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1. Introduction  

Magnetic nanoparticles (MNPs) have found wide applications in biomedicine due to their 

magnetic properties and dimensions being smaller than or comparable to several biological 

entities such as cells (10-100 ɛm), viruses (20-450 nm), and proteins (5-50 nm) [1-3]. The ability 

of these MNPs to be manipulated by an external magnetic field make them especially attractive 

for localized treatment options such as targeted drug delivery and hyperthermia, as well as 

diagnostics like enhancing contrast in existing magnetic resonance imaging (MRI) techniques 

and sensors based on the detection of a magnetic signal [4,5]. In most cases, the MNPs are 

required to be monodisperse so that each individual MNP has nearly identical physical and 

chemical properties for controlled biodistribution, and bioelimination [3,6]. As magnetic labels, 

the MNPs should be superparamagnetic to have zero magnetic remanence in the absence of an 

external magnetic field and are also required to have high magnetization [5]. This is why 

different synthetic approaches have been developed to achieve these goals [3,6-12]. Recently, 

particular attention has been paid to growth of shape-variant MNPs which, could be used for 

more novel biomedical applications.  For example, they could have utility in biomedical 

immune-electron microscopy allowing differentiation by both size and shape simultaneously [13-

15].  It is important to note that MNPs with tunable shapes and sizes provide more magnetic 

labeling options that are currently restricted to spherical MNPs below 15 nm in size [13]. Once 

shape-variant MNPs are used, different biological molecules (eg: proteins, lipids) can be labeled 

to simultaneously target different sites within a single sample, giving a direct comparison of 

signaling networks or multi-subunit molecular machines.  

This book chapter will serve as a guide and review of currently available chemical 

methods for synthetic of MNPs shape and size and their characterisation. It will also provide the 
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reader with a comprehensive understanding of magnetism in these synthesized MNPs and some 

useful biomedical applications. 

2. Synthetic of size- and shape-variant ferrite  nanoparticles 

 

Ferrites are very exciting for biomedical use.  Magnetite (Fe3O4), a ferrite, has been 

approved by the FDA for medical use in a variety of applications.  The synthetic method for 

making ferrite MNPs can drastically change their physical properties, such as size, shape, and 

magnetism. The synthetic technique used to make ferrite MNPs also determines how the surface 

is coated to allow for suspension in different solvents such as hexane, water and saline solutions. 

There are a wide variety of synthetic techniques available for making ferrite MNPs.  The 

more common techniques are bottom-up approaches, meaning that reagents are broken down and 

MNPs are built up from agglomerations of atoms.  Four promising synthetic methods for shape 

and size variation are: 

¶ Thermal decomposition 

¶ Co-precipitation 

¶ Solvothermal 

¶ Microemulsion 

This section will give a brief description of each, followed by which parameters affect the size 

and shape of the MNPs. 

 

2.1 Thermal decomposition 

 

Thermal decomposition is a very common synthetic technique for making ferrite MNPs 

due to the quality of the resulting MNPs and the speed of the reaction [9,16-23].  As the name 

thermal decomposition implies, this technique takes advantage of materials breaking down and 
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forming new compositions at various temperatures.  This technique is particularly useful for 

making very small, uniform nanocrystals.  The basic procedure [9] is to mix organometallic 

compounds with a surfactant to stabilize the particles in a high boiling point organic solvent.  

The organometallic materials are generally metal acetylacetonates [M(acac)n, M = Fe, Mn, Co, 

Ni, Cr, n = 2, 3], metal cupferronates [MxCupx, M = metal ion, Cup = N-

nitrosophenylhydroxylamine], or carbonyls.  The surfactant, or surface active agent, is used as a 

stabilizing coating for the MNPs.  The surfactant determines what types of solvent the MNPs can 

be well dispersed in, and prevents them from further oxidation.  Fatty acids such as oleic acid, 

hexadecylamine and oleylamine are common surfactants for this technique [16].  Benzyl ether, 

phenyl ether, octyl ether, or 1-octadecene can be used as the high boiling point organic solvents.  

Generally there is also use of an alcohol as a cosurfactant.  Some commonly used alcohols are 

1,2-hexadecanediol, 1,2-tetradecanediol, or 1,2-dodecanediol.  Figure 6.1 shows how the various 

reagents come together to create a ferrite MNP. 

 

Fig. 6.1.  Flow chart shows how to create inverse spinel MNPs using a thermal decomposition 

method with an oleate coating.  The reagents are as follows:  Fe(acac)3, iron (III) acetylacetonate, 

as an organometallic material; ROH, a hydroxyl, with 1,2-hexadecanediol as an example; 

RCOOH as a carboxyl, with oleic acid as an example; RNH2 as an amine, with oleylamine as an 

example and a solvent.  The phase of the resulting MNP would be MFe2O4 with ñMò standing 

for ñmetal.ò Reprinted with permission from Ref. [16]. 

