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Abstract 
 
 

Magnetic semiconductor nanocrystals are being studied for their potential 

application in the field of spintronics as spin-injectors for spin-based transistors and spin-

based storage elements for nonvolatile memories.  They also have a number of 

biomedical engineering applications including contrast enhancing agents for magnetic 

resonance imaging (MRI).  In this study, we present a synthesis route to grow colloidal 

II-VI magnetic nanoparticles at room temperature with easily handled, relatively non-

toxic source materials.  CoSe and CrSe nanocrystals were synthesized in an aqueous 

solution where gelatin is used to retard the reaction.  Characterization of the nanocrystals 

was done through transmission electron microscope (TEM) imaging and UV-Vis 

absorption spectroscopy.  Spin-carrier relaxation times were determined using a 

superconducting quantum interference device (SQUID) magnetometer.  
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Chapter 1 Introduction 

 Magnetic semiconductor nanocrystals are being studied for their potential 

applications in the developing fields of quantum computing and spintronics.  Initial 

theoretical calculations have shown that magnetic transition-metal chalcogenides are 

half-metallic ferromagnetic materials that are 100% spin-polarized.1, 2  This property 

makes them ideal for spin storage elements in non-volatile memories and spin injectors 

for spin-based transistors.  Additionally, magnetic semiconductor nanocrystals are being 

studied for their applications as contrast agents for magnetic resonance imaging (MRI).3,4  

More specifically, there are hopes to create a multifunctional biological marker that 

possesses ferromagnetic properties and is optically active.5

In this study, II-VI colloidal magnetic nanocrystals were synthesized at room 

temperature using easily-handled, relatively non-toxic source materials.  CoSe and CrSe 

magnetic nanocrystals were synthesized in an aqueous solution using a modification of a 

method developed by Y. Xu.6  The nanoparticles were produced using gelatin as an 

inhibitor and capping agent, which prevented the particles from aggregating and 

becoming too large.  It was hoped that the nanoparticles, which are likely toxic, would be 

biologically safe when gelatin coated for in vivo applications.  

 Typical particle sizes were determined to be between 5nm and 25nm by 

transmission electron microscopy (TEM).  UV-Vis absorption experiments were carried 

out to determine the optical properties of the nanocrystals.  In order to determine the 

effectiveness of the particles as an MRI contrast agent, resonance imaging was done by 

placing them in gelatin phantoms and recording their spin-lattice relaxation (T1) times as 

well as their spin-spin relaxation (T2) times.  These two values represent the time it takes 
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for an excited spin to realign to a certain magnetic field and are used to create MRI 

images.  Additionally, the magnetic properties of the nanoparticles were measured using 

a superconducting quantum interference device (SQUID).  Some preliminary X-ray 

diffraction (XRD) measurements were made to determine the crystallographic structure 

of the particles. However, the presence of gelatin disrupted the diffraction measurements 

which resulted in unreadable data.  More XRD measurements are currently underway.     

While outside the scope of this thesis, there are hopes to create a multifunctional 

biological marker that possesses ferromagnetic properties and is optically active by 

synthesizing a nanoparticle that is both magnetic and has efficient radiative emission.5  

CoSe and CrSe should be lattice matched to certain composition II-VI direct bandgap 

nanocrystals (or quantum dots).  This will enable the use of these magnetic materials as 

cladding layers to confine electrons and holes in the direct semiconductor while 

magnetically coupling to molecules in the surrounding media resulting in a high-quality 

multifunctional nanoparticle.  

 In order to fully understand the synthesized magnetic nanocrystals, a brief 

introduction to magnetism is presented in Chapter 2, more specifically ferromagnetism.  

Chapter 2 also contains background on the properties of half-metals.  Traditional half-

metal synthesis techniques are discussed as well as possible applications for the magnetic 

nanocrystals.  Chapter 3 focuses on the synthesis of CrSe magnetic nanocrystals.  It also 

presents the data obtained by the various characterization measurements which show the 

effects of pH, molar ratio, and time on the size and magnetic properties of the particles.  

Chapter 4 presents the synthesis and characterization of CoSe magnetic nanocrystals.  

The synthesis technique is similar to that of the CrSe particles and similar 

 2



characterization experiments were carried out.  In Chapter 4, like Chapter 3, the pH and 

molar ratios of precursors that result in optimal nanocrystals were determined.  Chapter 5 

presents a summary of the work done in this study and suggests possible future research.  
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Chapter 2 Background of Half-Metallic Ferromagnets 

2.1 Magnetism  

  The nanocrystals fabricated in this study are classified as half-metallic 

ferromagnets based upon the theoretical band structure calculations.1,2  Before we focus 

on the half-metallic behavior of the particles, it is important to define what exactly 

constitutes a ferromagnet.  In general, there are four different classifications of 

magnetism.   

The most common form is diamagnetism which occurs in almost every natural 

material.7  It is a form of magnetism that is only present when an external magnetic field 

is applied.  It is the result of an external magnetic field changing the orbital motion of the 

electrons in the material.  The centripetal motion of an electron rotating in one direction 

is increased by the applied field while the motion of an electron rotating in the opposite 

direction is reduced.  The resulting magnetic moment is usually so small that it is not 

noticeable, thus resulting in most materials being approximated as non-magnetic.  In 

materials that are magnetic, the ferromagnetic or paramagnetic properties greatly 

outweigh the small diamagnetic moments.  

 The second type of magnetism is paramagnetism7, which is when a material 

possesses permanent magnetic dipoles, even in the absence of an applied magnetic field, 

usually due to partially filled electron shells.  Normally, the dipoles are randomly 

orientated, resulting in a zero net magnetic moment.  However, when a magnetic field is 

applied, the dipole moments begin to align with respect to one another.  This causes the 

material to act like a magnet while the field is applied and for a period of time after the 

applied field is removed.  This phenomenon eventually disappears due to thermal 
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oscillation that disrupts the alignment of the moments, eventually resulting in a return to 

random alignment.  Thus, the magnetic behavior of a paramagnet depends on both 

temperature and applied field, which is evident in Curie’s Law7   

 

 

      (Equation 1) 

 

where M is the resulting magnetization, B is the magnetic flux density of the applied 

field, T is the temperature and C is the material-specific Curie constant.  Examples of 

paramagnetic materials are Al, Ba, Ca, Na, and Mg.   

