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ABSTRACT 

In this thesis different magnetic nanoparticle systems have been investigated 

with the objective of finding materials most suited to self-controlled hyperthermia 

applications. This requires materials with Curie temperature close to the therapeutic 

limit of 42 - 47 °C together with large heat dissipation in RF magnetic fields. These 

two objectives are usually difficult to achieve in a given system. Therefore three 

different approaches have been used to address the problem; these include tuning 

exchange interactions, modifying magnetic anisotropy and reducing dipolar 

interactions between magnetic nanoparticles. 

Different nanoparticle systems viz. La1-xSrxMnO3 and mixed phase composites 

based on SrFe12O19 and MgFe2O4 and ZrO2 have been investigated in this context. In 

case of the strontium doped lanthanum manganite La1-xSrxMnO3 nanoparticle system, 

the exchange interactions and thereby the magnetic properties have been tuned by 

varying the Sr content x in the range 0.15 - 0.45. It was found that both magnetic and 

thermomagnetic behaviors are governed by the strontium content x. The saturation 

magnetization, coercivity and SAR vary non-monotonically with x. The measured SAR 

was found to be in close agreement with theoretically determined values obtained 

using the linear response theory (LRT). 

In the second approach using this system, the effect of particle size on 

magnetic anisotropy of La1-xSrxMnO3 with x lying in the range of 0.20 ≤ x ≤ 0.45 has 

been investigated. Magnetic properties such as saturation magnetization and Curie 

temperature were found to increase with the increase in particle size for each 

concentration. The measured SAR is maximum for particles lying in the range 25 – 30 

nm for all values of x. Good agreement was found between the experimental and 

theoretically determined values of the SAR for samples lying in the single domain 

regime and having the largest anisotropy energies. It was therefore concluded that the 

effective anisotropy is the key parameter determining the SAR of in La1-xSrxMnO3 

nanoparticles. Also, the LRT can be successfully used to calculate the SAR of these 

nanoparticles, provided they possess large enough effective anisotropies.  
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Mixed phase composites based on magnetically hard SrFe12O19 and soft 

MgFe2O4 have been investigated by varying the weight percentage of the constituent 

phases whereby ZrO2 was used as a non-magnetic component. Room temperature 

magnetization measurements of the samples show significant variation in saturation 

magnetization, coercivity and remanence depending on the amount of the highly 

anisotropic Sr-hexaferrite phase. The composite samples show significant 

magnetothermia effect as opposed to pure SrFe12O19 in which no heating could be 

observed. This is due to the remarkable softening in the magnetic behaviour of pure 

SrFe12O19 upon addition of small amounts of the soft-magnetic MgFe2O4 and the non-

magnetic ZrO2, making these composites suitable for magnetic hyperthermia. 

The effect of reducing dipolar interactions on the SAR was investigated in 

MgFe2O4 and ZrO2 composite nanoparticles with different weight percentages of 

ZrO2. The objective of introducing ZrO2, a biocompatible ceramic, was to prevent 

MgFe2O4 nanoparticles from aggregation and to reduce interparticle magnetic dipolar 

interactions in order to enhance the specific absorption rate (SAR). The blocking 

temperature and coercivity were significantly reduced in the composite samples by 

increasing the content of ZrO2 phase, indicating a decrease in interparticle 

interactions. This is an important finding from the point of view of biomedical 

applications, because ZrO2 in known to have low toxicity and high biocompatibility in 

comparison to that of ferrites. The reduced dipolar interactions were found to play a 

pivotal role in enhancing hyperthermia and we therefore, suggest the suitability of 

these composites as efficient mediators for magnetic hyperthermia. 
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1.1 Hyperthermia as Cancer Therapy 

Hyperthermia also called (thermal therapy or thermotherapy) is a type of 

cancer treatment in which tumor tissue is exposed to temperatures up to 47°C, in 

order to damage and kill cancer cells [1]. This approach in cancer therapy appears to 

be promising, because tumor tissue is more sensitive to heat than healthy tissue. The 

reason is the damaged nervous and vascular system in the tumor which leads to poor 

thermoregulation as compared to healthy tissue. In many forms of hyperthermia, the 

heat can be applied locally and this allows for minimal side effects as compared to 

conventional forms of cancer treatments such as radio- and chemotherapies, which are 

non-local and non-selective. 

Hyperthermia can be categorized into two different types depending upon the 

degree of temperature rise. Thermo ablation which is performed in the temperature 

range 47°C - 56°C leads to destruction of tumors by direct cell necrosis, coagulation 

or carbonization [2,3]. Moderate hyperthermia traditionally known as hyperthermia 

treatment is performed between 41°C and 47°C. This temperature range disturbs the 

function of many structural and enzymatic proteins that affect cell growth and 

differentiation, finally leading to apoptosis or programmed cell death. 

1.2 Magnetism in Fine Particles 

In bulk materials, intrinsic magnetic properties such as saturation 

magnetization, coercivity and Curie temperature depend only upon the chemical and 

crystallographic structure. The size and shape of bulk systems have no effect on these 

properties and the volume anisotropy is mainly determined by the magnetocrystalline 

anisotropy. Magnetic properties of nanoscale magnetic materials have a strong 

dependence on the two well-known effects known as finite size and surface effect 

[4,5]. Single domain limit and superparamagnetic limit are the two most well-known 

finite size effects in nanoparticles, whereas surface effects are due to symmetry 

breaking at the surface of each nanoparticle. 
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1.2.1 Finite Size Effects 

Finite size effects can be many, such as the quantum confinement of electrons 

which affects their density of states and hence the optical and electronic properties of 

materials. In the context of magnetism, reducing the size of a magnetic nanoparticle 

leads to the formation of (i) the single-domain state and (ii) the superparamagnetic 

state. These two size effects are discussed briefly in the following. 

1.2.1.1 Single domain state 

A single domain particle is uniformly magnetized with all its spins aligned 

parallel to each other. There are no domain walls and the magnetization is reversed by 

coherent or incoherent rotation of spins. Most often magnetization reversal takes place 

through coherent rotation of atomic spins, but magnetization can also be reversed 

through other incoherent reversal modes such as fanning and curling, etc. [6]. 

Coherent reversal occurs in small particles. Since magnetization rotation is 

energetically more expensive in comparison to domain wall motion, single domain 

particles have larger coercivity as compared to multidomain particles. If the magnetic 

field is applied perpendicular to the easy axis of a single domain particle, 

magnetization reversal occurs by coherent rotation of spins resulting in zero 

coercivity as shown in figure 1.1a). When the magnetic field is applied parallel to the 

easy axis, magnetization reverses by abrupt switching of the magnetic moment over 

the anisotropy energy barrier. In this case the coercivity can ideally be equal to its 

maximum value, which is the anisotropy field      
  

     
, where K is the 

anisotropy constant and MS is the saturation magnetization. In real particle systems, 

the distribution of particle sizes and easy axes leads to hysteresis curves which lie 

between these two limiting cases as shown in figure 1.1b). 
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Figure 1.1 (a) Hysteresis loop of a single domain particle with the field applied 

parallel and perpendicular to the easy axis (assuming uniaxial 

anisotropy) (b) Hysteresis loop for an assembly of non-interacting and 

randomly oriented single domain particles [13].  

A further source of high coercivity in a system of nanoparticles is shape 

anisotropy. Deviation from spherical shape has dramatic effects on the coercivity and 

this becomes more pronounced for single-domain particles. It is to be remembered 

that for spherical, non-interacting particles one can estimate easily the critical 

diameter, the size below which a particle remains in single domain state. However, it 

becomes more complicated for particles with large shape anisotropy and / or 

interparticle interactions [7,8]. 

1.2.1.2 Superparamagnetism 

The second important finite size effect which is observed in magnetic 

nanoparticles is superparamagnetism. Consider a well isolated ferromagnetic single 

domain particle below its Curie temperature TC. All the individual spins are coupled 

together by exchange interactions and so give rise to a large net magnetic moment 

when the temperature lies below TC. This moment is tightly bound to the particle by 

its anisotropy, which for the sake of simplicity, is assumed to be uniaxial. The 

anisotropy energy of the particle is given by  ( )           
  , where   is the 

particle volume,      is an effective anisotropy constant and   is the angle between 

magnetization and the easy axis. The term        is in fact an energy barrier that 

(a) (b) 
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separates the two energetically equivalent easy directions of magnetization. This 

energy barrier decreases with decreasing particle size as shown in figure 1.2. When it 

becomes comparable to or smaller than the available thermal energy     , the 

magnetic moment becomes thermally unstable if measured at time scales which are 

larger than the relaxation time  of the magnetic moment over this energy barrier. 

This phenomenon of superparamagnetism manifests itself as zero coercivity and 

remanence in the absence of an applied magnetic field, just as is the case for 

paramagnets. For a super paramagnetic system, magnetization data take at different 

temperatures overlap when plotted as a function of    ⁄   [6]. The underlying reason is 

that at high enough temperatures the relaxation time of the particles becomes 

sufficiently small to allow the magnetization of an assembly of particles to come into 

equilibrium in a time that is short compared with that of the experiment [9] and 

superparamagnetic behavior is observed. On the other hand at low enough 

temperatures the particles have sufficiently large relaxation time to allow the 

magnetization to come into thermal equilibrium with the applied field during the time 

required for the measurement giving rise to hysteresis behaviour. 

 

Figure 1.2 (a) Schematic representation of the reduction of anisotropy energy 

barrier with decreasing particle size. (b) Reduction of the energy 

barrier when the applied is parallel or antiparallel to the easy axis. 

In contrast to paramagnets, the moment of a superparamagnetic particle can be 

thousands of Bohr magnetons large and is given by      . This is because of the 

exchange coupling of spins into a superspin for the nanoparticle as a whole. That is 
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why this phenomenon is termed superparamagnetism [7,8]. Figure 1.3 shows the 

M(H) behavior of a superparamagnet as well as that of a paramagnet for comparison. 

 

Figure 1.3 M(H) behavior  of superparamagnetic and paramagnetic nanoparticles. 

Superparamagnetism depends on the timescale of measurement due to the 

stochastic nature of the thermal energy. The probability per unit time of the magnetic 

moment jumping over the anisotropy energy barrier is given by         (
      

   
), 

where o is an attempt frequency. The reciprocal of this equation is the relaxation 

time given by the Néel-Brown expression         (
     

   
) with o  10

-9
 s [7,8]. 

The relaxation time   therefore increases as the sample temperature decreases. 

The system appears to be static or blocked for times much longer than the measuring 

time taken by a particular laboratory instrument. 

The typical time taken  for a single measurement in a magnetometer is of the 

order of milliseconds. If we take the relaxation time to be much longer such as 

     with        , then the blocking temperature is given 

by    (          (    )⁄⁄ ) [10]. Below this blocking temperature every particle 

will be blocked in one of its two minima, giving a ferromagnetic response. Above TB 

the particles appear to be superparamagnetic because             . The 

temperature which separates the blocked and the superparamagnetic regime is called 

the blocking temperature    and can be calculated using the time window of the 
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measurement. For example, using          and       
    one obtains the 

relation for superparamagnetic size as      
       

    
. The particle with size smaller 

than this will behave like a superparamagnet on an experimental timescale of 0.1 s.  

The anisotropy energy barrier can also be modified by an applied field. If the 

applied field is   and the experimental timescale is 100 s, then 

         (  
   
  

)
 

 1.1 

It can be seen that a new and lower value of blocking temperature     can be 

obtained at finite  . The applied field reduces the height of the anisotropy energy 

barrier   ,  so that superparamagnetism sets in at lower temperatures  Solving 

equation (1.1) for  , the coercivity of small single domain particles with sizes lying 

just above the superparamagnetic  limit can be obtained and is given by, 

     
  

  
[  (

     

  
)

 
 ⁄

] 1.2 

The term     
⁄   gives the coercivity at    . This equation of coercivity 

can also be written in terms of the particle diameter  ,               ⁄  and      , 

therefore one gets  

     
  

  
[  (

   
 
)

 
 ⁄

] 1.3 

where     is the superparamagnetic particle size. The temperature dependence 

of coercivity can also be obtained from equation (1.2) by using     
  

    
 , as given 

below 

     
  

  
[  (

 

  
)

 
 ⁄

] 1.4 
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Thermal demagnetization measurements in the Zero field cooled (ZFC) mode and 

field cooled (FC) mode can be used to find the blocking temperature   . 

The size dependence of coercivity within the single domain regime is clear 

from equation 1.3 and is illustrated in the figure 1.5. In the multi domain regime as 

the particle size increases coercivity decreases and varies with the particle diameter   

as,       
 

 
 where   and   are constants. The underlying reason for the reduction 

of coercivity in this region is that magnetization is reversed by the relatively easy 

mechanism of domain wall motion only. The maximum coercivity occurs for the 

single domain particles close to the transition    of single domain to multidomain. 

However, in the single domain regime coercivity decreases with decreasing particle 

size due to thermal effects over the anisotropy energy barriers and varies with the 

particle diameter   as,       
 

  
 where   and   are constants. Reducing further 

particle size in the single domain region superparamagnetic size    is reached with 

     [11]. 

 

Figure 1.4 Schematic illustration of the dependence of coercivity on particle 

diameter (MD stands for multi domain, SD for single domain and SP 

for superparamagnetic) adopted from [11] 
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1.2.2 Surface Effects 

In fine particle systems, a large number of atoms lie on the surface of the 

nanoparticles and therefore surface and interface effects become much more 

pronounced than in bulk materials [5]. Due to this large surface to volume ratio, the 

role of surface spins becomes significant in determining the magnetic properties of the 

system. 

1.2.2.1  Surface Effects without Coating 

The usual surface effect in magnetic nanoparticles is their reduced 

magnetization in comparison to the corresponding bulk values. This reduction in 

magnetization is due to different sources, such as the existence of a magnetically dead 

layer on the particle‘s surface, spins canting, or spin glass like behavior of the surface 

spins. 

The second important surface effect is an enhancement of magnetic anisotropy 

with decreasing particle size. This anisotropy value can be greater than the value 

obtained from other sources such as magnetocrystalline and shape anisotropies and it 

is  due to the tendency of the surface spins to align themselves parallel to the particle 

surface so as to reduce dipolar fields; hence the term  ‗surface anisotropy‘. Consider 

for example the case of a spherical particle as a simple approximation. The anisotropy 

energy contribution comes from the bulk and from the surface such as         

 
 

 
   , where    and    are the bulk and surface anisotropy energy constants, 

respectively [12].  

1.2.2.2 Surface Effects with Magnetic Coating 

Coating a magnetic nanoparticle with another magnetic or even non-magnetic 

material can have interesting effects on its properties. An example of this is the 

phenomenon of exchange bias at ferromagnetic-antiferromagnetic interface. Another 

interesting  example of magnetic surface coating is a bimagnetic core–shell structure,  

in which both the core and the shell are magnetic (e.g. FePt/CoFe2O4) [13]. 
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1.3 Biomedical Applications of Magnetic Nanoparticles: 

Magnetic nanoparticles  are being intensively researched for biomedical 

applications such as targeted drug delivery, hyperthermia treatment  of cancer and 

magnetic resonance imaging (MRI)  [2,14].  There are three basic reasons for which 

magnetic nanoparticles are useful in  biomedical applications [15]. First, the size of 

magnetic nanoparticles can be controlled between a few nanometers and hundreds of 

nanometers. These dimensions are smaller than or comparable in size to most 

biological entities such as cells (10-100μm) or a gene (2nm wide and 10 -100 nm 

long). Therefore they can get close to the cell or gene and can be functionalized with 

biomolecules in order to make them interact or bind with a biological entity. 

Second, magnetic nanoparticles can be influenced by an external magnetic 

field gradient and can be used as a carrier to deliver the required dosage of drugs to a 

targeted region of the body such as a tumor. Third, magnetic nanoparticles can absorb 

magnetic field energy and convert it into thermal energy through various loss 

mechanisms. This energy can be used for hyperthermia therapy. 

1.3.1 Magnetic Hyperthermia 

Magnetic hyperthermia refers to the heating of a substance, e.g. body tissue 

using magnetic materials. In hyperthermia treatment of cancer,  a magnetic material is 

introduced into the tumor to be treated and subjected to an oscillating magnetic field 

which causes the material to generate heat due to different  magnetic loss mechanisms 

which will be discussed below [16]. 

Gilchrist et al. [17] for the first time suggested the use of magnetic materials in 

hyperthermia in 1957. Ferromagnetic rods or thermoseeds were the first interstitial 

macroscopic mediators used in magnetic hyperthermia. These were surgically inserted 

into tumor to be treated. With the advent of nanotechnology, rapid developments in 

magnetic nanoparticle synthesis provided the opportunity of using them in magnetic 

hyperthermia.  In 1999 Jorden et al. [18] introduced the concept of magnetic fluid 

hyperthermia (MFH). In magnetic fluid hyperthermia, a fluid which is a stable 
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colloidal dispersion of magnetic nanoparticles is injected directly into a tumor which 

is then exposed to RF magnetic fields of suitable amplitude and frequency. 

In magnetic fluids, magnetic nanoparticles are generally dispersed in water or 

a hydrocarbon, and produce heat when these fluids are placed in an AC field having 

frequencies similar to FM radio signals (i.e. of the order of  0.1 – 1 MHz). They 

generate heat due to magnetic loss mechanisms such as hysteresis losses and 

relaxational losses. The latter are subdivided into Néel or Brownian losses depending 

upon the size of the nanoparticles. All these losses generate heat which can be used to 

destroy cancerous cells. 

Magnetic fluid hyperthermia prevents unnecessary heating in healthy tissues 

unlike laser, microwave, and ultrasound induced hyperthermia, because only the 

magnetic nanoparticles absorb energy from the field which is then converted into 

heat. Different types of magnetic materials are used for hyperthermia treatment such 

as ferromagnetic or ferrimagnetic (FM) single domain or multi-domain particles and 

superparamagnetic (SPM) particles. The latter are preferred because they do not 

agglomerate upon removal of the external field, and so are easier to remove from the 

system. The heat generating mechanisms associated with each type are quite different 

and therefore different types of MNP‘s offer unique advantages and disadvantages [2, 

4].  

During the last 50 years, various magnetic materials and methods have been 

reported to treat cancer through magnetic hyperthermia.  It is well-established that this 

modality is one of the most important methods of secondary treatment and can be 

carried out as a supplement to radiotherapy and chemotherapy. However there 

remains the risk of local overheating or spot heating and damage to normal tissue is 

an important concern in applications. In order to overcome this problem a highly 

desirable form of hyperthermia is self-controlled hyperthermia. Self-controlled 

hyperthermia is possible only when magnetic nanoparticles have Curie temperatures 

TC that lie in the therapeutic temperature range (42C - 47C). The Curie temperature 

is the temperature at which ferromagnetic nanoparticles lose their spontaneous 

magnetization and become paramagnetic, and so unable to not convert 

electromagnetic energy into heat. Thus TC acts as a temperature controlling switch 
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and maintains a constant desired temperature in the tumor region. If TC can be tuned 

to lie in the therapeutic range, then the MNP‘s act as self-regulating heat switches and 

overheating and necrosis of healthy tissue can be avoided. Magnetic nanoparticles 

with Curie temperatures in the therapeutic range are therefore the most suitable agents 

of magnetic fluid hyperthermia. Some of the important parameters which influence 

the heating power of magnetic nanoparticles are listed below. 

i. MNP‘s should ideally be superparamagnetic at room temperature. 

Such particles heat via Néel relaxation only and also have zero 

coercivity and remanence. Therefore they do not aggregate after 

exposure to a magnetic field. Aggregated nanoparticles are difficult to 

remove from the body and can also cause potentially dangerous 

situations such as thrombosis of blood vessels. Therefore, 

superparamagnetic nanoparticles are considered to be good candidates 

for MFH. However their heating power can be quite low in comparison 

to ferromagnetic nanoparticles because of the low magnetic field 

susceptibility of superparamagnetic nanoparticles. Research is now 

being increasingly focused on ferromagnetic nanoparticles with high 

susceptibility but low coercivity, so that agglomeration can be 

minimized. Dipolar interactions responsible for agglomeration can be 

further reduced by increasing interparticle separation by coating them 

with suitable long-chained polymers.  

ii. Magnetic nanoparticles with spherical shapes are ideal for 

hyperthermia agents to prevent large shape anisotropies. The reason is 

the lower heating efficiency in case of very large anisotropy. 

iii. Magnetic nanoparticles should have a narrow size distribution, because 

in this case they will respond in a similar manner to the AC magnetic 

field. Also there will be a sharp transition to the paramagnetic state at 

TC. As a result they will have a higher pyromagnetic ratio (
  

  
)
 

; the 

rate which a magnetic material will magnetize or demagnetize once the 

temperature falls below or above the Curie temperature. In other words 

it gives the response time of a magnetic nanoparticle acting as a heat 
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switch. So the magnetic nanoparticles with higher pyromagnetic ratio 

will be better in the context of magnetic hyperthermia.   

iv. They should be biocompatible, biodegradable with medically 

acceptable levels of toxicity and form stable aqueous suspensions 

without any agglomeration.  

v. The synthesis should be simple and reproducible. This is because the 

magnetic properties of MNP‘s depend sensitively on the size and size 

distribution, which in turn are determined by the particular synthesis 

procedure. Moreover it is also known that hypoxic (poorly oxygenated) 

cancerous cells and euoxic (well oxygenated) cancerous cells respond 

differently to radiation therapy and hyperthermia. Hypoxic cells show 

more resistance to radiation than euoxic cells but are more responsive 

to thermal therapy than euoxic cells. Therefore in order to obtain the 

maximum efficiency in cancer treatment, it is better to combine these 

two modalities of cancer therapy. Clinical trials have also proved that 

the combination of radiation therapy and hyperthermia leads towards 

substantial therapeutic improvement[19].  