 

An example of a synthetic procedure for thermal decomposition is as follows.  First, all 

reagents are mixed together in one flask; this includes all organometallic materials, surfactants, 

alcohols, and solvents.  After mixing, oxygen is purged from the flask and heating is 
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commenced.  The flask is heated to a temperature, where the precursor will decompose and the 

MNPs are formed.  After a short period of time, the reaction is stopped by removing the heat 

source.  One of the advantages to using thermal decomposition is that it is considered a one-pot 

synthesis meaning that multiple chemical reactions occur in one reaction flask. 

Once this part of the synthesis is complete, the sample is centrifuged several times in the 

presence of ethanol to wash the MNPs and remove any excess chemicals from the synthesis.  

Lack of suspension in the final solvent is indicative of MNPs with an insufficient surfactant 

coating, so it is vital to remove these particles.  The final result of ferrite MNPs, such as 

magnetite or cobalt ferrite, in a non-polar solvent is a ferrofluid. 

2.1.1 Surface functionalization 

MNPs synthesized by this method are excellent for dispersing in non-polar solvents such 

as toluene or hexane, but will not suspend in polar solvents such as water or phosphate buffered 

saline (PBS) solutions, which is essential for biomedical use.  For this reason, these MNPs need 

to be surface functionalized with a bio-compatible material before suspension in water or PBS 

and injection into a living entity [9, 17-21].  There are two basic types of surface 

functionalization: one where the initial coating is removed and replaced by a bio-compatible 

coating, and another where the bio-compatible coating is added on top of the original coating. 

Both types of surface functionalization described above are called ligand exchange, 

which is also commonly referred to as surface exchange.  Ligand exchange builds upon the 

initial coating.  In this method, the MNPs are prepared with their oleate coating and suspended in 

hexane.  An aqueous mixture of a bio-compatible agent, such as Ŭ-cyclodextrin or 

dimercaptosuccinic acid [18], is created and the two solutions are mixed together.  After they are 

left stirring for a period of time, the MNPsô coatings are exchanged from the oleate coating to the 
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Ŭ-cyclodextrin coating, as indicated by visible suspension in the aqueous solution [19].  The two 

solvent mixtures are then separated and the MNPs have been surface functionalized.  Figure 6.2 

shows the surface exchange method and resulting MNP solutions. 

 

Fig. 6.2. On the left is a schematic of how the surface exchange method uses the oleate coating 

to attach MNPs to Ŭ-cyclodextrin.  On the right are actual MNP solutions-(a) shows the MNPs 

suspended in hexane with the aqueous Ŭ-cyclodextrin solution below it; (b) shows the MNPs 

have settled in to the aqueous Ŭ-cyclodextrin solution after stirring for ~24 hours and the empty 

hexane; (c) shows the final product of Ŭ-cyclodextrin coated magnetite MNPs suspended in 

water. Reprinted with permission from Ref. [19]:  Y. Wang, J. F. Wong, X. Teng, X. Z. Lin, and 

H. Yang, Nano Letters 2003, 3, 1555.  Copyright 2011 American Chemical Society. 

 

Figure 6.3 shows another version of ligand exchange.  With this method, the original 

coating is stripped from the MNPs and a new, bio-compatible coating replaces the old one [20]. 

 
Fig. 6.3. This diagram shows how ligand exchange works as a means of surface 

functionalization by stripping the MNP of its original coating and replacing it with one that 

suspends in a polar solution. Reprinted with permission from Ref. [20]. 

 

Another method that builds upon the oleate coating involves the intercalation of 

surfactants [21].  In this method, the MNPs start with any type of hydrophobic coating, and an 

amphiphilic polymer is added to the surface.  The amphiphilic polymer would have affinity with 
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both the lipids coating the MNP and the water in the aqueous solution, however the polymer 

chains must be long enough to coat the entire particle, or else exposure of the original coating 

may be present.  For this reason, an additional molecule must be added to cross-link the polymer 

chains, thus creating a robust shell for the MNPs.  Figure 6.3 shows how this process works.  In 

one example of this procedure, the MNPs and the polymer are separately suspended in 

chloroform and the two solutions are mixed together.  After stirring for a period of time, the 

chloroform is allowed to dry and a separate chloroform solution containing the cross-linking 

material is added to the dry mixture.  After sonicating, the solvent is evaporated a second time 

and the MNPs are suspended in a buffer solution, which is then filtered to remove any unbound 

polymer.  The resulting MNPs suspend in water and remain stable for several months. 

 

 

Fig. 6.4. This diagram shows how a polymer is attached and then cross-linked on the surface of 

an initially oleate-coated MNP. Reprinted with permission from Ref. [21]:  T. Pellegrino, L. 

Manna, S. Kudera, T. Liedl, D. Kiktysh, A. L. Rogach, S. Keller, J. Radler, G. Natile, and W. J. 

Parak, Nano Letters 2004, 4, 703.  Copyright 2011 American Chemical Society. 

 

Other common bio-compatible coatings for MNPs include silica, gold, polyvinyl alcohol 

(PVA), and polyethylene glycol (PEG) [9]. 

