and ZEISS LEO 902 operating 

at 200 kV using bright field (BF) mode. The dispersion was drop on the coated copper grid. ED 

was performed at camera length of 82 cm, 66 cm depends on instruments.  

SEM images were obtained using the Tescan Mira I LMH device with the Energy Dispersed 

X-ray Detector (EDX) Bruker AXS. The powders were deposited on carbon film. 

Raman spectra were measured using the Thermo Scientific DXR Raman Microscope with 

the Olympus microscope (objective 50x) in the spectral range of 50-1900 cm-1 with 

the resolution of 3 cm-1. He-Ne laser or diode lasers (532 and 780 nm) were used for 

the measurement. The spectrometer was calibrated by calibration software using multiple neon 

emission lines and multiple polystyrene Raman bands and standardized by white light. 

FTIR spectra were obtained using the Thermo Scientific Nicolet 6700 FTIR Spectrometer 

(resolution 2 cm-1, DTGS detector, KBr beam splitter, Happ-Ganzelapodization, KBr windows, 

zero filling 2) in region 400 - 4000 cm-1 with DRIFTS technique. 

The zero-field-cooled (ZFC) and field-cooled (FC) magnetization (using an applied field of 

10 mT) and magnetization isotherms (at selected temperatures) of powder S1, S2, S3 and Cr2.0 

samples were measured on the Quantum Design MPMS7XL device (SQUID), and Fe0.2, Fe0.8 

and Fe1.0 samples were measured on the Quantum Design PPMS system. Temperature 
dependent a.c. susceptometry was measured in zero external magnetic field at 
frequencies of ν = 0.1, 1, 10, 102 and 103 Hz with an a.c. magnetic amplitude of 0.3 mT. 
The prepared samples were put into capsules and fixed at the sample rod with a piece of 

polystyrene. 

Mossbauer spectroscopy of 57Fe was done on Wissel spectrometer using transmission 

arrangement and scintillating detector ND-220-M (NaI:Tl+). An α-Fe foil was used as a standard 

and fitting procedure was done using NORMOS program.  Measurement at low temperature 

(4 K) in applied magnetic field 6 T was done in perpendicular arrangement. 
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Polarized neutron scattering was carried out at the high flux time-of-flight spectrometer DNS 

at Heinz Maier-Leibnitz Zentrum (MLZ). The scattering from powders of cobalt chromite 

nanoparticles as well as NiCr standard and vanadium references were measured using polarized 

neutrons and xyz polarization analysis in a wide scattering momentum range 

of 0.5 < Q < 3.4 Å- 1. The measurements were carried out in aluminium sample holders using a 

temperature range of 5 – 100 K and a neutron wavelength of 3.3 Å. Separation of the observed 

data was performed using DNS polarization analysis algorithm. The reference measurement of 

a NiCr alloy yields the flipping ratio correction and thus the real polarization of the incident 

neutron beam. Background correction is performed by measurement of the empty aluminium 

sample holder and subtraction from the raw data. Vanadium was measured for calibration of 

the detector efficiency. The schematic illustration of DNS instrument is shown in Fig. 11. 

The neutrons from the source in ! are guided and focused through a monochromator " and 

slits # to the DNS instrument. The neutrons can be polarized to a desired direction by polarizers 

$ and xyz coils around the sample %. A flipper before the sample space controls the spin flip 

(SF) and non-spin flip (NSF) processes. After the neutrons impinge onto the sample, 

the polarized scattering intensity is collected in the 24 detector banks with polarization analysis 

&, and the non-polarized neutrons are detected in the position sensitive 3He detector banks '. 

 

Fig. 11 Schematic illustration of DNS instrument with components38. 
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Chemicals 

CoCl2∙6H2O     Penta-chemicals, p.a. 

CrCl3∙6H2O     Sigma-Aldrich, ≥98% 

Cr(NO3)3∙9H2O    Sigma-Aldrich, 99% 

Fe(NO3)3∙9H2O    Lachema, p.a. 

Co(NO3)2∙6H2O    Penta-chemicals, p.a. 

Co(acac)2     Sigma-Aldrich, 97% 

Cr(acac)3     Sigma-Aldrich, 97% 

Fe(acac)3     Sigma-Aldrich 

NaOH      Lach-ner, micropearls, p.a. 

Ethanol absolute    Penta-chemicals, p.a. 

Hexane     Lach-ner, 81.8% 

Toluene     Lach-ner, p.a. 

1,2-dodecandiol    Sigma-Aldrich, 90% 

Oleic acid     Sigma-Aldrich, tech. 90% 
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3.2. Preparation of Nanoparticles 

The NPs of cobalt chromite were prepared by hydrothermal treatment, sol-gel method and 

thermal decomposition.  

3.2.1. Thermal Decomposition 

The synthesis by thermal decomposition is well-manage for the preparation of iron oxides and 

cobalt ferrite NPs39. In the literature, the thermal decomposition at high temperature of iron(III) 

acetylacetonates, in the presence of 1,2-hexadecanediol, oleic acid and oleylamine (as a mixture 

of surfactants) and phenyl ether/benzylether/octadecene as dispersing solvents, has been 

reported as an effective method for the synthesis of monodisperse NPs of maghemite (γ-Fe2O3) 

or magnetite (Fe3O4), depending on experimental conditions. The same procedure with the 

addition of the other acetylacetonate as Co(acac)2, leads to the formation of CoFe2O4 NPs with 

narrow particle size distribution40.   

In this work, cobalt chromite and cobalt ferrite NPs were prepared by thermal decomposition 

method, using 2 mmol (0.260 g) of Co(acac)2, 4 mmol (0.699 g) of Cr(acac)3 or 4 mmol 

(0.706 g) of Fe(acac)3, 10 mmol (2.873 g) of 1,2-hexadecanediol, 6 mmol (1.900 g) of oleic 

acid, 6 mmol (2.293 g) of oleylamine, 20 ml phenyl ether/ benzyl ether/ octadecene. 

The reaction conditions are presented in Table 1. All reagents were mixed into a three-neck, 

round bottom flask and stirred mechanically at room temperature for 5 min under the flowing 

of nitrogen. Under reflux, the mixture was heated gradually to 200 °C and kept at this 

temperature for 2 hours. Then the temperature was increased rapidly at boiling temperature of 

250 °C, 300 °C and 350 °C phenyl ether, benzyl ether and octadecene, respectively and kept at 

this temperature for 1 hour. During the process, the initial black-violet color of the solutions 

gradually changed into dark-green, indicating the formation of oleyl-CoCr2O4 NPs. The black-

green mixture was cooled down to room temperature by removing the heat source. Then, 

the ethanol (40 ml) was added to destabilize the mixture and centrifugated for 10 min at 4500 

rpm. But from the centrifugation, the precipitated NPs weren’t observed. Then, 

the centrifugation at higher rpm of 100 was tried, but also after this process, the NPs weren’t 

precipitated. So we found that this synthesis is not successful for obtaining of NPs of CoCr2O4. 

The reason why we didn’t obtained the dispersion of CoCr2O4 NPs are describe in the results 

and discussion chapter. The same procedure, which is described above, was used for 
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the preparation of CoFe2O4. After reaction and the washing process, the CoFe2O4 NPs were 

obtained.  

Table 1 The reaction conditions used in the thermal decomposition. 

Sample Solvent 1. Thermal step 2. Thermal step 

DZ 1303 benzylether - 300 °C/ 3 h 

DZ 1304 benzylether 200 °C/ 2 h 300 °C/ 1 h 

DZ 1317 octadecene - 320 °C/ 3 h 

CoFe2O4 benzylether 200°C/ 2 h 300 °C/ 1 h 

In this approach the decomposition of organometallic precursors in the presence of surfactant 

leads to the formation of intermediates species that reacts and forms small clusters, which 

successively grow and result in NPs. The growing process is mainly controlled by the binding 

strength of surfactant molecules on the surface of NPs. The starting reagents including 

organometallic compounds, surfactants and their relative amounts represent the key parameters 

for controlling of the size and morphology of NPs. However, the reaction temperature, as well 

as the time, may also be crucial for the precise control of size and morphology.  

3.2.2. Hydrothermal Synthesis 

Hydrothermal synthesis is used for the preparation of various nanocrystals as metals, magnetic, 

dielectric, etc.41 

In this work, this method was used for the preparation of monodispersed cobalt chromite NPs. 

At first the solution of sodium oleate was prepared using 10 mmol (0.400 g) of sodium 

hydroxide, which was dissolved in the small amount of mixture of ethanol and water and 

the 12 mmol (3.39 g) of oleic acid was added. The clear solution was obtained. The solution 

of precursors were prepared from the chlorides of chromium and cobalt (molar ratio 

Cr3+ : Co2+ = 2 : 1) with the water. The preparation was carried out in the total amount of 10 ml 

of water and 10 ml of ethanol. Then, the water solution of precursors and solution of sodium 

oleate was mixed together and put into ultrasonic for 5 min. After sonication, the reaction 

mixture had two phase (water and organic) and the following reactions took part: 

3 Na?oleate! + CrCl^ → Cr?oleate!^ +  3 NaCl 
 

2 Na?oleate! + CoCl/ → Co?oleate!/ +  2 NaCl 
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This reaction mixture was put into the autoclave and placed into oven for 16 hours at the higher 

reaction temperature of 237 °C (40 bar). The reaction temperature was controlled by 

thermocouple. After cooling down the autoclave, the NPs were observed. From the crude 

synthesis solution, NPs were separated by centrifugation of several dispersion/precipitation 

cycles using solvent-nonsolvent pair (n-hexane/ethanol). The bluish-green solution of NPs were 

taken and precipitated with 10 ml of ethanol. The precipitated NPs were separated using 

centrifugation for 5 min at 3500 rpm. This procedure (dissolving in hexane, precipitation using 

ethanol) was repeated for three times to remove free oleic acid from the solution. From 

the synthesis the bluish-green hexane solution of monodispersed cobalt chromite NPs was 

obtained (Fig. 12). Reaction composition of preparation NPs is shown in Table 2. 

 

Fig. 12 Various concentration of prepared NPs dispersed in hexane solvent. 

Table 2 Reaction conditions used for the preparation of cobalt chromite NPs. 

Sample 
Reaction temperature 

(°C) 

Pressure 

(Bar) 

Reaction Time 

(h) 

S1 247 54 16 

S2 240 47 16 

S3 237 40 16 

 

3.2.3. Sol-gel Method 

We used non-alkoxide sol-gel process with an epoxide as gelation agent. Reaction process is 

shown in Fig. 13. The typical synthesis conditions for the preparation of CoAl2O4
42

 were used. 
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Nitrate salt of cobalt and chromium ([cík
>ì _  -íÄ

^ì = 0.6 mol ∙ lV*]) were dissolved in 15 ml 

of ethanol. Then, the 4.96 g of gelation agent (propylene oxide/(-ík
/ì + -íÄ

^ì) = 10) was added. 

The gel formation was gradually from the top to bottom of the solution and occurred within 21 

minutes. The black-green gel was formed. After the formation, the gel was let to ageing in 

closed vessel at 50 °C for 2 hours. After that, the vessel was opened and gel was dried at 50 °C 

for 24 hours. The calcination temperature of NPs in prepared gel was study at HT PXRD. All 

reactions are summed in Table 3.   

 
Fig. 13 Reaction equation of gelation process. Propylene oxide consumes protons from aqua 

complex, which lead to hydrolysis and condensation of complex resulting in the formation of 

gel. 

Table 3 Reaction composition for the preparation of CoFexCr2-xO4 NPs by sol-gel route. The 

description of samples were chosen as a symbol of element and molar content of this element. 

Samples 
Co(NO3)2·6H2O 

(mmol) 

Cr(NO3)3·6H2O 
(mmol) 

Fe(NO3)3·6H2O 
(mmol) 

PO 
(ml) 

EtOH 
(ml) 

Cr2.0 3 6 - 6.28 15 

Fe0.2 3 0.6 5.4 6.28 15 

Fe0.8 3 2.4 3.6 6.28 15 

Fe1.0 3 3 3 6.28 15 
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4. Results and Discussion 

4.1. Particles Prepared by Thermal Decomposition 

Nanoparticle synthesis by thermal decomposition is a well-known synthesis technique for 

the preparation of cobalt ferrite NPs with narrow size distribution and controlled particle size. 

However, application of such synthesis techniques to the preparation of cobalt chromite NPs 

isn’t useful. From the preparation by thermal decomposition, the crystalline NPs weren’t 

formed. NPs of cobalt chromite weren’t formed, which could be caused by decomposition of 

used precursors. In Fig. 14, the decomposition of used metal precursors in the reaction is shown. 

It should be seen that the decomposition temperature of Cr(acac)3 is higher than 

the decomposition temperature of Fe(acac)3. For the complete decomposition of chromium 

precursors, the temperature around 370 °C and higher is needed. Among known high bowling 

solvent, this parameter is fulfilled in the case of 1-octadecene having the boiling point of 325 °C. 

But even when we used this solvent, the reaction didn’t lead to formation of crystalline NPs. 

Another high bowling non-toxic solvents are not known.  

 
Fig. 14 Thermogravimetric analysis of acetyl acetonates precursors used for thermal 

decomposition. 
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4.2. Particles Prepared by Hydrothermal Method 

This procedure led to the successful preparation of the isolated nanoparticles of CoCr2O4. 

The nanoparticles were prepared in the hexane dispersion and they have good crystallinity. 

From our knowledge, it was for the first time that this synthesis of pure cobalt chromite 

nanoparticles was successful without need of the supplementary thermal post-treatment. 

The prepared samples were characterized by PXRD, SAXS, TGA, TEM, EDX, DLS, IR, 

Raman spectroscopy and by measuring of magnetic properties. 

4.2.1. Elemental Analysis 

4.2.1.1. Energy Dispersed X-ray Analysis 

In order to determine the ratio between cobalt and chromium in prepared samples EDX, analysis 

was done. The EDX spectra of the representative S2 sample are shown in Fig. 15. EDX analyses 

were carried out for qualitative and quantitative analysis of prepared samples. The chemical 

composition of the samples was confirmed. The presence of Cr, Co, O and C was observed, as 

expected. The presence of small amount of C is due to used carbon foil as the conductive film 

for analysis. The L1, Lα1,2, Kα1,2 and Kβ1,3 at the position of 0.500, 0.573, 5.415 and 5.427  keV 

respectively were observed from X-ray characteristic energies of Cr. We can also see the X-ray 

characteristic energies of Co at the position of 0.678, 0.776, 6.929 and 7.649 keV, which 

correspond to the line of L1, Lα1,2, Kα1,2  and Kβ1,3 respectively. The results are listed in Table 4 

and the resulting ratio between Cr and Co was found to be 2:1 as expected. The amount of 

oxygen cannot be determined exactly using this method, because oxygen is light element which 

having large interaction volume with electrons, which is crucial parameter of analysis and its 

resolution. With the very big interaction volume of element increases competitive process as 

fluorescent, absorption etc. For these reason, the amount of oxygen obtained from this analysis 

was not taken into account.  
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Fig. 15 EDX spectra of S2 sample shown detailed in lower (left) and higher (right) energies. 