 If a material exhibits spontaneous magnetization in the absence of an applied 

magnetic field, it is referred to as a ferromagnet.7,8  A ferromagnet, like a paramagnet, 

contains dipole moments which are the result of partially filled electron shells.  

Ferromagnetic materials usually have an imbalance of spins at or near the Fermi energy 

due to a shift of the spin-up and spin-down density of states with respect to each other.  

This shift results in the net magnetic moment.  In paramagnetic material, an external 

magnetic field is required to align the moments in one direction or another. But in 

ferromagnetic materials, no external field is required after an initial magnetic alignment.  

The moments align spontaneously due to a quantum mechanical effect by which the 

dipoles lower the energy of the system by aligning parallel to each other in areas known 

as magnetic domains.9  The parallel alignment is due to the Pauli Exclusion Principle9 

that two electrons with the same spin cannot occupy the same location, causing a 

repulsion that lowers the energy of the electrons.  The interface separating magnetic 
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domains is referred to as a domain wall.  The domain wall has an energy that is 

determined by a balance between the material’s magnetocrystalline anisotropy energy 

and exchange energy.  The domain wall’s anisotropy energy is the lowest when the 

moments are aligned parallel to the crystal lattice of the material while the exchange 

energy is the lowest when domains are aligned parallel to each other.  Initially, these 

domains align in random directions, resulting in the net magnetic moment of the material 

to be zero, as shown in Figure 1.  However, an external magnetic field need only be 

applied once and the domains will remain aligned even after it is removed (Figure 2).  

The result is the typical magnetic hysteresis curve seen in Figure 3.   

 

  
 

 

  Figure 1:  Randomly oriented ferromagnetic domains with no applied field B.  
             
            B 
 
 
 
 
  Figure 2:  Aligned ferromagnetic domains due to external magnetic field B. 

    

 

 

 

  

 

 

Figure 3:  Hysteresis curve (M vs. H).  
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The curve shows magnetization (M) as a function of applied magnetic field (H).  

Initially, the magnetization is at zero (Point A) when the applied field is also zero.  But, 

when the applied field is increased, the magnetization increases as well as more domains 

align with the applied field.  Eventually, the magnetization reaches a saturation limit 

when all of the domains are aligned.  Increasing the intensity of the applied field causes 

no change in the magnetization of the material (Point B).  As the applied field is reduced, 

the magnetization remains the same.  It is only when a negative field is applied that the 

magnetization begins to decrease (Point C).  This is because the domains are beginning to 

align with the negative field, and thus counteract the domains antiparallel to them.  

Eventually, all of the domains will invert orientation, thus resulting in the saturation of 

the magnetization in the opposite direction (Point D).  The domain inversion can be 

repeated in the opposite direction by again reversing the direction of the applied field.  

This hysteresis curve is the foundation for magnetic storage devices such as computer 

hard drives and tape drives.  

 In ferromagnets, like paramagnets, there is a temperature limit at which the 

material can no longer sustain spontaneous magnetization.  It is also called the material’s 

Curie temperature7 and is the result of thermal oscillation that causes the dipole moments 

to no longer align in a single direction.  When the temperature of a ferromagnet is 

increased the thermal energy begins to overcome the coupling forces in the neighboring 

atoms and effectively changes the orientation of the magnetic moments.  The 

magnetization of the material decreases exponentially as temperature is increased and 

becomes zero at the Curie temperature.  This temperature varies from material to material 

and is vital in determining the material’s applications.  If a magnetic storage device were 
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created using a certain ferromagnetic material, it would have to possess a Curie 

temperature well above room temperature to ensure sufficient magnetization for room 

temperature applications.  This is also an important parameter when choosing materials 

for spintronic applications – a field of electronics that utilizes the spin of charge carriers 

to transfer information. 

 Another type of magnetism, called antiferromagnetism7, can be thought of as the 

opposite of ferromagnetism.  In antiferromagnets, the magnetic moments of atoms align 

in a regular pattern with neighboring moments orientated in the opposite direction.  The 

result is almost no net magnetism since the moments effectively cancel each other.  This 

behavior exists below a certain temperature called the material’s Néel temperature.  

Above this temperature, the material is usually paramagnetic, much like a ferromagnet is 

paramagnetic above its Curie temperature.  Antiferromagnets are relatively rare, but some 

examples are chromium and several manganese alloys.  This is important because in this 

study we are examining a material containing chromium (CrSe), which may possibly 

retain chrome’s antiferromagnetic properties.  For the applications that we are interested 

in pursuing, ferromagnetic behavior is preferred over an antiferromagnetic one.   

If a ferromagnetic material begins to exhibit paramagnetic behavior at 

temperatures well below its Curie (or Néel) temperature, it is then referred to as 

superparamagnetic.  This property is only seen in permanent magnets that are composed 

of small crystallites, about 1-10 nm in size.  Essentially, the crystallites act as individual 

magnetic domains.  Since they are much smaller then traditional domains, they reduce the 

amount of thermal energy required to de-align the magnetic domains.  Thus, the Curie (or 

Néel) temperature is greatly reduced.  Iron oxide nanocrystals are an example of 
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superparamagnetic crystallites and they are being researched for their applications in 

MRI contrast imaging.3  

 

2.2 Half-metals 

 A half-metal is defined as a material that possesses both metallic and insulating 

properties.  This phenomenon is the result of the density of states for the spin-up 

electrons differing from the density of states of the spin down electrons.  For the purposes 

of this study, when the term half-metal is used, we are in fact referring to half-metallic 

ferromagnets since they are the most common form of half-metals and of the most 

interest in this study.  The term “half-metal” was coined by de Groot et al10 in 1983 when 

it was determined that certain types of Heusler alloys exhibited 100% spin-polarization of 

electrons.  Heusler alloys are ferromagnetic alloys whose constituents are not magnetic 

themselves.  They are so named after Friedrich Heusler, a German chemist that 

discovered them.  Since Groot et al, many more materials have been found theoretically 

and experimentally to possess half-metallic ferromagnetic properties.  Other than Heusler 

and semi-Heusler alloys10, half-metallic behavior has been found in perovskite 

structures11, dilute magnetic semiconductors12, some oxides13, and materials possessing a 

zincblende structure1,2.  The zincblende half-metallic ferromagnetic materials are of 

special interest due to their possible incorporation onto traditional zincblende 

semiconductor structures.   