2.1.2 Synthesis of Shape and size variant MNPs 
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By changing the amount of surfactants and solvents or by altering their ratios with the 

thermal decomposition synthetic method, an experimenter can obtain particles of vastly different 

morphologies.  The size, shape and uniformity can be greatly altered and these parameters can be 

finely tuned. 

Several research groups have observed that when there is a high solvent to metal 

precursor concentration ratio, very small, uniform MNPs form.  This is attributed to the fact that 

as the amount of solvent within a solution is increased; the decomposed metals take up a smaller 

and smaller percentage of the overall solution.  Thus forming smaller clusters of material and 

resulting in smaller MNPs.  However, it has been reported that below or above a certain amount 

of surfactant, the amount of solvent becomes unimportant [16, 23].  In addition to the amount of 

solvent and surfactant in the solution, the length of the alcohol chain also plays a role in the size 

of the resulting MNPs.  A longer chain, such as a hexadecanediol, yields smaller particles than 

alcohols with shorter chains such as tetra- and do-decanediols.  Table 6.1 shows the correlation 

of resulting magnetite MNP size with alcohol chain length, amount of surfactant, and amount 

and type of solvent present in the reaction. 

Table 6.1.  Using 2 mmol of iron (III) acetylacetonate as the metal salt and systematically 

changing amounts and types of all other reactants yields a variety of particle sizes for magnetite 

MNPs [16]. 
Particle 

Size (nm) 

1,2-hexadecanediol 

(mmol) 

1,2-tetradecanediol 

(mmol) 

Oleylamine 

(mmol) 

Oleic 

Acid 

(mmol) 

Benzyl 

Ether 

(mL) 

Phenyl 

Ether 

(mL) 

1-Octadecene 

(mL) 

4 10 -- 6 6 -- 20 -- 

5 10 -- 12 12 20 -- -- 

6 10 -- 6 6 20 -- -- 

7 10 -- 12 12 15 -- -- 

8 10 -- 12 12 10 -- -- 

8 10 -- 6 6 15 -- -- 

8 -- 10 6 6 20 -- -- 

~9 10 -- 4 4 15 -- -- 

~9 10 -- 4 4 20 -- -- 

11 -- -- 10 -- 10 -- -- 

12 10 -- 6 6 -- -- 20 

~15 10 -- 6 6 10 -- -- 
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Not only is the size affected by the changing amounts of solvent and surfactant to metal 

ratios, but also the shape of the resulting MNPs.  For example, when small amounts of solvent 

are combined with small amounts of surfactant and a shorter alcohol chain, a mixture of 

triangular and spherical MNPs are obtained.  This happens because the growth process of the 

material was allowed to continue on only certain crystallographic directions of the particle, and 

terminated in others [16].  The reason we still see some spherical MNPs is because the entire 

reaction ended earlier for them.  This is also why the spherical MNPs are smaller than the 

triangular ones.  Figure 6.5 shows a mixture of triangular and spherical MNPs and star-like 

MNPs. 

 

Fig. 6.5.  Differently shaped MNPs synthesized via thermal decomposition:  (A) Nano triangles 

and spheres were synthesized using Fe(acac)3, 1,2-tetradecanediol, oleic acid, oleylamine, and 10 

mL of benzyl ether; (B) Square/star-like MNPs were synthesized via using Fe(acac)3, 1,2-

hexadecanediol, oleylamine, 1-adamantanecarboxylic acid, and 20 mL of benzyl ether; (C) 

Hexagonal MNPs were synthesized using 1,2-hexadecanediol, oleic acid, oleylamine and 20 mL 

of benzyl ether.  Reprinted with permission from:  [16]; Ref. [22]; and Ref. [23]:  H. Zeng, P.M. 

Rice, S.X. Wang, and S. Sun, Journal of the American Chemical Society 2004, 126, 11458.  

Copyright 2011 American Chemical Society. 

 

Reducing the reaction time of the synthetic procedure can also change the morphology of 

the ferrite MNPs.  For example, if a synthetic procedure is terminated during the reflux stage, 

when the particles are re-forming, the MNPs may not have the opportunity to fully form [24].  
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Figure 6.6 is a perfect example of partially formed MNPs.  Here, the MNPs were immediately 

heated to a reflux temperature of 290°C and were kept there for a short period of time with a 

small amount of solvent.  The resulting particles came out rather large, over 100 nanometers, and 

had rather non-uniform shape and size, but as further heating was applied to the system with the 

same initial reactants, the MNPs became more uniform and eventually ~150 nanometer uniform 

magnetite nanocubes were obtained. 

 

Fig. 6.6.  MNPs at different stages of the synthetic procedure.  As further heating was applied, 

the particles grew in size and became more uniform in shape.  The flow chart shows a schematic 

of the growth process for these MNPs. Reprinted with permission from Ref. [24]:  D. Kim, N. 

Lee, M. Park, B. H. Kim, K. An and T. Hyeon, Journal of the American Chemical Society 2009, 

131, 454.  Copyright 2011 American Chemical Society. 