1.4 Magnetic Loss Mechanisms: 

 The main heating mechanisms in ferro- and ferrimagnetic nanoparticles are 

the hysteresis losses and relaxational losses due to Néel and Brownian relaxation 

[20,21]. 

1.4.1 Néel relaxation 

Néel relaxation occurs in single domain superparamagnetic particles and can 

be defined as the heat generated due to rotation of magnetic core spin within each 

particle, when AC field is applied.  

In this case, the magnetic moment of the core gains energy from an external 

applied AC field to overcome its anisotropy energy barrier     , where   is the 

anisotropy constant and   is the volume of the particle. The energy is dissipated in the 

form of heat when the particle magnetic moment relaxes back to its equilibrium 
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position, a process known as Néel relaxation. This phenomenon is illustrated in Fig. 

1.5 (a). The life time of Néel relaxation [22] is given by 

     ,
  
  

√𝜎
  𝜎   

     
                𝜎   

- 1.5 

where 𝜎            ⁄  is the ratio of the anisotropy energy       to thermal 

energy     and     is an attempt time of the order        [23],      is an effective 

anisotropy constant in (J/m
3
),    is the Boltzmann constant,    is the volume of the 

particle and   is the absolute temperature. The Néel relaxation time is very sensitive 

to the value of  𝜎 due the exponential dependence given in equation 1.5. 

1.4.2 Brownian relaxation  

The second type of loss mechanism responsible for heat generation in both 

single domain and multidomain nanoparticles is known as Brownian relaxation. It is 

the heat generated due to the magnetomechanical frictional force that the particle 

experiences when it is placed in a carrier fluid and exposed to an AC magnetic field. 

The AC field  exerts a torque on the magnetic moment causing the particle to rotate 

[24]. Friction between the rotating particle and the carrier fluid leads to heating. In 

this loss mechanism, the energy barrier is mainly determined by the hydrodynamic 

diameter of the particle and the viscosity of the carrier liquid. This relaxation effect is 

illustrated in figure 1.5 (b). The Brownian relaxation time is given by [24], 

    
    
   

 1.6 

Where   is the viscosity of the carrier fluid,    is the hydrodynamic volume of 

the particle,    is the Boltzmann‘s constant and   is the absolute temperature. 
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Figure 1.5 A schematic illustration of relaxational losses (a) Néel mode (only the 

magnetic moment rotates with the applied field H, (b) Brownian mode 

(the whole particle oscillates with the field H) 

However, if the particle is fixed such as when dispersed into a gel matrix, 

there will be no contribution from Brownian relaxation to the heating produced. But, 

if the particle is free to move in a carrier medium, both Néel and Brownian relaxation 

will contribute to particle heating. In this case the effective relaxation time is given by 

      
     
     

 1.7 

If       then         , relaxation occurs mainly through the Néel 

mechanism and the material shows intrinsic superparamagnetic behavior. However 

when       then         , the particles relax via the Brownian mechanism and 

the material shows extrinsic superparamagnetism. In other words, the dominant 

mechanism is the one having the shortest relaxation time [25]. In most polydisperse 

nanoparticles, both relaxation mechanisms coexist because of the size distribution 

present in the system. Néel relaxation dominates for particles less than 20 nm, 

whereas Brownian relaxation dominates for particles greater than 20 nm in case of 

low viscous carrier medium such as water, where the hydrodynamic volume is equal 

to the particle‘s core volume. 

a) b) 
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1.4.3 Hysteresis losses   

Hysteresis losses occur in large multidomain ferro- and ferrimagnetic 

particles. The  heat generated per unit time per unit volume of magnetic nanoparticles  

is given by the product of the applied frequency and area of the hysteresis loop [26] as 

given below. 

       ∮    1.8 

where    is the permeability of free space,   is the frequency of the applied 

field,   is the magnetization an   is the applied field strength. With application of a 

low external applied field to the multidomain particles the domains with nearly 

parallel orientations to the field direction grow in size at the expense of the 

neighboring non parallel oriented domains. By increasing the field furthers all the 

dipoles within domains point in the direction of the field and saturation is reached in 

one direction[27]. 

Rather, when a magnetic field is applied in the opposite direction, the 

magnetic dipoles within domains start aligning with the new field direction and 

saturation is reached in the opposite direction. These magnetization and 

demagnetization curves of the multi-domain particle do not coincide with alternating 

magnetic fields and give rise to hysteresis loop. The area of the hysteresis loop is 

proportional to the energy loss per unit volume of magnetic material and is known as 

hysteresis loss. 

However, according to Carrey et al. [28] the separation between the 

relaxational losses and hysteresis losses is not relevant and they argue that the losses 

in magnetic nanoparticles are essentially hysteresis losses and can be determined 

simply by the loop area.  

1.5 Magnetic hyperthermia problems and challenges: 

The current problems and challenges associated with magnetic hyperthermia 

are discussed in the following. 
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i. Appropriate application of magnetic nanoparticles to the tumor is still a 

practical challenge [29]. Current approaches used for particle 

administration give rise to inhomogeneous distribution of particles 

leading to the problem of controlling temperature from point to point 

during treatment of internal tumors. 

ii. The nanoparticles which are not functionalized with bioactive 

molecules such as antibodies or ligands are washed out from the tumor 

to the surrounding tissue, through blood flow in the vessels of the 

tumor tissue [30]. Therefore the magnetic nanoparticles should be 

properly coated with layers of organic polymers such as (PEG), or 

inorganic metallic (gold) or oxide surfaces (silica, alumina) allowing 

functionalization by attaching bioactive molecules particularly tumor 

specific antibody bindings. 

iii. Most magnetic nanoparticles are non-toxic only in low doses. Thus, 

considerable efforts are required to maximize their heating ability 

known as the specific absorption rate (SAR) thereby reducing the 

ferrofluid dosage in vivo. It is well known that the SAR depends on 

magnetic properties such as saturation magnetization, effective 

anisotropy, size and size-distribution of the particles as well as 

magnetic field parameters such as field strength and frequency  [28]. 

The material parameters need to be optimized in order to maximize the 

SAR.   

iv. Other challenges include reaching a therapeutic temperature within the 

tumor tissue, holding this temperature constant for the duration of the 

treatment and at the same time preventing overheating and spot-

heating. One way to overcome this problem is to exploit the 

temperature dependence of magnetization [31]. At the Curie 

temperature TC ferromagnetic materials lose their strong magnetic 

properties and become paramagnetic. So, by proper adjustment of TC in 

the therapeutic temperature range of 42 – 47 °C, one can selectively 

control heating in the tumor. In this way the nanoparticles will 

simultaneously behave as both heat mediators and temperature control 

switches. To get self-controlled magnetic hyperthermia, proper 
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adjustment of magnetization and coercivity is required to bring TC in 

the therapeutic range. The search of mediators for self-controlled 

hyperthermia is in progress and needs further improvement. A 

challenge here is that reducing TC also generally leads to reduction in 

magnetization and susceptibility. 

v. In practice it is very difficult to retain the MNP‘s in the target tissue 

and maintain the therapeutic temperature there. The underlying reason 

is the blood perfusion and the varying blood flow rates in tumors with 

permeable vasculatures which give rise to inhomogeneity of 

temperature within the tumor. The usual recommended size range for 

optimal tumor targeting is 10-100 nm. This is because the 

reticuloendothelial system (RES) sequesters particles with size greater 

than 200 nm thereby decreasing their blood circulation time and 

particles with size less than 10 nm are removed through extravasation 

and renal clearance. 

vi. There is no systematic study on monitoring of the temperature 

distribution in the tumor and surrounding tissue. Current approaches 

uses invasive thermometry in which thermo sensors are used to 

monitor temperatures at the target site and they are carried through 

catheters implanted surgically or hypodermically. There is great need 

to develop noninvasive methods for temperature monitoring at the 

target site. 

vii. Toxicity of the nanoparticles is a very important factor to be 

considered in hyperthermia studies. In order to reduce toxicity 

magnetic nanoparticles are usually coated. The nature of the coating, 

charge state and functionalization define particle biocompatibility, 

stability, biodistribution, opsonization, metabolism and clearance time. 

Coatings have also been shown to affect magnetic and heating 

properties of the MNP‘s mostly in an adverse manner[32]. 

viii. Biological tissue has high electrical conductivity and the possibility of 

producing eddy currents always exists, which will lead to non-selective 

heating of both cancer as well as normal tissue. Hence this eddy 

current heating must always be considered in optimizing the conditions 
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for hyperthermia. The frequency and strength of the applied field are 

also important factors. Permissible limits in which painful 

neuromuscular response is prevented are f = 50 kHz - 10 MHz and H = 

8-16 kA/m.  

1.6 Specific absorption rate (SAR) 

In order to quantify magnetic hyperthermia, it is crucial to accurately measure 

the specific absorption rate (SAR), defined as the power dissipated per gram of 

magnetic material in an AC magnetic field. When an AC field of frequency   and 

amplitude        is applied to an assembly of MNPs, the amount of heat released by 

the MNPs is simply equal to the area   of the hysteresis loop traced by them  during 

one cycle of the magnetic field and is given by [28]: 

   ∫   

     

     

 ( ) ( ) 1.9 

The power P dissipated by the MNPs can be calculated from the specific 

area   of the hysteresis loop measured at a frequency and field of the experiment, also 

known as (specific losses) are given by 

      1.10 

The specific absorption rate (SAR), which is the power dissipated per gram of 

magnetic material in an AC magnetic field is thus given by:  

 

         ⁄  1.11 

where    is the density of the sample.                   

The SAR is an increasing function of frequency   and field amplitude       , 

though there is also a frequency dependence of the loop area A on f as will be shown 

below. Therefore one may think of increasing the SAR by increasing these parameters. 

But humans cannot be exposed to very large values of amplitude and frequency of an 

applied magnetic field due to medical limitations and the biologically safe limit 

is                   ⁄  [33]. Therefore the only way to maximize the SAR is 
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to optimize the specific loop area   through tuning the properties of the MNP‘s such 

as saturation magnetization   , effective anisotropy     , volume  , and ultimately 

the magnetic interactions between MNPs. It is very challenging to evaluate   and 

hence the SAR as accurately as possible as a function of these parameters.  

The SAR varies with the size regimes of the MNP‘s.  In the multidomain 

region, magnetization reversal occurs by domain wall motion, giving rise to moderate 

heating and a cubic dependence of the SAR on the applied field amplitude       at 

low fields [34]. But in the single domain region, which is of more interest for 

hyperthermia, magnetization reversal occurs by thermal or field assisted flipping of 

the magnetic moment over the anisotropy energy barrier. The height of the anisotropy 

energy barrier depends on anisotropy constant anisotropy      and volume   of the 

MNP. These, together with the ambient temperature T determine the relaxation time  

of the MNP‘s as has been discussed in section 1.4.1. 

The calculation of the SAR basically involves an evaluation of the area of the 

hysteresis loop traced by the MNP‘s during an AC field cycle. Two different models 

having different domains of validity have been used for this purpose. These are the 

linear response theory (LRT) and the Stoner Wohlfarth (SW) model based theory [28]. 

These will be discussed in detail in the following sections. 

The SAR can also be determined experimentally by calorimetric measurements using 

the equation given below: 

       
  

  

 

      
 1.12 

Here   is the heat capacity of the sample,        is the mass of magnetic component 

in the sample, and (
  

  
)
   

 is the initial slope of the heating curve.  

1.6.1 Linear response theory (LRT) 

The linear response theory (LRT) is a model based on the Néel–Brown 

relaxation mechanism that assumes a linear response of the magnetic moment to the 

applied magnetic field. The LRT is therefore applicable when the amplitude of the 
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applied field is small in comparison to the saturation field of the MNPs. In this case, 

the MNP‘s always trace a minor hysteresis loop, which is an ellipse of area   and the 

power dissipated by the system or the SAR can be calculated as given in the following. 

 Consider a constant density system of unit volume and adiabatic process. The 

relation for the increase in internal energy (  ) during one field cycle  is given by 

[35]: 

          ∮    1.13 

If the magnetization   is lagging the applied field  , the integration gives rise to a 

positive result indicating the conversion of magnetic energy into internal energy of the 

system.  

The LRT assumes a linear response of the system to the magnetic field, so that 

magnetization can be written as, 

  ( )     ( ) 1.14 

It is convenient to express the magnetization in terms of the complex susceptibility    

as           , where   is the real part and     is the imaginary part of the complex 

AC susceptibility. For an applied field of the form, 

  ( )               [     
   ] 1.15 

the resultant magnetization can be obtained as, 

 
 ( )     [       

   ]

               
            

1.16 

Substituting equation 1.15 for    and equation 1.16 for    in equation 1.13, one gets 

 

          
    ∫         

   ⁄

 

 1.17 

It can be seen that only the out of phase component     plays a role in the AC 

losses; hence it is also termed as the ‗loss component‘. The SAR can be obtained by 

integrating equation 1.17 and multiplying the obtained result by the frequency   and 

dividing by the density ρ of the sample as given below: 
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        ⁄         
      ⁄  1.18 

Energy loss in a low-frequency field (    MHz) are mainly due to magnetic 

relaxation processes which are described by [24], 

 
  ( )

  
 
 

  
(  ( )   ( )) 1.19 

Here    is the relaxation time and   ( ) is the equilibrium magnetization in applied 

field and can be written as 

   ( )                [       
   ] 1.20 

where    is the equilibrium susceptibility. Substituting the complex representation of 

  ( ) and  ( ) in equation 1.19, one obtains the relation for the complex 

susceptibility, 

            
  

      
 1.21 

The in phase   and out of phase    components of the complex susceptibility are 

therefore 

     
  

  (   ) 
 1.22 

                      

      
     

  (   ) 
 1.23 

 Substituting equation 1.23 into equation 1.18, the SAR can be obtained as, 

     (       
    

   
  (   ) 

)  ⁄  1.24 

This equation gives the SAR for a monodispersed magnetic fluid by assuming constant 

equilibrium susceptibility   . But actually    is not constant and is field dependent. 

 

Recently Carrey et al. [28] have derived the equilibrium susceptibility    by 

introducing two dimensionless parameters 𝜎          ⁄  

and 𝜉              ⁄ . They investigated the evolution of magnetization as a 

function of 𝜉 for various values of 𝜎 . In case of weak anisotropy of MNP‘s ( 𝜎   ), 

the magnetization is given by      (𝜉), MS is the saturation magnetization and 

 (𝜉)      (𝜉)  
 

 
 is the widely used Langevin function which is applicable for 

MNP‘s having negligible anisotropy. In case of very large values of 𝜎, the 
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magnetization has the two possible minimum energy orientations in the energy 

landscape. Now consider the special case when the easy axis of MNP‘s are aligned in 

the field direction i.e.(   ), where   is the angle between the easy axis and the 

magnetic field. In this case, the magnetization is given by         (𝜉). Carrey et 

al. have plotted this function against 𝜉 for various values of 𝜎 and observed, that the 

magnetization curve follows the  (𝜉) function for small 𝜎 and the      (𝜉) function 

for large 𝜎. Similarly the function was also plotted for random orientation of the easy 

axes of the MNP‘s with respect to the field and they obtained the following two 

interesting results from these observations. 

(i) Magnetization varies linearly with the applied field only if 𝜉   . 

(ii) In case of random orientation the initial slope is independent of the 

anisotropy of MNP‘s and is similar to the slope of the Langevin function. 

In this latter case, the equilibrium susceptibility is given by, 

                  
      ⁄  1.25 

They also observed the dependence of the equilibrium susceptibility    on various 

values of 𝜎 and found that when 𝜎   ,     is given by equation 1.25, because the 

Langevin function is obeyed. But if 𝜎   , then the slope of the tanh function gives 

the equilibrium susceptibility of the aligned MNP‘s 

  

              
     ⁄                    (   ) 1.26 

They also obtained the equilibrium susceptibility relation for any value of 𝜎 from the 

fit of the equilibrium susceptibility as a function of 𝜎 using numerical calculations as, 

    (𝜎)     
 

  (
𝜎
   
)
                     (   ) 1.27 

                           

Substituting equations 1.25, 1.26 and 1.27 respectively in equation 1.24, the SAR can 

be obtained in either case as given below. 

For random orientation of MNP‘s or  (          𝜎   )  

     
   

     
   

    

    

   
  (   ) 

   ⁄  1.28 

 

For aligned MNP‘s,                𝜎    
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  (   ) 

   ⁄  1.29 

                                             

For aligned MNP‘s,           and any value of  

 

   

  
    

     
   

   

    

   
  (   ) 

(  
 

  (
𝜎
   )

    )  ⁄  
1.30 

It can be seen that the maximum SAR will be obtained in case of        

 

Validity criteria of linear response theory (LRT): 

 

(i) LRT is valid only if the value of the dimensionless parameter 𝜉 is small 

enough(𝜉   ). This condition is satisfied if the magnetization varies 

linearly with the applied field. 

(ii) LRT is applicable for MNP‘s whose anisotropy field     applied field. 

(iii) LRT is more suitable to interpret hyperthermia results on 

superparamagnetic nanoparticles because their saturation field is much 

larger than the fields used in hyperthermia. 

(iv) LRT is not suitable for ferromagnetic nanoparticles or for nanoparticles 

which are close to the transition from the superparamagnetic to 

ferromagnetic state, because the applied field may be close to their 

saturation field. 

 

1.6.2 Stoner-Wohlfarth model based theory (SWMBT) 

The classical Stoner–Wohlfarth (SW) model gives the general features of the 

magnetic properties of single domain magnetic nanoparticles. It ignores thermal 

effects and is valid only under certain conditions, viz.     or the frequency    . 

Using the SW model, the hysteresis loop area   can be calculated both for aligned and 

randomly oriented magnetic nanoparticles. In case of aligned particles with the field 

(   ) the hysteresis loop is approximately a square 
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                     (   )  1.31 

In this case the optimum area is given by 

                         (   )    1.32 

 

 In case of randomly oriented uniaxial magnetic nanoparticles, the loop area   

is given by [36], 

             1.33 

where    is the coercive field at     and    is the saturation magnetization. 

But both    and   vary with frequency and temperature [37,38]. Hence in case of 

finite frequency and taking thermal effects into account (    ), the hysteresis loop 

area can be written as, 

  (   )         (   )   1.34 

Garcia-Otero et al. [38] has derived an analytical expression for the coercivity by 

considering the effect of temperature on coercive field and is given by, 

                 *  (
   

     
(  

  
  
))

  ⁄

+ 1.35 

Here              ⁄  is the anisotropy field and    is the approximate 

measurement time. But the problem with this expression is that the coercive field 

depends on an undefined parameter    ; also the sweep rate of the magnetic field is 

not accounted for.  Usov et al. [39] proposed a novel dimensionless parameter   

which takes into account the sweeping rate. This parameter is given by 

   
   

     
  (

   

              
) 1.36 

By using this dimensionless parameter  , the coercive field for the random orientation 

case is given by, 

                 (  ( )
 ) 1.37 
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Where     and           . However when a magnetic field is applied to an 

assembly of magnetic nanoparticles, the field required obtaining saturation is 

approximately twice the coercive field, i.e.                   . But the applied 

field may not be able to switch all the magnetic nanoparticles in the assembly; hence 

one obtains the slightly bigger loop area. It is therefore better to assume a somewhat 

larger coercive field. Carrey et al. [28]  have calculated an optimum coercive field 

given by, 

        (         )        1.38 

By using this optimum coercive field, the optimum area of the loop is given by 

      (         )           1.39 

Validity criteria of SWMBT: 

SWMBT can only be used when 

(i) The dimensionless parameter      . In other words when the 

nanoparticles are in the ferromagnetic regime and not too close to the 

superparamagnetic-ferromagnetic transition.  

(ii) The hysteresis loop is a major hysteresis loop i.e. when the magnetic field 

is large enough to saturate magnetic nanoparticles. 

(iii)  The MNP‘s have low anisotropy values. 

Limitations of Stoner-Wohlfarth model: 

(i) The model assumes uniaxial anisotropy which holds for materials such as 

cobalt; however certain ferromagnetic transition metals such as iron and 

nickel possess cubic anisotropy. 