 A half-metal can be thought of as similar to a semiconductor in the sense that both 

materials have a bandgap (Eg) around their Fermi energies (Ef).  In an insulator or 

semiconductor, the bandgap is defined as the energy difference between the top of the 
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valence band and the bottom of the conduction band as seen in Figure 4.  The Fermi 

energy can be thought of as the energy up to which available electron states are occupied.  

It is determined by integrating the total density of states up to the total number of valence 

electrons.   

 

Eg Ef 

  Conduction Band 

Valence Band 

   E 
 

 

 

 

Figure 4:  Band diagram showing the bandgap (Eg) and Fermi energy (Ef). 

 
The difference is that the band structure for both the spin-up and spin-down electrons are 

identical for a nonmagnetic semiconductor such as silicon.  In a half-metal, this is not the 

case.  Figure 5 shows the density of states for a half-metal where there is a distinct 

bandgap at the Fermi energy in the spin-down states, while the spin-up states are 

continuous around the Fermi energy.  Figure 6 shows that there is a bandgap in the bands 

of both the spin-up and spin-down states for a nonmagnetic semiconductor such as Si.   

This is why the spin of an electron is usually ignored when discussing the density of 

states of a nonmagnetic semiconductor.  Looking more closely to Figure 5, the effects of 

the spin polarization can be seen.  The continuous spin-up states resemble the properties 

of a metal, while the spin-down states resemble that of a standard semiconductor with a 

bandgap.  This means that under certain conditions the conduction electrons of a half-
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metal are all one spin (either up or down).  This property is of great interest in the field of 

spintronics where spin-polarized charge carriers are used extensively.   

 

 

 

 

 

 

 

 

 

 

 

Figure 5:  Approximated density of states for a half-metal (i.e. CrO2). 
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Figure 6:  Approximated density of states for silicon, a semiconductor. 

 
 

Fang et al14 proposed that there are three distinct mechanisms that cause the 

bandgap in half-metallic materials.  The first mechanism is seen most frequently in 

Heusler alloys, which are very similar in structure to zincblende materials.  In this 

mechanism, the bandgap is said to be caused mainly by the crystal structure (i.e. lattice 

constants and site occupation), but is also affected by the number of valence electrons 

present and the exchange splitting of the d electron band states.  Exchange splitting is 

defined as the difference in energy between the up and down states. Half-metals in this 

category are often weak magnets.  The second group of half-metals includes the oxides 

like CrO2 and some perovskites.  In this group, the half-metallic behavior is attributed to 

charge sharing due to empty d electron bands in the minority spin direction for the 

transition metal and wandering s and p electrons of the transition metal converging on the 

anions.  The result is that the minority-spin d band is shifted above the Fermi level.  As a 

result, the materials in this category tend to be very good magnets.  The third 
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classification is the result of narrow bands, which allow gaps between the crystal-field 

split bands.  A crystal-field splitting occurs when a transition metal is surrounded by 

anions, resulting in a change in the d orbital energy.  The anions increase the energy of 

the nearest orbitals and thus cause the orbitals farther away to lose energy, causing the 

bands to split.15  In this classification of half-metals, the Fermi level lies in the gap for 

only one spin direction only due to the exchange splitting.14  These materials are also 

weak magnets, similar to the first group.  In dilute magnetic semiconductors such as  

Ga1-xMnxAs and  In1-xMnxAs, the half-metallic ferromagnetic behavior is attributed to a 

hybridization of the 3d Mn states and the 4p As states resulting in antiferromagnetic 

coupling between the 3d Mn electrons and the 4p As holes.12   

 CrO2 is by far the most studied and understood half-metal and appears to have a 

great deal of promise in the field of spintronics due to its high Curie temperature  

(390 K)16.  A Curie temperature of 390K means that CrO2 still retains some of its 

ferromagnetic properties above room temperature (300K).  The limitation of CrO2 is that 

it has a rutile-structure and thus is difficult to integrate into existing semiconductor 

devices based upon zincblende crystal structures.   

Recently, a great deal of research has been done on zincblende compounds for 

their applications in the field of spintronics since they can be epitaxially grown on 

traditional III-V or II-VI semiconducting material.1,12,17  Of specific interest are the 

transition-metal chalcogenides (in the zincblende structure) that possess low energies in 

the half-metallic state.  Xie et al1 calculated that of all the transition-metal chalcogenides, 

only three are half-metallic ferromagnets (CrSe, CrTe, VTe).  Of the three, the most 

pertinent to this study is CrSe since it is one of two materials that was synthesized.  Xie 
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reports zincblende CrSe has a gap of 0.61 eV in the minority spin electrons around the 

Fermi energy while being continuous in the majority spin bands.  While originally the 

ground-state phase of CrSe is antiferromagnetic with a Neel temperature of 320K, the 

material is actually ferromagnetic since the antiferromagnetic state results in a higher 

total energy.1   

 Shoren et al2 did a similar study on transition-metal chalcogenides in the 

zincblende structure and they found results similar to that of Xie.1  Shoren determined 

that CrSe possessed a large exchange splitting of the majority and minority bands around 

the 3d Cr states, again resulting in the minority spins having a gap around the Fermi 

energy while the majority spins are continuous.  Table 1 shows the magnetic moment for 

CrSe found by Xie and Shoren as well as several other natural ferromagnetic materials 

such as iron and cobalt.  As can be seen, the magnetic properties of half-metallic CrSe are 

on the same scale of traditionally used ferromagnets. 

 

Table 1:  Magnetic moments for several ferromagnetic materials.,,  

 Magnetic Moment (μB)  

 CrSe1,2  4/molecule 
 

Fe 18 ~2/atom  

 Co 18 1.72/atom 
 

Ni 18 0.61/atom  
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2.3 Applications 
 
2.3.1 Spintronics Applications 

Recently, half-metallic ferromagnetic materials have been extensively studied for 

their possible applications, one of which is the up and coming field of spintronics.19 

Spintronics, or spin-electronics, utilize the active manipulation of not only the charge of 

an electron but its spin as well.19  The basis of modern electronics relies on the transport 

of charged carriers representing an “on” or “off” state.  Recently there has been a move to 

utilize the spin-up and spin-down states of electrons which adds another degree of 

freedom in electronic devices, resulting in an increase in capability and performance.20    

The basic principle in spintronic devices is the transport spin-polarized carriers.  