The black vertical line represents the Kα1,2 of carbon, the blue vertical line  corresponds to 

the Kα1,2  energies of oxygen and the green and violet verticals lines represents L and K lines 

of energies of chromium and cobalt, respectively. 

Table 4 Summarized results from EDX analysis. The content of elements is in atomic 

percentage. 

Sample 

Atom. 
(%) 

Co Cr 

S1 15.63 30.97 

S2 33.33 66.67 

S3 30.34 60.70 

 

4.2.1.2. Thermogravimetric Analysis 

TGA measurements were carried out for the determination of the organic content in 

the prepared samples. TG measurements are shown in Fig. 16 and results are shown in  
Table 5. From the TGA analysis, we can see that the decomposition of the samples occurs in 

three steps. The first step represents the process of dehydration of the samples up to 110 °C. 

The second and the third steps correspond to organic decomposition, which can be attributed to 

the decomposition of oleic acid on the surface of NPs. 
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Fig. 16 TG analysis of prepared samples with marked area of dehydration and organic 

decomposition. 

Table 5 Results from TGA of prepared samples. 

Sample 
Weight loss 

(%) 

S1 38.74 

S2 40.42 

S3 43.22 

  

4.2.2. Structure and Morphology of Nanoparticles 

4.2.2.1. Powder X-ray Diffraction 

The structure of prepared samples was studied using PXRD. The results from PXRD 

of prepared samples are shown in Fig. 17. Prepared samples contain only pure spinel phase of 

cobalt chromite NPs with the space group Fd3òm (card No. JCPDF 22 – 1084). It was found that 

a FWHM decrease with increasing reaction temperature. For the most intensive peak of 

diffraction pattern at the position of 2θ = 35.715°, the following values of FWHM were found 

(using pseudo-Voigt fit): 2.158°, 2.385° and 2.444°, for S1, S2 and S3 sample, respectively. 

This increase of FWHM values represent the decrease of NPs size, which the relation of particle 

size with FWHM is described by simple Scherrer’s equation43 (3.1.1). The spinel structure was 
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refined using the Rietveld analysis. The experimental data were fitted by using the pseudo-

Voigt profile function. Refined parameters are presented in Table 6. The values of R – factors 

of refinement and χ2 (goodness of fit) are summarized in Table 7. The observed values of χ2 

are low, which justifies the goodness of refinement. 
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Fig. 17 Rietveld refinement of PXRD data of the S1, S2 and S3 samples. The experimental, 

calculated and difference diffraction patterns are represented in red dots, black line and blue 

line respectively. The vertical green lines represent the position of the Bragg’s maxima of 

the spinel structure of CoCr2O4. 
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Table 6 Parameters refined by Rietveld analysis of S1, S2 and S3 sample. Uncertainties are 

shown in parentheses. Data were refined in a 2θ range of 10 to 80° with using the instrumental 

function. The GausSiz is an isotropic Gaussian size parameter. The Lorentzian broadening is 

given by isotropic strain broadening (X) and isotropic particle size broadening (Y) contribution. 

The parameter Bov represents an overall isotropic displacement. Total amount of refined 

parameters were 20 (the scale parameter is not presented in table). 

Sample S1 S2 S3 

Reaction Temperature (°C) 247 240 237 

Parameter    

a (Å) 8.374(1) 8.358(1) 8.337(1) 

u  0.2563(1) 0.2652(2) 0.2567(1) 

Bov (Å2) 0.86(5) 2.1(1) 1.9(2) 

profile function pseudo-Voigt 

X; Y (°) 0.; 0.12(2) 0.; 1.16(1) 0.; 0.01(1) 

GausSiz (°) 3.76(4) 3.07(3) 4.65(3) 

zero (0.01°) 0.4(1) 0.2(1) 0.3(1) 

background function polynomial (13 refined parameters) 

Table 7 Rietveld agreement factors and unit cell volume of prepared samples. Rf being 

the crystallographic factor, RB represents Bragg factor, Rp corresponds to profile factor, χ2 is 

goodness of fit and V represents the unit cell volume. 

Parameter 
Sample 

S1 S2 S3 

Rf (%) 12.2 6.28 14.20 

RB (%) 14.6 11.7 16.8 

Rwp (%) 2.56 3.65 3.99 

Rexp (%) 2.55 2.98 3.63 

χ2 1 1.5 1.1 

V (Å3) 589.392(147) 575.632(143) 574.390(143) 
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Using the Rietveld analysis, the average NPs size and lattice constant were observed (Table 8). 

The lattice parameters and unite cell volume increase with the reaction temperature, which can 

be due to growth of crystals (expansion of unit cell). From Fig. 18, it can be see that lattice 

parameter correlates with particle size. 
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Fig. 18 Dependence of lattice constant on particles size refined by Rietveld analysis. The 

constant line represents the lattice parameter of bulk cobalt chromite. 

4.2.2.2. Transmission Electron Microscopy 

Morphology and size distribution of prepared NPs was investigated using TEM. From BF TEM 

micrographs, the mean particle diameter, dTEM was statistically determined from at least 

100 particles in different BF images for each sample and fitted with the log-normal distribution 

function. The BF micrographs from TEM and images of electron diffraction (ED) are shown in 

Fig. 19 (a) and Fig. 20 (b), respectively. The Fig. 19 (a) shows nearly spherical shape of 

nanoparticles with the range of particle size from 3.0 – 4.1 nm. Obtained values of median size 

of NPs and the standard deviation of NPs size are shown in Table 8. From the ED (Fig. 20 (a)) 
there is crystalline phase of pure spinel oxide (card JCPDF 22 – 1084) was observed. This 

confirms the good crystallinity of the NPs despite their very small particle size. For each 

diffraction fringe, the lattice plane distance was calculated. Using the program Diffraction rings 

profiler44, the ED patterns were obtained (Fig. 20 (b)). The patterns reveal a preferred particle 

orientation of (3 1 1). The ED results are summarized in Table 9.  
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Fig. 19 (a) TEM micrograph in BF mode of the S1, S2 and S3 sample. (b) Particle size 

distribution using the log-normal distribution function (black line). 

Table 8 The results from TEM micrographs and PXRD. dTEM represents the mean particle size 

using the log-normal distribution from TEM, σlog corresponds to width of distribution, dPXRD 

and a represents the particles size and lattice parameter obtained from Rietveld refinement. 

The standard value is a = 8.3299 Å (card No. JCPDF 22- 1084). 

Sample 

Reaction 
temperature 

(°C) 

TEM PXRD 

dTEM 

(nm) 

σlog 

 

dPXRD 

(nm) 

a 

(Å) 

S1 247 4.2(1)   0.13 3.5(2) 8.3736(15) 

S2 240 3.2 (1)  0.12 2.8 (1) 8.3579(2) 

S3 237 3.0(1) 0.16 2.6 (1) 8.3374(13) 

(a)S1 S2 S3 
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Fig. 20 (a) ED of prepared sample with the indexed diffraction ring pattern and (b) their ED 

1D-difractogram. 

Table 9 Results from SAED measurement. The standard represents the standard values of 

lattice plane distances (card No. JCPDF 22- 1084). 

h k l 

 
dhkl (Å) 

(1 1 1) (2 2 0) (3 1 1) (4 0 0) (5 1 1) (4 4 0) 

S1 4.87 2.99 2.50 2.09 1.61 1.46 

S2 4.85 2.85 2.51 1.99 1.58 1.43 

S3 4.84 2.90 2.50 2.05 1.58 1.45 

standard 4.84 2.95 2.51 2.08 1.60 1.47 

The crystalline phase and the particle size are in a good agreement with the results observed 

from PXRD. The comparison of particles size from PXRD and from TEM is presented in  

Fig. 21.  
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Fig. 21 Comparison of particles size investigated from TEM and PXRD on lattice constant.  

The particle size obtained from TEM images is larger than particle size observed from Rietveld 

analysis. This can be explained by the fact, that from PXRD we observe the size of coherent 

domains while from TEM images we see whole particle.   

4.2.2.3. Small-Angle X-Ray Scattering 

Small-angle scattering method was done for a precise determination of the nanoparticle 

morphology, including particle size. In Fig. 22, the SAXS measurements of prepared samples 

are presented. The Guinier approximation may provide an estimation of particle size, but 

applicability of this approximation is restricted to non-interacting nanoparticle dispersions, 

exhibiting a Guinier plateau in the low Q range. Our samples exhibit different degrees of inter-

particle interaction. It was found the formation of linear aggregates is common in the interactive 

magnetic NPs45. This linear aggregates correspond to the fractal dimension of 1 leading to a 

power law in the lower Q range of the SAXS measurements. The fractal dimension of 

the investigated samples is between 1 and 2 as illustrated in Fig. 22. The Q-4 asymptotic 

behaviour indicating spherical particles. The strength of inter-particle interactions (dipolar) 

were determined further from ac susceptibility measurements. The data were fit using Beaucage 

model with two levels which characterizes the Guinier and Porod regions with smooth transition 

between them and yields a radius of gyration and Porod exponent. The calculated values of NPs 

diameters from gyration radius (for spherical particles [ ; g5/3 ∙ [õ) are summarized in 

Table 10. The obtained particle diameters are a slightly larger than the mean values observed 

from TEM micrographs, but nevertheless in good general agreement. We obtained the second 

characteristic size of nanoparticle at lower Q range, which corresponds to the formation of 
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aggregates due to strong inter-particle interactions. Prepared particles are capped with oleic acid 

(shell of NPs). From SAXS measurement we can see only the particle core, as the contrast 

(scattering length density) between particle core and shell is large.  But we can’t discriminate 

scattering between the shell and matrix, because the contrast between shell and matrix is 

negligible for X-rays.  
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Fig. 22 The SAXS measurements of prepared samples with Beaucage fits. 

Table 10 Obtained sizes of NPs from Beaucage fits in comparison with NPs sizes estimated by 

TEM and PXRD. 

Sample 
Beaucage TEM PXRD 

r1 (nm) d2 (nm) d (nm) d (nm) 

S1 25(2) 5.7(1) 4.2(1)   3.5(2) 

S2 36(2) 4.4(5) 3.2 (1)  2.8 (1) 

S3 41(3) 4.6(1) 3.0(1) 2.6 (1) 

 
4.2.2.4. Dynamic Light Scattering 

From DLS measurements (Fig. 23), the Z-size of NPs (hydrodynamic size), distribution and 

polydispersity index (PDI) were gained. The results are shown in Table 11. The Z-size of 

prepared NPs is bigger than from PXRD, TEM and SAXS analysis. It is caused by higher 

concentration of NPs in solution, which leads to the formation of the aggregates of more NPs. 

Nevertheless, the aggregates of NPs are within the same size range as small PDI. From PDI, it 
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could be say that we observed the monodispersed solution of pack of the NPs due to strong 

inter-particle interactions. 
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Fig. 23 The size distribution by volume of all prepared samples measured by DLS. 

Table 11 Results from the measurements of DLS of the prepared samples. Where Z- Average 

mean average particles size, peak corresponds to the position of the maximum of curve, PDI is 

polydispersity index and Width represents the half width of half maximum (HWHM) of curve. 

Distribution size by volume 

Sample 
Z – Average 

(nm) 

Peak 
(nm) 

Width 
(nm) 

PDI 
 

Count rate 
(kcps) 

Attenuator 

S1 32.25 19.08 2.559 0.13 226.8 10 

S2 29.86 21.47 9.318 0.15 170.5 9 

S3 30.27 20.95 9.25 0.18 181.3 9 

 

4.2.3. Phonon Properties 

Cobalt chromite belongs to the structural type of normal spinel with the space group Fd3òm. 

The Co2+, Cr3+ and oxygen atoms occupy 8a, 16d and 32e Wyckhoff site, respectively. From 

a factor-group analysis, the 42 vibrational degrees of freedom at the Brillouin zone center (Γ) 

are distributed over the symmetry types in the following way: 

Γ ;  5R*ù + '*7 + 07 +  3R/7 + 2'/ù + 20ù + R*7 + 2R/ù  
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where type A are non-degenerated, modes of type E are twice degenerated and modes of type 

F are triply degenerated. Four modes of the F1u are assigned to polar optical phonon lattice 

vibration and remain one F1u mode to acoustic vibration, which is not observed in IR spectra 

due to selection rules. Five modes are active in Raman spectroscopy and the last seven modes 

correspond to the light absorption and scattering. FTIR spectra of prepared nanocrystalline 

samples are presented in Fig. 24. The intensive bands at 2851 and 2928 cm-1 in the FTIR spectra 

can be assigned to the characteristic stretching vibrations of methyl and methylene groups of 

oleic acid. The presence of very weak band or shoulder at approximately 1740 cm-1 (S2 and S3 

samples) and braid band with the maximum at 1706 cm-1 (S1 sample) corresponds to the typical 

vibration mode of stretching vibration of C=O, ν(C=O). The stretching vibration of C - O bond 

coupled with the in plane deformation vibration of COH can be assigned to the broad medium 

intensity band at 1410 cm-1 (S2 and S3 samples) and at 1435 cm-1 (S1 sample) and medium 

intensity band at 1305 cm-1 in all FTIR spectra. The two medium intensity broad bands with 

maxima at 1545 and 1460 cm-1 (structured) can be also assigned to the asymmetric and 

symmetric stretching vibration of carboxylate COO-group, respectively. The strong broad 

bands at 616 and 510 cm -1 are primary attributed to F1u(1) and F1u(2) chromite bands, which 

are overlapping the bands of deformation vibration of OCO and CCO, respectively. The band 

at 1065 cm-1 can be assigned to the antisymmetric stretching manifestation of C-C=C-C group. 

The shoulder at 1460 cm-1 is assigned to the scissoring of CH2 group. The spectra show a weak 

band at 722 cm-1, which represents the rocking mode of CH2 group. It should be concluded that 

both forms of oleic acid, acid and also its salt are involved in the S1 - S3 samples. The IR 

spectra show us that the synthetized NPs can be coated by oleic acid. This oleic acid can 

stabilize the suspension of NPs in non-polar solvent without agglomeration. 
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Fig. 24 FTIR spectra of S1, S2 and S3 samples (cobalt chromite coated by oleic acid). 