(ii) The model overestimates the coercive field.  
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Chapter 2 

2. Literature Review and Motivation 
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Magnetic nanoparticles are one of the most extensively investigated materials 

in the last few years for biomedical applications, especially for the treatment and 

diagnosis of diseases [40]. Magnetic nanoparticles are particularly promising in 

several biomedical applications, such as: (a) cellular therapy involving cell labeling 

and targeting [41] (b) tissue repair [42] (c) targeted drug delivery [43] (d) magnetic 

resonance imaging (MRI) [44] (e) hyperthermia  treatment of cancer [45,46]. 

Currently available methods of cancer treatment include surgery, 

chemotherapy, radiotherapy and hyperthermia using microwaves, ultrasound, focused 

ultrasound, RF capacitance, RF probes and magnetic fluids  [47,48]. Chemotherapy 

and radiotherapy are the two most commonly used  and effective cancer therapies, but 

they  are  associated with severe and often painful side effects  such as vomiting, 

nausea, increased susceptibility to infections, blood clotting problems, extreme 

fatigue, dysphoria, hair loss, skin infections as well as possible long-term side effects.   

The most serious issue with both these therapies is their largely non-selective nature, 

which causes simultaneous damage to both normal and abnormal tissues. Therefore 

hyperthermia treatments, by their very nature of being selective to varying degrees, 

appear to be a promising alternate approach to cancer therapy. 

The rapid and progressive development in the synthesis of magnetic 

nanoparticles has made it possible to use them as mediators of a type of hyperthermia 

treatment known as magnetic fluid hyperthermia. Magnetic fluid hyperthermia (MFH) 

is a better treatment modality in comparison to other hyperthermia modalities due to 

uniform heating and relatively good targeting of  deep seated tumors [47,48]. In this 

treatment, magnetic fluids which are stable dispersions of magnetic nanoparticles are 

administered to the target tissue and heat is generated when they are subjected to an 

external AC field [45]. In magnetic hyperthermia various magnetic materials are used, 

which are most commonly ferromagnetic transition metals or their alloys and 

ferrimagnetic metal oxides, e.g. Fe3O4, γ-Fe2O3, etc. Most often they are in the form 

of nanoparticles that may be single domain, multi-domain or superparamagnetic. Pure 

metals have the highest saturation magnetization, but problems such as surface 

oxidation and high toxicity restrict their use in biomedical applications without proper 

surface modification [49]. 
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On the other hand iron oxides such as Fe3O4 and γ-Fe2O3 are known to remain 

stable and are less sensitive to oxidation. These properties make iron oxides 

promising biomedical materials and they are frequently used for in vitro analysis for 

about 50 years. Superparamagnetic iron oxide nanoparticles are being extensively 

used as contrast enhancement agents in MRI. Recent studies also suggest iron oxides 

to be the attractive candidates for wider biomedical applications  due to their 

biocompatibility and easy functionalization with polymers such as dextran [50], 

polyethylene glycol (PEG) [51], polyvinyl alcohol (PVA) [52,53] etc. 

Besides these well-known and well investigated iron oxides and metals a 

variety of other complex magnetic oxides has been studied and gaining attention for 

hyperthermia applications. The underlying reasons include their poor electrical 

conductivity and composition dependent tunable magnetic properties. Poor electrical 

conductivity leads to negligible eddy current losses. These are undesirable because 

they can produce very high local heating leading to severe burning. Most of the well-

known hyperthermia agents are based on ferrites. 

Researchers have also attempted to develop core shell nanoparticles for 

hyperthermia applications. Core shell magnetic nanoparticles have a number of 

advantages over single-phase magnetic nanoparticles for hyperthermia based therapy. 

However it is to be noted that the shell is not necessarily to be non-magnetic, and 

magnetic shell materials can also be used to enhance hyperthermia. For example 

magnetic nanoparticles with a FeCo core and CoFe2O4 shell were investigated by 

Habib et al. for cancer therapy [54]. The CoFe2O4 shell prevents oxidation and helps 

in bio-functionalization of the MNP. These core shell structures are of importance 

because the magnetic anisotropy increases due to the interfacial anisotropy 

contribution, which greatly enhances the SAR at the reduced particle sizes. A 

maximum SAR of 450 W/g was obtained for FeCo-CoFe2O4 nanoparticles at the 

biocompatible fields, which is much larger than that reported for most oxide 

materials. 

Exchange coupled core-shell nanoparticles such as CoFe2O4@MnFe2O4, 

CoFe2O4@Fe3O4, MnFe2O4@CoFe2O4, Fe3O4@CoFe2O4, have also been investigated 

by Jinwoo Cheon et al. for hyperthermia [55]. The magnetically hard CoFe2O4 was 
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used as both a shell and a core in conjunction with other soft ferrites. When used as a 

core, reduced coercivity and enhanced magnetization were observed while the inverse 

effect was observed when it was used as a shell. These exchanged coupled ferrites 

were found to be efficient heat generators in AC fields and had much larger values of 

the SAR than the existing systems used for hyperthermia. 

From the foregoing discussion one sees that the most common approaches 

adopted to maximize the SAR have been (i)  to change the particle size, (ii) to  change 

the composition in case of single phase materials such as complex ferrites or (iii) to 

change the composition and dimensions of core and shell in case of core shell 

structures. But magnetic properties can also be tuned by changing the ratio of the 

different magnetic phases present in a magnetic composite. This has led to a new and 

entirely different approach of using multiphase composite materials for magnetic fluid 

hyperthermia. In this approach, magnetic properties such as coercivity, remanence 

and therefore the shape of the hysteresis loop are modified due to the combined 

contribution of different magnetic phases. Hence one can tune the magnetic properties 

to be suitable for magnetic hyperthermia by adjusting the ratio of the different phases 

present in the composites. In this connection SrFe12O19/-Fe2O3 composites have been 

investigated by Pollert et al. [56] and it was found that by adjusting the ratio of the 

respective magnetic phases, one could tune the properties to be suitable for magnetic 

fluid hyperthermia (MFH).  

Another approach towards using multiphase composite materials for 

hyperthermia is to combine magnetic and nonmagnetic phases in the composite. The 

underlying idea is to disperse magnetic nanoparticles in a non-magnetic matrix, thus 

preventing agglomeration, which is known to have a negative effect on hyperthermia 

efficiency.  Following this approach, iron oxide Fe3O4 and hydroxyapatite (HA) 

composites have been investigated very recently by Tomohiro Iwasaki et al. [57] for 

hyperthermia.  They prepared a homogeneous dispersion of Fe3O4 nanoparticles in a 

nonmagnetic HA matrix without formation of any large aggregates. They proposed 

these nanocomposites to be effective agents for hyperthermia because of their heat 

generation ability in AC magnetic fields. Composite magnetic microspheres (MMS) 

have been synthesized by F.M. Martín-Saavedra et al. [58] by embedding maghemite 
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nanoparticles in an ordered mesoporous silica matrix.  These MMS were found to be 

biocompatible and show good heating ability. 

Taking into consideration the aforementioned discussion on multiphase 

composites for hyperthermia, the following two approaches were used in this thesis 

for designing multiphase composite materials for hyperthermia application. One 

approach was synthesizing mixed phase composites consisting of SrFe12O19, MgFe2O4 

and nonmagnetic zirconia ZrO2. SrFe12O19 is known to have very strong uniaxial 

anisotropy          
    ⁄  at 300 K [59], MgFe2O4 is a soft magnetic material 

and ZrO2 is a well-known biocompatible ceramic [60]. Therefore the idea behind this 

approach was to study the effect of the combination of two different magnetic phases 

(hard and soft) on magnetic properties of the composite and investigate its suitability 

for magnetic hyperthermia. The aim of introducing zirconia was to dilute the 

composite system as well as to improve biocompatibility. The second approach was to 

investigate a composite consisting of MgFe2O4 and ZrO2 alone for hyperthermia. The 

idea behind this approach was to disperse MgFe2O4 nanoparticles in a nonmagnetic 

ZrO2 matrix and to see its effect on the heating ability of MgFe2O4 nanoparticles. 

SrFe12O19 and ZrO2 composites were not studied, because SrFe12O19 has very large 

values of the uniaxial anisotropy and coercivity and is consequently not suitable for 

hyperthermia. 

Practical application of MFH for cancer treatment is limited by problems such 

as the difficulty to measure the magnetic fluid distribution and precise temperature 

inside the tissue. Another serious issue is the undesirable heating of healthy tissues, 

which arises from the diffusion of fluids into collateral tissues due to the vasculature 

of the tumor. These problems can be largely overcome by using a more sophisticated 

form of hyperthermia known as self-regulated hyperthermia. Self-regulated 

hyperthermia can be achieved with MNP‘s having Curie temperature TC lying within 

the therapeutic temperature range of 42 - 46°C. These magnetic nanoparticles 

generate heat, similar to traditional hyperthermia but they have the added advantage 

that once they reach the Curie temperature, they lose their magnetization and 

consequently stop heating. Therefore, if TC is brought within the therapeutic 

temperature range by proper selection of particle composition and size, hyperthermia 
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can be carefully controlled, damaging only the cancerous cells and causing no harm to 

the healthy cells. Therefore the search and development of nanoparticles with Curie 

temperature in the therapeutic range required for self-controlled hyperthermia is in 

progress. 

The major challenge in self-controlled hyperthermia is to prepare 

nanoparticles having large susceptibility at low field and high magnetization but 

relatively low values of TC (315 – 320 K). The Curie temperature has a strong 

dependence on exchange strength and magnetic moment per atom of the magnetic 

material. In the literature, a variety of nanoparticles has been investigated by 

researchers for hyperthermia. Magnetite (Fe3O4) is the most studied material due to its 

good biocompatibility, but its TC lies well above 47°C even in nanoparticlulate form 

[61]. Attempts to reduce TC by doping with other elements has also reduced its 

magnetization and heating capability. 

Various magnetic materials systems based on alloys, complex ferrites and 

manganite have been studied for self-controlled hyperthermia. 

More recently, doped lanthanum manganites La1-xAxMnO3, where A is a 

divalent metal cation such as Sr
2+

, Ag
2+

, Ba
2+

 etc. have been proposed as mediators of 

self-controlled hyperthermia. Doping with divalent metal cations change the oxidation 

state of the manganese ion from Mn
3+

 to Mn
4+

 therefore inducing the double exchange 

interaction between them via the oxygen ions. It has also been found that a relatively 

high magnetization and a low Curie temperature can be simultaneously achieved in 

these materials. Therefore different perovskite manganites such as La-Ag and La-Na 

have been suggested as smart mediators for self-controlled magnetic hyperthermia. It 

was observed that when their dispersions were subjected to AC fields, the temperature 

remained stable at 42-48°C [62].. 

Strontium doped lanthanum manganite La1-xSrxMnO3 (LSMO) is considered to 

be one of the most effective materials for self-controlled hyperthermia. The reason is 

its degree of magnetic tunability in the required temperature range. This can be seen 

in the phase diagram of La1-xSrxMnO3 shown in Fig. 2.1, which shows that using 
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appropriate Sr concentrations can produce Curie temperatures in the range 315 – 320 

K. In LSMO nanoparticles, TC also becomes dependent on the particle size. 

 

Figure 2.1 Magnetic phase diagram of La1-xSrxMnO3.  TN: Néel temperature, TC: 

Curie temperature, PI: paramagnetic insulator, PM: paramagnetic 

metal, CNI: spin canted insulator, FI: ferromagnetic insulator and FM: 

ferromagnetic metal [20] 

Ferromagnetic nanoparticles of La0.73Sr0.27MnO3 were also prepared for this 

purpose with size ranging from 20–100 nm [63]. N.K. Prasad et al. obtained a Curie 

temperature of 45°C, which lies in the therapeutic range. The specific absorption rate 

(SAR) was also measured for these samples and the obtained values were found to be 

enough for the destruction of cancer cells. Manganese perovskite nanoparticles of 

La0.75Sr0.25MnO3  in the size range of 30 to 49 nm have also been investigated by 

Pollert et al. for self-controlled hyperthermia applications [64]. La0.82Sr0.18MnO3+δ 

perovskite nanoparticles with a mean crystallite size of 22 nm were prepared by 

combustion synthesis [65]. Magnetothermia experiments on the magnetic fluid of 

these particles indicate their suitability for self-controlled hyperthermia application, 

because the maximum attainable temperature was approximately 43°C. Lipham et 

al.[66] investigated La1-xSrxMnO3 nanoparticles with x = 0.25, 0.45 They observed 

saturation magnetizations of 7–26 emu/g at 300 K and found that TC  increase linearly 

from 275–350 K with particle size for each concentration. It has also been found from  
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toxicity studies that LSMO  nanoparticles are nontoxic in concentrations upto  0.66 

mg/ml [63]. It was also found that the temperature of LSMO nanoparticles rises 

rapidly with the applied AC field, thereby reducing the exposure time. These reasons 

make LSMO one of the most promising materials for hyperthermia applications. 

Most often LSMO nanoparticles with one particular concentration and size 

have been investigated by researchers. In this thesis two approaches have been used to 

study LSMO for hyperthermia applications. One approach was to vary the 

concentration from x = 0.15 to x = 0.45, which covers the region of interest for 

hyperthermia as can be seen from Fig. 2.1, while the particle size was kept almost 

constant. The objective of using this approach was to investigate the effect of 

changing the strength of the double exchange interaction on the Curie temperature, 

magnetization, coercivity and magnetothermia. The second approach was to prepare 

different sized particles for each value of the Sr concentration x corresponding to the 

two different sized regimes of single domain and multidomain. The objective of the 

second approach was to investigate the effect of particle size on the magnetic 

properties such as saturation magnetization, coercivity, Curie temperature and to 

obtain the optimum particle size at which the maximum SAR can be obtained for a 

given value of x. Therefore the overall objective of studying LSMO was to investigate 

how the SAR varies with both Sr concentration and particle size, and so to find the 

best combination for maximizing the SAR in this highly tunable system. 

In recent years, studies of magnetothermia have increasingly focused on 

theoretical investigations in order to uncover and exploit the underlying relationships 

between material parameters as well as the shape and size of nanoparticles [28,67–

70]. The objective here is to ultimately be able to design nanoparticles with tailored 

properties such as SAR, TC etc. The SAR can be obtained analytically as has been 

discussed in detail in Chapter 1.  Generally it is quite difficult to calculate the SAR 

accurately because it is known to have a very complex dependence on magnetic 

parameters such as saturation magnetization, particle size and anisotropy constant and 

as well as on the AC field amplitude and frequency [28]. 
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Chapter 3 

3. Synthesis and Characterization Techniques 
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Magnetic nanoparticles can be synthesized by a variety of chemical routes 

such as solid state reaction, hydrothermal, sol-gel and co-precipitation, etc. Each 

synthesis route has its own advantages and disadvantages. In this study we have used 

two synthesis methods viz. the citrate gel technique and co-precipitation for the 

synthesis of magnetic nanoparticles. In the following these two synthesis routes have 

been described in detail followed by the procedure used for the synthesis of magnetic 

nanoparticles by that particular route. 

3.1 Citrate sol-gel method 

The citrate sol–gel method was proposed for the first time by Pechini [71] 

with the objective to synthesize ABO3 perovskite type powders. The typical synthesis 

procedure can be described as follows: first a hydro carboxylic acid such as citric acid 

is used to chelate cations in an aqueous solution resulting in the formation of complex 

anions. The addition of a glycol such as ethylene glycol gives rise to polymerization 

and a sol is obtained. When the sol is heated and the solvent is evaporated a gel is 

formed containing multi metallic components confined to the gel net. The organic gel 

is removed by calcination and the resultant fine powder is obtained with the desired 

stoichiometric composition. 

Later on Choy and Han [72] developed a modified citrate sol–gel method, by 

using water instead of glycol. The modified citrate gel synthesis is carried out by 

properly dissolving metal salts in water. The metal salts are usually nitrates because 

they are decomposed at lower temperatures of about 400 – 500°C, with organic 

compounds such as citric acid (C6H8O7) acting like the chelating agent [73]. The pH 

of the solution is set to a suitable value by using NH3, because the reaction is mainly 

affected by the pH of the sol and the molar ratio of the citric acid to the total metal 

cation content abbreviated as C/M. The mixed solution is subsequently heated to 

evaporate the excess water and a gel like viscous liquid is obtained. The obtained gel 

is then dried at high temperature. The following are some of the advantages of the 

citrate gel process. 

i. The obtained products are of high purity and possess chemical 

homogeneity.  
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ii. Fine particle size with narrow size distribution is obtained. 

iii. The particles are less agglomerated and the method is relatively cheap 

to prepare large quantities of sample. 

iv. The method uses simple equipment and simple synthesis procedure 

with low processing time.  

In this thesis, the modified citrate gel method has been used for the synthesis 

of nanoparticles of Sr doped lanthanum manganite as well as composites of 

SrFe12O19/MgFe2O4/ZrO2 and MgFe2O4/ZrO2. The synthesis details for each type of 

sample are described in the following. 

3.2 Synthesis of Sr doped lanthanum manganite nanoparticles 

Sr doped lanthanum manganite nanoparticles with different Sr concentrations 

and different particles sizes for each particular concentration were synthesized by 

using the citrate gel method. The synthesis details are given in the following.      

3.2.1 Sr doped lanthanum manganite nanoparticles with varying Sr 

 concentration x 

Perovskite type La1-xSrxMnO3 (LSMO) nanoparticles with x = 0.15, 0.2, 0.27, 

0.33 and 0.45 were prepared by the modified citrate gel method. These values of Sr 

doping concentration were chosen because in this range LSMO has been found to 

possess magnetic properties suitable for hyperthermia as can be seen form the phase 

diagram shown in Fig. 2.1. The chemicals used in the synthesis were of high purity 

and procured from well- known suppliers. Hence they were used as received without 

any further purification. The details of the chemicals used are given in Table 3.1. 

Stoichiometric amounts of metal salts such as lanthanum nitrate, strontium 

nitrate and manganese acetate were dissolved in distilled water to form a 0.2 M 

solution. This solution was mixed with 1.5 M and 2.25 M concentrations of citric acid 

and ethylene glycol respectively. The weights of precursors used in the synthesis for 

1.5 g of a sample are given in table 3.2. This mixed solution was kept at 80C under 

constant magnetic stirring for an hour to evaporate the excess water. The temperature 
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of the solution was further increased to 120C in order to obtain the viscous gel 

(xerogel). The gel was then dried in a box furnace at 160C. Fine particle ashes were 

obtained after drying. The obtained product was calcined at 400C for a period of 

three and half hour in order to complete the reaction. The obtained product was 

subsequently annealed at 800C for 3 hours to get phase pure samples with improved 

crystallinity. The schematic of the synthesis procedure is shown in the Fig. 3.1. 

Table 3.1 Specifications for the chemicals used in the synthesis of La1-xSrxMnO3 

nanoparticles 

S. No.           Compound      Formula Purity (%)  Supplier 

1 Strontium nitrate Sr(NO3)2 98 Panreac 

2 
Lanthanum nitrate 

hexahydrate 
La(NO3)3.6H2O 99 Panreac 

3 
Manganese acetate 

tetrahydrate 

 

 

C4H6MnO4.4H2O 98.5 Panreac 

4 Citric acid monohydrate C6H8O7.H20 99.5 Riedel 

5 Ethylene glycol HOCH2CH2OCH3 99.5 Panreac 

6 Ammonia NH3 32 Panreac 

 

Table 3.2 Weight of precursors for various concentrations of 1.5 g of La1-

xSrxMnO3 

Sample 

(x) 
Composition 

Weight of precursors (g) 

La(NO3)3.6H2O Sr(NO3)2 C4H6MnO4.4H2O 

 0.45 La0.55Sr0.45MnO3 1.6329 0.6523 1.6788 

 0.33 La0.67Sr0.33MnO3 1.9347 0.4657 1.6344 

 0.27 La0.73Sr0.27MnO3 2.0795 0.3758 1.6124 

0.20 La0.80Sr0.20MnO3 2.2436 0.2741 1.5874 

0.15 La0.85Sr0.15MnO3 2.3556 0.2031 1.5685 
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Figure 3.1 Schematic diagram of the solution combustion synthesis for various 

concentrations of Sr doped lanthanum manganite nanoparticles 

3.2.2 Variation of particle size in Sr doped lanthanum manganite 

nanoparticles 

Strontium doped lanthanum manganite nanoparticles of different sizes were 

prepared for Sr concentrations x = 0.20, 0.27, 0.33 and 0.45. The synthesis procedure 

is almost the same as that described in section 3.2.1 with a slight modification to get 

particles of different sizes. Here the product obtained after drying the gel was 

subjected to heating at various temperatures of 600C, 700C, 800C and 900C for a 

period of three hours to get different particle sizes in the single domain regime. The 

product was also heat treated at 1000C, 1100C and 1200C for a period of four 

hours in order to obtain larger particle sizes that would lie in the multi domain region.  