As stated in Section 2.1, a common source of these carriers is a ferromagnet.  Traditional 

ferromagnetic materials such as Fe, Co, and Ni (and their alloys) have a spin polarization 

(P) between 40 – 50%.21  This phenomenon is due to the imbalance in the density of 

states available at the Fermi energy, Ef.  In a traditional metal or semiconductor (Figure 

7a), the density of spin-up states around the Fermi energy is equal to the density of spin-

down states; whereas in a ferromagnet (Figure 7c), one spin has a greater number of 

states resulting in partial spin-polarization.  While this degree of spin-polarization (P) is 

adequate for some spintronics applications, higher polarization would result in more 

dramatic effects in spintronic devices.  Figure 7b shows the density of states for an ideal 

half-metal, which is 100% spin-polarized at the Fermi energy.  In the field of spintronics, 

this is very important.  Since a traditional ferromagnet (Figure 7c) is only partially 

polarized at the Fermi energy, only a percentage of its conduction electrons can be used 

as charge carriers, thus reducing its effectiveness in spintronic devices.  A half-metal 
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(Figure 7b) has all of its conduction electrons polarized in one spin-direction and thus all 

conduction electrons can contribute to the operation of the device.  

  

 

 
Figure 7:  Density of states (x-axis) near the Fermi energies of (a) a non-magnetic metal, (b) a 
half-metal, and (c) a traditional ferromagnet. 

 

 
 

A key parameter in the transport of spin-based carriers is their lifetime.  The spin 

of a mobile electron in transport will eventually decay, resulting in non-polarized carriers.  

This decay is divided into two parts: the electrons spin-lattice relaxation time (T1) and its 

spin dephasing time (T2).22  These times play a significant role in magnetic imaging and 

will be discussed more in a later section.  The loss of spin can be caused by an electron 

colliding with phonons, other mobile electrons, or various impurities in the material.  

Thus, the decay time constant is commonly called spin polarization lifetime and is a 

result of scattering which randomizes the spin of the carriers. At room temperature, the 

biggest contribution is the loss of an electron’s energy to the lattice via phonon collisions.  

For electrons in a metal or semiconductor, this relaxation time is on the scale of 
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nanoseconds but can be as large as microseconds in certain materials.  In spintronics, the 

goal is to maximize the amount of time an electron retains its spin as it also maximizes 

the amount of time certain devices can retain information.  

An example of a spintronic device is the injection of electrons from a 

ferromagnetic material into a semiconducting (or insulating) material shown in Figure 8.  

In this case, the majority of the carriers around the Fermi energy of both the ferromagnets 

are spin-up, thus the conduction band electrons can be assumed to be mostly spin-up 

electrons.  Since the magnetic moments of both of the ferromagnetic regions are parallel, 

the spin-up electrons can easily flow from one ferromagnet, through the non-magnetic 

material and occupy spin-up states in the third region, since they are the only ones 

available at the Fermi energy.  This flow of spin-polarized electrons from parallel 

magnetic moments has a relatively low resistance compared to the flow of electrons from 

opposing magnetic regions.  If a magnetic field was applied to the third region that 

reversed its magnetic moment and becomes anti-parallel to region 1, there would be no 

spin-up states for the spin-up electrons to occupy in region 3.  By simply applying a 

magnetic field to the third region, the resistance of the device can be greatly increased.  

This is the general operation of a spin-valve in which current flows easily under one 

magnetization, but is greatly restricted under another.21 
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Figure 8:  An example of a spin-valve in which electrons of a certain spin are injected from one 
ferromagnet (F) or half-metal, flow through non-magnetic material (NM), and are collected in 
another ferromagnet.   

 

 A current application of spintronic devices is the use of giant magnetoresistance 

(GMR) in the read heads of high-speed disk drives.  The read heads consist of alternating 

ferromagnetic and non-magnetic thin films, first proposed by Albert Fert in 1988.23  The 

read heads utilize spin-valves (Figure 8) to sense if a magnetic domain on the hard disk is 

logic “0” or “1”.  One of the ferromagnetic regions in the spin-valve is a “hard”, meaning 

that it requires a large magnetic field to reverse its magnetic alignment, and the other 

region is easily reversed (“soft”).  The soft region is placed closest to the magnetic hard 

disk and its alignment changes based upon the polarization of the domains it passes over, 

thus changing the resistance of the read-head.  A “0” then corresponds to one current 

flow, and a “1” corresponds to another.21 

 Other than GMR read heads on disk drives, there are several other promising 

applications in spintronics, one of which is the idea of quantum computing.24  Quantum 

computing is a general term used to describe computing in which data are manipulated as 

quantum bits (or qubits).  One of the main hurdles is the movement of information 
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without causing carrier relaxation, as mentioned above.  Loss24 claims that one possible 

solution is to use quantum dots (nanocrystals) to trap electrons with certain spins and use 

the dots themselves as tags for each qubit.  Thus exchange interaction between electrons 

in neighboring dots becomes the means for quantum entanglement and thus electron 

transport.  Huang et al25 have successfully created dilute magnetic semiconductor 

nanocrystals that have possible applications in quantum computing.   

 Another possible field of spintronics to be explored is magnetic random access 

memory (MRAM).20  MRAM based upon spin-polarized carriers presents a form of non-

volatile memory similar to that of flash memory but with faster access times and a greater 

density.  Another possible branch of spintronics is that of LEDs and laser diodes.19  For 

example, if a ferromagnetic (or half-metallic) layer was placed inside a standard LED, the 

conduction electrons would be spin-polarized.  The result is the emission of photons that 

are also circularly polarized in a single direction.  This phenomenon has the ability to 

increase the density of data sent across optical communication devices by adding another 

layer of information simply by utilizing the spin of a photon.   

 

2.3.2 Biomedical Applications 

 Another promising application for ferromagnetic half-metallic nanocrystals is in 

the field of biomedicine.  Since a 10nm nanocrystal is smaller then most cells (10-

100μm) and viruses (20-450nm), it can get physically near many biological entities.  The 

nanocrystal can be coated so that it can bind with, and effectively tag, an entity.  This has 

prospective applications when it comes to increasing the effectiveness of drug delivery in 

humans.26  A key property of ferromagnetic nanocrystals is the ability to physically 
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manipulate them with an external magnetic field.  If biocompatible ferromagnetic 

nanocrystals are attached to a drug and administered intravenously, the drugs can be 

moved through the bloodstream towards a specific location with the use of the magnetic 

fields.  This solves the problem of non-specific chemotherapies that have a general 

distribution through a patient, thus attacking healthy tissue along with the targeted tissue.  