The Raman spectra of chromite NPs (S1 and S3 samples) are shown in Fig. 25. All five bands 

(A1g, F2g, Eg) were found as it is expected from the theoretical vibrational representation17 and 

also some additional bands can occurred. The broad Raman bands were observed at 674, 635, 

592, 575, 509, 454 and 191 cm-1 in the spectra of S1 sample and at 671, 634, 589, 578, 523, 

507, 461, 447 and 190 cm-1 in the Raman spectra of S3 sample. In comparison with the bulk 

sample of cobalt chromite46, the Raman bands of prepared NPs show a shift predominantly 

towards lower wavenumbers. This shift can be explained by small particle size. The values are 

closed to the Raman shifts observed of nanosized particles16. Also the fact that it was not 

possible to measure the S2 sample can be due to the small particle size or covering of the 

particles by the oleic acid. In comparison to the FTIR spectra, the Raman spectra do not show 

the presence of oleic acid. It can be explained by the differences in the spot-size of measured 

sample area (Raman microscopy versus DRIFTS). 
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Fig. 25 Raman spectra of prepared cobalt chromite NPs coated by oleic acid. 

4.2.4. Magnetic Properties 

4.2.4.1. Magnetization Measurements  

The temperature dependencies of ZFC and FC curves (Fig. 26) for all prepared samples 

recorded at 10 mT exhibit the transition from the block state through superparamagnetic state 

to paramagnetic state. The blocking temperature of NPs, was obtained as maxima of the ZFC 

curves and the values are listed in the Table 12. Small shift between the blocking temperature 

and the freezing temperature is attributed to the distribution of particle size with the diluted 

exchange interactions. The saturation of the low-temperature part of the FC curves and non-

linear temperature dependence of the inverse magnetization above the blocking temperature 

can be attributed to the dilution of the exchange interactions. The strength of interaction are 

treated further. Fig. 27 shows dependencies of inverse ZFC and FC magnetizations that follow 

a functional form ûVA ;  < ü⁄ + 1 û,⁄ − A ?< − 9†!⁄  consisting of Curie-Weiss 

ferrimagnetic term and a Curie paramagnetic term47. The asymptotic Curie temperature can be 

obtained by extrapolation of 1/M data. The closer to the bulk ordering temperature Tc, the better 

ferrimagnetic order. There is the large difference between Tord in the bulk sample (94 K) and 

observed values of θa
P, which corresponds to increasing of magnetic disorder in NPs. 

Dependence of Tmax and θa
P on particle size are presented in Fig. 28. There is shift of temperature 

to smaller values with decreasing particle size. This phenomenon was observed also in previous 

studies48. 
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Fig. 26 Temperature dependencies of zero-field cooled (ZFC) and field cooled (FC) 

magnetization of prepared samples at external magnetic field of 10 mT.  
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Fig. 27 Temperature dependencies of inverse ZFC and FC magnetizations with the asymptotes 

of the paramagnetic Curie temperature. 
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Table 12 Summarized results from ZFC and FC measurements of prepared samples. 

Sample 
Tmax 

(K) 

θaP 

(K) 

S1 14.5(1) 43.5(2) 

S2 13.6(1) 45.1(4) 

S3 11.6(1) 31.7(4) 

dPXRD (nm)
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Fig. 28 Dependence of Tmax and θa

p  on particle size. 

The first order derivatives of M(T) (ZFC and FC curves) data are presented in Fig. 29. 

In the bulk sample was found the sharp minimum of ZFC curve below Tc
47. There is a presence 

of broad minimum of the ZFC curve, which is usually related to the disorder effects in NPs. 

The minimum of the FC curve is sharper than minimum of ZFC curves in case of S1 and S3 

samples, which can be explained that the NPs are magnetically more disordered in ZFC state 

than in FC state. In S2 sample it could be see that both ZFC and FC minima are broad that 

means that NPs in both state are magnetically disordered. There is no significant presence of 

additional sharp extremes, which could indicate the non-collinear spin configuration below Ts 

in the NPs. Shift of ZFC minimum to higher temperature with the increasing particle size 

indicates the increase of the ordering, which is a trend opposite to that was observed for 

MnCr2O4 NPs47. This phenomenon corresponds to the increase of the spin disorder with 

the particle size. 
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Fig. 29 Temperature dependencies of the first derivatives of ZFC and FC magnetization of 

prepared samples. 

The temperature dependencies of difference of FC and ZFC magnetization are shown in  
Fig. 30. The curves indicate the gradual increase of spin disorder with decreasing of NPs size.  
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Fig. 30 Temperature dependencies of difference of FC and ZFC magnetizations. 

The magnetization isotherms were measured for all prepared samples at 2 K, 10 K, 20 K and 

50 K and 100 K in the magnetic field varying up to 7 T in both polarities (Fig. 31 (a)). 
The hysteresis has been observed in all prepared samples at the temperature of 2 K and 10 K 

(Fig. 31 (b)). The values of coercivity at 2 K are summarized in Table 13. Hysteresis loop at 
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2 K of all prepared sample suggests presence of two magnetic phases (superparamagnetic and 

blocked state), probably caused by magnetic clusters formed during drying. Similar 

deformation of hysteresis loop was observed in FePt particles coated by silica49. There is no 

significant shift of the hysteresis loop in S1, S2 and S3 sample, which should correspond to the 

exchange bias (EB) phenomenon (EB is defined as: (°o ;  ?(jì − (jV! 2⁄ ). Obtained values 

of coercive field are 0.12(4), 0.81(1) and 0.71(4) T for S1, S2 and S3 sample, respectively  

(Fig. 32). The values of coercive field of prepared samples at 2 K show more an order of 

magnitude higher than coercive field reported for single crystal7. There is no clear correlation 

of coercive field values with the particle size. This can be explained by the fact, that in the S2 

sample, there is a presence of stronger dipolar interaction than in the S3 sample, which leads to 

increase of the coercive field. Moreover, there is no presence of saturation of hysteresis loops 

up to 7 T for all prepared samples, which can be explained by the spin disorder at the surface 

of NPs, or it can be rather explained by the formation of glassy-like state50. Magnetization 

isotherms measured above temperature of 100 K show linear dependence on an applied field 

without hysteresis, which is characteristic for paramagnetic state. 
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Fig. 31 Hysteresis isotherms recorded at 2 K, 10 K, 20 K, 50 K and 100 K of one representative 

sample and (a) and hysteresis loops of all prepared samples recorded at 2 K (b). 
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Fig. 32 Dependence of coercive field on particle size. 

Table 13 Parameters obtained from the magnetization versus magnetic field measurements 

recorded at 2 K. 

Sample 
Mr  

(A·m2·kg-1) 
μ0·Hc  

(T) 
Ms_2K  

(A·m2·kg-1) 

S1 2.6 0.1 4.6 

S2 3.8 0.8 6.5 

S3 2.0 0.7 4.0 

In order to distinguish the ferrimagnetic state from the paramagnetic state, the M(H) data were 

analysed. The values of spontaneous magnetization, Ms were obtained by extrapolating the data 

to the M axis. Fig. 33 shows the temperature dependence of Ms of prepared samples. By 

definition the Curie temperature, Tc, i.e., paramagnetic to ferrimagnetic transition temperature, 

is the temperature below which non-zero value of Ms exists in the sample. 
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Fig. 33 Temperature dependence of Ms for prepared samples. The red line represents the Guide 

to eye. 

4.2.4.2. AC Susceptibility 

As was mentioned previously, the saturation of the low-temperature part of the FC curve 

presents of inter-particle interactions. Accordingly, the relaxation phenomenon of prepared 

samples has been investigated by measurements of real (χ’) and imaginary (χ’’) parts of 

the a.c. susceptibility in different frequencies of the alternating magnetic field with the 

amplitude of 3 mT in zero external field (Fig. 34). From the χ’ dependence on temperature, the 

position of the characteristic maximum, Tm is shifting to higher temperature with the increasing 

frequency. This phenomenon is deemed as a consequence of the super-spin relaxation of SSG 

nature (dipolar inter-particle interactions). The First, the spin dynamics by applying a simple 

formula was investigated: 

 Φ ;  Δ<3
<3 ∙ Δ log ; (4.3.1) 

The corresponding values are 0.04(1), 0.03(1) and 0.03(1) for S1, S2 and S3 sample, 

respectively. Typically, the Φ values in the interval of 0.02 – 0.05 suggest formation 

of concentrated super spin-glass (SSG) or cluster-glass (CG) states, usually in the surface layer 

of the NPs51,52.  
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Fig. 34 Temperature dependencies of the real and imagine part of a.c. susceptibility of 

representative sample recorded in the frequencies: 0.1, 1, 10, 102 and 997 Hz. 

In order to investigate more deeply the nature of the SSG state, the Vogel-Fulcher law (2.1.5) 
and in case of stronger interaction in system, the power law (2.1.6) were used (Fig. 35). 

The super-spin has an activation energy as a product of effective anisotropy (Keff) and particle 

volume (V, calculated from XRD size, assuming spherical shape). The resulting values of 

prepared samples are listed in Table 14. The values of relaxation time of S1 sample, 

τo = 4.4·10- 5 s for Vogel-Fulcher law and τo = 2.4·10-5 s for power law, lies in the interval for 

SSG system (10-5 – 10-10 s)53,54. The power exponent, zv, fits into fragile regime given by 

interval: 5 < zv < 11 as was proposed in31. For the non-interactive case, the Néel - Arhenius law 

can be excluded (2.1.4) also seems to fit with reasonable parameter of EA = 7.1·10- 21 J, but the 

inverse value of attempt frequency is τ0 = 1.1·10-14 s, which is unphysical small value.
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Fig. 35 Vogel-Fulcher law and power law fit to obtained experimental data. 

Table 14 Vogel-Fulcher and power law parameters obtained from the a.c. susceptibility 

measurements. 

Sample 

Vogel-Fulcher law Power law 

EA/kB 
(J) 

Keff 

(J·m-3) 

TVF 

(K) 

τ 
(s) 

Tg 

(K) 
zv 

τ 
(s) 

S1 29.0 1.8·104 12 4.4·10-5 12.0 7.3 2.4·10-5 

S2 35.4 3.8·104 11 1.5·10-5 11.5 7.8 1.5·10-5 

S3 32.6 4.9·104 10 8.4·10-6 11.0 7.3 4.7·10-6 

 

4.3. Cobalt Chromite Nanoparticles Prepared by Sol-gel 

Time of gel formation depends on various conditions such as molar ratio of propylene oxide, 

metal ion concentration and on the type of metal ions. The metal ion dependence of time 

formation of gel is shown in Table 15.  

Table 15 Time of gel formation for the preparation of various materials. 

Sample Time of gelation 
CoCr2O4 21 min 
CuCr2O4 9 min 50 s 

CoFexCr2-xO4 few seconds 
ZnCr2O4 10 min 
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In this section the Cr2.0 sample (cobalt chromite NPs) annealed at 600 °C will be presented in 

order to compare the magnetic properties respecting to NPs size.  

4.3.1. Structure and Morphology 

The morphology of CoCr2O4 NPs was characterized using TEM. Bright field (BF) TEM 

micrographs presented in Fig. 36 (a) reveal nearly spherical shape with mean particle diameter 

of d = 26.9(1) (σlog = 0.26) nm of prepared sample (Fig. 36 (b)). The large distribution size of 

Cr2.0 sample is due to aggregation (or sintering) of particles during the annealing. 
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Fig. 36 (a) TEM image of Cr2.0 sample prepared by sol-gel synthesis in BF mode and (b) 
histogram with Log-Normal distribution function. 

The powder X-ray diffraction experiment (Fig. 37) confirms the CoCr2O4 “normal” spinel 

structure (AB2X4) of the NPs with the cubic Fd3òm (227) space group where Co occupies 

the A sites and Cr the B sites. The spinel structure was refined by Rietveld analysis using 

the pseudo-Voigt profile function. The refined parameters and reliability factors (R – factors) 

obtained from Rietveld refinement are presented in Table 16. Obtained average size of NPs 

from Rietveld analysis is d = 21.9(4) nm. In comparison with size determined from TEM 

(d = 26.9(1) nm) micrographs, the particle size obtained from PXRD (d = 21.9(4) nm) is smaller 

than the one found from TEM, which is in reasonable agreement. The size determined from 

PXRD corresponds to the size of crystalline coherent domains while size obtained from TEM 

micrographs corresponds to a whole particle.  

(a)Cr2.0 
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Fig. 37 Powder X-ray diffraction patterns of Cr2.0 sample with Rietveld refinement fits. 

Table 16 Rietveld refinement results of Cr2.0 sample. Data were refined in the range of 

10 –  80° of 2θ. The applied profile function is pseudo-Voigt. The Lorentzian broadening is 

given by isotropic strain broadening (X) and isotropic particle size broadening (Y) contribution. 

The parameter Bov represents an overall isotropic displacement. Total amount of refined 

parameters is 21 (scale parameter is not presented in table). 

Space group Fd3òm (227) 
a (Å) 8.333(3) 

atom Wyckhoff 
position x y z frac 

Cot 8a 0.125 0.125 0.125 0.986(3) 
Cro 16d 0.5 0.5 0.5 1.986(2) 
O 32e 0.26101(11) 0.26101(11) 0.26101(11) 4.0 
Profile function  pseudo-Voigt 
X;Y (°) 0. 0.19(1)   
Zero (°) 0.12(3)    
Background function polynomial (12 refined parameters) 
Bov (Å2) 2.04(1)    
Rf (%) 3.40     
RB (%) 5.61     
Rwp (%) 5.21     
Rexp (%) 4.32     
χ2 1.45     
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4.3.2. Magnetic Properties 

4.3.2.1. Magnetization Measurements 

Magnetization vs temperature measurements recorded at 10 mT of Cr2.0 NPs prepared by sol-

gel method are presented in Fig. 38.  NPs are paramagnetic above the ordering temperature, Tc 

which is appropriate to the transition to the ferrimagnetic long-range order2-4. At 

the temperature of 27 K, there is a transition, which associates with the order-to-order magnetic 

phase transition to the spiral magnetic structure in the system2-4. Similar to previous studies 

using polycrystalline cobalt chromite, the so-called lock-in transition, a magnetic phase 

transition corresponding to the ground state of magnetic order, is not observed4. The first order 

derivatives of M(T) (ZFC and FC curves) data are presented in Fig. 38. In the bulk sample was 

found the sharp minimum of ZFC curve below Tc
47. This sharp minimum was obtained also in 

Cr2.0 sample with particles diameter of 26.9(1) nm, which could indicate the non-collinear spin 

structure below Ts.. 