 

Aqueous metal salts solution          Citric acid solution 

        Ashes after drying 

      Gel drying at 160C 

    Gel formation (xerogel) 

  Water evaporation at 80C 

   Mixing, stirring, set PH 9 

  Calcin.: at 400C for 3.5 hr 

 Annealing at 800C for 3 hr 
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3.3 Synthesis of composites nanoparticles 

Composites of SrFe12O19/MgFe2O4/ZrO2 and MgFe2O4/ZrO2 were also 

prepared by the modified citrate gel method. The synthesis mechanism is the same as 

that described in section 3.2, but here the molar ratio of citric acid to metal ions was 

1:1 and the pH was set equal to 6. The pH 6 was used to increase the solubility of the 

metal nitrates and also to dissociate the citric acid into its constituent ions resulting 

into stable metals citrate complex. The precursors Sr(NO3)2, Fe(NO3)3 .9H2O , 

Mg(NO3)2 .6H2O , ZrOCl2.8H2O and citric acid were all used as obtained. The 

specific details of the reagents used are given in the table 3.3.  

Table 3.3 Specifications of the chemicals used in the synthesis of composites 

S. 

No. 
Compound Formula Purity (%) Supplier 

1 Strontium nitrate Sr(NO3)2 98 Panreac 

2 Ferric nitrate nonahydrate Fe(NO3)3.9H2O 97 Riedel 

3 Magnesium nitrate hexahydrate Mg(NO3)2.6H2O 97 Sigma 

4 Zirconium oxide chloride 

octahydrate 
ZrOCl2.8H2O 98 Merck 

5 Citric acid monohydrate C6H8O7.H20 99.5 Riedel 

6 Ethylene glycol HOCH2CH2OCH3 99.5 Panreac 

7 Ammonia 32 % NH3 PRS 32 Panreac 

 

In case of SrFe12O19/MgFe2O4/ZrO2 composites the amount of precursors were 

taken such that the weight percentages of Mg and Zr in the final composite are 0, 2.5, 

5, 11 and 16 and they are labelled as A, B, C, D and E respectively. The weights of 

the precursors required for 1.5 g of each sample are listed in table 3.4. The required 

precursors were mixed together to form a solution and heated at 100°C till the 

formation of the gel. The resultant gel was further dried at 120°C in an oven and the 

obtained product was heat treated at 1000°C for 2 h in a box furnace. 

Similarly composites of MgFe2O4/ZrO2 were prepared by taking ZrO2 in 

various weight percentages. The stoichiometric amounts of the required precursors 

were taken and mixed together to form a homogeneous solution. The mixed solution 
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was heated at 100°C under constant magnetic stirring to form a gel. The gel was dried 

and the resultant product was heat treated at two different temperatures of 800°C and 

1000°C for one hour. A phase pure sample of MgFe2O4, which was heat treated at 

800°C for one hour was also prepared by this technique just for the purpose of 

comparison. The weights of the precursors required for 1.5 g of each sample are listed 

in table 3.5.  

Table 3.4 Weights of precursors required for 1.5 g of SrFe12O19 based composite 

samples 

Sample Mg and Zr (wt. %) 
                     Weight of precursors (g) 

Sr(NO3)2 Fe(NO3)3 Mg(NO3)2 ZrOCl2 

A 0  0.2962 6.7872 ---- ---- 

B 2.5  0.2983 6.5504 0.0903 0.1136 

C 5   0.2984 6.2656 0.1807 0.2272 

D 11   0.2962 5.656 0.3589 0.4511 

E 16   0.2962 5.0904 0.5383 0.6766 

 

Table 3.5 Weights of precursors required for 1.5 g of MgFe2O4 and ZrO2 

composite samples 

Sample (ZrO2 wt. %) Composition 
Weight of precursors (g) 

Fe(NO3)3 Mg(NO3)2 ZrOCl2 

0 MgFe2O4 6.06 1.9230 ---- 

38 composites  3.749 1.1897 1.4953 

55 Composites 2.7108 0.8602 2.1624 

71 composites  1.7452 0.5538 2.7844 

75 Composites 1.9796 0.6282 3.9477 

79 Composites 1.2887 0.4089 3.084 

85 Composites 1.2322 0.391 4.4232 
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3.4 Characterization techniques 

3.4.1 Powder X-ray Diffraction (XRD) 

Powder XRD is commonly used to identify the crystal structure of a 

substance, because an XRD spectrum is just like a fingerprint image of a material and 

gives information about the crystal structure of the substance. Using XRD information 

can also be obtained about structural parameters such as lattice constants, cell volume, 

crystallite size, and the presence of any impurity phases[74]. 

In this thesis XRD analysis was carried out by using PANalytical X`Pert PRO 

diffractometer at 40 kV and 40 mA with Cu-Kα radiation having a wavelength λ 

=1.5045 Å. The samples were scanned from 20° to 80° with a scan step of 0.025° and 

step time of 0.4 s. 

3.4.1.1 Principle of X-ray Diffraction 

When monochromatic X-rays such as Cu-Kα radiation interact with a 

crystalline sample as shown in Fig. 3.3, diffraction takes place according to Bragg‘s 

law which can be expressed as: 

                                                                    3.1 

Here   is the angle of diffraction known as Bragg‘s angle,   is the wavelength 

of the X-ray beam,      is the distance between the planes for a given set of Miller 

indices     and n is an integer. 

 

Figure 3.2 Illustration of Bragg‘s law [103] 



43 

 

       

3.4.1.2 Particle size calculation 

One of the important applications of XRD analysis is to determine the 

crystallite size and lattice strain in case of nanocrystalline materials. The peak 

broadening in the XRD pattern is associated with finite size effects. According to 

Scherrer‘s equation [75] the crystallite size   is estimated by:  

   
  

      
                                                        3.2 

                                                                                                                                                                                                                                                                                                                         

where    is the shape factor equal to ~ 0.9 for nanocrystallites [75–77],   is the 

wavelength of the X-ray source,    is the full width at half maximum of the peak 

intensity in radians and    is the Bragg‘s angle. The Scherrer equation can be used to 

roughly estimate the crystallite size if the size distribution is narrow and when there 

are no inhomogeneous strains. 

3.4.2 Scanning Electron Microscopy or SEM 

A scanning electron microscope uses an electron beam for surface analysis of 

the specimen. The electron beam having energy in the range of 10-40 keV [78] is 

emitted from an electron gun (usually a tungsten filament) and accelerated by 

applying a suitable potential difference. The electron beam is focused onto the sample 

by using a magnetic field generated by magnetic coils acting as an electromagnetic 

lens. The interaction of the electron beam with the sample surface leads to emission of 

secondary electrons, Auger electrons, backscattered electrons and X-rays, each of 

which is collected by an appropriate detector. 

Scanning electron microscopy is similar to optical microscopy except that it 

uses electrons instead of light to image a surface. However, the  

electron microscope can magnify up to 500,000 times as compared to the  

best light microscopes with magnification around 2000 times. Depending upon the 

instrument the resolution of SEM falls between 1 nm to 2 nm. In this work a JEOL 
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JSM-6400F Field Emission Scanning Electron Microscope (FE-SEM) as shown in 

Fig. 3.3 has been used for imaging purposes. 

 

Figure 3.3 Schematic of the scanning electron microscope (SEM) 

  

3.4.3 Transmission electron microscopy (TEM) 

A transmission electron microscopy (TEM) uses the electrons that are 

transmitted through a sample that is thin enough to be transparent to the electron beam 

to create an image of the sample. In TEM  electrons having energy in the range of 60 - 

150 keV are used, however in case of high voltage electron microscope (HVEM) or 

high resolution transmission electron microscope (HRTEM) electrons have energy in 

the range of 200 keV - 1 MeV [78]. 

The electron beam is generated by an electron gun through thermionic 

emission from tungsten cathodes or LaB6 rods or by the field emission from the 

pointed tungsten filaments coated with ZrO2. The emitted electrons are then 

accelerated through a high potential difference and enter through a two stage 

condenser lens system, working similarly to that of the glass lenses used for adjusting 

a light beam. The three or four stage lens system is used to get the magnified image of 
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the specimen and the image is projected on to a florescent screen or captured by a 

CCD camera. 

The procedure of sample preparation for TEM analysis is to put a drop of the 

homogeneous dispersion of nanoparticles on a carbon coated copper micro grids. A 

thin carbon coat is required for high resolution observation, because of reducing 

charging in the samples. 

3.4.4 Vibrating Sample Magnetometer (VSM) 

A vibrating sample magnetometer (VSM) is widely used to measure magnetic 

properties of magnetic materials which may be in the form of powders, solids, single 

crystals, thin films and liquids. VSMs can be equipped with cryostats to allow 

measurements at ambient as well as at both low and high temperatures. The most 

common measurements made are magnetization hysteresis or M(H) loops, thermal 

demagnetization M(T) both in the field cooled (FC) and zero field cooled (ZFC) 

modes and magnetic relaxation M(t). A schematic of the construction of a VSM is 

shown in Fig. 3.4. 

 

Figure 3.4 Schematic diagram showing the construction of a vibrating sample 

magnetometer (VSM) [109]. 
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The basic principle of operation for a VSM is that a changing magnetic flux 

will induce voltage in a pickup coil. The time dependent induced voltage is thus given 

by, 

       
  

  
                                                        3.3 

   

       (
  

  
) (

  

  
)                                                        3.4 

where   is the magnetic flux enclosed in the pickup coil, z is the vertical position of 

the sample with respect to the coil and t is the time. For a sinusoidal oscillating 

position the voltage is based on the following equation:  

                (    )                                                        3.5 

where   is the frequency of oscillation,   is the amplitude of oscillation,   is the 

magnetic moment of the sample and   a coupling constant that depends upon 

geometric factors such as the area of the detection coils and their distance from the 

sample. 

 

Figure 3.5  Schematic of the sample space (Left) and pickup coils (Right) of 

Quantum Design VersaLab Vibrating Sample Magnetometer 
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In this work all magnetic measurements were done using a Quantum Design 

VersaLab VSM using NbTi superconducting magnet to provide a maximum field up 

to 3 Tesla for magnetic properties measurements in the temperature range of 50 to 400 

K. The schematic of the sample space and pick up coils are shown in Fig. 3.5.  

3.4.5 Brunauer Emmett Teller (BET) theory 

The BET theory [79] was developed by Stephen Brunauer, Paul Emmett, and 

Edward Teller in 1938 to explain the physical adsorption of gas molecules on a solid 

surface. The BET theory assumes the multilayer adsorption of gas molecules on a 

surface and can be used to measure the specific surface area of materials. The BET 

theory is an extended form of the Langmuir theory which assumes monolayer 

adsorption. The resulting BET equation for gas adsorption is given by, 

 
 

 [(   ⁄ )  ]
 

   

   
(
 

  
)  

 

   
                                                        3.6 

where   and    are the equilibrium and saturation pressures of the adsorbed gas 

respectively at the temperature of adsorption,    is the volume of adsorbed gas,    is 

the volume of the monolayer adsorbed gas  and   is the BET constant given by, 

      (
     

  
)                                                        3.7 

where     and    is the heat adsorbed by the first layer and higher layers respectively. 

The BET isotherm representing the amount of adsorbed gas as a function of the 

relative pressure can be obtained by plotting the left hand side of equation 3.6 as a 

function of the relative pressure     (
 

  
) . The plot is called a BET plot and is 

shown in Fig. 3.6. 
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Figure 3.6  BET plot showing the amount of adsorbed gas as a function of relative 

pressure 

The values of    and   are calculated by using the slope   and intercept   of 

the plot through the equations given by, 

    
 

   
                                                        3.8 

     
 

 
                                                        3.9 

The total surface area        and the specific surface area   are then calculated by 

using the equations given by, 

        
(     )

 
                                                        3.10 

  

   
      

 
                                                        3.11 

where    is the Avogadro‘s number,   is the cross sectional area of the adsorbent gas 

molecule (equal to 0.162 nm
2
 for nitrogen) and   is the molar volume (equal to 22414 

ml for nitrogen) and   is the mass of the adsorbed gas. 

In this study the surface area analysis of the samples was done by using the 

Accelerated Surface Area and Porosimetry System (ASAP 2420). The measured 

specific surface area   was used to approximate the average particle size diameter 

(    ) assuming dense, spherical particles by using the relation given by, 
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         ⁄                                                         3.12 

where   is the density of the specimen in gcm
-3

. 

3.4.6 Radio Frequency induction heating machine 

RF induction heating refers to the heating of an object in an alternating 

magnetic field produced by a high frequency current carrying coil. The object to be 

heated is usually an electrically conductive material such as a metal and the heat is 

generated by eddy currents produced under an alternating magnetic field. However 

magnetic materials can also be used to produce heat due to specific loss mechanisms 

discussed in section 1.4 of chapter one, when they are subjected to high frequency 

magnetic fields and this phenomenon is known as magnetic hyperthermia. The 

induction heating machine used for magnetic hyperthermia measurements in this 

study is shown in the Fig. 3.7. 

 

Figure 3.7  Induction heating machine 

The main components of this induction heating machine include a power 

supply and water cooled induction coil. The frequency of the AC field depends upon 

the geometry of the coil such as the number of turns, area and length of the coil, 

whereas the field strength depends upon the current flowing through and geometry of 

the coil as well. Here a three turn coil with 56.4 mm diameter made of copper tube 

and having a frequency of 214 kHz was used. It was cooled by a continuous flow of 
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chilled water at a rate of 6 l/min.  A Lakeshore digital gaussmeter (model DSP 475) 

was used for the measurement of the magnetic field strength which was about 10 Ôe 

at a coil current of 16 A. The rise in temperature with time was measured using 

Neoptix thermometer model NMD-A with fiber optic temperature sensor. The 

advantage of using a fiber optic thermometer is that it is not affected by radio 

frequencies and electromagnetic fields. Furthermore it is very sensitive and has a high 

data acquisition rate. 
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Chapter 4 

4. Strontium doped lanthanum manganite                   

(La1-xSrxMnO3) nanoparticles for hyperthermia 

applications (0.15 ≤ x ≤ 0.45) 
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Nanocrystalline samples of Sr doped lanthanum manganite with the general 

formula La1-xSrxMnO3 with composition in the range of 0.15   x   0.45 were 

prepared using the citrate gel technique. The synthesis of these samples has been 

discussed in Chapter 3. The parent compound LaMnO3 is an antiferromagnetic 

insulator, but when doped with divalent alkaline earth cations such as Sr, Ba, Ca etc., 

it becomes ferromagnetic due to the development of long range double exchange 

interaction and shows a variety of magnetic properties depending upon the dopant and 

its concentration. Among the various manganite compounds La1-xSrxMnO3 is of much 

interest, because it exhibits rich magnetic properties over the entire composition range 

and also show the highest ferromagnetic to paramagnetic transition temperature (TC) 

most suitably in the therapeutic range required for self-controlled hyperthermia. 

Therefore the influence of Sr concentration on the structure, morphology and 

magnetic properties for hyperthermia application has been investigated. 

4.1 Structural analysis  

Structural analysis of the samples has been carried out using X-ray diffraction 

(XRD), transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET) 

and field emission scanning electron microscopy (FE-SEM). XRD was used for phase 

identification and to obtain the average crystallite size of each sample. The particle 

size was also obtained by specific surface area analysis using BET. FE-SEM was used 

to study the morphology of the samples and TEM was used to find the particle size 

distribution for some of the selected samples. 

4.1.1 X-ray diffraction (XRD) analysis 

Well defined diffraction peaks corresponding to the lattice planes (012), (110), 

(104), (202), (024), (116), (300), (208) and (128) were observed in the XRD patterns 

of all samples shown in Fig. 4.1. The observed peaks closely match the standard 

pattern of rhombohedral lanthanum manganite having space group R-3c (Ref. code 

01-073-8361) with no secondary or impurity phases within the detection limit of 

XRD. The impurity phase if present may be amorphous and will have negligible 

effect on the overall behavior of the sample. In addition no peak shift was observed 

with the change in Sr substitution x. The average crystallite sizes obtained from the 
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XRD spectra using the Debye-Scherer equation 3.2 have been listed in Table 4.1. The 

obtained crystallite sizes lie between 33 and 44 nm and exhibit a slowly decreasing 

trend with increasing Sr concentration, which is in agreement with previous reports 

[80,81]. 

Table 4.1 Specific surface area AS and particle size D of La1-xSrxMnO3 samples 

using BET, XRD and TEM 

Sample  AS (m
2
g

-1
) 

   <D> (nm) 
 

 DBET DXRD   DTEM 

La0.85Sr0.15MnO3 ----- -----   44 -----  

 

La0.80Sr0.20MnO3 

 

29.09 

 

30 

 

37 

 

39 
 

 

La0.73Sr0.27MnO3 

 

30.93 

 

29 

 

38 

 

36 
 

 

La0.67Sr0.33MnO3 

 

La0.55Sr0.45MnO3 

 

26.93 

 

    26.23 

 

33 

 

  33 

 

33 

 

  33 

 

 

----- 

 

 ----- 

 

 

Table 4.2 Effective anisotropy constant Keff of La1-xSrxMnO3 samples 

Sample Keff (J/m
3
)  

La0.85Sr0.15MnO3 610  

 

La0.80Sr0.20MnO3 

 

680 
 

 

La0.73Sr0.27MnO3 

 

770  

 

La0.67Sr0.33MnO3 

 

La0.55Sr0.45MnO3 

 

1270 

     1500 
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Figure 4.1 XRD spectra of La1-xSrxMnO3 samples showing well defined 

diffraction peaks of the perovskite structure when annealed at 800°C 

for 3 hours. 

4.1.2 BET surface area analysis 

BET analysis has been used to measure the specific surface area AS for 

selected samples. The measured specific surface area was then used to approximate 

the average particle size (    ) by using           ⁄  assuming dense, spherical 

particles, where   is the density,               [82]. The particle size (    ) 

determined from BET for samples x = 0.33 and 0.45 was found to be in good 

agreement with the crystallite size obtained from XRD. However, in case of the other 
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two samples x = 0.20 and 0.27, the crystallite size from XRD analysis was found to be 

slightly larger than obtained from BET. This could be due to the fact that crystallite 

sizes obtained from XRD is due to the reflection from the coherently scattering 

volumes of the particles (i.e. single crystal grains), whereas the BET isotherm reflects 

the total surface area of the powders available for gas adsorption, which can be 

affected by micro pores as well as the formation of aggregates and agglomerates. 

4.1.3 Transmission electron microscopic (TEM) analysis 

The transmission electron micrographs for selected samples x = 0.20 and 0.27 

are shown in the Fig. 4.2 (a) and (b), where the scale bar is 200 nm with the inset at 

100 nm scale.  The morphology, particle size and size distribution were examined 

using these micrographs. It can be seen that the samples possess spherical shape 

morphology. The size and size distribution of the samples were determined from their 

histograms shown in the Fig. 4.2 (c) and (d) together with lognormal fit. The 

histograms were obtained from multiple images of the samples by counting more than 

200 particles. The average particle sizes (    ) were 39 nm, 36 nm for samples x = 

0.20 and 0.27 respectively and found to be in good agreement with the sizes obtained 

from XRD. 

 

 

 

 

 

 

 

 



56 

 

10 20 30 40 50 60 70 80 90
0

10

20

30

40

50

60

 

 

C
o

u
n

t

D (nm)

<D> = 39 nm

Std. dev. = 10.5 nm

(c)

10 20 30 40 50 60 70 80 90
0

10

20

30

40

50

 

 

C
o

u
n

t

D (nm)

<D> = 38 nm

Std. dev. = 9.22
(d)

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 TEM micrographs of La1-xSrxMnO3 (a) x = 0.20 and (b) x = 0.27; Inset: 

shows images at scale 100 nm. The corresponding size distribution 

histograms are shown in images (c) and (d) for x = 0.20 and 0.27 

respectively together with the lognormal distribution 

4.2 Magnetic measurements 

4.2.1 Field dependent magnetization measurements 

Magnetization hysteresis  ( ) loops of all samples were measured at 300 K 

by using a Quantum Design VersaLab VSM in the field range up to 20,000 Ôe as 

shown in Fig. 4.3. All samples show ferromagnetism at room temperature. The 

saturation magnetization    and coercivity    were extracted from these 

measurements and are shown in Fig. 4.4. It can be seen that    increases sharply with 

increasing Sr content from x = 0.15 to x = 0.27, and then decreases gradually at higher 

(a) (b) 
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x values. Similar behavior has been reported earlier [63] for La1-xSrxMnO3 

nanoparticles. This behavior can be explained on the basis of the ratio of the mixed 

valence states of the Mn ions. Because of Sr doping Mn exists in two oxidation states 

of Mn
3+

 and Mn
4+

 that is responsible for ferromagnetic ordering in this compound. 

Therefore increasing the Sr content up to 0.27, the ratio of these two ions becomes 

suitable to facilitate the double exchange interaction to dominate, hence 

magnetization increases sharply. By increasing further the Sr content the ratio of these 

two ions again becomes less appropriate, weakens the double exchange interaction 

and as a result the saturation magnetization decreases gradually. 

It can also be observed from Fig. 4.4 that    and    behave inversely to each 

other as x increases. An increase in    is accompanied by a decrease in    and vice 

versa. This is an expected behavior for singe domain nanoparticles [83] and is 

illustrated by Eq. 4.1. 

     (       ⁄ )[  (   ⁄ )  ⁄ ]                                                                      4.1 

Here    is the coericivity,    is the saturation magnetization    is the critical particle 

volume below which superparamagnetism sets in,   is the particle volume and      is 

the effective anisotropy constant. 