The required dosage for treatment is also reduced since the drug is targeted at a specific 

region instead of being dispersed throughout the entire patient.26   

 Before a ferromagnetic material is used in biomedical applications, it is typically 

coated with a material such as polyvinyl alcohol (PVA), dextran, or silica.  Since most 

ferromagnetic nanocrystals are composed of toxic materials, this coating places a 

chemically and biologically inert layer on the crystals, which protects the living tissue of 

the patient, important in in vivo applications.  The coating also isolates the crystal from 

the environment, reducing degradation processes such as oxidation.6  Figure 9 depicts a 

possible encapsulation scheme in which a half-metallic ferromagnet is surrounded by a 

layer of silica.  The silica has an added benefit of providing a surface to which functional 

groups can be attached.  The functional groups, on the perimeter, are molecules that 

allow a bond to be made between drugs and the particle itself.  Functionalization is 

typically accomplished by the addition of molecules such as carboxyl groups, biotin, or 

avidin.26 
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Figure 9:  Example of a half-metal nanocrystal encapsulated with silica and then functionalized. 

 

Perhaps the biggest use of ferromagnetic nanocrystals today is in the field of 

magnetic resonance imagining (MRI).3,4  MRI machines allow physicians to examine 

living tissue of patients by exploiting the dipole moments present in the nuclei of living 

tissue.  This is done by measuring the time it takes for the protons’ moments to return to a 

stable ground state after excitation.  In general, this relaxation time is different for 

different types of tissue thus making it possible to differentiate between them.    

 MRI machines work by first applying a uniform magnetic field across the area of 

patient that is to be studied.  This causes some of the dipole moments of the tissue to 

align either parallel or antiparallel with the applied field.  The tissue is then exposed to 

electromagnetic energy (referred to as a RF pulse), which causes the magnetic moments 

of the aligned nuclei to move to a temporary, non-aligned, high-energy state.  The RF 

pulse is removed and the high-energy nuclei begin to relax and realign with the external 
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field.  As they do so, they emit energy at rates that are measured by induction currents in 

the pick-up coils of the machine.  There are two distinct mechanisms by which an excited 

nucleus can lose its energy.  The first is referred to as spin-lattice relaxation and is due to 

a relaxation in the direction of the applied field due to interactions with the lattice of the 

material.  More specifically, energy is lost to unexcited nuclei and electric fields present 

in the material.  This loss of energy is exponential (Equation 2) and the T1 time is 

measured as the time taken for the magnetic moment to return to 63% of its original 

strength.  The second mechanism is the result of the interaction of the excited spinning 

nuclei and other spinning nuclei.  This relaxation occurs perpendicular to the applied field 

and is referred to as transverse or spin-spin relaxation.  The time associated with this 

relaxation is referred to as the material’s T2 time and is periodically-exponential in form 

(Equation 3).  In Equations 1 and 2, mZ is defined as the longitudinal moment amplitude 

while mX,Y is the in-plane moment amplitude.  Additionally, ω0 is defined as the Larmor 

precession frequency and φ is a phase constant. 

 

     (Equation 2) 

   

 

    (Equation 3) 

    

 
Quite often the relaxation time differences between tissues are not strong enough 

to render a well resolved image and some enhancement is required.  One method involves 

the use of contrast enhancing materials, typically magnetic particles.  Typically, 

 22



paramagnetic gadolinium or manganese ions are administered intravenously to increase 

relaxation rates of certain tissue.  Prince27 showed that the addition of paramagnetic 

gadolinium ions drastically reduced the T1 times of blood, which resulted in increased 

visibility of arterial tissue in MRI images.  Recently, there has been an increased interest 

in the use of superparamagnetic nanocrystals (usually iron oxide) since the nanocrystals 

have a greater magnetic moment then gadolinium ions, which results in increased image 

contrast. The nanocrystals are formed in a solution (typically called a ferrofluid) and are 

made biocompatible and functionalized in the same manner described above.  

Experimental results show a drastic image enhancement due to a reduction of relaxation 

times of tissue containing the nanocrystals.28, ,29 30

 
2.4 Current Synthesis Methods 

 Given the variety of half-metallic materials, it is no surprise that the methods by 

which they are synthesized vary greatly as well.  In the case of thin-film Heusler alloys, a 

popular synthesis procedure involves molecular beam epitaxy (MBE).31  MBE is a 

nonequilibrium method for the precisely controlled deposition of epitaxial layers of 

compound semiconductors on to substrates.  The process consists of the semiconductor 

materials, evaporated into a gas, passing through a small orifice into a high-vacuum 

chamber (~10-5 – 10-8 Torr).  The difference in pressure combined with the size of the 

orifice results in a molecular beam of semiconductor material.  The beam impinges upon 

a heated substrate (~200ºC - 600ºC) mounted in the chamber.  By controlling temperature 

and the flux of the beam, the epitaxial growth can be precisely controlled.  

 CrO2 has been grown in thin films by chemical vapor deposition (CVD)32, a 

process by which gases containing the precursors of the desired film are introduced to the 
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deposition chamber where they react with the surface of a heated substrate.  The chamber 

can either be pressurized or un-pressurized depending on the process.  CrO2 has also been 

grown by simple high-pressure thermal decomposition of CrO3.33  In this process, CrO3 is 

placed in a high-pressure chamber and heated to over 400ºC, which results in the 

decomposition of CrO3 into CrO2 and O2.  The CrO2 then collects on a rutile substrate and 

the excess O2 flows out of the chamber.   

Zincblende nanoscale half-metal dots have been grown using molecular beam 

epitaxy by Ono et al.12  Ono successfully synthesized MnAs dots on a GaAs substrate 

heated to 200ºC in an ultrahigh vacuum.  The problem is that MBE, along with the other 

synthesis methods listed above, usually requires extreme temperatures, extreme 

pressures, and toxic materials.  Generally, the resulting nanocrystals are tightly bound to 

the substrate, which is undesirable for several of the applications that have been described 

above.  A solution to this problem is to produce ferromagnetic nanocrystals in a solution.  

Kim et al3 synthesized superparamagnetic iron oxide by a sonochemical method utilizing 

iron salts as precursors.  The particles were then coated with a biocompatible substance 

such as dextran.  Morales et al4 created similar iron oxide nanocrystals by laser pyrolysis 

of iron pentacarbonyl vapors.   