 

2.2 Chemical co-precipitation  

 

Chemical co-precipitation is the most commonly used synthetic technique for making 

ferrite materials.  The idea behind chemical co-precipitation is a simple one that many will recall 

from chemistry class.  There is a starting solution containing many materials that are in 

equilibrium.  When a specific material is added to this solution, an instant reaction occurs.  As 

the name implies, the reaction splits the solution into a supernatant and a precipitate.  With this 

synthetic procedure, the precipitate consists of MNPs. 
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This is a quick method that can be used to make several different types of materials with 

excellent phase and shape uniformity, but with poor size-control [9,25-26].  The method for 

making magnetite MNPs, for example, is combining ferrous (Fe
2+

) and ferric (Fe
3+

) salts with an 

acidic material and precipitating the desired particles with a very alkaline material [25].  The 

ferrous and ferric salts are generally iron chlorides, sulfates or nitrates.  Hydrochloric acid is one 

example of an acid used for this procedure [9].  Water is also used often as the carrier solvent for 

the salts during the reaction.  Ammonia and sodium hydroxide are frequently used as the base 

because of their strong alkaline nature.  The reaction can be allowed to take place at room 

temperature or an elevated temperature in an inert atmosphere.  

Once all of the precipitate has formed, the reaction is finished and it is vital to wash the 

MNPs.  The resulting MNPs are washed by centrifugation in the presence of ethanol and water to 

remove any unreacted chemicals from the final product.  Figure 6.7 shows a cartoon of the 

mechanism behind the chemical co-precipitation synthetic route.   

 

Fig. 6.7. This cartoon illustrates the basic idea behind the mechanics to the chemical co-

precipitation technique.  Start off with a solution containing suspended materials, add a reactant, 

and end up with a supernatant and a precipitate where the precipitate is generally the desired 

material. 

 

Unlike with the thermal decomposition synthetic route, surfactants are often added after 

the chemical co-precipitation synthetic procedure is finished.  This must be done carefully 
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because ferrite MNPs can easily be oxidized.  For example, magnetite MNPs can be easily 

oxidized to maghemite (ɔ-Fe2O3) when exposed to ambient conditions.  It is possible to add a 

polymer during or just after the reaction to surface functionalize the MNPs, thus protecting them 

from further oxidation.  For example, it has been reported that surfactants in aqueous solutions, 

such as sodium oleic acid, dodecylamine, and sodium carboxymethyl cellulose can be added 

during the chemical co-precipitation procedure.  And if one is to add a polymer instead of a 

surfactant, they could do so during the reaction by having water as the initial carrier solvent 

along with a polymer, such as polyvinylalcohol (PVA), dissolved in it [26].  The rest of the 

reaction would then carry on as before and the phase of the MNPs would remain intact. 

As mentioned earlier, it is possible to obtain a shape and size variance for ferrite MNPs 

when conducting chemical co-precipitation.  Components that affect size, shape and phase 

variance of the material include, but are not limited to:  ratio of Fe
2+

/Fe
3+

 salts, pH of the 

solution, temperature and length of the reaction. 

2.3 Solvothermal 

 

The solvothermal method differs from thermal decomposition and chemical co-

precipitation in the sense that the reaction does not take place in a vessel where one can watch 

the reaction occur.  This synthetic route consists of placing a mixture of metallic precursor 

solutions with surfactants and solvent into a sealed autoclave to create MNPs by applying 

pressure [9, 14].  When the solvent is water, this method is called hydrothermal synthesis.  After 

the materials are added to the sealed autoclave, the entire setup is placed into a constant 

temperature vessel, such as a water, oil, or sand bath and heated to an elevated temperature to 

ñpressure cookò the materials.  The resulting material is not plentiful; however the resulting 
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particles are typically very uniform in size and shape [9].  Figure 6.8 shows a diagram of the 

solvothermal synthetic technique. 

 

Fig. 6.8.  Autoclave that would be suspended in a constant temperature water, oil, or sand bath, 

depending on the temperature requirements of the reaction. The schematic shows the mixed 

metallic precursor solutions and the pressurized vapors they create, with MNPs beginning to 

form from the pressure. 

 

The size and shape of MNPs made by the solvothermal method, as with other techniques 

discussed, can be controlled by type of solvent used, temperature of the reaction, length of the 

reaction and ratio of surfactants [14].  Figure 6.9 shows how drastically the shape of MNPs can 

change with the variance of one surfactant and two examples. 

 

Fig. 6.9. (A) Shape variance with ratio change of the surfactants oleic acid (OA), oleylamine 

(OLA) and tri-n-octylphosphine oxide (TOPO), in mL; (B) High resolution TEM image of one 

MNPs showing crystallographic order of the molecules and diffraction pattern; (C) Mixed array 

of shapes and sizes, primarily triangular made by using the solvothermal route. Reprinted with 

permission from Ref. [14]:   G. Gao, X. Liu, R. Shi, K. Zhou, Y. Shi, R. Ma, E. T. Muromachi 
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and G. Qiu, Crystal Growth & Design 2010, 10, 2889.  Copyright 2011 American Chemical 

Society. 