T (K)
20 40 60 80 100 120 140

dM
/d

T

-0.20

-0.15

-0.10

-0.05

0.00

0.05

ZFC
FC

T (K)
20 40 60 80 100 120

M
 (A

m
2 /k

g)

-0.5

0.0

0.5

1.0

1.5
ZFC
FC

Cr2.0 10 mT

TS

Tc

Cr2.0 10 mT

TS

Fig. 38 ZFC and FC curves recorded with applied field of 10 mT (left) and first derivatives of 

magnetization curves of Cr2.0 sample. 

Magnetization vs magnetic field measurements recorded at various temperature are shown in 

Fig. 39 (a). In hysteresis loops at T < Tc and T < Ts  show a relatively large magnetic hysteresis. 

With the increasing temperature, the values of the coercive field decrease as expected. At 50 K, 

the magnetization readily responds to the applied field and hence the magnetic reversal is easily 

archived. At 2 K, the magnetic response requires a larger field (higher Hc) due to coexisting of 

long-range ferrimagnetic order and short-range spiral magnetic order. Moreover, there is no 
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saturation of hysteresis loops probably due to spin disorder in NPs. All values observed from 

magnetization isotherms are summarized in Fig. 39 (b).  
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Fig. 39 (a) Magnetization isotherms recorded at 2, 10, 30 and 50 K of Cr2.0 sample and (b) 
observed values of coercivity, remnant and spontaneous magnetizations from magnetization 

isotherms 

4.3.2.2. AC Susceptibility 

The relation of magnetic properties was finally investigated by a.c. susceptibility 

measurements. Fig. 40 shows the real and imaginary part of a.c. susceptibility of Cr2.0 sample 

at various excitation frequencies of the alternating magnetic field with the amplitude of 3 mT 

in zero external field. The imaginary part of a.c. susceptibility shows a sharp peak  

(at Tc = 92 K) as the onset of the ferrimagnetic transition. The maxima decrease with increasing 

frequency, whereas their position is almost independent on frequency. Also it can be seen, that 

the maxima of imaginary part of a.c. susceptibility do not change with temperature and 

frequency. This fact eliminates the possibility of spin-glass behaviour in Cr2.0 sample. 



4.4. Polarized Neutron Scattering 

52 

 

T (K)
20 40 60 80 100 120

χ'
 (a

.u
.)  

0

10-3

2x10-3

3x10-3

4x10-3

5x10-3

6x10-3

0.1 Hz
1 Hz
10 Hz
100 Hz
893 Hz

Cr2.0

T (K)
20 40 60 80 100 120

χ'
' (

a.
u.

)

0

10-4

2x10-4

3x10-4 0.1 Hz
1 Hz
10 Hz
100 Hz
893 Hz

Cr2.0

 
Fig. 40 Dependence of real (left) and imagine part of a.c. susceptibility on temperatures 

recorded at various frequencies. 

4.4. Polarized Neutron Scattering 

In order to understand elucidate the magnetic phase transition in CoCr2O4 NPs on 

the microscopic level, polarized neutron scattering experiments were carried out. In chapter 4.2 

we discussed the magnetic properties of samples prepared by hydrothermal method with the 

particle diameter of 3.2(1) nm of the representative S2 sample. In chapter 4.3 we presented the 

magnetic properties of Cr2.0 sample with particles diameter of 26.9(1) nm. Big differences in 

magnetic properties of Cr2.0 and S2 samples were presented. In very small particle (3.2(1) nm) 

of S2 sample there is no ferrimagnetic order instead of presence of strong inter-particle 

interactions suggested a SSG-like system, while in NPs with 26.9(1) nm there is a clear 

ferrimagnetic order. In Cr2.0 sample there is an indication from magnetization measurements 

of possible presence of the transition from ferrimagnetic to spiral magnetic ordering.  

Polarized neutron diffraction by the Cr2.0 sample was measured in the temperature range from 

5 K to 100 K at the DNS instrument (MLZ). The magnetic, nuclear coherent and nuclear spin-

incoherent contributions were separated from the total scattering cross section by means  

of xyz-polarization analysis. Fig. 41 shows the separated scattering contributions obtained 

at 5 K. The spin-incoherent scattering cross section is nearly constant, confirming a successful 

separation of the different scattering contributions. The nuclear coherent scattering cross section 

is in good agreement with diffraction patterns observed using PXRD. All Bragg reflections are 
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indexed according to the spinel structure of cobalt chromite with the Fd3òm space group with a 

lattice parameter of a = 8.332 Å. In the magnetic scattering cross sections, (111) and (220) 

Bragg reflections are observed, which correspond to 111(F) and 220(F) fundamental magnetic 

reflections. Moreover, there are additional peaks at 1.63 Å-1 and 1.44 Å-1 in Fig. 41. Two 

reflections observed at 2.7 and 3.1 Å-1 correspond to the aluminium sample holder. 
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Fig. 41 Nuclear coherent, spin incoherent and magnetic scattering contributions of the Cr2.0 

sample measured at 5 K. Green vertical lines represent the position of Bragg’s maxima of 

aluminum and blue vertical lines corresponds to the position of Bragg’s maxima of CoCr2O4.  

The next step is to index an additional magnetic reflections and find the propagation vector 

of spiral structure. Each reciprocal lattice point K is associated with three scattering points, 

i.e. K + τ and K – τ representing satellites and K corresponding to the fundamental peaks. 

The fundamental contributions arise from the collinear component of the spins in the z’ 

direction (cone axis direction). The satellite contributions are due to the spiral component 

perpendicular to z’ direction in the plane of x’y’. The satellite peak locations and direction of the 

wave vector τ which characterizes the spiral were proposed by Lyons, Kaplan, Dwight and 

Menyuk (LKDM)55 and Hastings and Corliss56. The conical model provides a simple scheme 

for indexing peaks, which appear to have non-integral Miller indices.  
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The satellites are associated with reciprocal lattice vectors and the corresponding inter-planar 

spacing is given by56: 

 1 !•′/⁄ =  1 !•/⁄ + ./  ±  -√2 |.Q| ©,⁄ 0?ℎ´ + :¨ + ÃÆ! (4.4.1) 

Where h, k, l are the Miller indices, τ is the propagation vector, u, v, w are the direction of τ, 

and a0 the unit cell edge. In accordance with LKDM, the [1 1 0] direction of the propagation 

vector has been chosen as this direction was observed in a bulk7. This choice of direction for 

propagation vector reduces Eq. (4) to: 

 1 !•′/⁄ =  1 !•/⁄ + ./  ±  -√2 |.Q| ©,⁄ 0?ℎ + :! (4.4.2) 

For example for the {111} crystallographic form (the eight (111) reciprocal lattice points), 

the possible values of (h + k) are (0) and (±2), which corresponds to three satellites produced 

by a propagation vector along [110] direction (see Fig. 42). The LKDM theory fixes 

the wavelength and direction of propagation vector, τ. Agreement between calculated and 

observed positions (marked by squares) by pseudo-Voigt fit of magnetic satellites are presented 

in Fig. 43. In this graph, the splitting of the few fundamental reflections is plotted against 

the wavelength of τ. 

 

Fig. 42 Splitting of the eight (111) reciprocal lattice points in reciprocal lattice of CoCr2O4. 

The open circles represent the magnetic satellites points produces by propagation vector along 

[110] direction. 
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Fig. 43 Dependence of the splitting of the position of fundamental peaks (h k l (F)) on 

wavelength of the propagation vector in [110] direction. The position of reflections observed 

from pseudo-Voigt fits are marked by squares. The vertical line at τ = 0.68 nm-1 is 

the propagation vector (τ τ 0), which was extracted from obtained positions of the magnetic 

reflections using pseudo-Voigt fit. 

The differential magnetic cross section extracted from the total scattering cross section at 5, 15, 

25 and 50 K are presented in Fig. 44 (a). The magnetic satellites are observed up to the 

temperature of 25 K due to splitting of fundamental Bragg reflection. This indicates a transition 

to spiral magnetic order in CoCr2O4 nanoparticles with diameter of 26.9(1) nm with a transition 

temperature comparable to that found for the bulk material (Ts = 27 K4,23). Obtained pseudo-

Voigt refinement values of integrated intensities and position of peaks are listed in Table 17. 

The satellite reflections are broad (FWHM of 0.1 Å-1) and diffusive nature of magnetic scattered 

intensity suggests that the spiral component exhibits short-range order. The propagation vector 

of spiral component is estimated to be (τ τ 0) where τ = 0.68 nm-1. The propagation vector is not 
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a basic faction of the reciprocal lattice, which means that the propagation vector is 

incommensurate. It can be seen that the observed positions of satellites is in a good agreement 

with the predicted reflections (Table 17). The temperature evolution of the peak intensity of 

the 200(0), 111(0) magnetic reflection of Cr2.0 sample is presented in Fig. 44 (a) and  

Fig. 44 (b). The magnetic intensity decreases significantly towards Ts ~ 27 K where magnetic 

phase transition occurs. However, it can be seen from Fig. 44 (a) that even at the temperatures 

higher than Ts, there exists non-zero intensity, which is attributed to magnetic spin 

fluctuations57. 
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Fig. 44 (a) Evolution of the magnetic peaks from spiral component (b) Dependence of 

integrated intensities on temperature. Red line represents the guide to eye.  

Table 17 Resulting integrated intensities, I, refined positions, x0, of magnetic satellites and 

fundamental reflections obtained from the pseudo-Voigt fitting and the calculated values 

of the position of satellites with the propagation vector of τ = 0.68 nm-1.   

Temperature 

111(0) 200(0) 111(F) 220(F) 

I 
(a.u.) 

I 
(a.u.) 

I 
(a.u.) 

I 
(a.u.) 

5 K 3.1(2)·10-5 4.9(7)·10-6 4.1(2)·10-5 1.3(2)·10-5 

15 K 2.9(2)·10-5 6.9(1.0)·10-6 3.9(2)·10-5 1.3(2)·10-5 

25 K 1.4(2)·10-5 9.3(6)·10-7 3.9(3)·10-5 1.3(2)·10-5 

50 K - - 3.9(2)·10-5 1.1(1)·10-5 

Calculated position (Å-1) 1.45 1.63 1.28 2.12 

x0 (Å-1) 1.447(1) 1.636(8) 1.284(2) 2.114(3) 
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The full temperature range of the magnetic scattering contribution is presented in Fig. 45 . After 

the first magnetic phase transition at Ts = 27 K, a second magnetic transition is between 

the temperature of 90 and 95 K, where the intensity of fundamental magnetic reflections are 

vanished. This magnetic transition corresponds to transition from ferrimagnetic state to 

paramagnetic state. Observed value of ordering temperature is in excellent agreement with 

magnetization measurements (Tc = 92 K). The dependence of integrated intensities of 111(F) 

and 220(F) fundamental Bragg peaks on temperature are presented in Fig. 46.  
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Fig. 45 Evolution of magnetic peaks with temperature with the pseudo-Voigt fit. 
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Fig. 46 Dependence of integrated intensities of fundamental magnetic peaks on temperature. 

Red line represents the guide line where magnetic transition should occur. 
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In order to find magnetic phase transition in small NPs with size of 3.1(2) nm, the magnetic 

scattering cross section of smaller nanoparticles was studied. In case of cobalt chromite NPs 

with particle diameter of 3.2(1) nm (S2 sample) no magnetic scattering was observed even at 

large exposure times of 10 h (Fig. 47). In the nuclear coherent scattering contribution a very 

broad reflection is observed, indicating that the particles are very small. In the S2 sample with 

the 3.2(1) nm NPs there is no ferrimagnetic order because the particle size is close to 

the coherence length (3.1 nm7) of the spin wave in the ground state magnetic structure. From 

magnetic measurements, the NPs below the blocking temperature of 15 K are freeze collectively 

into SG-like state. 
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Fig. 47 Nuclear coherent, spin incoherent and magnetic scattering contribution of the S2 

samples recorded at 5 K. 
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4.5. Cobalt Iron Chromite Nanoparticles Prepared by Sol-gel 

Prepared gels were characterized by HT PXRD to investigate the calcination temperature, 

where the crystalline phase of CoFexCr2-xO4 is formed. The HT PXRD measurements of one 

representative sample are presented in Fig. 48. Position of diffractions at 39.77°, 46.24°, 67.46° 

and 81.29° 2θ correspond to platinum (card No. JCPDF 04 – 0802). The formation of crystalline 

CoFexCr2-xO4 starts from 400 °C. It can be seen that FWHM is decreasing with the increasing 

annealing temperature what is responsible to the particles grow. The particle size growing with 

decreasing FWHM is described by Scherrer’s equation43 (3.1.1). Dependence of FWHM and 

the position of the most intense peak for spinel structure at the position of 35.13° of 2θ 

(h k l = 3 1 1) are shown in Table 18 and presented in Fig. 49. The temperature dependence of 

the lattice parameters is a result of the thermal expansion of the material. 
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Fig. 48 The formation of crystalline phase studied by HT PXRD measurements of prepared gel 

of CoFexCr2-xO4 (with x = 0.2). The green vertical lines represents the positions of Bragg’s 

maxima of Pt. 
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Table 18 Dependence of FWHM with the correction of instrumental broadening, shift of peak 

position, the particle size and the lattice strain on annealing temperature. FWHM and position 

of peak was obtained from the pseudo-Voigt fit of profile. The particle size and the lattice strain 

were calculated using equations of (3.1.1) and (3.1.2), respectively.  

Annealing 
temperature 

(°C) 

FWHM  
 

(°) 

Position of (3 1 1) 
 

(°) 

Lattice 
strain 

(%) 

Particle size  
 

(nm) 

Lattice 
parameter 

(Å) 

450 1.437 35.1510 2.07 5.8 8.297(2) 

500 0.997 35.1334 1.47 8.4 8.314(1) 

550 0.899 35.0337 1.34 9.3 8.324(2) 

600 0.875 34.9808 1.41 9.7 8.321(2) 

650 0.822 34.9401 1.23 10.1 8.326(1) 

700 0.490 34.8922 0.77 17.0 8.333(1) 

750 0.475 34.8554 0.75 17.5 8.336(2) 

800 0.440 34.8079 0.70 18.9 8.342(1) 

850 0.375 34.7786 0.61 22.2 8.344(1) 

900 0.302 34.7476 0.51 27.6 8.346(2) 

950 0.213 34.7239 0.38 39.1 8.346(1) 

1000 0.165 34.7184 0.31 50.4 8.342(2) 
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Fig. 49 Dependence of FWHM on annealing temperature (left) and dependence of the position 

of the most intense peak with increasing temperature of measurement (right). 
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Nanoparticles of  CoFexCr2-xO4 (x = 0.2, 0.8 and 1.0) were prepared by heat treatment of cobalt 

iron-chromite gels at 500 °C and were characterized by EDX, PXRD, TEM, Mössbauer 

spectroscopy, and magnetization measurements.  