The effective anisotropy constant      was calculated by using equation 4.1, 

which was further used together with the particle volume   to determine the effective 

relaxation time          (        ⁄ ) of the nanoparticles in an AC field. Hereo 

is an attempt time,      
         .The critical particle volume    at T = 300 K 

has been roughly estimated as    ~ 5  10
-25

 m
3
 (D = 10 nm) using ref. [84]. The 

values of      obtained in this way are given in Table 4.2.  Rostemnejadi et. al. [85] 

have also calculated the effective anisotropy constant for La0.67Sr0.33MnO3 

nanoparticles from AC susceptibility measurements. They found a sharp decrease in 

     with increasing particles size and for 21 nm nanoparticles the calculated value of 

     was 2.24  10
3
 J/m

3
. The sizes used in the present study are much larger and the 

obtained values of      are compatible with this result. These values will be used 

later in the calculation of the specific absorption rate (SAR) of the nanoparticles. 
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Figure 4.3 Magnetization hysteresis loops of La1-xSrxMnO3 at 300 K. 
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Figure 4.4 Coercivity and saturation magnetization of La1-xSrxMnO3 samples as a 

function of Sr concentration x. 
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4.2.2 Temperature dependent magnetization measurements 

The zero field cooled (ZFC) thermal demagnetization measurements  ( ) of 

the samples are shown in the Fig. 4.5 (a). These measurements were taken in the 

temperature range of 55 - 400 K in the presence of a 100 Ôe field. The Curie 

temperature    was obtained from these measurements as the minimum of the       

curves  as shown in Fig. 4.5 (b) [86]. The Curie temperatures of the samples obtained 

in this way have been plotted in the inset of the Fig. 4.5 (a). It can be seen that    

increases from 320 K for x = 0.15 and appears to saturate at 350 K for the Sr 

concentration x = 0.33 and above. On the basis of the Curie temperature results it can 

be concluded that the samples with x = 0.15 and x = 0.20 are suitable candidates for 

self-controlled hyperthermia applications, while samples with higher Sr 

concentrations are better suited to thermo ablation [87]. 

Apart from Curie temperature the pyromagnetic ratio ―giving the response 

time of magnetic nanoparticles and acting as a heat switch‖ can also be obtained from 

Fig. 4.5 (b). It is quantified from the dip of the derivative of the M(T) measurements. 

We can see that the sample with x = 0.20 has comparatively large pyromagnetic ratio 

and therefore better as a self-regulating heat switch as compared to the the sample 

with x = 0.15.  

 

 

 

 

 

Figure 4.5 (a) ZFC measurements of La1-xSrxMnO3 samples under 100 Ôe field 

(b) Derivative of the ZFC curves for Curie temperature determination 
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4.3 Magnetothermia measurements 

Magnetothermia measurements were carried out on 18 mg of each sample in 

powder form by using a RF induction unit. The heating results of all samples in an 

AC magnetic field of amplitude            ⁄  and frequency           are 

shown in the Fig. 4.6. The initial heating rate (    ⁄ )    was obtained from these 

data and was used to determine the SAR according to: 

      (    ⁄ )   (    ⁄ )                                                        4.2 

where   is the heat capacity of the samples and     is the mass fraction of 

the magnetic component in the sample. The specific heat capacity of the La1-xSrx-

MnO3 system was taken as      = 660 Jkg
-1

K
-1 

irrespective of Sr content [88]. The 

SAR values thus obtained are shown in Fig. 4.7 and it can be seen that the SAR 

depends on the Sr concentration in a non-monotonic manner. 
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Figure 4.6 Heating curves of La1-xSrxMnO3 samples in an AC magnetic field of 

amplitude 800 A/m and frequency 214 kHz. 
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Figure 4.7 Specific absorption rate of La1-xSrxMnO3 nanoparticles as a function of 

Sr concentration x;: experimentally determined, : calculated using 

linear response theory. 

Clearly, this behavior of the SAR with Sr concentration is not unique, and 

would be different for different particle sizes. This is due to the fact that several 

factors play their role in determining the precise behavior of the SAR, viz. 

magnetization, effective anisotropy and the average particle size. The average particle 

size has a direct role in determining the relaxation time  given by   

      (
     

   
), as well as an indirect one as it affects both magnetization and 

effective anisotropy. In several systems such as magnetite [89] or La1-xSrxMnO3 (for a 

fixed value of x) [84], the SAR has been found to increase with increasing particle size 

in the single domain regime. However in systems such as La1-xSrxMnO3, both    and 

   also change in a non-monotonic manner as x is varied, as shown in Fig. 4.4. At the 

same time the average particle size decreases with increasing Sr content (see Table I). 

Therefore in such systems it becomes very difficult to predict the SAR. 

On account of the factors mentioned above, it is of interest to explore whether 

the SAR variation observed above can be reproduced theoretically. It was found that 

the  linear response theory (LRT) [28] can be used successfully to calculate the SAR 

of these systems, in which all parameters that determine the SAR, viz.    , Keff 

and   vary with the Sr concentration x. The LRT is applicable when the amplitude of 

the applied AC field (    ) is much smaller than the anisotropy field (  ), 



62 

 

i.e.        . This is quantified by the dimensionless parameter 𝜉         ⁄  

with the LRT being applicable for 𝜉   .  HK has been estimated for the samples 

using                and found in the range of 64 to 194 Ôe. A very small AC 

field of 10 Ôe was used to ensure that the condition 𝜉    is always satisfied. The 

parameter 𝜉 lies between 0.02 and 0.09 for all the samples, which justifies the use of 

the LRT. The SAR has been calculated using 

     
   

     
   

   

  
(

     

  (     ) 
)                                                        4.3 

where R is the relaxation time given by          (       ⁄ ) with    = 5  10
-11

 s 

[28]. Here      is the effective anisotropy parameter,   is the particle volume,   is the 

Boltzmann constant and   is the absolute temperature. The calculated SAR values are 

displayed in Fig. 4.7, and good agreement was found with the experimental data. In 

particular, the non-monotonic behavior of the SAR with a local minimum at x = 0.33 

has been reproduced clearly. However, the experimental SAR values are slightly 

larger as compared to the theoretically determined values. The underlying reason is 

due to the fact SAR depends upon the relaxation time    as seen from equation 4.3, 

which in turn depends upon the effective anisotropy constant      exponentially. 

Since the      values were obtained theoretically and were used to calculate the 

relaxation time. Therefore the slight difference in SAR may be due to the possible 

error in the values used for the relaxation time and the difference can be minimized by 

measuring the relaxation time experimentally. This close agreement between the 

experimental and theoretical values of the SAR indicates that the LRT can be 

successfully used to predict the SAR if the average particle size, saturation 

magnetization and coercivity are known and the condition 𝜉    is fulfilled. 

Although very good agreement was found with the LRT, but no particular 

dependence of the SAR on the effective anisotropy parameter 𝜎         ⁄  was 

observed as reported by Verde et al. [67] for cobalt ferrite nanoparticles showing a 

variation in 𝜎 from roughly zero to 22 for particle sizes in the range of 3.1 to 13.5 nm. 

In the present study, the effective anisotropy parameter obtained for the samples 

investigated lies between 5.3 and 6.8. This small variation in 𝜎 is probably not 
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sufficient to obtain a clear dependence of the SAR on this parameter. A detailed study 

of this dependence was undertaken and is reported in Chapter 5. 

From equation (4.3) it can be seen that the SAR depends not only on the 

properties of the magnetic nanoparticles, but also on experimental parameters such as 

the frequency   and AC field amplitude     . In order to quantify the intrinsic 

heating power of magnetic nanoparticles and to be able to compare the SAR data 

obtained under different experimental parameters, Pankhurst et al. [90] have 

introduced the concept of intrinsic loss power (ILP). Intrinsic loss power (ILP) is 

given by              
 ⁄   and gives the value of SAR normalized by the 

experimental parameters. This allows comparison of SAR data taken at different field 

amplitudes and frequencies. The ILP values obtained for the La1-xSrxMnO3 samples 

are listed in Table 4.2. They were found to be comparable to those of magnetite
 
[91] 

and of commercial ferrofluids [92].  

Table 4.3 Intrinsic loss power for La1-xSrxMnO3 samples 

Sample ILP (nHm
2
/kg)  

La0.85Sr0.15MnO3 3.3  

 

La0.80Sr0.20MnO3 

 

6.1 
 

 

La0.73Sr0.27MnO3 

 

5.7 
 

 

La0.67Sr0.33MnO3 

 

La0.55Sr0.45MnO3 

 

 4.1 

 

           9.4 
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4.4 Summary and Conclusions 

A series of Sr doped lanthanum manganite nanoparticles La1-xSrxMnO3 (0.15  

x  0.45) has been investigated for hyperthermia. Curie temperatures were obtained 

from thermal demagnetization measurements and it was found that the TC values for 

Sr concentrations x = 0.15 and 0.20 are compatible with those required for self-

controlled hyperthermia. 

The observed heating behavior has been found to correlate well with the 

magnetic and structural properties within the framework of the linear response theory. 

The SAR strongly depends upon magnetic properties such as saturation magnetization, 

effective anisotropy constant and particle size in a very complicated manner. All these 

properties in La1-xSrxMnO3 are known to vary with the Sr content simultaneously and 

as a result the SAR shows non-monotonic behavior with the Sr content x. An 

important result of this section in that the LRT can be used to reproduce the specific 

absorption rates determined experimentally. No clear dependence of the SAR on the 

effective anisotropy parameter 𝜎         ⁄  could be observed because of the low 

range of  values of the samples. This realization led to an extension of this work to 

investigate the SAR over a wide range of  values in order to identify the optimum 

particle size and Sr concentration for maximum heating power. This is reported in 

Chapter 5. 
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Chapter 5 

5. Optimizing magnetic anisotropy of La1-xSrxMnO3 

nanoparticles for hyperthermia applications with    

0.20 ≤ x ≤ 0.45 
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It is also well known that the magnetic properties of La1-xSrxMnO3 depend 

upon the particle or crystallite size D besides concentration. Therefore the samples 

with a size range for each particular concentration of Sr doped lanthanum manganite 

nanoparticles La1-xSrxMnO3 were prepared using citrate gel technique with x lying in 

the range of 0.20 ≤ x ≤ 0.45. The Sr content x = 0.15 has not been investigated here 

because of its low SAR as seen in chapter 04.  The as prepared samples were then 

subjected to different annealing treatments between 600°C and 1200°C for 3 to 4 

hours in order to obtain a wide range of particle sizes for the  Sr concentrations x = 

0.20, 0.27, 0.33 and 0.45. The samples so obtained had sizes that spanned the single 

domain as well as in the multidomain regime for each concentration. The specific 

absorption rate (SAR) of the samples was measured and compared with the values 

predicted by the linear response theory (LRT) and the Stoner Wohlfarth (SW). The 

linear response theory (LRT) was found to be valid for particles lying in the single 

domain regime for each concentration. Hence the linear response theory (LRT) was 

used to calculate the specific absorption rate (SAR) theoretically and a strong 

agreement was found between the theory and experiment for the samples having 

larger anisotropy energies.   

5.1 Structural analysis  

Structural analysis of the samples of Sr doped lanthanum manganite 

nanoparticles La1-xSrxMnO3 with x lying in the range of 0.20 ≤ x ≤ 0.45 was carried 

out using X-ray diffraction (XRD) and transmission electron microscopy (TEM). 

XRD was used for phase identification and to obtain the average crystallite sizes of 

the samples. TEM was used to find the size distribution for some selected samples. 

5.1.1 X-ray diffraction (XRD) analysis 

The XRD patterns of the samples annealed at different temperatures in the 

range of 600°C to 1200°C for each concentration of Sr are shown in Fig. 5.1.  Well-

defined diffraction peaks corresponding to the characteristic phase of Sr doped 

lanthanum manganite were observed. The observed peaks closely match with the 

standard pattern of rhombohedral structure having space group R-3c (JCPDS 01-072-

8052 and 01-074-8197), which is expected for the compositions under investigation. 
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The critical value of the composition Sr concentration x = 0.17 is reported for the 

room temperature transition from orthorhombic to rhombohedral structure because of 

a reduction in the size mismatch between A and B sites which increases the tolerance 

factor [93]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 XRD patterns of the different sized samples of La1-xSrxMnO3 for each 

of the investigated Sr concentrations. 
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Table 5.1 Summary of crystallite size D with annealing temperature TD for 

samples of La1-xSrxMnO3 with 0.20   x  0.45. 

x = 0.20 x = 0.27 

   (°C)   (±1 nm)    (°C)   (±1 nm) 

                700 

800 

900 

1000 

1100 

1200  

18 

20 

24 

30 

34 

39 

 600 

700 

800 

900 

1100 

1200 

14 

16 

19 

22 

36 

40 

x = 0.33 x = 0.45 

   (°C)   (±1 nm)    (°C)   (±1 nm) 

 600 

700 

800 

900 

1000 

1100 

1200 

14 

16 

19 

21 

25 

32 

42 

600 

700 

800 

900 

1000 

1100 

1200 

12 

14 

16 

24 

28 

32 

35 

All the peaks have been indexed and no secondary phases were observed. The 

average crystallite sizes were calculated from the XRD spectra using Debye-Scherer 

equation 3.2 and the obtained values have been listed in Table 5.1. The crystallite size 

was found to increase with increasing the annealing temperature for each 

concentration. Although the increase in particle size at low annealing temperatures 

(up to 800C) could well be within the range of error of these data, it does obey the 

general trend of increasing particle size with temperature, which becomes much more 

apparent at higher annealing temperatures. The samples of each Sr concentration have 

been labeled by their respective sizes obtained from XRD. The crystallite sizes 

obtained are mostly in the range of 14 to 40 nm for all the concentrations except for x 

= 0.45, for which the largest obtained size is 35 nm. This trend of decreasing size with 

increasing concentration is in agreement with the previous results [80,81] and is 
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attributed to the hindrance in the diffusion process important for grain growth because 

of the larger size of Sr
2+

 (1.27 Å) in comparison to La
3+

(1.22 Å) and the depletion of 

vacancies [94,95]. 

5.1.2 Transmission electron microscopic (TEM) analysis 

Transmission electron micrographs of selected samples for each Sr 

concentration are shown in the Figs. 5.2 - 5.4. Several images were taken for each 

sample. These images were used to measure particle size and size distribution for each 

sample. One can observe the presence of nascent connecting bridges between 

nanoparticles because of heating at elevated temperatures causing the growing grains 

to bridge. In order to get phase pure LaxSr1-xMnO3 samples using the citrate gel 

technique, heating at elevated temperature is necessary to enhance the diffusion of the 

large cations La
+3

 and Sr
+2

 required for the formation of the desired perovskite phase 

[84,96]. However the individual grains can be separated by subjecting the samples to 

mechanical processes such as rolling and milling [64]. The obtained particle size 

distributions of the samples together with the lognormal fits are also shown in Figs. 

5.2 – 5.4. The mean particle sizes obtained from TEM are in general agreement with 

the crystallite sizes obtained from XRD for each sample. 
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Figure 5.2 TEM micrographs of La1-xSrxMnO3 samples annealed at 900°C for 3 

hours. The corresponding size distribution histograms are also shown 

together with the lognormal fits.  
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Figure 5.3 TEM micrographs of La1-xSrxMnO3 samples annealed at 800°C for 3 

hours (a) x = 0.45 (b) x = 0.27. The corresponding size distribution 

histograms are also shown together with the lognormal fits. 

 

Figure 5.4 TEM micrographs of the samples (a) x = 0.45 annealed at 700°C for 3 

hours (b) x = 0.20 annealed at 1000°C for 4 hours. The corresponding 

size distribution histograms are also shown together with the 

lognormal fits. 

5.2 Magnetic measurements 

5.2.1 Field dependent magnetization measurements 

Room temperature magnetization hysteresis loops  ( ) of the samples in 

fields up to ± 3 Tesla are shown in Fig. 5.5 for different particle sizes and Sr 

concentrations. These loops were used to obtain the saturation magnetization (  ) 

and coercivity (  ) of the samples studied. 
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Figure 5.5 M-H loops of La1-xSrxMnO3 samples with different particle sizes taken 

at 300 K; Inset: Variation of saturation magnetization MS with particle 

size D. 

All samples show ferromagnetic behavior and the saturation magnetization 

increases with increasing particle size for all concentrations. This is because of the 

role of the surface contribution which increases for smaller particles. The surface 

layer contains most of the oxygen vacancies and defects in the crystallographic 

structure which leads to magnetically disordered state.  The disorder at the surface 

gives rise to a magnetically dead surface layer, whose contribution increases with 

decreasing particle and as a result the total saturation magnetization 

decreases[93,97,98]. 
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The obtained values of    have also been plotted as a function of mean 

particle size in the inset of each panel of Fig. 5.5. The data were fit to the equation 

given by [99], 

    ( )      (     ⁄ )                                                        5.1 

where    ( ) is the saturation magnetization of the sample with crystallite size  , 

    is the saturation magnetization of the bulk and   is the thickness of the 

magnetically dead surface layer. The saturation magnetization of the bulk     for the 

concentrations under investigation was obtained from the extrapolation to infinite   

from the plot of    versus  ⁄ . The average value of   obtained from the fit lies in 

the range of 1.68 nm to 1.98 nm which is in close agreement with previous reports 

[100,101]. The values obtained for the bulk saturation magnetizations and average 

thickness   for each concentration of Sr has been listed in Table 5.2. 

Figure 5.6 a) shows the saturation magnetization (  ) as a function of particle 

size for all values of the Sr concentration studied. The     values increase as the Sr 

content increases from x = 0.2 and attain a maximum for x = 0.33. Further increase in 

the Sr content reduces the saturation magnetization for all particle sizes. This 

indicates that the sample with x = 0.33 has the most suitable ratio of Mn
+4

: Mn
+3

 ions 

which strengthen the double exchange interaction responsible for ferromagnetic 

ordering in this compound. 

 

 

 

 

 

 

Figure 5.6 Comparison of La1-xSrxMnO3 samples (a) saturation magnetization MS 

versus particle size D and (b) coercivity HC versus particle size D 
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Coercivity of the samples were also obtained from the  ( ) loops measured 

at room temperature and have been summarized in Table 5.2. The observed variation 

in coercivity with the particle size for each concentration is shown in Fig. 5.6 (b). It 

can be seen that the coercivity increases with increasing particle size, goes through a 

maximum for a certain critical size (  ) and then tends towards lower values with 

further increase in size. This indicates that as the particle size increases, the particles 

undergo transition from a single domain to a multidomain regime. Particles with size 

D >    are multidomain and those with D <    are single domain and have 

comparatively large anisotropy as compared to multidomain particles. This is because 

magnetization reversal in single domain particles takes place by coherent spin 

rotation. Also the surface contribution increases with decreasing particle size and the 

surface anisotropy term becomes significant for these particles as compared to the 

multidomain. Furthermore in oxide nanoparticles a strong interaction exists between 

the core and the surface [102]. These are the factors responsible for the overall 

increase in anisotropy constant and hence in coercivity for single domain particles. 

However in the single domain regime itself, the coercivity decreases with decreasing 

particle size, because of the decrease in magnetic anisotropy energy which has a direct 

dependence on particle volume. Therefore as the size is reduced further in the single 

domain regime, a particular size is reached known as superparamagnetic size (  ) 

where the anisotropy energy becomes comparable to the thermal energy. Under this 

condition the coercivity becomes zero due to random flipping of the magnetic 

moments [6]. 

In case of random orientation of single domain magnetic nanoparticles, the 

coercivity    varies with the particle size   as follws, 

      
 [  (   ⁄ )  ⁄ ]                                                        5.2 

where   
   is the upper limit of    in the single domain limit [103]. It is clear from the 

equation that when     , the magnetic moments of the single domain particles are 

blocked and the coercivity varies as     ⁄  until it reaches the maximum value of   
  

or the upper limit of   . 
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The above equation was used to fit the data for coercivity of the particles lying 

in the single domain regime and the result is shown in the Fig. 5.7. The maximum 

value of   
  was obtained from extrapolating to infinite   from the plot of     versus 

    ⁄  for each concentration and the obtained values have been listed in Table 

5.2.The obtained fitting equation is thus given by 

      
 [  (   ⁄ )    ]                                                        5.3 

It can be seen that     varies clearly as        instead of     ⁄ . A similar 

behavior of coercivity variation with the particle size has also been proposed by J. G. 