 

 

2.4 Microemulsion 

 

Microemulsion will be the last discussed synthetic technique for making size and shape-

variant ferrites.  Synthesis of MNPs by microemulsion is desirable because of the excellent 

control over shape, size, and phase of resulting MNPs with the relative ease of this technique [9, 

27]. The drawback is that only a small amount of product results. 

Microemulsion involves the mixing of two immiscible liquids in the presence of metal 

salts to create the desired particle. There are two types of microemulsion synthetic process 

possible, water-in-oil and oil-in-water microemulsions [9].  When the two immiscible liquids are 

mixed together, one forms microdroplets in the other.  These microdroplets are stabilized in the 

solution by surfactants; hence the surfactant plays a crucial role in this synthetic technique, 

acting as a stabilizing agent for the entire solution rather than just the resulting MNPs.  The 

surfactant film is the boundary between the microdroplets and the encompassing solution [27].  

With a water-in-oil microemulsion, the microdroplets are called reverse micelles because the 

hydrophilic head of the surfactant faces the center.  With an oil-in-water microemulsion, the 

microdroplets are appropriately called micelles, with the hydrophilic head of the surfactant 

facing out, towards the water.  The size of the micelles or reverse micelles is determined by the 

water-to-oil ratio within the vessel. In MNP synthesis, water-in-oil microemulsions, or synthesis 

by reverse micelle, are more popular than oil-in-water microemulsions. 

To create ferrite MNPs, two separate water-in-oil microemulsions are required [9,27].  

The reverse micelles contain the necessary reactants to form the desired MNPs.  The two 
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microemulsions are then mixed together with collisions between the two types of reverse micelle 

occurring.  The droplets are dominated by Brownian motion because of their small size and 

rarely remain stuck together.  This collision and separation process creates nucleation and growth 

of MNPs in the form of a precipitate within the reverse micelles. This precipitate contains the 

desired MNPs as shown in Fig. 6.10A.   

       

Fig. 6.10. (A) Schematic showing the basics of how the microemulsion synthetic technique 

works; (B) More detailed flow chart outlining specifically how ferrite MNPs are made using 

microemulsions. Reprinted with permission from Ref. [27]. 

 

As detailed in Fig. 6.10B, the two microemulsions are sonicated after combination to 

create one coherent microemulsion, which is then vigorously stirred until a transparent solution 

is obtained.  The solution is stirred for several hours at room temperature until stable.  At this 

point, slow heating under an inert gas takes place until the precipitate is formed, and the solution 

is left to reflux at full temperature until the reaction ends.  Finally the MNPs are centrifuged to 

remove any undesired chemicals and the resulting MNPs can be suspended in an organic solvent. 

There are many ways in which one can change the MNP size in microemulsions and keep 

a uniform particle size distribution [27].  One way to change the MNP size is to alter the reactant 
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concentration within the first microemulsion.  More reactant to less carrier solvent will yield 

larger MNPs.  Increasing the flexibility of the surfactant-film will also create larger MNPs.  

Increasing the film flexibility can be done by adding an alcohol as a co-surfactant or decreasing 

the molecular weight of the carrier oil in the microemulsion.  The final way to increase MNPs 

size in the microemulsion technique is by increasing the droplet size of the microemulsions in 

the combined solution.  To decrease the size of the MNPs, one can increase the concentration of 

one reactant far beyond that of the other.  This would mean that there is less material overall to 

react, and thus smaller particles would be created, however more reagents would be wasted in 

the process. 

3. Other magnetic nanoparticles: synthesis of size- and shape-variance 

 

Up until this point, only ferrite MNPs have been discussed, and although magnetite, a 

ferrite, has already been FDA approved for use in the biomedical field, many other types of 

MNPs are promising for future use.  This section will highlight exciting work being done to 

synthesize shape and size-variant MNPs other than ferrites [13, 28].  Since thermal 

decomposition is a moderately easy synthetic route that takes only a few hours with narrow size 

distribution, very good shape control and a scalable yield of product, it makes sense that this 

method is very popular for synthesizing MNPs other than ferrites.  Figure 6.11 shows images of 

several differently shaped and sized iron-platinum MNPs synthesized under various conditions 

using thermal decomposition [13]. 
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Fig. 6.11. Fe-Pt MNPs of different shapes and sizes using a thermal decomposition synthetic 

route.  Ref. [13]:  D. Ung, L.D. Tung, G. Caruntu, D. Delapostas, Y. Alexandrous, I. Prior and 

N.T.K. Thanh, CrystEngComm 2009, 11, 1309.  Reproduced by permission of The Royal Society 

of Chemistry. 

 

Table 6.2 shows size and shape of iron-platinum, iron-palladium, and iron-platinum-

palladium alloys alongside the amount and type of reagents used.  It is obvious to see that a wide 

variety of shapes and sizes are available ranging from spheres, to cubes, to stars and octopods.  