4.5.1. Elemental Analysis 

To obtain the chemical composition of the prepared samples, the EDX analyses were carried 

out. EDX spectrum of the representative Fe0.8 sample is presented in Fig. 50. The presence of 

Cr, Fe, Co and Cu was observed, as expected. The presence of high amount of Cu is due to used 

copper grid for TEM and also the parts inside of microscope are from copper components. The 

Kα1,2 and Kβ1,3 at the position of 5.415 and 5.427  keV respectively were observed from X-ray 

characteristic energies of Cr. There is a presence of the X-ray characteristic energies of Fe at 

the position of 6.3908 (Kα1,2) and 7.058 keV (Kβ1,3). We can also see the X-ray characteristic 

energies of Co at the position of 6.929 and 7.649 keV, which correspond to the line of Kα1,2  and 

Kβ1,3 respectively. The results are listed in Table 19. The resulting ratio between Cr and Fe was 

found (Table 19) and the ration values are in the reasonable agreement.  
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Fig. 50 EDX spectra of Fe0.8 sample at higher energies. The vertical green, orange, violet and 

red lines represent the K lines of chromium, iron, cobalt and copper energies, respectively. 
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Table 19 Results from EDX analysis of prepared samples. 

Sample 

Atom. 
(%) 

Ratio 

Co Cr Fe Co:Cr Fe:Cr 

Fe0.2 38.15 54.75 7.10 0.66 0.13 

Fe0.8 35.03 37.84 27.13 0.93 0.72 

Fe1.0 35.11 35.45 35.23 0.99 0.99 

 

4.5.2. Structure and Morphology 

4.5.2.1. Powder X-ray Diffraction 

Measured diffraction patterns of prepared samples (annealed at 500 °C) are presented in  

Fig. 51. Diffraction patterns confirm the presence of the Bragg’s maxima which correspond to 

the structure of spinel with the space group of Fd3òm. The structure was refined by Rietveld 

analysis. In the refinement, the position of oxygen atoms, lattice parameters, scale, zero shift, 

isothermal parameter and particle size broadening have been taken as free parameters. As a 

profile function, the Pseudo-Voigt function was used. Rietveld agreement factors and refined 

parameters are listed in Table 20. A variation of the lattice parameter with the molar ratio of 

iron and chromium in structure is observed. From Fig. 52 we can see that refined lattice 

parameters of samples follow Vegard’s law58. This means that the doping of iron into the 

chromite structure leads to the formation of mixed spinel structure which is converted to ferrite 

spinel structure with the increasing iron content. The nanoparticle sizes determined for all 

prepared samples are summarized in Table 21. 
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Fig. 51 Rietveld refinement of PXRD data of the prepared samples of cobalt chromite and 

mixed cobalt iron-chromite Nps. The experimental, calculated and difference diffraction 

patterns are represented in red dots, black line and blue line respectively. The vertical green 

lines represent the position of the Bragg’s maxima of the spinel structure. 

Table 20 Results from the Rietveld refinement of Fe0.2, Fe0.8 and Fe1.0 samples. Data were 

refined in 2θ range of 10 – 80°.Where parameters X and Y represent the Lorentzian strain 

broadening and particle size broadening, respectively. The Bov parameter corresponds to 

the overall isotropic displacement. Total amount of refined parameters is 21 (the scale 

parameter is not presented in table). 

Parameter Sample 
Fe0.2 Fe0.8 Fe1.0 

a (Å) 8.311(3) 8.337(4) 8.354(3) 
u 0.26354(7) 0.26120(10) 0.26200(13) 

Bov (Å2) 2.16(2) 2.03(1) 2.70(1) 
Cot 0.98(2) 0.99(2) 0.96(2) 
Cro 1.81(2) 1.20(1) 0.96(2) 
Feo 0.22(3) 0.80(2) 0.96(2) 

Profile function pseudo-Voigt 
X; Y (°) 0.; 0.73(1) 0.; 0.71(1) 0.; 0.63(1) 

zero (0.01°) 0.05(1) 0.04(1) 0.05(1) 
Background function polynomial (12 refined parameters) 

Rf (%) 4.44 4.35 6.90 
RB (%) 5.83 4.54 4.56 
Rwp (%) 5.93 6.11 5.98 
Rexp (%) 5.80 5.91 5.90 

χ2 1.02 1.07 1.04 
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Fig. 52 Dependence of lattice parameters on iron content in samples. The red line represents 

Vegard’s law. The values of lattice parameter for pure cobalt chromite and pure cobalt ferrite 

NPs with same size is from previous our studies17,59. 

4.5.2.2. Transmission Electron Microscopy 

TEM micrographs in BF mode of Fe0.2, Fe0.8, Fe1.0 samples are presented in Fig. 53 (a). 
From micrographs, we can see that the particles have nearly spherical shape. Median size of 

nanoparticles was estimated from log-normal distribution function Fig. 53 (b). From width of 

distribution size we can see that the system of nanoparticles has large distribution size due to 

annealing procedure, when during treatment the particles form aggregates. In comparison of 

particles size from PXRD (Table 21), the size investigated from TEM images are larger, which 

is in reasonable agreement, while the particle size obtained from Rietveld analysis corresponds 

to the size of coherent domain. The particle size investigated from TEM micrographs represents 

the size of whole particle. 
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Fig. 53 (a) BF micrographs of Fe0.2, Fe0.8 and Fe1.0 samples prepared by sol-gel method and 

(b) their histograms with Log-Normal distribution function. 

Table 21 Obtained NPs size from Rietveld analysis and from TEM images. 

Sample 
dTEM 

(nm) 
σlog 

dPXRD 

(nm) 

Fe0.2 13.0(2) 0.21 7.7(1)  

Fe0.8 13.2(3) 0.23 7.9(1) 

Fe1.0 16.0(3) 0.20 8.9(1) 
 

4.5.3. Magnetic Properties 

4.5.3.1. Mössbauer Spectroscopy 

Mössbauer spectra measured at room temperature and zero external field are presented in  
Fig. 54. The spectra of Fe0.2 and Fe0.8 samples were fitted with two Lorentzian doublets of 

different quadrupole splitting, because the fitting with only one doublet gave no satisfactory 

results. All results from the fits are summarized in Table 22. All subspectra show the isomer 

shift around 0.34 mm/s which corresponds unambiguously to iron (III) in oxide compounds. 

(a) Fe0.2 Fe0.8 Fe1.0 
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Neither sextets nor broadening of doublets are observed in the spectra so we can state that 

the samples are in non-blocked magnetic state at this temperature. In order to determine 

the occupancy of the iron in the spinel structure, the measurements at low temperature were 

carried out. 
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Fig. 54 Mössbauer spectra recorded at room temperature. The red dots represents the 

experimental data, black line is fit and blue line corresponds to difference between measured 

data and fit. 

Table 22 Results from Mössbauer spectroscopy, where δ is isomer shift and ΔEQ corresponds 

to quadrupole splitting. 

Sample 

doublet 1 doublet 2 

δ  
(mm/s) 

ΔEQ  

(mm/s) 

δ  
(mm/s) 

ΔEQ  

(mm/s) 

Fe0.2 0.34(1) 0.49(1) 0.29(1) 1.14(1)  

Fe0.8 0.34(1) 0.47(1) 0.31(1) 0.98(1) 

Fe1.0 0.34(1) 0.66(1) - - 

Mössbauer spectra of Fe0.2, Fe0.8 and Fe1.0 samples were recorded at the temperature of 4K. 

Moreover, the sample of Fe1.0 was measured in external field of 6 T, while the samples of 

Fe0.2 and Fe0.8 gave no satisfactory quality of in-field measurement spectra in reasonable time 

of measurement and thus, they are not discussed here. The results from Mössbauer spectroscopy 

are shown in Fig. 55 and Fig. 56. The Mössbauer spectra representing sample measurements 

without external magnetic field show the doublet and sextet. The doublet comes from iron, 

which is diluted in the aluminium foil used as a sample holder and thus, it does not reflect 

the property of our samples. The observed sextet was fitted using two subspectra representing 
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the tetrahedral and octahedral position of iron. In zero-field measurements, these two sextets 

are strongly overlapped and do not allow the exact determination of tetrahedral and octahedral 

sites of iron. For this reason, the measurement in applied magnetic field of 6 T was done. We 

can observe, that the subspectra are very well separated in 6 T applied field measurements 

which permit us very good determination of tetrahedral and octahedral sites of iron. 

The effective field of tetrahedral sites increases and the one of octahedral sites decreases with 

the increased applied magnetic field in the case of iron in spinel structures showing 

ferrimagnetic behaviour60. All fitted parameters are listed in Table 23.  

The low temperature Mössbauer spectroscopy measurement (carried out at 4.2 K) of Fe0.2 and 

Fe0.8 sample was carried out only in zero external field (Fig. 55), because it was not possible 

to obtain the good quality spectra in reasonable time. We can follow from the available results, 

that when we decrease the temperature of measurement from room temperature to 4.2 K 

the doublets are changed into sextets and it means that the samples are already in the blocked 

state at the temperature of 4.2 K. 
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Fig. 55 Mössbauer spectra of prepared sample measured in external field of 0 T. The red dots 

are observed data, black line corresponds to fit, which is sum of two subspectra and blue line 

represents the difference between fit and measured data. 
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From the subspectrum areas of Fe1.0 sample 6 T measurement (Fig. 56), the relative occupancy 

Fet : Feoct can be determined. The calculation gives us the Fet : Feoct ratio of 1 : 2, which 

corresponds to statistical distribution of iron atoms in tetrahedral and octahedral sites. This 

finding is in disagreement with previously published paper of Lee et al26. They stated that iron 

occupies only tetrahedral positions in the sample of the same composition. But their statement 

is only presumption which is not supported by direct prove. Their low temperature Mössbauer 

spectra were measured without applied external magnetic field and this measurement setup 

make not possible to determine exact Fe-occupancy due to very strong overlap of two sextets 

representing Fet and Feoct atoms. It is known that Cr3+ has the largest crystal field stabilization 

energy (CFSE = 6 5⁄ ∆kjn)61 and therefore Cr3+ will be in B sites and the cation distribution of 

CoFeCrO4 is (Co0.66Fe0.33)A[Co0.33Fe0.66Cr]BO4. 

From fitted parameters, the canting angle of the magnetic moment of iron atoms in octahedral 

and tetrahedral sites can be calculated using the cosine’s equation (2.3.3). We can see that 

the applying of 6 T external field leads in the case of sextet belonging to tetrahedral positions 

of Fe to the increasing of effective field by 6 T (in the range of possible measurement error). 

This situation can occur only in the case when applied field and hyperfine field are parallel. 

From this follows, the canting angle of the moment of iron in tetrahedral position is zero. 
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Fig. 56 Mössbauer spectra of Fe1.0 sample in external field of 0 T and 6 T. The red dots are 

observed data, black line corresponds to fit, which is sum of two subspectra (purple line is from 

iron in aluminium sample holder, green line for tetrahedral position of iron and yellow for 

octahedral position of iron line) and blue line represents the difference between fit and measured 

data. 

Table 23 Observed Mössbauer parameters of the prepared samples: δ - isomer shift, ΔEQ - 

quadrupole splitting, Bhf – hyperfine field and α – calculated canting angle for the octahedral 

position (B) of Fe3+. 

Sample Fe0.2 Fe0.8 Fe1.0 

site A/B A/B A B 

occupancy - - 33.3 % 66.6 % 

δ (mm/s) 0.50(3) 0.51(5) 0.42(1) 0.54(1) 

ΔEQ (mm/s) -0.03(6) -0.03(2) -0.07(2) -0.03(2) 

Bhf_0T (T) 51.64(2) 50.68(1) 51.17(6) 51.17(6) 

Bhf_6T (T) - - 56.71(11) 46.65(7) 

α (°) - -  0 165 
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4.5.3.2. Magnetization Measurements 

As a spinel is a ferrimagnetic system, the magnetic moments of all cations in A site align parallel 

with each other and also all magnetic moments of cations in B site align parallel. But magnetic 

moments between A and B sites aligns antiparallel (The Néel configuration62). Mostly, 

the exchange coupling between A and B site, JA-B is stronger than exchange couplings between 

A sites, JA-A and B sites, JB-B. If the weaker interaction between octahedral sites is also negative, 

the system is partly frustrated63. A site cations have triply degenerate )>7  (4Øu, 4u9, 49Ø) orbitals 

pointing towards near-neighbour anions and B site cations have the doubly degenerate U7 

,49± , !Ø±VÇ±! orbitals pointing towards near-neighbour anions. The !ØÇ, !Ç9, !9Ø  orbitals 

pointing towards neighbour B-site cations (Fig. 57). From electrostatic considerations, 

the anion-directed orbitals are less stable than orbitals which are directed away from 

the neighbouring anions and this leads:  

• If both the A site )/7 orbitals and the B sites U7 orbitals are half filled or less than half 

filled and degenerated, then JA-B interactions are strongly antiferromagnetic.  

• When the A site )/7 orbitals and B sites U7 orbitals are empty, then the JA-B interactions 

are relatively weak and antiferromagnetic. 

• If the B sites )/7 orbitals are half filled or less than half filled and degenerate, then direct 

JB-B interactions are possible. The strength of these antiferromagnetic interactions 

strongly depends on inter-cation distance and anion shielding. 

• When the )/7 orbitals of one or both of two cations in neighbouring B sites are full or 

more than half full, then the direct JB-B interactions don’t exist. 

From above mentioned postulates follow, that the JA-B interactions are especially weak if the B 

site U7 orbitals are empty, and non-collinear configuration are anticipated if the B site 3!È ions 

have n ≤ 3. Yafet and Kittel64 have suggested that the atomic moments may not be collinear if 

the JA-B and JB-B interactions are comparable. This happens in the case of cobalt chromite spinel 

structure, where Cr3+ has an electron configuration of )/7^ U7, and there is the strong negative JB-

B contribution.  
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Fig. 57 The orientation of d orbitals of cations respect to the spinel structure. 
In addition the coupling between the angular momentum of electron orbital and electron spin, 

L-S coupling, could also take a place at each cation sites. In CoFexCr2-xO4 spinel, the Cr3+ with 

the magnetic moment of 3μB will occupy only B sites due to strong CFSE. In the spinel structure, 

Cr3+ has an electron configuration of )>7^ U7<, which theoretically has a relatively large orbital 

angular momentum. In the case of Fe3+ ion with the magnetic moment of 5μB, the electron 

configuration in spinel structure at the B site is )>7^ U7>. That means that Fe3+ theoretically has 

a zero orbital angular momentum. For this reason, the substitution of Cr3+ by Fe3+ in spinel 

structure should affect magnetic properties. 