In this paper we present a similar solution-based method for the growth of 

ferromagnetic nanocrystals using inorganic precursors at room temperature.  The growth 

occurs by the precursors begin to nucleate into a solid that continue to do so until the 

reaction is quenched.  In order to synthesize nanocrystals of an appropriate size, we stop 

the reaction at a certain point to ensure that the resulting solid will continue to grow.  

There are several methods to control the growth of the nanoparticles such as electrostatic 
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or steric stabilization.6  Electrostatic stabilization is a process by which ions are created 

around the nanoparticles resulting in repulsion among dots due to Coulombic 

interactions.  Steric stabilization occurs when a hydrophilic polymer is placed in the 

solution, creating enough space between the dots so that aggregation cannot take place.  

In this study we use yet another method to control the growth process.  Type A gelatin 

limits the growth of the nanocrystals by inhibiting the reaction of precursor materials, 

giving us the ability to precisely control the size of the particles.  
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Chapter 3 Synthesis and Characterization of CrSe 
Nanocrystals 
 

3.1 Introduction 

 New methods for the synthesis of magnetic nanocrystals have been greatly 

researched in recent years for their use in spintronic devices12 as well as for biomedical 

markers and contrast agents.3,4  The recent push has been to develop synthesis methods 

that result in stable, uniformly sized nanocrystals at room temperature and pressure.  As 

stated in Chapter 2, high-quality magnetic nanocrystals can be produced by chemical 

vapor deposition (CVD)32 or molecular beam epitaxy (MBE).33 A more cost-effective and 

user-friendly method is found in colloidal chemistry, where the nanocrystals are formed 

in a solution  This process is already used to develop high-quality iron oxide nanocrystals 

for biomedical applications by the coprecipitation of iron salts.3  The problem with this 

technique is that it usually results in non-uniform particle size, requiring a secondary size 

selection process.4  As an iron oxide nanoparticle is superparamagnetic when its 

dimensions are smaller than the average magnetic domain, the variation in size affects the 

magnetic properties of the nanoparticle.  Thus, a process that results in magnetic 

nanocrystals with high size uniformity, or monodispersed nanocrystals, is greatly desired.   

 Additionally, it is desirable to have a process that produces magnetic nanocrystals 

that are very highly spin polarized in order to utilize them in spintronics applications.  

Half metals, as mentioned in Chapter 2, are theoretically 100% spin-polarized and, thus, 

are ideal for this application.  Such half-metallic particles must also be ferromagnetic 

well above room temperature and have large magnetic moments.  Another requirement 

for spintronic applications is that the lattice constant of half-metallic materials be 
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matched to traditionally used semiconductor materials such as Si or GaAs.  A half-

metallic nanocrystal that possessed a zincblende crystal structure could easily be grown 

or incorporated into a GaAs device.   

Similarly, for the purposes of biological applications, the magnetic nanoparticles 

must have large magnetic moments, which can be met using the same half-metallic 

nanoparticles developed for spintronic applications.  In addition, the nanocrystals must 

also be coated with a biocompatible material, if the nanoparticle is itself not 

biocompatible, that does not reduce its half-metallic properties.  Also, the dots with its 

coating must be hydrophilic to ensure the possibility of in vivo applications.  In this study 

we present CrSe and CoSe nanocrystals that were synthesized with the hopes of 

possessing all of the above-mentioned characteristics for applications both the spintronic 

and biomedical fields.     

Figure 10 is an image of four vials, two containing CrSe magnetic nanoparticles 

and two containing CoSe magnetic nanocrystals suspended in gelatin.  The three darker 

solutions formed nanocrystals immediately after the reactants are combined.  The 

reaction inside the left-most vial, in which CoSe nanocrystals formed, did not occur as 

quickly as the other three reactions because the pH of the solution was higher than that of 

the other three solutions.  Eventually, the leftmost vial of CoSe nanocrystals turned as 

opaque as the other three solutions as the CoSe nanocrystals in the higher pH solution 

grew in size.  The magnetic nanocrystals can be seen more clearly when the gelatin is 

absent from the solution as they have formed large aggregates (Figure 11).  The magnet 

attracts the precipitate of both the CoSe and CrSe, which crudely suggests that the 

particles possess some type of magnetism.  The issue is that without the gelatin, the 
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particles grow and combine so quickly that a visible precipitate is formed with no 

nanocrystals remaining in suspension.   

In this chapter, we present a method for synthesizing CrSe half-metallic 

nanocrystals that are ferromagnetic at room temperature.  A discussion on the synthesis 

of CoSe nanocrystals will be presented in Chapter 4.  The procedure to synthesis CrSe 

nanocrystals utilizes inorganic precursors that are placed in a solution containing gelatin.  

The gelatin acts as an inhibitor, decreasing the diffusivity of the reactants and isolating 

the synthesized particles from each other to reduce nanocrystal aggregation.  The 

procedure takes place at room temperature and pressure and results in nanocrystals with a 

very uniform size distribution.  While the crystal structure of the nanocrystals has not 

been determined as of yet, it is hypothesized that it is zincblende.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10:  From left to right, CoSe (pH 5), CoSe (pH 2), CrSe (pH 0.5), CrSe (PH 2) 
nanocrystals. 
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Figure 11:  The effect of a permanent magnet on CoSe (left) and CrSe (right) magnetic 
nanocrystals in a solution without gelatin. 

 

3.2 CrSe Synthesis Procedure  

 The procedure for the synthesis of CrSe nanocrystals in an aqueous solution using 

gelatin as an inhibitor was taken largely from a procedure developed by Y. Xu6 to 

produce high-quality CdSe quantum dots.  In this procedure, all chemicals were 

analytical grade.  Deionized (DI) water with a resistance of 18.3 MΩ was used whenever 

water was required.  The synthesis of CrSe nanocrystals required the combination of two 

initial solutions, sodium selenosulfate (Na2SeSO3) and CrCl6.  

 The sodium selenosulfate was produced by combining selenium shot (99.999%, 

Cerac) with sodium sulfite (98+%, Acros) in water at 80ºC for four hours, finally 
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resulting in a 20 mM solution (Equation 4).  For the rest of this paper, the sodium 

selenosulfate solution will be referred to as Solution A.34  

 

(Equation 4) 

 

 CrCl6 was produced by combining 1g of chromium (VI) oxide (99.9%, Fisher) 

with 6 mL of hydrochloric acid (trace metal grade, Fisher) in 46 mL of DI water. 