The differently shaped MNPs are especially promising for biomedical applications such as cell 

tagging and targeted drug delivery among other things, as will be discussed later in this chapter. 

Table 6.2.  Various size and shape trends along with amounts and type of reagents used to make 

Fe-Pt and Fe-Pd alloys.  Fe(CO)5 stands for iron pentacarbonyl, Pt(acac)2 stands for platinum (II) 

acetylacetonate, Pd(OA)2 stands for palladium (II) acetate, OLA stands for oleylamine, OA 

stands for oleic acid, MA stands for myristic acid, and HDA stands for hexadecylamine [13]. 

Size (nm) Shape 
Fe(CO)5 

(mmol) 

Pt(acac)2 

(mmol) 

Pd(OAc)2 

(mmol 

Pd(acac)2 

(mmol) 

OLA 

(mmol) 

OA 

(mmol) 

MA 

(mmol) 

HDA 

(mmol) 

5±0.6 Spherical-fcc 8.3 8.3 -- -- 433 -- -- -- 

5-50 Mixed 8.3 8.3 -- -- -- 433 -- -- 

Varied Cube-like 8.3 8.3 -- -- -- -- 266 266 

9.8±1.6 Cubes 8.3 8.3 -- -- 466 466 -- -- 

13.2±2 
Octopod-

cubic 
8.3 8.3 -- -- 466 466 -- -- 

24.2±6.1 Stars 6.25 6.25 -- -- -- -- -- -- 

7.5±1 Cubes 8.3 8.3 -- -- -- -- -- -- 

8.7±1.5 Cubes 16.6 8.3 -- -- -- -- -- -- 
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7.6±1.2 Cubes 24.9 8.3 -- -- -- -- -- -- 

12.5±2 Mixed 83 8.3 -- -- -- -- -- -- 

15-20 Tetrahedral 8.3 -- 8.3 -- 133 133 -- -- 

13-17 Tetrahedral 8.3 -- 8.3 -- -- -- 133 133 

-- Multipod 8.3 -- -- 8.3 -- -- -- -- 

 

4. Magnetism in ferrite nanoparticles 

The magnetic properties of ferrite MNPs are size and shape dependent. In order to 

effectively use ferrite MNPs for biomedical applications, a clear understanding of the size- and 

shape-dependent magnetic properties of these MNPs is needed. The following parts are devoted 

to achieving this goal. 

4.1 Crystal structure and spin configuration 

Ferrimagnetic oxides of AB2O4 crystallize either in a normal spinel structure or in an 

inverse spinel structure. In a normal spinel structure, the A
2+

 cations occupy the tetrahedral sites 

whereas the B
3+

 cations occupy the octahedral sites (Fig. 6.12a). However, in an inverse spinel 

structure, half of the octahedral coordination sites are occupied by A
2+

 cations and the remaining 

half as well as all the tetrahedral coordination sites are occupied by the B
3+

 cations. For example, 

Fe3O4 (magnetite) has a normal (cubic) spinel structure with oxygen anions forming a face-

centered-cubic (fcc) closed packing and iron (cations) located at the interstitial tetrahedral sites 

(Td) and octahedral sites (Oh). The cubic unit cell has lattice parameter a = 8.39 Å [29]. The 

magnetic moments of both Fe
2+

 and Fe
3+

 cations at the octahedral sites are aligned parallel to an 

external magnetic field, whereas those of Fe
3+

 ions at the tetrahedral sites are aligned antiparallel 

to the external magnetic field (Fig. 6.12b).  
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Fig. 6.12. (a) The crystal structure of an AB2O4 spinel. The A-sites ions (red) are embedded in a 

tetrahedral environment of oxygen (yellow), while the B sites (green) have octahedral 

environment; (b) The spin configuration of Fe3O4 in an applied external magnetic field (Hex).  

 

Since Fe
2+

 has a d
6
 electron configuration with a high spin state and Fe

3+
 has d

5
 electron 

configuration with a high spin state, the total magnetic moment of the unit cell of Fe3O4 comes 

only from Fe
2+

 cations with a magnetic moment of 4 mB. As Fe is partially substituted by M (M = 

Co, Ni, and Mn) ferrimagnetic oxides with distinct magnetic properties such as CoFe2O4, 

NiFe2O4, and MnFe2O4 are created [2,3]. As an example, CoFe2O4 (cobalt ferrite) is a well-

known hard magnetic material with high degree of magnetic anisotropy and magnetostriction 

[30]. The Co
2+

 and Fe
3+

 cations locate on the octahedral and tetrahedral sites, respectively, 

forming an inverse spinel structure. The cubic unit cell has lattice parameter (ao) of 8.39 Å. Since 

the 8 Fe
3+

 ions in the tetrahedral sites are aligned antiferromagnetically with respect to the 8 Fe
3+ 

ions in the octahedral sites via super-exchange interactions mediated by oxygen ions. As a result, 

the uncompensated Co
2+

 ions possessing three unpaired electrons in their d-orbitals would give a 

theoretical saturated magnetization value of 3 ɛB per unit cell. It has been experimentally shown 

that the total magnetic moment increases to 5 mB for MnFe2O4 as Fe is partially substituted by 

Mn, while it decreases to 3 mB for CoFe2O4 and 2 mB for NiFe2O4 as Fe is partially substituted by 
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Co and Ni, respectively [31]. For biomedical applications, MNPs having large magnetic 

moments are often preferable [32]. This is why MnFe2O4 MNPs are being widely used for 

enhancing magnetic resonance (MR) signals in vivo detection of biological targets [4].  