Temperature dependence of magnetization measured under ZFC and FC conditions with 

applied field of 10 mT are shown in Fig. 58. Blocking temperature, Tb was determined as 

maximum of ZFC curve and the ordering temperature, Tc was obtained by extrapolating of 

linear parts of FC and ZFC curves. The shift of Tc and Tb to higher temperatures with 

the increasing iron content in the structure was observed. This is clear indication of 

the enhancement of A – B interaction which becomes stronger than B-B interaction as Tc is 

proportional to JA-B interaction47. In the Fe0.2 sample, JA-B interactions decrease due to 

the dilution of the B site with increasing Fe substitution. In this system, the exchange integral 
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JB-B is approximately the same as JA-B and the moments are no longer perfectly aligned. This 

can be explained using the Stoner-Wohlfarth model, which describes EA of single domain NPs 

as65: 

 z{ ; | ∙ 5 ∙ sin/ 9 (4.2.1) 

The magnitude of  K depends on the strength of L-S coupling66. With the increasing of iron 

replacement in the structure, the L-S coupling increases which corresponds to the arising of K. 

It is clear from Fig. 59 that the magnetic properties are continuously changing from magnetic 

behaviour of chromite to ferrite. With the increasing iron content in the sample, the minimum 

on FC curve is vanishing. 
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Fig. 58 ZFC and FC curves of all samples recorded with applied field of 10 mT.  
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Fig. 59 Dependence of blocking and ordering temperatures on iron content in the samples. 

The linear fits represent the theoretical values of blocking and ordering temperatures as 

the structure from chromite to ferrite is changed. The values for pure chromite and ferrite were 

obtained from our previous studies of NPs with the equivalent size of NPs17,59. 

Magnetization vs magnetic field measurements at various temperatures for all samples are 

presented in Fig. 60.  The measurements were done below and above Tc and below Tb and 

between Tb and Tc. The Fe0.2 and Fe0.8 show linear dependence above Tc which is 

characteristic behaviour for paramagnetic state. All samples show Langevin type curve, which 

corresponds to superparamagnetic behaviour in the temperature range between Tc and Tb. Under 

Tb, there is a presence of hysteresis in all samples. Obtained values of coercive field, remnant 

and spontaneous magnetizations at 2 K are listed in Table 24. The increase of coercive field 

with the increasing content of iron in the structure could be explained by the strengthening of 

L-S coupling. The magnitude of the coercivity can be considered as a measure of the magnetic 

field strength that is required at the given temperature to overcome the anisotropy energy barrier 

in order to change the magnetization direction in the structure. The magnitude of the energy 

barriers becomes higher through a stronger magnetic couplings resulting from the bigger 

magnetic moment of Fe3+. The saturation and remnant magnetization increase due to 

the decreasing of strength of negative JB-B interaction. Dependence of coercive field, 

spontaneous magnetization on iron content in the sample is plotted in Fig. 61. Coercive field in 

all samples is decreasing with increasing temperature as it was expected. In Fe0.2 sample there 

is no saturation magnetization of hysteresis loops probably due to the strong particle disorder 

at the surface as it was also observed in previous studies17.  
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Fig. 60 Magnetization isotherms of all prepared samples recorded at various temperatures. 
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Table 24 Results from hysteresis isotherms recorded at 2 K. 

Sample 
Mr 

(A·m2·kg-1) 

μ0·Hc 
(T) 

Ms_2K 
(A·m2·kg-1) 

Fe0.2 0.38(2) 0.45(1) 0.94(3) 

Fe0.8 10.84(3) 0.71(1) 16.87(10) 

Fe1.0 20.18(2) 0.91(1) 26.43(12) 
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Fig. 61 Dependence of spontaneous magnetization and coercive field on temperature and iron 

content in the sample.



 

76 

5. Conclusion 

Within the scope of this work, an interdisciplinary approach was applied to the magnetic 

CoCr2O4 and CoFexCr2-xO4 nanoparticles, including nanoparticle preparation and primary 

characterization as well as detailed studies of inter-particle interactions and magnetic properties 

on the macroscopic and microscopic level.  

For investigations of fundamental physical properties, the particle size is very important. Very 

small particle sizes are an interesting case because surface dependent phenomena are enhanced. 

The most of neutron scattering instruments are not adapted for the investigations of length 

scales in between the nanoparticle and atomic size level, as required for nanoparticles below 

5 nm. Moreover, a good crystallinity of the nanoparticles is desired. This is more likely to be 

achieved for the nanoparticles prepared by high temperature synthesis methods such as 

thermolytic approaches. 

The aims of the nanoparticle synthesis were a find one step process without post treatment for 

the preparation of magnetic CoCr2O4 nanoparticles well stable in non-polar solvent. Thermal 

decomposition well known as controlled size synthesis of cobalt ferrite nanoparticles is not 

sufficient for the preparation of cobalt chromite nanoparticles as the chromium precursors 

decomposes at much higher temperature of 370 K instead of 200 K.  Nanoparticle dispersions 

of CoCr2O4 in hexane/toluene were prepared by high temperature hydrothermal method from 

the chlorides precursors, sodium oleate in the mixture of ethanol and water. Obtained 

nanoparticles have particle diameter below 4.1 nm (investigated from TEM micrographs). Due 

to very small nanoparticle sizes the characterization is challenging in every respect. The shape 

of prepared nanoparticles was investigated by SAXS, where Q-4 asymptotic behaviour at higher 

Q range corresponds to the spherical form factor. Moreover, the fractal dimension is between 1 

and to 2 in the small Q range which represent the formation of linear chain of nanoparticles. 

Magnetic measurements revealed that hydrothermally prepared nanoparticles have blocking 

temperature in the interval of 11.6(1) – 14.5(1) K. Above blocking temperature, 

the nanoparticles are in superparamagnetic state. Bellow blocking temperature, the role of 

strong inter-particle interactions was found as the saturation of FC curve. The strength of inter-

particle interaction was investigated by spin dynamics studies using a.c. susceptibility 

measurements, where bellow 12 K the transition to SG-like state was found. Moreover, the size 



5. Conclusion 

77 

of nanoparticles is smaller than coherence length of spiral component (3.1 nm-1 7), which caused 

that we didn’t observed any magnetic scattering from polarized neutron scattering experiments. 

In order to increase the nanoparticle size, the preparation of CoCr2O4 by sol-gel process was 

used using a propylene oxide as gelation agent. The prepared gel was annealed at 600 °C. 

The prepared cobalt chromite nanoparticles have mean diameter of 26.9(1) nm with large 

distribution size due to the post treatment procedure. The magnetization measurements show 

superparamagnetic state above 92 K. Under this temperature the ferrimagnetic ordering was 

found. Moreover, at around 27 K the second magnetic transition was found, which corresponds 

to spiral magnetic ordering. Magnetic transitions were confirmed by measuring polarized 

neutron scattering experiments. Bellow 95 K, the fundamental magnetic reflection were 

observed, which corresponds to collinear structure of ferrimagnetic ordering. At 25 K, 

the presence of additional magnetic reflections from spiral magnetic structure was observed. 

The indices of magnetic satellites and propagation vector was found using the conical model. 

The incommensurate propagation vector, 0.68 nm-1 of spiral component was found by polarized 

neutron scattering measurements.  

The second aim was to investigate the magnetic properties of CoFexCr2-xO4 nanoparticles with 

various doping of iron (x = 0.2, 0.8 and 1.0). The particles were prepared by sol-gel route with 

propylene oxide as gelation agent and annealed at 500 °C. The mean diameter of prepared 

nanoparticles is in the range of 13.0(2) – 16.0(3) nm. The variation in lattice parameter follows 

Vegard’s law. Mössbauer spectroscopy measurements at room temperature show 

the paramagnetic or superparamagnetic behaviour of prepared samples, which is in 

the agreement with magnetization experiments where at room temperature the magnetizations 

isotherms show the Langevin type (superparamagnetic behaviour) or linear dependence 

(paramagnetic behaviour). At 4 K the Mössbauer spectra show sextets, which corresponds to 

magnetically ordered state. This finding was confirmed by magnetizations vs magnetic field 

measurements, where the hysteresis occurs. It was found from peaks area of sextets that doped 

iron is statistically distributed in tetrahedral and octahedral sites in the ratio of 1:2.  

Magnetization measurements show linear dependence of shift of Tc and Tb values to higher 

temperatures with increasing of iron content, which corresponds to the gradually change of the 

magnetic properties (enhancement of JA-B interactions, which becomes stronger than JB-B 

interactions) from cobalt chromite to cobalt ferrite. Moreover, in the sample with small dilution 

of B sites cause magnetic frustration due to very strong negative direct B – B interactions. 
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This work gives a comprehensive overview of magnetic nanoparticles investigations, including 

a synthesis approach for very small cobalt chromite nanoparticles and an extensive structural 

and magnetic characterization of cobalt chromite (CoCr2O4) and cobalt iron-chromite 

(CoFexCr2-xO4 with x = 0.2, 0.8 and 1.0) nanoparticles.          
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Abbreviations 

2θ scattering angle 

BF Bright Field 

Bhf hyperfine field 

δ isomer shift 

χ’ real part of a.c. susceptibility 

χ’’  imaginary part of a.c. 

susceptibility 

DLS Dynamic Light Scattering 

DNS Diffuse Neutron Scattering 

DTA  Differential Thermal Analysis 

DRIFT Diffuse Reflectance Infrared 

Fourier Transform 

EA activation energy  

EB Exchange Bias  

ED Electron Diffraction  

EDX Electron Dispersed X-ray  

EQ quadrupole splitting 

FC Field Cooled 

FTIR Fourier Transform Infrared 

Spectroscopy 

FWHM Full Width at Half Maximum  

HT PXRD High Temperature Powder 

X- ray Diffraction 

HWHM Half Width of Half Maximum 

IR Infrared 

kB Boltzmann constant 

Keff effective constant 

NPs Nanoparticles 

NSF Non-Spin-Flip  

Ms spontaneous magnetization 

Mr remnant magnetization 

μ0Hc coercive field 

PDI Polydispersity Index 

PXRD Powder X-ray Diffraction 

RG radius of gyration 

θa
p asymptotic Curie tamperature 

SAXS Small-Angle X-ray Scattering 

SEM Scanning Electron Microscopy 

SSG Super Spin Glass 

SF Spin-Flip  

Q scattering vector 

τ attempt frequency 

Tb blocking temperature 

Tc Curie temperature 

Tg glass temperature 

TVF Vogel-Fulcher temperature 

TEM  Transmission Electron 

Microscopy 

TG Thermogravimetry 

ZFC Zero Field Cooled 

zv power exponent 
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Abstract The CoCr2O4 nanoparticles were prepared

by hydrothermal treatment of chromium and cobalt
oleates in a mixture of solvents (water and ethanol or

pentanol) at various temperatures. The samples were

further annealed at the temperatures from 300 to
500 "C. The obtained nanoparticles were character-

ized using powder X-ray diffraction (PXRD), trans-
mission electron microscopy (TEM), high-resolution

TEM, scanning electron microscopy, thermogravi-

metric analysis, Raman and infrared spectroscopy,
and magnetic measurements. The particle size, rang-

ing from 4.4 to 11.5 nm, was determined from the

TEM and PXRD methods. The tendency of particles
to form the aggregates with the increasing annealing

temperature has been observed. The magnetic mea-

surements revealed that the typical features of the
CoCr2O4 long-range magnetic order are suppressed in

the nanoparticles.

Keywords Cobalt chromite ! Hydrothermal

method ! Nanoparticles ! Size effect !
Multiferroic materials

Introduction

Up to date, the studies of magnetic nanomaterials were

focused mostly on spinel ferrites due to their straight-

forward application potential in biomedicine, data
storage, electronics, etc. However, there are only few

works concerning isostructural chromite as nanopar-

ticles (NPs) or thin films. The MCr2O4 (where M is
metal) compounds form a normal spinel structure,

where the M2? and Cr3? are located in the tetrahedral

(Td) and octahedral (Oh) sites, respectively. They are
known as multiferroic materials with complex mag-

netic phase diagrams and magnetic structure, where
the ferroelectric order occurs in spite of nonzero

spontaneous magnetization in the conical spin config-

uration (Lyons et al. 1962; Hastings and Corliss 1962;
Menyuk et al. 1964; Shirane et al. 1964; Tomiyasu

et al. 2004; Chang et al. 2009; Kim et al. 2009).

Among the spinel chromites, the CoCr2O4 is the
first example of a multiferroic compound with both the

spontaneous magnetization and polarization of spin
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D. Nižňanský
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origin (Yamasaki et al. 2006), where the strong
clamping between the ferromagnetic and ferroelectric

domains, leading to the magnetic reversal of the

ferroelectric polarization, has been observed. Con-
cerning the magnetic order, the compound undergoes a

ferromagnetic transition at TC = 93 K, and with the

further lowering of temperature, the additional tran-
sition to the conical spin state occurs at 26 K. The so-

called lock-in transition, Tlock-in, takes place around

15 K with minimal change of the propagation vector
(Funahashi et al. 1987; Chang et al. 2009). Consider-

ing the size effects in chromites, a comprehensive

work reports on MnCr2O4 NPs prepared by high-
energy ball milling, which points to unusual Bloch

exponent value 3.35, which decreases and approaches

a typical value of 1.5, as expected for a common
ferromagnet, with decreasing particle size (Bhowmik

2006). Recently, several works also report on the

CoCr2O4 NPs obtained using various methods.
One of the first preparations of cobalt chromite NPs

was carried out by Dutta et al. (2009). They reported

the synthesis of nanocrystalline CoCr2O4 by a fast
sonochemical route, which was based on acoustic

cavitations in a liquid. The final particle size was about

30–40 nm, and the magnetic properties were only
slightly influenced in comparison to the bulk material.

Rath and Mohanty (2010; Rath et al. 2011) prepared

the CoCr2O4 NPs of a mean size about 8 nm using a
simple coprecipitation method and observed an

unusual transition from paramagnetic to superpara-

magnetic (SPM) state. Edrissi and Keshavarz (2012)
improved the preparation method using organic pre-

cursors: Cr3? and Co2? chelates of 2-mercaptopyridin

N-oxide for the preparation of the cobalt chromite
NPs. Durrani et al. (2012) prepared the cobalt

chromite NPs by hydrothermal synthesis at higher

values of pH ([10), and this procedure led to rather
large particles ([100 nm).

So far, no work on preparation and physical proper-

ties of monodisperse cobalt chromite NPs with size
below 20 nm has been reported, and, therefore, a study

of magnetic and ferroelectric properties down to very
low scales has not been possible yet. In order to reach the

critical size range, we focused on preparation of the

CoCr2O4 NPs using hydrothermal method, successfully
applied in the case of CoFe2O4 NPs (Repko et al. 2011).