Otero et al. [104] considering three-dimensional random axis anisotropy coercivity. 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Variation in coercivity with size D of the samples in the single domain 

regime for different concentrations of Sr; the line is the fit obtained using 

equation 5.3. 
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Table 5.2 Summary of bulk saturation magnetization Mso, average surface layer 

thickness t, upper limit of coercivity in the single domain regime HCo , 

bulk Curie temperature Tcb and the fitting parameter a for each Sr 

content 

Parameters x = 0.45 x = 0.33 x = 0.27 x = 0.20 

    (emu/g) 

  (nm) 

  
  (Ôe) 

                  ( ) 

a 

78 

1.7 

76 

380 

1.93 

97 

1.9 

97 

425 

3.71 

92 

1.9 

93 

383 

2.62 

 

86 

2.0 

63 

361 

2.07 

 

 

5.2.2 Temperature dependent magnetization measurements 

The zero field cooled (ZFC) thermal demagnetization measurements  ( ) of 

the samples are shown in Fig. 5.8. These were taken in the temperature range of 55 - 

400 K in the presence of a 100 Ôe field. All samples (except those with the largest 

particle sizes) show the typical peak in ZFC data which corresponds to the blocking 

temperature of nanoparticles.  The largest particles with D roughly above 35 -36 nm 

show bulk like behavior. It can also be observed that as the particle size changes for 

each concentration magnetization varies in the low temperature regime and the 

blocking temperature generally shifts towards higher values with increasing particle 

size. In the low temperature regime, the magnetization decreases with decreasing 

particle size and can be attributed to the contribution from the surface to volume ratio 

which increases as the particle size goes down. 

As mentioned above, the peak in the ZFC curve corresponds to the average 

blocking temperature (  ) of the sample and for non-interacting particles it is given 

by 

        ⁄   (       ⁄ )                                                        5.4 
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where    is the uniaxial anisotropy constant,   is the volume of the particle, 

      is the measurement time and    is the length of time, characteristic of the 

material called the attempt time [105]. It is clear from the above equation that    

increases with the particle size. However, we could not obtain any linear increase in 

   with the particle size and this non-linear behavior can be due to additional 

contributions like dipolar 

  

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Zero field cooled (ZFC) thermal demagnetization measurements of La1-

xSrxMnO3 samples taken at 100 Ôe field 

interactions [106] and the varying anisotropy constant due to shape and stress which 

is also known to affect the overall behavior of   . 

It can also be seen form the ZFC curves that as the temperature increases, the 

samples undergo transition from the ferromagnetic to a paramagnetic state and the 

magnetic transition is broader for samples with smaller average particle size. These 

50 100 150 200 250 300 350 400 450 500

0

2

4

6

8

10

12

14

16

18

20

 

 

M
 (

e
m

u
/g

)

T (K)

 18 nm

 20 nm

 24 nm

 30 nm

 34 nm

 39 nm

x = 0.20

TB

50 100 150 200 250 300 350 400 450 500
-2

0

2

4

6

8

10

12

14

16

18

 

 

M
 (

e
m

u
/g

)

T (K)

 16 nm

 19 nm

 22 nm

 36 nm

 40 nm

x = 0.27

TB

50 100 150 200 250 300 350 400 450 500

0

2

4

6

8

10

12

14

16

 

 

M
 (

e
m

u
/g

)

T (K)

 14 nm

16 nm

 19 nm

 21 nm

 25 nm

 32 nm

 42 nm

x = 0.33

TB

50 100 150 200 250 300 350 400 450 500
-2

0

2

4

6

8

10

12

14

16

 

 

M
 (

e
m

u
/g

)

T(K)

 14 nm

 16 nm

 20 nm

 24 nm

 28 nm

 32 nm

 35 nm

x = 0.45

TB



78 

 

also have low Curie temperatures. The increased width of the magnetic transition is 

more evident from the plots of     ⁄   versus temperature shown in Fig. 5.9. The 

Curie temperature has been estimated from the minimum of      ⁄  curves[86], 

because there always exist a size distribution in nanoparticle system and therefore one 

gets the better estimate of the average Curie temperature for nanoparticles. The 

obtained values have been plotted in the inset of each figure along with fit using the 

equation: 

        (    ⁄ )                                                        5.5 

where     is the Curie temperature of nanoparticles,     is the Curie temperature of 

the bulk material,   is the particle size and    is a fitting parameter that depends upon 

structural factors such as shape factor  , atomic number of the structural cell   and 

the ratio    tbetween an equivalent atomic radius and lattice parameters [107] 
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Figure 5.9 Estimation of the Curie temperature of La1-xSrxMnO3 samples; Inset: Curie 

temperature TC versus particle size D 

The Curie temperature changes with particle size for each concentration, 

however it is to be noted that the Curie temperature may also be affected by other 

parameters besides particle size. According to the Hasegawa–Anderson relation [108] 

the Curie temperature may be affected by the actual oxygen stoichiometry and the 

different values of the Mn-O-Mn bond angle. In the present case there is a possibility 

of the actual oxygen content being different from its stoichiometric value because of 

the annealing treatment of the samples. Furthermore the Mn-O-Mn angle is also found 

to vary when the samples of the same composition are heated at various temperatures 

[109]; hence it will not be appropriate to attribute the evolution of Curie temperature 

only to the particle size. 

5.3 Magnetothermia measurements 

Magnetothermia of the samples was measured on 25 mg sample powder using 

RF induction unit operating at a frequency           with AC magnetic field 

amplitude of         Ôe. The obtained results are shown in the Fig. 5.10. These 

heating results were used to extract values of the initial heating rate (    ⁄ )    

which were then used to determine the SAR according to: 

      (    ⁄ )   (      ⁄ )                                                        5.6 

where   is the heat capacity of the sample and       is the mass of the magnetic 

component in the sample. The value of the specific heat capacity   was taken as 660 

J.kg
-1

K
-1 

obtained from reference [88]. The SAR values thus obtained have been 

plotted in Fig. 5.11 as a function of particle size for all concentrations studied.  The 

SAR shows similar behavior for all samples. It increases with the increase in particle 

size reaching a maximum and then decreases with further increase in particle size for 

each concentration. 
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Figure 5.10 Magnetothermia measurements of La1-xSrxMnO3 samples in an AC field of 

amplitude 10 Ôe and frequency 214 k Hz using 25 mg of powder sample 
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Figure 5.11 Specific absorption rate (SAR) of La1-xSrxMnO3 samples as a function of 

average particle size D measured in an AC field of amplitude 10 Ôe and 

frequency 214 kHz using 25 mg powder sample. 

The observed behavior of SAR with particle size is almost similar to that of the 

coercivity as seen in Fig. 5.6 (b). Since coercivity and anisotropy are mutually 

dependent, so in other words one can say that SAR has a direct dependence on the 

anisotropy of the samples. This is the reason that the samples having low anisotropy 

have low SAR and become maximum for the samples lying close to the transition of 

single domain to multidomain regime because of their large anisotropies. It can be 

further seen from this graph that there exists an optimum size range roughly from 25 

to 30 nm in which the SAR is maximum for all concentrations. Also, for any given 

average particle size, the SAR depends non-monotonically on Sr concentration;  the 

intermediate concentrations 0.33 and 0.27 were found to have larger SAR as compared 

to both higher and lower Sr concentrations.  

5.4 Comparison with linear response theory 

In order to understand the role that the anisotropy plays in determining the 

SAR, the linear response theory (LRT) and the Stoner-Wohlfarth model were used to 
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calculate the SAR for all samples using the experimentally obtained data. Both models 

have their own distinct domains of validity. The LRT is applicable when 𝜉    where 

𝜉              ⁄  or when the amplitude of the applied AC field (    ) is 

much smaller than the anisotropy field (  ), i.e.        . The Stoner-Wohlfarth 

model is valid for single domain particles and can gives accurate results only if the 

parameter 𝜅      where 𝜅  
   

     
  (

   

             
). In order to determine which 

model is best suited to describe these samples, the parameters 𝜉 and 𝜅 were calculated 

from the experimental data and are summarized in Table 5.3. On the basis of the 

obtained values of these parameters one can see that the LRT is valid for the particles 

lying in the single domain region of each concentration and the Stoner-Wohlfarth 

model does not meet the criteria of its validity. 

Therefore the LRT has been used in this work to calculate the loop area A 

traced by the magnetic nanoparticles. This was then used to calculate the SAR by 

using the relation given by 

        ⁄                                                         5.7 

where   is the frequency of the A.C field and   is the density of the material [28]. The 

area of the loop can be calculated by using one of the relations 5.8 or 5.9 depending 

upon the value of 𝜎 which is the ratio of anisotropy energy to thermal energy 𝜎  

(       )⁄ . 

   
   

     
   

  

  
[

   

      
 ]              𝜎                                                           5.8 

 

                                                             OR 

   
   

     
   

  

   
[

   

      
 ]              𝜎                                                          5.9 

Here maxH is the applied field strength, MS is the saturation magnetization, 

63
DV   is the volume of the particle,  = 2 f is the angular frequency and R  is 

the relaxation time that depends upon the effective anisotropy constant Keff and 

volume V as given by the following relation: 



83 

 

         (
     

  
)                                                      5.10 

Here    is an attempt time taken as ~10
-9

 s. The effective anisotropy K eff
 has been 

calculated from CH  by considering three dimensional random anisotropy axis 

coercivity D

CH 3 [104] and interparticle interactions [6]. That is, experimentally the 

coercivity is equal to the isolated nanoparticle coercivity D

CH 3 times an interaction 

term by introduced by including the packing fraction   of the nanoparticles    

  
  (   ). Under this condition the effective anisotropy K eff

  can be calculated by 

using the following relation [110]: 

      
    

     (  (    ⁄ )
    

(   ))
                                                      5.11 

Here Dsp is the superparamagnetic particle size taken as 13 nm obtained from the 

data, D  is the average particle size, 25.2n  is the parameter obtained from the plot 

of 
c

H versus D  in the single domain region shown in Fig. 5.7 and 65.0P  is the 

packing fraction. 

The values of K eff
 so obtained for the particles lying in the single domain 

region for each concentration have been plotted in the Fig. 5.12 a). The effective 

anisotropy constant depends linearly on average particle size within the dingle domain 

regime. It can be seen that the intermediate concentrations x = 0.27 and 0.33 have 

comparatively larger effective anisotropy constant as compared to other 

concentrations. By making use of the obtained values of K eff  
in equation 5.7, the 

theoretically determined SAR has been computed and plotted in Fig. 5.12 b). A clear 

correlation between the effective anisotropy and the SAR can be seen in that the 

concentrations x = 0.27 and 0.33 have significantly larger SAR values than both 

higher as well as lower concentrations. This implies that the effective anisotropy 

constant  K eff  
plays an important role in enhancing the SAR of these systems. Low 

values of the effective anisotropy (Keff   1.5  10
3
 J/m

3
) do not produce any heating.  

This is in general agreement the experimental observations.  
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Figure 5.12 (a) Effective anisotropy constant Keff versus particle size D; (b) 

Theoretically determined SAR versus particle size D. Solid lines are 

guide to the eye. 

The theoretically determined SAR for samples lying in the single domain 

regime of each concentration has also been compared with the experimentally 

obtained values in Fig. 5.13. The SAR‘s have been plotted as a function of the 

effective anisotropy energy KeffV for each concentration. There is very good 

agreement between the theoretical and experimental values for the samples having 

large anisotropy energies. Furthermore the agreement is much better for the samples 

of the intermediate concentrations, because of their larger effective anisotropy as 

compared to other concentrations. This agreement further confirms that the LRT is 

more suitable for particles having large anisotropy values. 
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Figure 5.13 Comparison of the experimental and theoretical SAR versus anisotropy 

energy of the samples lying in the single domain regime of each 

particular concentration of Sr. 

The SAR is not a purely intrinsic quantification of nanoparticle 

magnetothermia because it depends upon experimental parameters such as   

and      as seen from equation 5.7. In order to make it intrinsic and system 

independent, Pankhurst et. al. [90] introduced the concept of intrinsic loss power 

(ILP) which is the SAR normalized by the experimental parameters and is given 

by              
 ⁄ . The ILP values so obtained for the samples have been listed 

in Table 5.3 and found to be comparable to or better than those of magnetite
 
[91] and 

some other commercial ferrofluids [92]. 
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Table 5.3 Summary of parameters 𝜎, 𝜉, 𝜅, SAR and ILP and TC  for single 

domain particles of each Sr concentration 

 

Sample 

Parameter  

 

        ⁄  
  

  (for 

  ~10-9 s) 

SAR 

(W/g) 

ILP 

(nHm
2
/Kg) 

TC (K) 

D (nm) x = 0.45 

14  

16  

20  

24  

0.19 

0.46 

2.59 

8.99 

   0.04 

0.10 

0.21 

0.48 

53.91 

20.24 

3.31 

0.82 

0.95 

1.7 

2.3 

2.73 

7.0 

12.5 

16.9 

20.0 

320 

340 

350 

355 

D (nm) x = 0.33 

14  

16  

19  

21  

0.10 

0.41 

4.56 

6.51 

     0.03 

0.08 

0.20 

0.33 

98.84 

22.65 

1.81 

1.22 

0.76 

1.43 

2.57 

3.62 

5.6 

10.5 

18.9 

26.7 

315 

320 

320 

355 

D (nm) x = 0.27 

14  

16  

19  

22  

0.10 

0.41 

4.56 

6.51 

     0.02 

0.10 

0.21 

0.39 

143.37 

14.66 

1.97 

1.03 

0.58 

2.12 

2.55 

3.17 

4.3 

15.6 

18.8 

23.4 

----- 

320 

320 

350 

D (nm) x = 0.20 

18  

20  

24  

0.63 

1.50 

6.05 

     0.11 

0.23 

0.44 

14.57 

4.68 

1.30 

1.18 

1.59 

2.4 

8.7 

11.7 

17.7 

315 

330 

330 

 

In order to identify the samples best suited to self-controlled hyperthermia 

applications, i.e. those having high SAR and TC ~ 315 – 320 K, these have been 

plotted in Fig. 5.14 as a function of particle size for all Sr concentrations. It can be 

observed that the samples of the intermediate concentrations of 0.27 and 0.33, having 
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size in the range of 14 - 20 nm are more suitable candidates for self-controlled 

hyperthermia applications. Whereas the samples having size above 20 nm for each 

concentration are better for thermoablation. 

 

 

 

 

 

  

 

 

 

 

Figure 5.14 Plot of specific absorption rate SAR and Curie temperature TC as a 

function of average particle size for La1-xSrxMnO3 samples. 

 

5.5 Summary and conclusions 

A wide range of particle sizes for the La1-xSrxMnO3 system lying in the single 

domain as well as in the multidomain regime were successfully prepared using the 

citrate gel technique for each Sr concentration lying between 0.20 and 0.45. The 

magnetic properties such as saturation magnetization, coercivity and Curie 

temperature were found to be size dependent for each concentration. Saturation 

magnetization increased with increasing particle size for each concentration and the 

coercivity was found to increase initially with increasing particle size, reaching a 
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maximum for an optimum size depending upon the concentration and then decreases 

with further increase in particle size. However, the Curie temperature evolved with 

particle size but not in a way such as saturation magnetization, because of heating at 

elevated temperatures which might have affected the actual oxygen stoichiometry and 

Mn-O-Mn bond angle. 

Considerable heating effect was found in all the samples by applying RF 

magnetic field. It was observed that there exists an optimum particle size range of 25 

to 30 nm, where each concentration has the maximum SAR. However, the SAR is 

concentration dependent in this size range and the intermediate concentrations of Sr x 

= 0.33 and 0.27 were found to have the maximum SAR because of their good 

magnetic properties more importantly the effective anisotropy constant as compared 

to the other concentrations. Also the samples in the size range of 14 - 20 nm for these 

two concentrations were found to be better for self-controlled hyperthermia 

applications. 

The SAR was also calculated theoretically using the linear response theory 

(LRT), because of its validity for the particles lying in the single domain regime of 

each concentration. Strong agreement was observed between the theoretically 

determined and the experimental values of the SAR for samples having large 

anisotropy energies. In addition the agreement is much better for the intermediate 

concentrations of 0.27 and 0.33, because of their large anisotropy constants and hence 

anisotropy energy. Therefore, it can be concluded from both the theoretical and 

experimental results that SAR strongly depends upon the anisotropy energy KeffV of 

the system under investigation. 
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Chapter 6 

6. Strontium hexaferrite (SrFe12O19) based composites for 

hyperthermia applications 
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Magnetic hyperthermia depends upon the intrinsic magnetic properties such as 

saturation magnetization, effective anisotropy etc. and there are various ways to tune 

the magnetic properties of a certain nanoparticle system. One way is to change the 

composition or particle size of a system as discussed in chapter 04 and 05. The other 

way is to use multiphase composite materials, where the combined contribution of 

different magnetic phases adjusts the saturation magnetization and anisotropy of the 

composite system. For this purpose mixed phase composites based on SrFe12O19 with 

constituent phases of MgFe2O4 and ZrO2 were prepared via citrate gel technique 

followed by annealing at 1000°C for 2 hours. In the following the effect of varying 

the weight percentage of the constituent phases on the magnetic properties of 

SrFe12O19 and its suitability for hyperthermia application has been investigated.  

6.1 Structural analysis  

Structural analysis of the synthesized samples of strontium hexaferrite 

(SrFe12O19) based composites  with the general composition SrFe12O19/MgFe2O4/ZrO2 

have been carried out by using X-ray diffraction (XRD) and field emission scanning 

electron microscopy (FE-SEM). XRD was used for phase identification and to obtain 

the crystallite size of each composite phase. FE-SEM was used to study the 

morphology of the samples. The weight percentages of Mg and Zr in the final 

composite samples are 0 (sample A), 2.5 (sample B), 5 (sample C), 11 (sample D) and 

16 (sample E) respectively as obtained from the content of Mg and Zr in each sample. 

6.1.1 X-ray diffraction (XRD) analysis 

Powder X-ray diffraction data of the composite samples are shown in Fig. 6.1. 

The XRD of the pure strontium hexaferrite (SrFe12O19) sample A with 0 wt. % of Mg 

and Zr, is also shown for comparison. It can be seen from Fig. 6.1 that the spinel 

MgFe2O4 and ZrO2 phases are gradually increasing with increasing content of Mg and 

Zr content which leads to reduction in the relative content of the SrFe12O19 phase. 

Some major peaks of MgFe2O4 and SrFe12O19 overlap with each other and it becomes 

difficult to distinguish them from one another as can be seen in the figure. However, it 

is clear  that major peaks of SrFe12O19 becomes diminished with increasing content of 

Mg and Zr. Simultaneously, the intensity of overlapping peaks of SrFe12O19 and 
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MgFe2O4 becomes more pronounced. Apart from the overlapping peaks there are 

some other individual and none overlapping peaks of MgFe2O4 and ZrO2 which 

appear in the XRD and confirm the formation of the composite phases. This effect is 

more obvious in case of sample E containing 16 wt. % of Mg and Zr. The average 

crystallite sizes <DXRD> were obtained from the XRD pattern (same energy) using 

Debye-Scherrer equation 3.2 and the values obtained have been listed in Table 6.1. 

The average crystallite size of the Sr-hexaferrite was found to lie in the range of 24 to 

39 nm, while for Mg-ferrite it lies in the range of 11 to 30 nm. It was also observed 

that the decrease in the average crystallite size of the Sr-hexaferrite is accompanied by 

an increase in the size of MgFe2O4, because composites restrain grain growth and 

leads to reduction in particle size. 
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Figure 6.1 XRD patterns of the samples with varying concentration of Mg and Zr 

(a) sample A 0 wt.%; (b) sample B 2.5 wt.%; (c) sample C 5 wt.%; (d) 

sample D 11 wt.%; (e) sample E 16 wt.%; 
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Table 6.1 Structural properties of pure and composite samples 

 

6.1.2 Field emission scanning electron microscopy (FE-SEM) analysis 

The FE-SEM micrographs of pure strontium hexaferrite and the composite 

samples are shown in Fig. 6.2 and a clear change in sample morphology can be 

observed with increasing Mg and Zr content. The hexagonal platelet like morphology 

of pure strontium hexaferrite sample A is clearly shown in Fig. 6.2 (a). The 

morphology changes with increasing content of Mg and Zr (Fig. 6.2 (b), (c) and (d)) 

where clusters of small spherical particles appear along with hexagonal platelet-like 

structures. 

Energy Dispersive X-ray spectroscopy (EDX) was also performed to find out 

the elemental composition of the composite samples. EDX results indicate that most 

of the Mg and Zr are being doped into strontium hexaferrite and the remaining 

appears as composite phases. According to the doping percentage results obtained 

from EDX data, it was found that 86% of Mg and Zr have been doped into strontium 

hexaferrite in case of sample C (5 wt.%), which increases slightly to 92% in case of 

sample D (11 wt.% of Mg and Zr). The doping level falls to 71% in case of sample E 

containing 16 wt. % of Mg and Zr. The remaining undoped content of Mg and Zr 

appear as MgFe2O4 and ZrO2 phases. Therefore sample E has large content of 

MgFe2O4 and ZrO2 composite phases in comparison to other samples as is also 

evidenced from XRD and FE-SEM images. Smaller crystallite sizes were observed in 

the composite samples as compared to pure strontium hexaferrite.  This is due to the 

fact that the three types of grains present in the composite samples restrain grain 

growth leading to reduction in particle size. 