4.2. Critical size and superparamagnetism  

Refinement of particles size in magnetic materials is essential for obtaining desired 

magnetic properties. It has been shown that reducing ferromagnetic particles down to the 

nanometer size (below 100 nm) can lead to an appearance of anomalous magnetic properties 

[33,34]. As a ferromagnetic particle reaches a critical grain size (Dc, the critical diameter), it is a 

single magnetic domain [34]. As particle size is smaller than Dc, it significantly affects the 

magnetic properties of the material. The dependence of the particle size on coercivity (HC) of a 

magnetic material is illustrated in Fig. 6.13. 

Large particles energetically favor the formation of domain walls to form multi-domain 

(MD). Magnetization reversal occurs via the nucleation and motion of these walls. In this case, 

the coercivity (Hc) scales as D
-n

. As the particle size decreases toward a critical particle diameter, 

Dc, the formation of domain walls becomes energetically unfavorable and the single domain 

(SD) particles are consequently obtained [33-35]. In this case, the magnetization process occurs 

mainly via a coherent rotation of magnetic moments, resulting in larger coercivity. As the 

particle size decreases to the single-domain value Dsp, the coercivity varies with the particle size 

as Hc ~ D
6
. Below Dsp, the magnetic ordering state is easily collapsed due to thermal 

fluctuations, and the material exhibits a superparamagnetic feature. 
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Fig. 6.13. Particle size (D) dependence of coercivity (Hc). Hc = 0 below the superparamagnetic 

(SPM) particle size limit Dsp, the single domain (SD) particle between Dsp and the single-domain 

limit, Dc and multiple domain (MD) particles.  

 

Furthermore, it has been shown that the critical grain size is dependent on the shape of 

the particle. For spherical particles with high anisotropy, the critical diameter (Dc) is determined 

by [34] 
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where 14 AK@g is the specific domain wall energy, A is the exchange constant, and K1 is the 

first-order anisotropy constant. It has been found that for CoFe2O4, Fe2O3, Fe3O4, FeCo, FePt, 

CoPt, Ni, and Co spherical particles, the critical diameters are about 100 nm, 91 nm, 82 nm, 52 

nm, 56 nm, 58 nm, 84 nm, and 80 nm, respectively [36]. It is worth noting that particles with 

significant shape anisotropy can remain single domains in much larger dimensions than their 

spherical counterparts.  

4.3. Size-dependent magnetic properties 

4.3.1. Static magnetic properties 
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The magnetic properties of ferrite MNPs are strongly particle-size dependent [37-41]. As 

an example, Fig. 6.14 shows the temperature dependence of zero-field-cooled (ZFC) and field-

cooled (FC) magnetization (e.g. M-T curves) for Fe3O4 MNPs with two different sizes of 6 nm 

and 14 nm. Unless specified, the results presented and discussed in this section are for 

ñsphericalò MNP assemblies. It can be seen in Fig. 6.14 that both samples undergo a transition 

from the ferromagnetic (blocked) state to the superparamagnetic state with increasing 

temperature. The narrow shape of the ZFC M(T) curve observed for 6 nm Fe3O4 MNPs is 

consistent with the perspective of an assembly of weakly interacting single-domain particles, 

whereas the broadening of the ZFC M(T) curve observed for 14 nm Fe3O4 MNPs points to the 

system with stronger dipolar inter-particle interactions [42]. It has also been noted that the shape 

of a ZFC M(T) curve strongly depends on distribution in particle size, with a larger particle size 

distribution resulting in a broader ZFC M(T) curve [35]. The temperature corresponding to the 

maximum in the ZFC M(T) curve is referred as to the mean blocking temperature (TB), which is 

proportional to the anisotropy constant (Ku) and magnetic volume (V) of the particle via TB = 

KuV/25kB, with kB is Boltzmann constant.  
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Fig. 6.14. ZFC and FC magnetization versus temperature (M-T) curves of Fe3O4 MNPs with two 

different sizes of (a) 6 nm and (b) 14 nm.  

 

As one can see clearly in Fig. 6.14, the TB decreases from 227 K to 34 K as the particle 

size decreases from 14 nm to 6 nm. The decrease of TB with decrease in particle size represents a 

general trend for ferrite particle systems (Fig. 6.15). It has also been noted that values of TB 

could be varied, depending upon sample synthetic conditions [43] and/or non-stoichiometry [44]. 