In this paper, we report on a modified hydrothermal

preparation yielding the CoCr2O4 NPs with size ranging
from 4.4 to 11.5 nm, which is comparable to the

characteristic size of the coherence of the spiral
magnetic structure. The samples were characterized

using different methods such as powder X-ray diffrac-

tion (PXRD), transmission electron microscopy (TEM),
high-resolution TEM (HRTEM), scanning electron

microscopy (SEM), thermogravimetric analysis

(TGA), and Raman and infrared spectroscopy (FTIR).
Basic characterization of the magnetic properties was

also performed, and the results are discussed in the

context of decreasing particle size.

Experimental

Sample preparation

The samples were prepared using the hydrothermal
method. Following amounts of reactants were used for the

preparation: 10 mmol (400 mg) of sodium hydroxide,

12 mmol (3.39 g) of oleic acid, and metal chlorides
(Cr3?:Co2? = 2:1). The preparation was carried out in

the mixture of 15 ml of alcohol (ethanol/1-pentanol) and

20 ml of water. First, the sodium hydroxide was dissolved
in a small amount of water, and then ethanol was added.

This solution was mixed together with oleic acid to avoid

the formation of soap (clear solution was formed instead).
Then, the water solution of metal salts which served as a

precursor was added, and the reaction mixture became

sticky. Afterward, the solution was sonicated for 5 min.
Two phases were formed: water and organic phase

(Fig. 1), and the following reactions took part:

3C18H33COONaþ CrCl3 ! Cr C18H33COOð Þ3
þ 3NaCl

2C18H33COONaþ CoCl2 ! Co C18H33COOð Þ2
þ 2NaCl

Fig. 1 The process of formation of the CoCr2O4 NPs. The
metal salts are hydrolyzed and precipitated into the water phase
after reaching a critical diameter
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This reaction mixture was put into a Teflon liner
(volume 50 ml), enclosed in the autoclave, and placed

into oven for 10–16 h at the reaction temperature of

200 !C. After cooling down the autoclave, the
following phases were obtained: upper oleic phase,

which contained a small amount of NPs, aqueous

phase, and sedimented NPs. Liquid phase was dis-
carded, and remaining NPs were dispersed in 15 ml of

hexane. Then, the nondispersed NPs (aggregates) were

separated using centrifugation, and hexane dispersion
was used for the following preparation. Then, the NPs

were precipitated from dispersion using 10 ml of

ethanol and were separated by means of centrifugation
(4,500 rpm for 5 min). This procedure (dissolving in

hexane and precipitation using ethanol) was repeated

for three times. The samples possessing amorphous
phase were heat treated in the furnace at the final

annealing temperatures. The preparation conditions

for all samples are summarized in Table 1.

Characterization methods

Powder X-ray diffraction was performed using the

PANalyticalX‘Pert PRO diffractometer with Cu Ka

radiation (k = 1.541874 Å) equipped by secondary
monochromator and PIXcel detector. All samples were

measured in the 2h range of 15–80! with the step of 0.02!.
The particle diameter obtained from PXRD measure-
ments was determined using two approaches: using the

Scherrer’s equation, dScherrer ¼ k " k= b " cos hð Þ and by

the Rietveld analysis, dRietveld implemented within
the FullProf software (Rodrı́guez-Carvajal 2000). In

both approaches, the instrumental broadening was

considered.
Transmission electron microscopy was carried out

using the JEOL 200CX device operating at 200 kV

using two different modes: bright field (BF) and dark
field (DF). The mean particle diameter, dTEM, was

statistically determined from at least 100 particles for
each sample using the log-normal distribution

function.

High-resolution TEM images were captured with
the JEM 2010 UHR device equipped with the Gatan

imaging filter (GIF) and the 794 slow scan CCD. The

samples for the TEM and HRTEM analysis were
prepared by drying the dispersion of NPs on the coated

copper grid.

Scanning electron microscopy images were
obtained using the Tescan Mira I LMH device with

the energy-dispersed X-ray detector (EDX) Bruker

AXS. The powders were deposited on carbon film.
Thermogravimetric analysis was carried out using

the STA 449 F1 Jupiter device. The samples were

heated up to 600 !C (heating rate 10 !C/min) in argon
atmosphere.

Raman spectra were measured using the Thermo

Scientific DXR Raman Microscope with the Olympus
microscope (objective 509) in the spectral range of

50–1900 cm-1 with the resolution of 3 cm-1. He–Ne

laser or diode lasers (532 and 780 nm) were used for
the measurement. The spectrometer was calibrated by

calibration software using multiple neon emission

lines and multiple polystyrene Raman bands and
standardized by white light.

Raman and infrared spectroscopy spectra were

obtained using the Thermo Scientific Nicolet 6700
FTIR spectrometer (resolution 2 cm-1, DTGS detec-

tor, KBr beam splitter, Happ-Ganzelapodization, KBr

windows, and zero filling 2) in region 400–4000 cm-1

with Nujol technique.

The zero-field-cooled (ZFC) and field-cooled (FC)

magnetizations (applied field of 10 mT) and magne-
tization isotherms at selected temperatures were

measured on the Quantum Design MPMS7XL device

(SQUID). The temperature dependencies of the a.c.
susceptibility were recorded in zero external magnetic

Table 1 The preparation conditions for the NPs prepared by the hydrothermal procedure

Sample Reaction composition Reaction conditions Annealing temperature (!C)

Ratio Cr:Co
(mmol)

Alcohol
(ml)

Water
(ml)

Oleic
acid (ml)

Reaction
temperature (!C)

Reaction
time (h)

DZ 300 2:1 Ethanol: 10 10 3.82 200 16 300

DZ 350 2:1 Ethanol: 20 20 3.82 200 16 350

DZ 400 2:1 1-Pentanol: 5 10 3.82 200 10 400

DZ 450 2:1 Ethanol: 10 15 6.37 200 16 450
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field at frequencies: 0.1, 1, 10, 102, and 103 Hz with
the amplitude of the a.c. magnetic field of 0.3 mT. The

prepared samples were put into the capsule and fixed

with the piece of polystyrene.

Results and discussion

Powder X-ray diffraction

Powder X-ray diffraction was used for determination

of the phase composition, particles size, and lattice

parameters of prepared samples. The measured dif-
fraction patterns together with the refined profiles of

the samples are shown in Fig. 2. All samples exhibit

the characteristic diffractions corresponding to a cubic

spinel phase with the space group Fd3m (card No.
JCPDF 22-1084). The small amount of NaCl has been

detected in the DZ 350 and DZ 400 samples, probably

due to nonsufficient washing procedure after the
reaction, which has no negative impact on the physical

properties of the spinel phase. Moreover, the DZ 350

sample contains also a small amount of Cr2O3.
The lattice parameter, a and NP diameters, d are

summarized in Table 2. It has been observed that both

the a and d increase with increasing annealing
temperature. The a values of our samples are slightly

lower than the tabulated ones (a = 8.3299 Å, card No.

JCPDF 22-1084). These effects can be explained by

defects present in crystal lattice (dislocation and
vacancies) and by numerous dangling bonds on a NP

surface, as is typical for small-sized NPs. The increase

of a and d with the increasing annealing temperatures
indicates the decrease of the structural disorder or

cation redistribution within the spinel network (Sicka-

fus et al. 1999). The particle diameters obtained from
PXRD, dScherrer, and dRietveld are almost identical for

all samples.

Transmission electron microscopy

The BF mode images reveal spherical shape of the
NPs. The DF mode provides additional information

about crystallinity of the prepared NPs. The Figs. 3

and 4 show the TEM images of the samples together
with the corresponding size distributions. It can be

seen that the NPs are overlapping and have tendency to

form aggregates with the increasing annealing tem-
perature. Thus, the determination of dTEM values for

all samples serves only as a rough estimate of NP

diameter and ranges from 6.7 to 11.5 nm for individ-
ual samples, respectively. Determined values correlate

well with the dRietveld and dScherrer values in the range

of the error (Table 2), which points at high crystallin-
ity of the individual NPs.1 The diffraction patterns of

selected area measurements (SAED) were used for an

additional determination of the phase composition of
prepared samples (Fig. 5) and confirmed the presence

of crystalline spinel cobalt chromite.

High-resolution TEM

In addition, the DZ 300 sample was characterized
using HRTEM, a typical image of the well-crystal-

line NPs and the corresponding SAED measurement

are shown in Fig. 6. The results from SAED are also
summarized in Table 3. The depicted value of the

interplanar distances of 2.5 Å corresponds well with

the (311) plane of the cobalt chromite spinel
structure.

Fig. 2 Experimental data of the PXRD measurements together
with the fit using the Rietveld method. The vertical lines
correspond to the positions of Bragg maxima of the CoCr2O4

phase (card No. JCPDF 22-1084). The DZ 300 and DZ 450
samples are pure spinel phase. The DZ 400 sample also contains
parasitic NaCl phase, and the DZ 350 sample exhibits presence
of the NaCl and Cr2O3 phases

1 Since the PXRD reflects the coherently diffracting volume of
the particle and TEM size corresponds to the dimensions of the
two-dimensional projection of the entire polycrystal in its
specific orientation, the size obtained from PXRD should be
almost identical to the TEM size in the case of the well-
crystalline NP of approximately spherical shape.
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EDX and TG analysis

The EDX analysis from SEM microscopy was used for

the elemental analysis of the samples. The main

elemental components of the sample are Co, Cr, and

O. The EDX analysis confirms that the atomic ratio

between Co:Cr %1:2 (Co at. 18.19 %; Cr at.
36.79 %), as has been expected.

Table 2 Particle size determined from the TEM and PXRD. In
the column PXRD, there are two values obtained by the simple
estimation (Scherrer’s equation), dScherrer and using the

Rietveld refinement, dRietveld. The dTEM represents the values
of median size of the particles revealed by the fit of the log-
normal distribution. The a represents the lattice parameter

Sample Annealing
Temperature (!C)

PXRD TEM a (Å)

dScherrer dRietveld dTEM

(nm) (nm) (nm)

DZ 300 300 4.9 ± 1.4 4.4 ± 0.5 6.7 ± 0.3 8.271(4)

DZ 350 350 5.4 ± 1.3 5.1 ± 0.5 5.9 ± 0.1 8.282(2)

DZ 400 400 6.9 ± 3.2 6.2 ± 0.5 6.4 ± 0.2 8.301(3)

DZ 450 450 11.8 ± 1.4 11.5 ± 0.1 11.5 ± 0.5 8.306(2)

Fig. 3 TEM images of the samples: a DZ 300 (DF mode), b DZ 350 (BF mode), c DZ 400 (DF mode), and d DZ 450 (DF mode)
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Finally, the TG analysis was carried out to evaluate

the organic and water content in the prepared samples.

The results from the TG analysis of all prepared
samples are shown in Fig. 7. The TG curves of the as-

prepared samples show minimal weight losses up to

500 !C due to evaporation of absorbed water. The

weight losses observed above 400 !C are attributed to
organic remnants in the samples. The values of the

amount of the organic content in the samples, deter-

mined from the total weight losses, are summarized in
Table 4.

Vibrational spectroscopy

The CoCr2O4 belongs to the normal cubic II-III spinels

with the space group Fd3m (Oh
7). The atoms of

CoCr2O4 occupy the 8a (Td), 16d (Oh), and 32e
(oxygen) Wyckoff sites. These sites contribute to the

F2g ? F1u, A2u ? Eu ? F2u ? 2F1u, and A1g ? Eg ?

2F2g ? F1g ? A2u ? Eu ? F2u ? 2F1u modes of the-
oretical vibrational representation. From these modes,

the A1g, F2g (triply degenerate), and Eg (doubly

degenerate) are active in Raman spectra while four
F1u (triply degenerate) are IR active and one remain-

ing F1u is acoustic mode, and, therefore, cannot be
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Fig. 4 Histograms
obtained from the BF mode
of the TEM images. Size
distribution was fitted using
the log-normal distribution
function with its maxima
belonging to the median
diameter of the particles,
dTEM

Fig. 5 The SAED image of the DZ 300 sample. The solid lines
mark the corresponding reflections of the spinel structure
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observed in the IR spectra. The rest of modes are both
Raman (F1g) and IR (2A2u, 2Eu, and 2F2u) inactive

modes. It was concluded from the theoretical predic-

tion of the selection rules that Raman spectra of the
pure cubic spinel consist of five fundamental bands

(A1g ? Eg ? 3F2g). These narrow bands are located at

686, 604, 515, 452, and 196 cm-1 for the bulk
CoCr2O4 as was presented by Maczka et al. 2013.

The narrow bands were also observed in nanosized

(20–25 nm) CoCr2O4 in SiO2 matrix, but they were

slightly shifted to 684 cm-1 (A1g), 603 cm-1 (F2g(1)),
514 cm-1 (F2g(2)), 449 cm-1 (Eg), and 195 cm-1

(F2g(3)); for the spectra see Fig. 8. The four F1u bands

active in the IR spectra were found at 630, 530, 380,
and 190 cm-1 in the bulk sample (Preudhomme and

Tarte 1971a, b) and at 627 cm-1 (F1u(1)), 532 cm-1

(F1u(2)), 373 cm-1 (F1u(3)), and 197 cm-1 (F1u(4)) in
nanosized CoCr2O4/SiO2.

The Raman spectra of all samples contain five

theoretically expected bands, but they are broader than
those observed for bulk material (depicted in Fig. 9).

Additional narrow (sharp) band located at 496 cm-1

was observed in Raman spectra of the DZ 300 and DZ
350 samples. The position of the bands (predicted by

theory) for mentioned samples and their interpretation

are summarized in Table 5. The higher number of
bands in the Raman spectra than was theoretically

predicted can be explained using several ways. The

presence of impurity phase can produce the additional
Raman active band, however, all samples were found

out to be nearly single phase, only the DZ 350 sample

contained a small amount of Cr2O3, below the
detection limit of Raman spectroscopy (band positions

of Cr2O3 are 616, 554, 529, 352, and 295 cm-1). The

Fig. 6 The HRTEM (a) and SAED b images of the DZ 300 sample

Table 3 Assignments of the SAED image of the DZ 300
sample. The dhkl_exp corresponds to the experimental values,
and dhkl_st corresponds to the standard values (card No. JCPDF
22-1084) of the interplanar distance values

hkl (1 1 1) (2 2 0) (3 1 1) (4 0 0) (5 1 1)

dhkl_exp (Å) 4.852 2.930 2.503 2.122 1.609

dhkl_st (Å) 4.840 2.947 2.512 2.084 1.603

Fig. 7 TG analysis of the samples

Table 4 Results from TG analysis of the samples

Sample Weight loss (mass %) Organic content
(mass %)

DZ 300 5.96 2.04

DZ 350 4.30 1.74

DZ 400 3.09 1.00

DZ 450 3.00 0.98
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one additional Raman band in the spectra cannot be
also elucidated by the potential lowering of the cubic

Oh symmetry to tetragonal D4h symmetry caused by

the Jahn–Teller effect. The observed lowering of
symmetry to the tetragonal one is connected mainly

with the bands of F1u(1) and F1u(2) in IR spectrum and

F2g(2) and F2g(3) in Raman spectrum, as has been
observed in the copper chromite (Khassin et al. 2009).