Sample 
wt% of Mg and 

Zr 

<DXRD>(nm)  EDX 

SrFe12O19 MgFe2O4       Fe      Sr          Mg           Zr      

A 

B 

0 

2.5 

39 

39 

----- 

----- 

92.34 

----- 

7.66 

----- 

-----              ----- 

-----              ----- 

C 5 27 11 84.73 6.32  5.61              3.34 

D 11 31 19 79.13 4.05 8.84             7.98 

E 16 24 30 65.36 4.16 18.54            11.95 
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Figure 6.2 FE-SEM images of the samples with varying concentration of Mg and 

Zr (a) sample A 0 wt.%; (b) sample C 5 wt.%; (c) sample D 11 wt.%; 

(d) sample E 16 wt.%. 

 

6.2 Magnetic Properties 

6.2.1 Field dependent magnetization measurements 

Room temperature magnetization hysteresis loops of the samples are shown in 

the Fig. 6.3(a). It can be seen that simultaneous doping of Mg and Zr and the presence 

of two magnetic phases has a strong influence on the magnetic behavior of the 

samples. Progressive softening of magnetic properties was observed by increasing the 

relative content of Mg and Zr. The magnetic properties obtained from the loops are 

listed in Table 6.2. It was found that magnetic properties such as coercivity and 

saturation magnetization within error of 5% were significantly reduced by increasing 

the content of Mg and Zr, as shown in Fig. 6.3 (b). This reduction is also accompanied 

by a decrease in the remanence as shown in the inset of Fig. 6.3 (b).   

(a) (b) 

(c) (d) 
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Figure 6.3 (a) Magnetization M versus field H at 300 K, (b) Variation of HC and 

MS with wt. % of Mg and Zr. Inset shows the corresponding variation 

in Mr. Lines is guide to the eye. 

Pure strontium hexaferrite (sample A) is known to have a strong uniaxial 

anisotropy along the c-axis and therefore has the largest coercivity as well as the 

highest saturation magnetization which lies very close to the bulk value 74.3 emu/g. A 

rapid decrease in the values of MS and HC and was observed with the addition of Mg 

and Zr in the samples. This drastic change in the behavior can be attributed to doping 

of Mg and Zr in Sr-hexaferrite as well as to the presence of non-magnetic ZrO2 and 

ferrimagnetic MgFe2O4 phases in samples B, C, D and E. A secondary reason for the 

magnetic softening is the observed decrease in the average crystallite size in 

comparison to that of pure Sr-hexaferrite as shown in Table 6.1. 

Among the composite samples, the sample B (with 2.5 wt. % of Mg and Zr) 

was found to have a significant decrease in saturation magnetization and an abrupt 

decrease in coercivity. The drastic decrease in coercivity comes from the reduction in 

the crystal anisotropy field. The obvious reason is the change of the easy-axis of 

magnetization from the c-axis to the basal plane. In other words substitution of Fe
3+

 

cations with Mg
2+

 and Zr
4+

 weakens the magnetic interaction which leads to reduction 

in the axial anisotropy. The easy axis of magnetization becomes close to the basal 

plane and gives rise to a nearly planar magnetic anisotropy. Similar results have been 

obtained earlier on Co and Ti doped Ba-hexaferrite [111].                            



95 

 

Further reduction in coercivity, remanence and saturation magnetization was 

observed by increasing the content of Mg and Zr (samples C, D and E). The observed 

changes in magnetic properties follow the general principle describing that the net 

magnetization of a mixed product consisting of two magnetic phases with different 

magnetizations depends on the volume ratio of the phases present. Besides the relative 

volume ratio of the two magnetic phases, a weak secondary influence of the size of 

Sr-hexaferrite crystallites can also be taken into account for the dependence of 

coercivity on mean particle dimensions in the range of 29 – 49 nm [112]. 

Table 6.2 Magnetic properties of pure and composite samples 

 

6.2.2 Temperature dependent magnetization measurements 

Zero field cooled (ZFC) thermal demagnetization measurements for the 

samples were taken in the temperature range of 55 to 400 K in the presence of 100 Ôe 

field as shown in Fig. 6.4. It is well established that the temperature corresponding to 

the maximum in the ZFC curves is a measure of the mean blocking temperature of the 

particles. The lowest available cooling temperature was 55 K in the system we have 

used for ZFC measurements. Therefore the blocking temperature for samples A and C 

could not be determined and lies somewhat below 55 K. However in case of sample D 

(11 wt. %) the ZFC curve shows a broad cusp-like maximum at about 140 K and a 

relatively sharp maximum can be observed at 180 K for sample E (16 wt. %). 

Therefore 140 K and 180 K are the characteristic blocking temperatures TB of the 

samples D and E respectively. It is well known that the broad cusp in the ZFC curve is 

generally observed for a system having large particle size distribution and anisotropy 

energies [113,114]. The sharp cusp in the ZFC curve of the sample E (16 wt. %) is an 

Sample Wt.% of Mg and Zr MS (emu/g) Mr (emu/g) HC (Ôe) 
TB  

(±5 K) 

A 

B 

0 

2.5 

68 

61 

37 

29 

5875 

1550 

----- 

----- 

C 5 53 17 560 ----- 

D 11 48 04 114 140 

E 16 41 03 80 180 
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indication of the narrow particle size distribution and low anisotropy of the sample as 

compared to other samples. 

The observed variation in blocking temperature can be explained on the basis 

of interparticle coupling of composite particles. Coupling suppresses thermal 

fluctuations of magnetic spins, hence shifting of blocking temperature to higher 

values is generally observed with increasing the strength of interparticle interactions 

[115]. Sample E (16 wt. %) has a comparatively large ratio of the MgFe2O4 and ZrO2 

phases in comparison to the other samples. Therefore sample E has the highest 

blocking temperature due to strong interparticle interactions. 

               

 

 

 

 

 

   

 

 

 

 

 

 

Figure 6.4 Zero field cooled magnetization as a function of temperature for 

samples A (0 wt. %), C (5 wt. %), D (11 wt. %) and E (16 wt. %) in a 

measuring field H = 100 Ôe. 
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6.3 Magnetothermia measurements 

Magnetically induced heating results are shown in Fig. 6.5(a), which were 

obtained on 20 mg powder of each sample under an alternating magnetic field of 

frequency 214 kHz and amplitude 10 Ôe. In the case of the pure strontium hexaferrite 

sample A 0 wt. % no heating was observed under these conditions and the result is 

shown for comparison purpose. The initial heating rate (dT/dt)|t=0 for each sample was 

extracted from these  heating curves. 

 

Figure 6.5 (a) Magnetic heating of samples (20 mg each) at frequency 214 kHz 

and 22 Ôe magnetic field amplitude; (b) specific absorption rates 

(SAR) of the samples versus wt.% of Mg and Zr. 

These initial heating rates were then used to determine the SAR according to 

the equation given by, 

      (
  

  
)
   

 

     
                                                      6.1 

where   is the heat capacity of the sample and       is the mass fraction of the 

magnetic component. The value of   for each sample was estimated as the weighted 

sum of the heat capacities and calculated from the weight fraction of each component 

phase present in the sample. The values of   obtained in this way for samples A, B, C, 

D and E are given in table 6.2. The standard specific heat capacities for each 

component phase, i.e.  SrFe12O19, MgFe2O4 and ZrO2 were taken from refs. [116–

118]. The estimated   values were used to calculate the SAR values using equation 

6.1 and the obtained results are given in Table 6.3 and graphically displayed in Fig. 
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6.5(b), showing a linear increase in SAR with increasing content of Mg and Zr. The 

rise in temperature per unit mass of the samples is also shown in the Fig. 6.6. This 

graph can be used to determine the quantity of each sample to be used to get 

temperature close to the therapeutic limit of 42 - 47°C.  

 

Figure 6.6 Change in temperature per unit mass of the samples in RF magnetic 

field of amplitude 22 Ôe and frequency 214 kHz. 

Table 6.3 Specific heat capacities and SAR of pure and composite samples. 

 

 

 

 

 

These magnetically induced heating results may be understood on the basis of 

the linear response theory (LRT), applicable only when the applied field 

amplitude        , the anisotropy field. This condition is quantified by the 

parameter 𝜉         ⁄  , with the LRT being applicable only, if 𝜉   . The heating 

results have been obtained using small field amplitude viz.       10 Ôe, which 

ensures that the condition of the LRT is satisfied. The anisotropy field    was 
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Sample wt% of Mg and Zr  C (J/g.K) SAR (W/g)   

A 

B 

0 

2.5 
  

0.612 

0.6028 

0 

0.24 
  

C 5   0.6056 0.49   

D 11   0.5973 0.48   

E 16   0.6092 0.72   
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estimated for the samples using               . It was found that the 

dimensionless parameter 𝜉  has values between 0.01 and 0.13 for all samples. 

According to the LRT, the SAR of magnetic particles depends upon anisotropy and is 

minimum for both very high and very low values of anisotropy and reaches a 

maximum for an intermediate (material dependent)  anisotropy value [110,119]. We 

find that increasing the content of Mg and Zr lead to progressive reduction in 

coercivity indicating magnetic softening of the samples and thereby increase the SAR 

in accordance with the above prediction. 

Pure strontium hexaferrite sample A with 0 wt.% of Mg and Zr, has a large 

intrinsic anisotropy in comparison to other samples and so produces no 

magnetothermia in spite of its much higher magnetization than the composite 

samples. It can be observed from the heating curves of samples B – E that there is a 

rapid increase in temperature in the initial stage and it becomes almost stable after the 

first 300 s. The sample B with 2.5 wt. % doping produces magnetic hyperthermia due 

to an abrupt decrease in coercivity and magnetization. It can also be seen that both the 

SAR and the final temperature attained become larger as the composite samples 

becomes magnetically soft with increasing doping percentage of Mg and Zr. Although 

samples C (5 wt. %) and D (11 wt. %) have almost similar SAR but the latter one 

reaches a higher final temperature, which may be due to the increased coupling in this 

sample as compared to sample C. Sample E (16 wt. %) with the lowest anisotropy 

(due to lowest    = 167 Ôe) has been found with the highest SAR and final attainable 

temperature. It is worth noting that this sample has a lower doping percentage (71%) 

in comparison to samples C (86% doping) and D (92% doping). This indicates that 

though doping is essential to reduce the anisotropy of Sr-hexaferrite and making it 

suitable for hyperthermia, the contribution of the component phases MgFe2O4 and 

ZrO2 cannot be ignored. These component phases play a significant role in the 

magnetic softness of sample E and consequently have a higher SAR as compared to 

other composite samples.   
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6.4 Summary and Conclusions 

A range of SrFe12O19/MgFe2O4/ZrO2 composites were successfully prepared 

via the citrate gel technique. XRD and FE-SEM both confirmed the formation of the 

composite phases and significant variation in magnetic properties such as saturation 

magnetization (MS), coercivity (HC) and remanence (Mr) was observed as a function 

of the percentage content of the composite phases. Pure SrFe12O19 sample A with 0 

wt. % of Mg and Zr shows no magntothermia, whereas considerable heating effect 

was observed when the composites samples were subjected to an RF magnetic field. 

The SAR was found to have a strong dependence on the ratio of the two ferrimagnetic 

phases, namely SrFe12O19 and MgFe2O4. The magnetically induced heating results 

may be understood on the basis of the linear response theory (LRT). The LRT 

predicts that SAR of magnetic particles depends upon anisotropy and is minimum for 

both very high and very low anisotropy, however the SAR reaches a maximum for an 

intermediate (material dependent)  anisotropy value. We found that increasing the 

content of Mg and Zr lead to progressive reduction in coercivity indicating magnetic 

softening of the samples and thereby increase the SAR in accordance with the above 

prediction. It is concluded that the reduced anisotropy play a pivot role in enhancing 

the hyperthermia and therefore these composites are eminently suitable for magnetic 

hyperthermia that requires magnetic particles with relatively high magnetization, low 

coercivity and remanence.  
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Chapter 7 

7. Magnesium ferrite (MgFe2O4) and Zirconia (ZrO2) 

nanocomposites for hyperthermia applications  
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Nanocomposites of magnesium ferrite and zirconia (MgFe2O4/ZrO2) were 

prepared whereby the ZrO2 content was varied from 38% to 79% by weight. The 

composite samples were labeled according to the weight percentage of ZrO2 content 

present in the sample. The composite samples were then annealed at two different 

temperatures of 800°C and 1000°C for one hour. The parenthesis attached with each 

sample name indicates the annealing conditions. For example the sample 38 wt. % 

(81) contains 38% ZrO2 by weight and has been annealed at 800°C for 1 hr.  The 

sample 38 wt. % (101) was annealed at 1000°C for 1 hr. A pure MgFe2O4 sample was 

also prepared and annealed at 800°C for one hour for comparison purposes. 

7.1 Structural analysis  

Structural analysis of the composite samples of magnesium ferrite (MgFe2O4) 

and zirconia (ZrO2) has been carried out using X-ray diffraction (XRD) and 

transmission electron microscopy (TEM). XRD data was used for phase identification 

and to obtain the average crystallites size for each component phase. Transmission 

electron microscopy (TEM) was used to examine the size and morphology of the 

samples annealed at 800°C for one hour only. The particle size distribution was 

obtained on the basis of statistical counting of particles.  

7.1.1 X-ray diffraction (XRD) analysis 

Typical X-ray diffraction patterns for the composite samples along with XRD 

of the pure magnesium ferrite (MgFe2O4) sample annealed at 800°C for one hour are 

shown in Fig. 7.1. This sample has been labeled 0 wt. % ZrO2 (81); the numbers in 

the parenthesis indicate that the sample was annealed at 800°C for 1 hr. The 

diffraction spectrum of the sample 0 wt. % ZrO2 (81) closely corresponds to the 

standard pattern of cubic spinel MgFe2O4 (JCPDS 00-036-0398) with CCP structure 

and shows no unidentified peaks. The XRD of the composite samples shown in Fig. 

7.1 (a) and (b) show the characteristic diffraction peaks corresponding to ZrO2 and 

MgFe2O4 and so confirm the formation of the composite phases. It can also be 

observed from the XRD patterns of the composite samples that the peaks of MgFe2O4 

become diminished and those of ZrO2 tend to dominate with increasing wt. % of 

ZrO2. In addition it can be observed that ZrO2 exists in two different crystallographic 
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phases corresponding to the monoclinic (JCPDS 01-078-0047) and tetragonal (JCPDS 

01-070-8758) structures. The XRD of the composite samples annealed at 800°C for 

one hour as shown in Fig. 7.1 (a), indicates the presence of both the characteristic 

phases of ZrO2 in samples having 71 wt. % and 79 wt. % of ZrO2. The composite 

samples with 38 wt. % and 55 wt. % of ZrO2 were found to have tetragonal phase of 

ZrO2 only. 

The XRD of the composite samples annealed at 1000°C for one hour is also 

shown in Fig. 7.1 (b). It can be seen that the sample 71 wt. % has only the monoclinic 

phase of ZrO2 and the other three samples were found to have both the tetragonal and 

monoclinic phases of ZrO2 in varying proportions. However, on the basis of the 

appearance of the major peaks of monoclinic phase and tetragonal phase of ZrO2 the 

sample 71 wt. % (81) has the larger content of the monoclinic phase among the 

samples annealed at 800°C for one hour and the sample 79 wt. % (101) has tetragonal 

phase among the samples annealed at 1000°C for one hour. 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 (a) XRD of MgFe2O4 and ZrO2 composites samples annealed at 

800°Cfor one hour (b) samples annealed at 1000°C for one hour  
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The average crystallite size was estimated from the observed line widths of the 

most prominent peaks of the phases as indicated in the XRD using the Debye Scherer 

equation. The estimated sizes from the XRD data for each component phase of 

MgFe2O4 and ZrO2 in each sample have been summarized in Table 7.1. The pure 

MgFe2O4 sample, 0 wt. % ZrO2 (81), has an average crystallite size of 39 nm which 

decreases to about 19 nm for the composite samples shown in Fig. 7.1 (a). This result 

is consistent with the observation that grain growth is generally restricted in 

composites leading to reduction in particle size. Similar results for the reduced size of 

ferrites in nanocomposites have also been reported in refs. [120,121]. Interestingly the 

sizes for MgFe2O4 and ZrO2 both were found to remain almost constant for the 

composite samples and no significant change was observed with increasing wt. % of 

ZrO2 except for the sample 71 wt. % ZrO2 (81). This sample has a comparatively 

larger size of ZrO2 which could be due to the larger content of the monoclinic phase 

as compared to other samples. 

Table 7.1 Particle size of MgFe2O4 and ZrO2 composite samples annealed at 

800°C for one hour obtained through XRD and TEM analysis 

Sample 
MgFe2O4 

DXRD (± 2nm) 

ZrO2 

DXRD (± 2nm) 

TEM 

<D>  (nm) 

0 wt. %  (81) 39 --- 44 ± 1.0 

38 wt. %  (81) 19 18 18 ± 0.5 

55 wt. %  (81) 20 18 17 ± 0.5 

71 wt. %  (81) 19 25 22 ± 0.6 

79 wt. %  (81) 19 20 20 ± 1.0 

 

 



105 

 

Table 7.2 Particle size of MgFe2O4 and ZrO2 composite samples annealed at 

1000°C for one hour obtained through XRD analysis 

Sample 
MgFe2O4 

DXRD (± 2nm) 

ZrO2 

DXRD (± 2nm) 

38 wt. %  (101) 26 31 

55 wt. %  (101) 26 28 

71 wt. %  (101) 20 38 

79 wt. %  (101) 22 34 

The obtained sizes for the component phases of composite samples annealed 

at 1000°C for one hour are summarized in Table 7.2. Here a slight increase in the size 

of MgFe2O4 was observed as compared to ZrO2. The underlying reason for the larger 

size of ZrO2 may be the presence of the monoclinic phase in these samples and the 

higher degree of crystallinity of ZrO2 phase due to annealing at high temperature. A 

systematic increase in the size of ZrO2 was found with annealing at higher 

temperature for all composite samples. 

7.1.2 Transmission electron microscopic (TEM) analysis 

Transmission electron microscopy (TEM) was used to examine the 

morphology and obtain particle sizes and size distributions of all samples. A TEM 

image of pure magnesium ferrite annealed at 800°C for one hour is shown in Fig. 7.2. 

 

Figure 7.2 TEM image of 0 wt. % (81) sample at scale 100 nm together with a 

particle size distribution histogram and lognormal fit. 
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Pure magnesium ferrite particles are irregular in shape and aggregated with 

particle size in the range of 30 to 70 nm. The corresponding particle size distribution 

was obtained by counting 60 particles and is fitted with a lognormal function as 

shown indicating a broad size distribution with average particle size        = 44 

nm. 

TEM images for the composite samples are shown in Fig. 7.3. The change in 

size as well as morphology with increasing the wt. % of ZrO2 can be clearly observed.  

It can be seen that the samples 38 wt. % and 55 wt. % of ZrO2 have less aggregated 

small particles with roughly spherical shaped morphology. In addition the 

morphology of the sample with 38 wt. % of ZrO2 looks like single core MgFe2O4 

particles segregated into the ZrO2 matrix. The sample with 55 wt. % ZrO2 it appears 

like multiple cores MgFe2O4 particles embedded inside ZrO2 spheres.  In the case of 

71 wt. % and 79 wt. % of ZrO2 samples two distinct morphologies, elongated and 

spherical shaped, can be seen clearly with the larger content of elongated shaped 

morphology in the sample having 71 wt. % of ZrO2. The elongated shape morphology 

may be due to the presence of the monoclinic phase in these samples as evident from 

XRD. The corresponding particle size distribution for each composite sample is 

shown in Fig. 7.4 fitted with a lognormal function. These distributions were used to 

find the mean particles size and standard deviations and the obtained values have been 

summarized in Table 7.1. A close agreement was found with the sizes obtained from 

XRD.  
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Figure 7.3 TEM images of MgFe2O4 and ZrO2 composite samples annealed at 

800°C for one hour at scale 100 nm (a) 38 wt. % (81) (b) 55 wt. % (81) 

(c) 71 wt. % (81) and (d) 79 wt. % (81) 
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Figure 7.4 Particle size distribution histograms together with the lognormal fits of 

MgFe2O4 and ZrO2 composite samples annealed at 800°C for one hour 

(a) 38 wt. % (b) 55 wt. % (c) 71 wt. % and (d) 79 wt. %  

 

7.2 Magnetic measurements 

7.2.1 Field dependent magnetization measurements 

Room temperature magnetization hysteresis loops of the samples are shown in 

Fig. 7.5. The measured values of saturation magnetization (  ) and coercivity (  ) 

for samples annealed at 800°C and 1000°C for one hour have been summarized in 

Table 7.3 and 7.4 respectively. The pure MgFe2O4 sample with 0 weight % ZrO2 has 

saturation magnetization close to bulk value of 30 emu/g [122]. The reason for the 

reduced magnetization is mainly surface disorder, variation in cation distribution and 

defects in fine particles. 
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Figure 7.5 M-H loops of MgFe2O4 and ZrO2 nanocomposites at 300 K (a) 

samples annealed at 800°C for one hour (b) samples annealed at 

1000°C for one hour (c) comparison in terms of mass of MgFe2O4 for 

the annealed samples at 800°C  and (d) comparison in terms of mass of 

MgFe2O4 for the annealed samples at 1000°C. 