 

CrO3 + 6 HCl  = CrCl6 + 3 H2O   (Equation 5) 

 

Once formed, 2 mL of 0.2 mM CrCl6 was mixed with 20 mL of DI water and 0.1g of 

gelatin powder (type A).  This solution (Solution B) was heated in a water bath at 40ºC 

until the gelatin was dissolved entirely.  Once cooled to room temperature, ammonium 

hydroxide (Tetra metal grade, Seastar Chemical Inc.) was added to increase the pH of 

Solution B to a desired level.  When Solution A and B were combined in a beaker, an 

immediate reaction occurred.  Experiments were conducted with various molar ratios of 

Solutions A and B as well as various levels of pH to synthesize optimal magnetic 

nanocrystals for the biomedical applications previously mentioned.   
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3.3 Characterization of CrSe Nanocrystals 

3.3.1 TEM Imaging 

The first step in characterizing the CrSe samples was to examine transmission 

electron microscope (TEM) images taken using a Philips EM420T TEM.  Since the 

samples were in a solution, small amounts of the liquid were placed on TEM grids and 

allowed to dry before images were taken.  A matrix of experiments in which the molar 

ratios of Cr:Se and Solution B’s pH were varied was conducted to identify the optimal 

synthesis conditions based upon the dimensions of the nanoparticles as imaged in the 

TEM.   

From these experiments, it was determined that a Cr:Se ratio of 2:1 combined 

with a pH of 2 for Solution B resulted in the largest number of uniformly sized 

nanocrystals in TEM images.  Figure 12 shows two TEM images of CrSe nanocrystals 

with a size ranging from 5nm to 20nm and an average size of approximately 7.5nm.  

These diameter measurements (shown in Figure 13) were taken by simply measuring 

diameters using TEM images.  They are not exact but give an approximation of the 

particle’s size distribution.  In the future we hope to obtain more exact size calculations 

using qualitative metallography.  These images demonstrate that the synthesis technique 

yields CrSe nanoparticles with a fairly uniform size distribution, where a majority of the 

particles have diameters between 5 and 10nm.    
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(a)       (b) 
Figure 12:  TEM micrograph of 2:1 CrSe nanocrystals produced in a pH of 2 at (a) 37,500x and 105,000x 
magnification. 

 

 

 

 

 

 

 

 

 

 

 

Figure 13:  Sample of the diameters of CrSe nanocrystals measured using TEM images. 
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3.3.2 Absorption Spectra 

A Shimadzu UV-Vis spectroscopy system was used to determine the absorption 

spectra of the CrSe nanocrystals.  Absorption measurements were taken over a 

wavelength range of 300nm to 800nm.  This wavelength range was selected, in part, 

because the water absorption bands would prevent significant signal from the 

nanocrystals to be resolved at shorter and longer wavelengths.  A baseline was measured 

by placing a cuvette containing only DI water in the optical path.   This cuvette was 

removed and a second cuvette that was filled with a solution containing the CrSe 

nanocrystals was placed into the optical path.  When the reaction resulted in a high 

concentration of nanocrystals, these solutions were diluted with DI water before 

absorption measurements were taken so that the light transmitted through the solution 

could be detected above the system noise.   

The pH of Solution B and Cr:Se molar ratios were varied to observe their effects 

on the absorption spectra of the samples.  The result of varying the molar ratios of 

Solution B and Solution A, and thus the Cr:Se ratio, are seen in Figure 14.  Since the y-

axis displays absorbance on an arbitrary scale, the graph does not display the actual 

absorbance values, instead it shows relative intensity.  The arrows in Figure 14 indicate 

the absorption edges (the wavelength light begins to be absorbed) for the four curves, as 

determined by calculations of the first derivative of the absorption spectra, shown in 

Figure 15.  The difference in the absorption edges can be attributed to one or more of 

several mechanisms.   
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igure 14:  Absorbance spectra of four CrSe samples with varying molar ratios (Cr:Se) with a pH of 2. 
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Figure 15:  First-derivative of absorbance spectra for CrSe samples with varying molar ratios (Cr:Se) wi
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number of lattice dislocations.  These dislocations can lead to tension or compression of 

e lattice, thus shifting the absorption edge.  Also, it is possible that the change in molar 

atio simply increased or decreased the sizes of the nanocrystals, resulting in the 

bsorption edge beginning at different wavelengths because of quantum size effects.  

sponsible, equipment recently acquired by Virginia Tech (secondary ion mass 

spectro

mple, it 

 on 

hat were 

The data 

m the 2:1 Cr:Se sample in Figure 12 and from the sample synthesized at pH 

ent 

seful nanoparticles were found in TEM images taken of 

th

r

a

While it has been difficult to determine which mechanism or mechanisms may be 

re

scopy, high resolution transmission electron microscopy, and a particle sizer) can 

be used in the future to provide needed data to identify the cause of the shift in 

absorption. 

 It is also important to note that throughout most of the near infra-red spectrum 

these particles are transparent.  This property is promising if CrSe nanomaterials are to be 

incorporated into a multifunctional magnetic/light-emitting quantum dot.  For exa

is possible that the CrSe nanomaterial could act as a transparent magnetic shell grown

optically active II-VI core.  

Figure 16 shows the effect of pH on the absorption of CrSe nanocrystals t

synthesized with a 2:1 Cr:Se molar ratio).  As can be seen, the absorption edges (~650 

nm) in Figure 16 agree with the absorption edge in Figure 14 for a 2:1 sample.  

obtained fro

of 2 in Figure13 were taken from different samples that were synthesized on two differ

days, which suggest reasonable repeatability in the synthesis of these nanocrystals.  The 

two curves in Figure 16 do not differ greatly in shape or magnitude, suggesting that 

varying the pH between 0.5 and 2 does not play a crucial role in the synthesis of the CrSe 

nanocrystals.  However, no u
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sample

 

 

 

s where ammonium hydroxide was absent (pH = 0.5).  This could be the result of 

the reaction occurring too quickly, as stated above.  Additionally, when the pH of 

Solution B was increased above 2, no reaction took place and no nanocrystals were 

synthesized.  The identification of the ideal pH = 2 will be further reinforced in Chapter 4

when we present synthesis methods for CoSe nanocrystals.  