The temperature below which the ZFC and FC curves begin to separate from each other is 

referred as to the irreversibility temperature (Tirr), which is often associated with the blocking of 

the biggest particles. In this case, a particle system with Tirr well far above TB often shows a 

large particle size distribution [37-42]. This is true for the case of 14 nm Fe3O4 MNPs when 
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compared to that of 6 nm Fe3O4 MNPs. Above Tirr, the system enters a fully superparamagnetic 

regime. Another feature to be noted in the FC M(T) curve is that for an assembly of fine particles 

the continuous increase of the FC magnetization with lowering temperature implies weaker inter-

particle interactions. As for Fe3O4 material, we recall that while the bulk undergoes a first order 

magnetic/structural transition (the well-known Verwey transition) at Tv ~115 K, this transition 

temperature is largely shifted to a lower value in MNP systems, as particle size is decreased 

below 50 nm (Tv ~ 16 K) [29].  

 

Fig. 6.15. Particle size dependence of the blocking temperature (TB) of Fe3O4 and CoFe2O4 MNP 

systems. 

 

Figure 6.16 shows the magnetic field dependence of magnetization (the M-H curves) 

taken at 10 K and 300 K for 6 nm Fe3O4 MNPs. The M-H curves at 300 K do not show any 

hysteresis, whereas a clear hysteresis with a coercivity of HC ~223 Oe is observed at 10 K. This 

is characteristic of the sample being superparamagnetic at room temperature and entering a 

blocked state at low temperature which results in opening up of the hysteresis loop.  
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Fig. 6.16. Magnetic hysteresis loops of 6 nm Fe3O4 MNPs: (a) full loops and (b) enlarged loops. 

 

In the superparamagnetic regime, the magnetization M(T,H) of a non-interacting, single 

domain particle can be described by the Langevin relation [29]: 

                           
ù
ú

ø
é
ê

è
öö
÷

õ
ææ
ç

å
-öö
÷

õ
ææ
ç

å
=öö
÷

õ
ææ
ç

å
=

H

Tk

Tk

H
N

Tk

H
LNHTM B

BB m

m
m

m
m coth),( ,                                             (2) 

where Ms = Nm is the saturation magnetization resulting from N particles with magnetic moment 

m. L(x) is the Langevin function with x = mH/kBT being the magnetic to thermal energy ratio. In 

the case of a MNP assembly with particle size distribution, the magnetization of the system is 

modified from Eq. 2 to include the distribution profile: 
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From fitting the 300 K M-H data to Eq. 2 for the case of 6 nm Fe3O4 MNPs (Fig. 6.17), we have 

obtained m = 6705 mB. This value is close to that reported for 6.7 nm Fe3O4 MNPs (m = 6599 mB) 

by Goya et al. [29]. Depending on the size and material, the magnetic moments of single-domain 

particles can vary between 10
3
 and 10

5
 mB [34]. 

 

Fig. 6.17. Temperature dependence of coercivity (HC) of 6 nm Fe3O4 MNPs. Inset shows the 

magnetic field dependence of normalized magnetization (M/MS) at T < TB. 

 

In the ferromagnetic (blocked) state (T < TB), the saturation magnetization (MS) 

increases and the coercivity (HC) decreases as temperature decreases (Fig. 6.17 and its inset). If a 

system consists of non-interacting single-domain particles, the temperature dependence of HC, as 

extracted from the M-H curves, follows the relation [45]: 
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where TB = KuV/25kB and Hco = 2aKu/MS with a = 0.48 being a phenomenological constant. By 

fitting the HC(T) data (Fig. 6.16) to Eq. 4, we have determined TB ~35 K and HCO ~100 Oe for 

6nm Fe3O4 MNPs. Using the obtained values of TB and HCO and their relationship with Ku, the 

effective anisotropy is determined to be Ku ~21.5x10
4 
erg/cm

3
. This value of Ku is close to that of 

bulk Fe3O4 (Ku~18.7x10
4 

erg/cm
3
), suggesting that magnetocrystalline anisotropy is important 

and other contribution such as surface anisotropy to the total anisotropy is small in these 6 nm 

Fe3O4 particles.   

 

Fig. 6.18. Particle size dependence of coercivity (HC) of Fe3O4 MNPs. 

Figure 6.18 illustrates the particle-size dependence of HC for Fe3O4 MNP assemblies. 

Goya et al. [29] reported that with decreasing particle size from 150 nm to 4 nm, the HC first 

decreased from 150 nm to 11.5 nm but increased sharply for the smallest particles (D = 4 nm). 

Dutta et al. [37] observed a slight increase in HC as particle size was decreased from 12 nm to 6 

nm and a sudden increase for 4 nm Fe3O4 MNPs. In both cases, the strong increase of HC (Fig. 

6.18) for 4 nm Fe3O4 MNPs is associated with the strong decrease of MS (Fig. 6.19), both of 

which pointed to a strong surface spin disorder that is present in these MNPs. 