However, this splitting is not observed in our spectra.

The most probable origin of presence of one additional
band in Raman spectra in the DZ 300 and DZ 350

samples can be the order–disorder effect (Da Rocha

and Thibaudeau 2003; De Sousa Meneses et al. 2006;
Laguna-Bercero et al. 2007; Maczka et al. 2013). The

normal II–III, fully inverted, and partially inversed

spinel structure belong to the same space group, and
the same selection rules for vibrational spectra are

applied. The fully (ideal) inverted spinel contains half

of MIII ions in the Td-sites and remaining half of MIII

ions and all MII ions in the Oh-sites. The described

cation redistribution can lead to the shift of the Raman

bands. The band assigned to the Eg symmetry is

located at 484 cm-1 in spectra of the DZ 300 and DZ
350 samples, while it is shifted to 458 and 454 cm-1 in

the spectra of the DZ 400 and DZ 450 samples,

respectively. Both values of position of Eg symmetry
bands predicted by theoretical calculation are located

at 485 cm-1 (Kushwaha and Kushwaha 2007) and

454 cm-1 (Kushwaha 2009). The additional Raman
active band at 496 cm-1 can be attributed to the some

degree of cation redistribution within the spinel

network (Maczka et al. 2013). The change of intensity
of additional Raman band can be influenced by the

change of particle size. The decreasing particle size

can lead to higher inverse spinel configuration in
comparison with the bulk CoCr2O4 that crystallizes

predominantly in the normal spinel structure (Maczka

et al. 2013).
The MID infrared spectrum with two broad more or

less asymmetric bands with the centers approximately

at 620 and 520 cm-1 (Fig. 10), which are attributed to
the m1 and m2 vibrations, was obtained (for the detailed

assignment see Table 6). The broadness and asym-

metry of these bands essentially depend on the nature
of MIII cation and preparation conditions and do not

depend on the nature and mass of the MII cation
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Fig. 9 Raman spectra of the CoCr2O4 samples
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(Preudhomme and Tarte 1971a, b, Sickafus et al.
1999). The bands can be assigned to the lattice of

condensed octahedra. The m3 vibration seems to be

related to the complex vibration involving the partic-
ipation of both types of cations (Td and Oh). The last m4

vibration clearly depends on the mass of the MII cation

and can be assigned to the vibration involving a
displacement of the Td cation. Some studies of

isomorphic replacement of Td and Oh cations were

presented by Preudhomme and Tarte 1971a, b, Hos-
terman et al. 2013. It can be summarized that m1 and m2

vibrations are never split, m3 is split and shifted in the

case of Oh cation replacement and only shifted in the
case of Td cation replacement, and m4 is split and

shifted in the case of Td cation replacement and no
significant changes were observed in the case of Oh

cation replacement. The very fine structure of these

bands (m1 and m2) is not so sharp in the IR spectra of our
samples, which is probably due to the nanosized

dimension. The nanosized dimension of the samples

leads to the broadness of the bands of the m3 and m4

vibrations in the FAR IR region. Therefore, it is not

possible to make conclusions about the presence of

partial Td cation replacement observed in the IR
spectra and it is not possible to confirm the effect

observed in the Raman spectra of the DZ 300 and DZ

350 samples.

Magnetic properties

Magnetic behavior of the sample series was investi-

gated by means of ZFC and FC magnetization

recorded in moderate external magnetic field, magne-
tization isotherms at selected temperatures, and

frequency-dependent a.c. magnetic susceptibility.

The temperature dependencies of the ZFC–FC
magnetization are shown in Fig. 11. A furcation of

the ZFC and FC curves (denoted as Tf) followed by a

maximum on the ZFC curve on cooling (Tmax) can be

observed in all samples; both the Tf and Tmax shift to

lower temperatures with decreasing particle size as
depicted in Fig. 12. Figure 13 shows the temperature

dependencies of the inverse ZFC and FC

Table 5 Interpretation of the CoCr2O4 Raman spectra

Raman shift (cm-1)

DZ 300 DZ 350 DZ 400 DZ 450 Assignment Symmetry

190 190 190 186 d (O–Co–O) F2g(3)

484 484 458 454 ts Cr! Oð Þ; tSðCo! OÞ Eg

534 534 523 519 t Cr! Oð Þ F2g(2)

631 631 628 622 ts Cr! Oð Þ F2g(1)

669 665 660 658 ts Cr! Oð Þ A1g

Fig. 10 The Infrared spectra of the CoCr2O4 samples using the
laser with the wavelength of 532 nm

Table 6 Interpretation of the CoCr2O4 IR spectra

Wavenumber (cm-1)

DZ
300

DZ
350

DZ
400

DZ
450

Assignment Symmetry

522 527 522 514 tðCr! OÞ F1u(2)

620 618 626 622 tasðCr! OÞ F1u(1)
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magnetization that follow a typical functional form:

v-1 = T/C ? 1/v0 - r/(T - hP), consisting of a
Curie–Weiss ferromagnetic term and a Curie para-

magnetic term. Such behavior has been already

reported for NPs of MnCr2O4 and other ferrimagnetic
spinels (Bhowmik 2006). The determination of the

constants C and r from this equation is problematic,

because they are coupled in the paramagnetic regime;
however, an estimation of the so-called asymptotic

Curie temperature, hP
a, can be obtained by extrapola-

tion of the 1/M data in the vicinity of the Tf, as shown
in Fig. 13. The closer to the bulk ordering temperature,

Tc, the better developed long-range ferrimagnetic

order; in other words, the increasing magnetic disorder
in NPs is manifested by the large difference between

the hP
a and Tc. According to the core–shell model of

ferrimagnetic NPs (Kodama et al. 1996), the disorder
is usually associated with the increasing contribution

of shell surface spins while the long-range ferrimag-
netic order is related to core spins. In our samples, the

hP
a shifts to significantly lower values with decreasing

particle size, as shown in Fig. 12, suggesting sub-
stantial of spin disorder.

The first order derivatives of the ZFC and FC curves

are presented in Fig. 14. The minimum for the ZFC
becomes broad and less pronounced for NPs with

decreasing size, which is related to the above-

mentioned disorder effects in NP samples. This is
implied by the fact that the sample is magnetically

more ordered in the FC state than the ZFC state. The

first-order derivative does not show additional sharp
extremes, indicating that the noncollinear spin

configuration below the Ts and Tlock-in lacks or

weakens in the NPs. The difference between the
ZFC and FC magnetizations, shown in Fig. 14,

corroborates the gradual increase of the spin disorder

with decreasing particle size. Except the Tf-related
anomaly and a single inflex point at about 30–60 K

present in all samples, the DZ 450 sample shows a

shallow minimum around 20 K suggesting presence of
the bulk-like order-to-order magnetic phase transi-

tions. Shift of the ZFC minimum of NP samples to
higher temperature indicates the increase of the

ordering temperature with the increasing particle size,

which is a trend opposite to that observed for the
MnCr2O4 NPs (Bhowmik 2006), but corresponds to

Fig. 11 Temperature
dependencies of the zero-
field-cooled (ZFC) and
field-cooled (FC)
magnetization, M of the DZ
300, DZ 350, DZ 400, and
DZ 450 samples (measured
at external magnetic field,
l0H = 0.01 T). The arrows
mark the position of the
ZFC–FC furcation (Tf) and
the maximum on the ZFC
(Tmax)
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Fig. 12 The dependence of the furcation temperature, Tf;
temperature of the ZFC maxima, Tmax; and the Curie
temperature, hP

a, on the particle diameter determined using
PXRD, dPXRD
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the evolution of the spin disorder with the particle size.

As reported previously (Dutta et al. 2009; Rath et al.

2011), the particles with size about 40 nm exhibit
magnetic properties very similar to the bulk CoCr2O4

compound with the ordering temperature of about
85 K represented by a dominant maximum on the ZFC

magnetization. Additional magnetic phase transitions

related to the Ts and also Tlock-in temperatures can be
observed either on the a.c. susceptibility (Dutta et al.

2009) or specific heat (Rath et al. 2011). Nevertheless,

the considerable size distribution of the NPs reported
in (Dutta et al. 2009, Rath et al. 2011) causes minor

variations in the Ts and Tlock-in resulting in less-

pronounced anomalies in contrast to sharp peaks
observed on single crystals or polycrystalline samples

of CoCr2O4. On the other hand, the particles in our

study exhibit a relatively narrow size distribution and
the size converges to the typical correlation length of

the spiral component in the ground state of the

magnetic structure [*3.1 nm (Tomiyasu et al.
2004)]. Hence, a significant suppression of the long-

range magnetic order, at least at the ground state

magnetic phase, is expected.
The typical magnetization isotherms of the samples

with the border particle sizes (DZ 300 and DZ 450) are

shown in Figs. 15 and 16. The magnetization curves
carried out above the Tf show linear dependence on the

applied field without hysteresis as is generally
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characteristic for paramagnetic phases. Those mea-
sured at 2 K show moderate hysteresis of *0.2 T,

which is about two orders larger than that reported for

a single crystal (Tomiyasu et al. 2004), but comparable
to the coercivity, Hc, of the polycrystalline sample

(shown for comparison in Fig. 15). The enhancement

of the Hc can be usually observed in nonstoichiometric
samples or in samples containing a small amount of

antiferromagnetic phases like CoO or Cr2O3 (not

detectable by PXRD) in contact with the NPs, which
can be involved in the exchange-bias phenomena

(EB). Inspecting carefully both the positive and

negative values of the Hc after FC (not shown), a
clear shift of the hysteresis loop to the negative fields

occurs, which supports the role of the EB in the Hc

enhancement. The values of the EB field [defined as:
HEB = (Hc

? - Hc
-)/2] are 0.140, 0.055, and 0.025 T

for the DZ 450, DZ 300, and reference samples,

respectively. Nevertheless, the magnetization does not
saturate even in the field of 7 T suggesting that the

fraction of the ordered sample is rather low and thus

the EB is a matter of a minor sample volume. The
overall lack of saturation can be attributed either to the

surface spin disorder (Kodama et al. 1997), or it can be

rather explained by the formation of the glassy-like
state. With increasing temperature to the Tf, the

magnetization isotherms of the DZ 300 sample show

monotonous decrease of both the Hc and remanence,
while those of the DZ 450 sample exhibit a sudden

increase of the remanence at about 50 K suggesting
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Fig. 16 Details of the magnetization isotherms of the DZ 300 and
DZ 450 samples. For the DZ 300 sample, the curves are measured
at selected temperatures below the Tf. For the DZ 450 sample, the
curves are recorded at the temperatures corresponding to the

ground state (10 K), ferrimagnetic (50 K), and paramagnetic
(100 K) phase in the bulk CoCr2O4. The arrows indicate branches
of the curves with hysteresis corresponding to the increasing/
decreasing applied magnetic field
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Fig. 17 Temperature dependence of the real part of the a.c.
magnetic susceptibility, v0 recorded in the frequencies: 0.1, 1,
10, 102, and 103 Hz; the maxima exhibit a moderate shift to
higher temperatures with the increasing frequency
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transition to a different magnetic phase as observed in
the bulk sample.

The temperature dependencies of the real part of the

a.c. susceptibility of the DZ 350, DZ 400, and DZ 450
samples are shown in Fig. 17. The curves show a

single maxima for each frequency (f), which shift to

higher temperatures with increasing f, as expected. In
order to classify the nature of the relaxation processes

in the samples, a simple estimation of the relative shift

of the maximum temperature per frequency decade
was performed (Goya et al. 2003). The corresponding

parameter, U, is defined as DT*(T*log10f)-1, where T*

is the temperature of the susceptibility maximum at
given frequency, f. The U values decrease with the

increasing particle size as 0.023, 0.012, and 0.003 for

the DZ 350, DZ 400, and DZ 450 samples, respec-
tively. Typically, the U values about 0.02–0.05

suggest formation of concentrated spin-glass (SG) or

cluster-glass (CG) states, usually in the surface layer
(shell) of the NPs (Dormann et al. 1997; Li et al. 2003);

the U values in order of 0.001 are either characteristic

for canonical SG or ferromagnetic CG compounds
(Nishioka et al. 2000) or suggest formation of rather

well-ordered magnetic phase. Considering the previ-

ously discussed results of the magnetization measure-
ments, the a.c. susceptibility study corroborates the

proposed increase of the spin disorder in NPs with

decreasing particle size, leading to suppression of the
long-range ferrimagnetic order.

Conclusions

The hydrothermal method in oleic acid–sodium ole-
ate–water–ethanol was successfully used for the

preparation of well-crystalline cobalt chromite NPs

with the size ranging from 4.4 to 11.5 nm, yielding the
as-prepared NPs capped by the oleic acid. The

mechanism of the NP formation in the oleic acid–

sodium oleate–water system was also proposed. The
water and organic content was determined using the

TGA; the as-prepared particles contain about 2 % of
the organic phase. It was found that the particles size

increases with the increasing annealing temperature,

as expected, and the size distribution, determined from
the TEM analysis, is relatively narrow. The Raman

and FTIR spectroscopy studies confirmed presence of

inverse spinel structure; however, additional bands
related to disorder were also observed.

Finally, magnetic properties of the samples were
investigated and related to the particle size. Typical

features of glassy-like state become more pronounced

with the decreasing particle size, as it is evidenced by
the temperature and in-field dependence of magneti-

zation and frequency-dependent a.c. susceptibility.

The shift of the ZFC–FC furcation point (Tf) and the
maxima on the ZFC curve (Tmax) toward lower

temperatures with the decreasing particle size are

attributed to continuous increase of the spin disorder.
While the ferrimagnetic order still dominates in the

largest particles, it almost collapses in the sample with

the least particle size close to the coherence length of
the spin wave in the ground state magnetic structure.

As the magneto-electric coupling in the bulk CoCr2O4

is believed to be conditioned by formation of the spiral
magnetic phase, a study of dielectric properties with

respect to the particle size is of high demand to clear

up the scenario of multiferroicity in the CoCr2O4 and
related compounds.
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