In order to find the size dependence of magnetic properties of magnesium 

ferrite, 33 nm MgFe2O4 nanoparticles were also synthesized by annealing the sample 

powder at 600°C for one hour. Saturation magnetization and coercivity of this sample 

were       emu/g and          respectively. It was found that saturation 

magnetization decreased and coercivity increased with decreasing particle size in case 

of magnesium ferrite nanoparticles. This result is consistent with the results usually 

observed in nanoparticle systems and attributed to the surface contribution with 

decreasing particle size. Moreover, Q. Chen et al. have found that in case of MgFe2O4 

nanoparticles coercivity increases with increasing particle size and reaches a 
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maximum of about 200 Ôe for 18 nm [123]. Y. Huang et al. also synthesized 10 nm 

MgFe2O4 nanoparticles by the sol-gel combustion method and obtained saturation 

magnetization of 9.9 emu/g and coercivity of 165 Ôe at room temperature [124]. 

From these observations it can be concluded that the size of magnesium ferrite 

obtained for the sample annealed at 800°C for one hour labeled as 0 weight % of ZrO2 

lies much above the single domain limit resulting in the observed low coercivity of 

this sample. It can also be observed that saturation magnetization of the composites 

samples decreases with increasing proportion of non-magnetic ZrO2 content. The 

coercivity values of the composites except for 71 wt. % (81) were found to be much 

lower than 200 Ôe as described in ref. [123] for MgFe2O4 nanoparticles of the size 18 

nm. The unexpected increase in the coercivity of the 71 wt. % (81) sample may be 

due to the shape anisotropy because of the elongated shaped morphology as seen in 

TEM. The reduced coercivities for the rest of the composite samples may be 

attributed to decreasing dipolar interactions with increasing ZrO2 content and can be 

explained on the basis of the Dormann–Bessais–Fiorani model [125]. 

According to this model an extra energy barrier (  ) to magnetization reversal 

is introduced due to interparticle interactions and the resultant anisotropy energy of 

the magnetic system is given by, 

         
      7.1 

where   represents the anisotropy constant,   is the volume of the magnetic particle 

and   stands for the angle between the easy axis and magnetization direction. The 

energy corresponding to dipole-dipole interactions for a magnetic system of single 

domain particles can be expressed as:  

                 
    

 

    
 7.2 

where    is the permeability of the vacuum and    stands for magnetic moment of the 

particle [126]. It is clear from the equation that the increase of the interparticle 

separation   reduces the strength of the dipolar interactions and gives rise to decrease 

of the total anisotropy energy barrier (  ) in eqt. 7.1. Hence the decrease of the 
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coercivity in the composite samples is due to the lowering of the anisotropy energy 

barriers with increasing ZrO2 content. 

The effect of dipolar interactions on the saturation magnetization is more 

evident from the Figs. 7.5(c) and (d) giving the field dependent magnetization loops 

of the samples normalized by the mass of the magnetic component (MgFe2O4). It can 

be seen that the composite samples have smaller magnetization as compared to the 0 

weight % ZrO2 sample, because of the reduced size of MgFe2O4 in the composite 

samples. In principle the saturation magnetization of the composite samples annealed 

at 800°C for one hour should be comparable, because of the approximately similar 

size of MgFe2O4 in the composite samples as calculated from XRD. However a 

significant difference can be observed in their saturation magnetizations and can be 

explained on the basis of the dipolar interactions and induced anisotropy due to the 

ZrO2 content. Dipolar interactions between particles cause frustration of the moments 

and as a result the moments no longer align along the easy axis of the particles 

precisely. This effect gives rise to a decrease in saturation magnetization with 

increasing concentration, because in concentrated samples, the particle–particle 

interactions become comparable to the magnetic anisotropy energies [127]. The effect 

of sample concentration on anisotropy and saturation magnetization of magnetite has 

been confirmed by V. L. C-D del Castillo et al. [128]. 

The effect of dipolar interactions on the saturation magnetization is much 

pronounced from the field dependent magnetization loops of the composite samples 

annealed at 1000°C as shown in Fig. 7.5 (d). It can be observed that the sample 79 

weight % ZrO2 content has comparable magnetization to the sample 0 weight % ZrO2 

despite the significant difference in the size of MgFe2O4 and may be attributed to the 

reduced dipolar interactions, because of the significant increase in the size of ZrO2 

and having the largest content of ZrO2. 
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Table 7.3 Saturation magnetization (MS) and coercivity (HC) of MgFe2O4 and 

ZrO2 composite samples annealed at 800 °C for one hour 

Sample MS (emu/g) HC (Ôe) 

0 wt. % (81) 28 72 

38 wt. % (81) 16 50 

55 wt. % (81) 10 70 

71 wt. % (81) 5 182 

79 wt. % (81) 4 10 

 

Table 7.4 Saturation magnetization (MS) and coercivity (HC) of MgFe2O4 and 

ZrO2 composite samples annealed at 1000 °C for one hour 

Sample MS (emu/g HC (Ôe) 

38 wt. % (101) 17 94 

55 wt. % (101) 10 110 

71 wt. % (101) 06 75 

79 wt. % (101) 06 02 

The variation of saturation magnetization and coercivity for the samples with 

increasing the wt. % of ZrO2 is also shown in the Fig. 7.6. The Fig. 7.6 (a) shows an 

increase in saturation magnetization for the sample 79 wt. % (101) as compared to the 

sample 79 wt. % (81). The Fig. 7.6 (b) indicates that the samples annealed at 1000°C 

for one hour exhibits a decrease in coercivity with increasing the content of ZrO2 and 

the effect is more obvious for the samples having larger content of ZrO2. These 

observations also indicate the role of dipolar interactions to affect both saturation 

magnetization and coercivity of the samples. Therefore the decrease in the coercivity 

for the last two samples may be due to further reduction in dipolar interactions 
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because of the significant increase in the size as well as larger content of ZrO2. It is 

noting that the size of MgFe2O4 nanoparticles in these two samples did not change 

despite annealing at high temperature.  

 

  

 

 

 

 

Figure 7.6 Variation of (a) saturation magnetization and (b) coercivity with 

increasing content of ZrO2  

In addition the appearance of tetragonal and monoclinic phases of ZrO2 in the 

samples also seems to have an effect on the magnetic properties because of their 

different anisotropies. The monoclinic phase of ZrO2 has been reported to have a 

larger anisotropy as compared to the tetragonal phase [129,130]. It can be observed 

from the Fig. 7.5 (c) that the sample 71% (81) has the lowest magnetization followed 

by 79% (81) according to the degree of monoclinic phase content viz. anisotropic 

phase present in these samples as evident by XRD. Samples 38 % (81) and 55 % (81) 

have tetragonal phase of ZrO2 only viz. low anisotropic phase and consequently have 

high magnetization values as compared to other samples. The small difference in the 

magnetization of the two samples might be due the change in morphology of the 

samples as evident from TEM images. The sample 71 % (81) has the lowest 

magnetization in the samples due to the presence of the monoclinic phase (anisotropic 

phase) only despite of having the largest size for ZrO2. Samples 38% (81) and 55% 

(81) have similar sizes of MgFe2O4 particles as determined from XRD; however the 

sample 55% (81) has low magnetization as compared 38% (81) due to presence of 

comparatively larger content of monoclinic phase of ZrO2 as evident from XRD. 
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However, the underlying reason of the effect of monoclinic or tetragonal morphology 

on the magnetic properties is not clear and needs to be investigated properly.   

7.2.2 Temperature dependent magnetization measurements 

The effect of magnetic interactions such as dipolar coupling on the blocking 

temperature is well known. DC magnetization measurements in the zero field cooled 

(ZFC) and field cooled (FC) states are usually used to estimate the blocking 

temperature of magnetic nanoparticle systems. We have taken the ZFC thermal 

demagnetization measurements of the samples and the obtained curves are shown in 

the Figs. 7.7 and 7.8. The measurements were taken in the temperature range of 55 to 

380 K in the presence of a 100 Ôe field. The temperature corresponding to the 

maximum of the ZFC curve is a measure of the mean blocking temperature and 

depends upon many factors such as particle size, magnetic coupling, effective 

anisotropy constant and applied magnetic field [131]. 

The ZFC curve of the sample 0 weight % (81) as shown in Fig.7.7 did not 

show any peak; hence the FC measurement was taken for this sample, because the 

blocking temperature can also be estimated from the merging of the ZFC and FC 

curves. The ZFC and FC curves remained distinct upto the available temperature 

range of the system used indicating that the blocking temperature of the sample lies 

above 400 K. The width of the cusp in the ZFC curve is a measure of the width of the 

particle size distribution present in the system. If the particle size distribution is 

narrow, then the sample will have narrow distribution of blocking temperatures and a 

sharp peak is obtained in the ZFC curve. On the other hand for large size distribution 

there will be a broad distribution of blocking temperatures resulting in a broad peak in 

the ZFC curve. The broad cusp in the ZFC curves for the sample 0 wt.% ZrO2 (81) is 

an indication of the broad size distribution present in the sample and found to be in 

agreement with its TEM image. 
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Figure 7.7 Field cooled (FC) and zero field cooled (ZFC) measurements of the 

sample 0 wt. % ZrO2 (81) under 100 Ôe field 

The measured blocking temperatures of the composite samples annealed at 

800°C for one hour have been summarized in Table 7.5. One can see that with 

increasing the non-magnetic content the blocking temperatures of the composite 

samples drastically decreased as compared to the sample 0 wt. % (81) who‘s blocking 

temperature lies above 400 as discussed earlier. The primary reason may be the 

reduced dipolar coupling because of increased ZrO2 content. The secondary reason 

may be the reduced particle size of MgFe2O4 in the composite samples as compared to 

the pure MgFe2O4 sample i.e. 0 wt. % (81). However, the MgFe2O4 size in the 

composite samples annealed at 800°C for one hour is almost 19 nm and for this size 

range the blocking temperature of approximately 300 K has been reported [123,132]. 

Therefore the observed variation in blocking temperature can be attributed primarily 

to the reduced dipolar coupling with increasing ZrO2 content.  

The sample 79 wt. % (81) has a bimodal size distribution indicated by the 

presence of two peaks in the ZFC curve. This sample has a broadest size distribution 

out of all composite samples as shown in TEM results. The first peak around 100 K 

corresponds to large number of small particles and the second peak correspond to few 

large sized particles present in the sample.  In addition the sharp cusps in the ZFC 
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curves of the samples 38% and 55% ZrO2 samples correspond to the narrow size 

distribution and low anisotropy of these samples which agrees with their TEM results. 

Table 7.5 Blocking temperature (TB) of MgFe2O4 and ZrO2 composite samples 

annealed at 800°C and 1000°C for one hour. 

Sample TB (K) Sample TB (K) 

0 wt. % (81) ---- 0 wt. % (81) ---- 

38 wt. % (81) 250 38 wt. % (101) 100 

55 wt. % (81) 210 55 wt. % (101) 140 

71 wt. % (81) 120 71 wt. % (101) 80 

79 wt. % (81) ---- 79 wt. % (101) 120 

Zero field cooled thermal demagnetization measurements for the samples 

annealed at 1000°C are shown in Fig. 7.8 and the blocking temperatures obtained 

have been summarized in Table 7.5. Comparing the curves for samples annealed at 

800°C and 1000°C, one sees that annealing at the higher temperature reduces the 

average blocking temperature for all samples. Although annealing at 1000°C 

increases the average particle size of MgFe2O4, there is a much more significant 

increase in the size of ZrO2 nanoparticles. Despite the increase in the size of MgFe2O4 

nanoparticles, a decrease in the blocking temperature was observed and can be 

attributed to the reduced coupling with the increasing the size of ZrO2 nanoparticles. 

It is worth mentioning that the size of ZrO2 was almost comparable to the size of 

MgFe2O4 in the composite samples annealed at 800°C for one hour. Hence it is 

concluded that the size of ZrO2 has played a pivotal role in reducing the blocking 

temperature for the composite samples because of the reduced dipolar coupling.  
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Figure 7.8 Zero field cooled (ZFC) thermal demagnetization measurements of 

MgFe
2
O

4
 and ZrO

2
 nanocomposites annealed at 800°C and 1000°C for 

one hour and measured under a field of 100 Ôe. 

7.3 Magnetic heating 

Magnetically induced heating experiments were carried out on 25 mg powder 

for each sample under an alternating magnetic field of frequency of 214 kHz and 

amplitude 10 Ôe and the obtained results are shown in Fig. 7.9. The initial slopes 

(
  

  
)
   

 for were extracted from the heating curves of the samples and have been 

summarized in Tables 7.5 and 7.6. These initial heating rates were then used to 

determine the SAR according to the equation given by, 

       (
  

  
)
   

 
       

     
 7.3 

where,   is the mass of the sample,    is the specific heat capacity of the sample and 

      is the mass fraction of the magnetic component [133]. The value of   for each 
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sample was estimated as the weighted sum of heat capacities of the component 

phases.  The values of   obtained in this way are given in table 7.5. The standard 

specific heat capacity values for the component phases of MgFe2O4 and ZrO2 were 

taken from refs. [117,118]. The estimated   values were used to calculate the SAR 

values using equation 8.3 and the obtained results are given in Tables 7.5, 7.6 and 

displayed in Fig. 7.10. It can be seen that the SAR shows non-monotonic behavior 

with increasing content of ZrO2. 

Table 7.6 Specific heat capacity (c), initial heating rate dT/dT|t=0 and specific 

absorption rate (SAR) of MgFe2O4 and ZrO2 composite samples 

annealed at 800°C for one hour. 

Sample 
C  

(J/g.K) 

dT/dT|t=0       

(K/s) 

SAR 

(W/g) 

0 wt. % (81) 0.75 5.04 3.78 

38 wt. % (81) 0.62 2.95 2.96 

55 wt. % (81) 0.56 1.559 1.95 

71 wt. % (81) 0.51 1.125 1.98 

79 wt. % (81) 0.48 1.933 4.36 

 

Table 7.7 Initial heating rate dT/dT|t=0  and specific absorption rate (SAR) of 

MgFe2O4 and ZrO2 composite samples annealed at 1000°C for one 

hour. 

Sample 
dT/dt 

(K/s) 

SAR 

(W/g) 

38 wt. % (11) 3.976 3.98 

55 wt. % (11) 2.784 3.48 

71 wt. % (11) 2.244 3.96 

79 wt. % (11) 1.479 3.33 
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Figure 7.9 Magnetothermia measurements of 25 mg of MgFe2O4 and ZrO2 

composites in an alternating magnetic field of frequency 214 kHz and 

amplitude 10 Ôe (a) samples annealed at 800°C for one hour (b) 

samples annealed at 1000°C for one hour. 

 

Figure 7.10 Comparison of SAR of the composite samples annealed at 800°C and 

1000°C for one hour. Straight lines are guide to the eye. 

It can be seen that the SAR decreases almost linearly with increasing content 

of ZrO2 up to 71 %. This linear decrease in SAR is due to the decrease in the initial 

slope of the heating curves, depending upon the content of magnetic phase viz. 

MgFe2O4 in this case. However an interesting feature to be observed is the enhanced 

SAR in the sample 79 % ZrO2 although it has the lowest magnetic content of 
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MgFe2O4.  This strong enhancement in the SAR for this sample can be attributed to 

the reduced coupling in the sample due to the largest content of ZrO2 present. The 

effect of coupling on the SAR is more evident in the composite samples annealed at 

1000°C for one hour. There is a significant increase in the SAR of the composite 

samples that is almost comparable to or greater than the SAR of the sample 0 wt. % 

ZrO2 in spite of the 100 % magnetic content of the latter. These results very 

effectively demonstrate the effect of reduced dipolar coupling (due to the significant 

increase in the size of ZrO2) on the SAR of the composite samples. The small decrease 

in the SAR of the sample 79 % (101) might be due to the much reduced coercivity of 

the sample as compared to 79 % (81). The reason is that SAR is generally found to 

have low values for both very low and high anisotropy of the samples. 

7.4 Summary and Conclusions 

MgFe2O4 and ZrO2 composite nanoparticles with different weight percentages 

of ZrO2 were prepared via the citrate gel technique. The size of MgFe2O4 was greatly 

reduced in the composite samples and significant variation in magnetic properties 

such as saturation magnetization(  ), coercivity(  ) and blocking temperature (  ) 

was observed with increasing the weight % of ZrO2. The observed decrease in    and 

   were found to have the same origin of the reduced dipolar interactions. Significant 

heating effect was observed when the composites were subjected to RF magnetic field 

and the SAR was found to have a strong dependence on magnetic dipolar interactions. 

The reduced dipolar interactions were found to play a pivot role in enhancing 

hyperthermia and these composites therefore possess the suitability as most efficient 

mediators for magnetic hyperthermia. Most significantly, the sample 79 wt. % ZrO2 

has been found to have an SAR that is larger than that of pure MgFe2O4 when both are 

annealed at 800°C. This is an important finding from the point of view of biomedical 

applications, because ZrO2 in known to have low toxicity and high biocompatibility. 
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Chapter 8 

8. Summary and Conclusions 
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In this work, different magnetic nanoparticle systems have been investigated 

for self-controlled hyperthermia. These are: 

i. strontium doped lanthanum manganite nanoparticles with composition 

La1-xSrxMnO3 (0.15  x  0.45), 

ii. mixed phase composites based on SrFe12O19 with constituent phases of 

MgFe2O4 and ZrO2 

iii. MgFe2O4 and ZrO2 composite nanoparticles consisting of ZrO2 in 

weight percentages between 0% and 79%. 

In case of La1-xSrxMnO3 nanoparticles, the magnetic properties were tuned by 

varying the exchange interactions via varying the Sr content in the range of (0.15  x 

 0.45). Curie temperatures (TC) values for the Sr concentrations x = 0.15 and 0.20 

were found to be compatible with those required for self-controlled hyperthermia. The 

specific absorption rate (SAR) shows non-monotonic behavior with the Sr content x, 

because of its complex dependence on magnetic properties such as saturation 

magnetization, relaxation time, anisotropy energy, etc. The validity of the linear 

response theory (LRT) was verified for all samples for the experimental conditions 

under which magnetothermia measurements had been carried out. The observed 

heating behavior was found to correlate well with the magnetic and structural 

properties of the samples within the framework of the linear response theory (LRT) 

and the LRT successfully reproduced the experimentally determined specific 

absorption rates within an error of about 20 %. 

In the second approach using the La1-xSrxMnO3 system, the magnetic 

anisotropy was modified by varying the particle size lying in the single domain as 

well as in the multidomain regime for all Sr concentration except for x = 0.15. The 

magnetic properties such as saturation magnetization, coercivity and Curie 

temperature were all found to be size dependent for each concentration. A 

cconsiderable heating effect was found in all the samples and it was observed that 

there exists an optimum particle size range of 25 to 30 nm, where each concentration 

has the maximum SAR. However, the SAR is concentration dependent in this size 

range and the intermediate concentrations of Sr x = 0.33 and 0.27 have the maximum 

SAR because of their relatively large effective anisotropy as compared to other 

concentrations. Also the samples lying in the size range of 14 - 20 nm for these 
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concentrations are better for self-controlled hyperthermia applications. The LRT was 

found to be valid for the samples lying in the single domain regime of each 

concentration. The theoretically determined SAR was found to be in good agreement 

with the experimental ones for samples having large anisotropy energies. The 

agreement becomes much better for the intermediate concentrations of 0.27 and 0.33, 

because of their large anisotropy constants. Therefore, it can be concluded that the 

SAR depends strongly upon the anisotropy energy KeffV of the system under 

investigation. 

Mixed phase composites based on SrFe12O19 with constituent phases of 

MgFe2O4 and ZrO2 were also investigated. Significant variation in magnetic 

properties such as saturation magnetization (MS), coercivity (HC) and remanence (Mr) 

was observed as a function of the percentage content of the composite phases. Pure 

SrFe12O19 sample no magnetothermia, but considerable heating effect was observed in 

the composites samples. The SAR was found to have a strong dependence on the ratio 

of the two ferrimagnetic phases, namely SrFe12O19 and MgFe2O4. It was found that 

increasing the content of the component phases MgFe2O4 and ZrO2 led to progressive 

reduction in coercivity and consequently the effective anisotropy. It is therefore 

concluded that the reduced anisotropy plays a pivotal role in enhancing the 

hyperthermia of these composites. 

MgFe2O4 and ZrO2 composite nanoparticles consisting of ZrO2 in various 

weight percentages between 0% and 79% were also studied. The observed decrease in 

   and the blocking temperature    were found to have the same origin of reduced 

dipolar interactions due to the non-magnetic ZrO2 nanoparticles. Strong 

magnetothermia was observed in the composite samples. The reduced dipolar 

interactions were found to play a key role in enhancing hyperthermia and these 

composites therefore possess the suitability as very efficient mediators for magnetic 

hyperthermia. Most significantly, the sample 79 wt. % ZrO2 has been found to have 

SAR that is larger than that of pure MgFe2O4 when both are annealed at 800°C. This is 

an important finding from the point of view of biomedical applications, because ZrO2 

in known to have low toxicity and high biocompatibility in comparison to that of 

ferrites. 
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