 

 

Figure 16:  Absorbance spectra of 2:1 CrSe nanocrystals with a PH of 0.5 and 2.    

 

 

 

3.3.3 Magnetization  

Magnetization of the CrSe nanocrystals was determined by two different methods.  

To gauge the magnetism of the particles, vials containing the nanocrystals were placed 
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near strong permanent magnets to see if the permanent magnetic coul acd attr t the 

s while in solution, as shown in Figure 10.  Unfortunately, no movement of 

particles occurred in the solutions, when synthesized under the conditions described in 

ption was made that the gelatin was prohibiting the movement of 

agnet.  To verify this, nanocrystals were produced using a 

modification of Solution B in which no 

bottom of the vials.  While it is quite likely that this precipitate had a very different 

affected by the permanent magnets, giving a general impression of the magnetism of the 

nanoparticles could be seen.  We hypothesize that the initial lack of response to the 

magnetization of the particles.  Figure 17 shows the effect the permanent magnet had on 

particle

Section 3.2.  The assum

the particles towards the m

gelatin had been added.  The resulting 

nanocrystals quickly aggregated together forming a thick precipitate that settled to the 

crystal structure then that of the nanoparticles produced in gelatin, the precipitates were 

material.  However, the precipitate had to be removed from the remaining reactants in the 

solution and rinsed thoroughly with DI water before a response to the magnet by these 

magnetic field was due to the unreacted ions in the solution interfering with the 

the rinsed magnetic precipitate.  This initial experiment suggested that the individual 

nanocrystals suspended in gelatin would have similar magnetic properties.  

 37



 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17:  The influence of a permanent magnet on CrSe nanocrystals grown without gelatin. 

  

The second, more precise, method for determining the magnetic properties of the 

CrSe nanocrystals was to utilize a superconducting quantum interference device 

(SQUID).  A SQUID is a device that utilizes a Joesphson junction (a weak point between 

two superconducting materials) and can be converted into a magnetometer in order 

measure minute magnetic moments.  Applied magnetic fields create a periodic current 

flow through the superconducting rings and changes in current flow correspond to 

changes in the magnetic moments of the sample.35  Most SQUIDs are immersed in a 

dewar of liquid helium and, hence, the experiments are usually are carried out at very low 

temperatures (~5ºK).  In this study, approximately 1mL of the CrSe solution was placed 

in a glass tube and vacuum sealed.  The tube was then placed inside the SQUID and the 

applied field was varied from 0 to 5,000 Gauss, then from 5,000 to -5,000 Gauss, and 
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then from -5,000 to 5000 Gauss.  The measurement shows an increase in magnetization 

response as an applied magnetic field is increased in magnitude.    

The magnetism vs. magnetic field for the CrSe nanocrystals is shown in Figure 

18.  The CrSe nanocrystals show a definite magnetic response to the applied magnetic 

field, suggesting that they possess permanent dipoles.  The response is similar to the 

magnetization curve of a paramagnet, but with the absence of the saturation regions.  This 

is due to the fact that the experiment was only carried out to 5,000 and -5,000 Gauss; 

meaning that the applied magnetic field was not large enough to align all of the domains 

of the nanocrystals.  Larger applied fields were not used because the samples were in a 

solution.  Normal SQUID samples are in the form of dried magnetic powders or solid 

metals and so the SQUID was not set up to handle our samples. Since the particles are 

evenly distributed throughout the solution, local magnetic moments are small and 

difficult to measure.  This results in “noise” which can be seen around the origin of 

Figure 18.  In order to gather more accurate data, the density of magnetic particles had to 

be increased by centrifuging.  As the gelatin is pulled downwards in the tube, it pulls the 

nanocrystals with it, resulting in a greater nanoparticle density at the bottom of the tube.  

Figure 18 shows data from a centrifuged sample and, while it still contains a good 

amount of noise, it is an improvement over the measurements of preceding samples. 
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Figure 18:  SQUID hysteresis curve of CrSe taken at 5ºK (2:1 ratio, pH 2). 

 
 

3.3.4 MRI Contrast  

 As stated in Chapter 2, one major application for these magnetic nanocrystals is as 

contrasting enhancers for magnetic resonance imaging (MRI).  In order to determine their 

effectiveness, CrSe solutions were injected into gelatin phantoms, which were in turn 

imaged using a GE 1.5T Signal scanner with TwinSpeed gradients with the quadrature 

head coil.  An inversion recovery spin echo pulse sequence was modified to acquire 1-

dimensional images of the samples over inversion times ranging from 50 milliseconds to 

10 seconds in 32 equally spaced increments. A 30 second repetition time was used to 

allow the spins to return to thermal equilibrium before each excitation.  The raw magnetic 

resonance (MR) data from the longest inversion time (TI=10seconds) was subtracted 

from other raw data to account for the change in sign in the data. This subtraction 
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allowed the T1 to be measured by fitting the data to a three parameter decaying 

exponential model.36

Table 2 contains the resulting T1 and T2 times after being fit using the method 

described above.  The pH of the CrSe samples was varied as well as the volume of CrSe 

solution that was injected into the gelatin phantoms.  As expected, the spin-lattice 

relaxation time (T1) was greater then the spin-spin relaxation time (T2) in all four 

samples cases.  Additionally, the T1 and T2 times for each of the samples were 

drastically less then the control phantom, which containing just gelatin.  The change in 

T1 and T2 times, compared to the control gelatin phantom is more clearly shown in Table 

3.  As expected, the percent of change in the samples containing 2 mL of CrSe solution 

was greater than the samples injected with just 1 mL of the same solution of CrSe 

nanocrystals.  This suggests that, as the concentration of CrSe nanocrystals increases, 

their influence on the relaxation times of nearby molecules increases as well.  In this 

case, the sample with the greatest impact on the relaxation times was sample 3 with a pH 

of 0.5 and a volume of 2 mL.  Sample 4 shows promise as well since, as stated above, 

higher quality CrSe nanoparticles have been synthesized with a pH of 2.   

 

Table 2:  Measured T1 and T2 times for 2:1 CrSe nanocrystals. 

PH Vol. (mL) Exp. 1 Exp. 2 Mean Exp. 1 Exp. 2 Mean
1 0.5 1 600.54 599.51 600.03 341.49 343.71 342.60

2 2 1 641.40 638.35 639.87 358.01 367.42 362.72

3 0.5 2 390.37 389.98 390.17 250.21 249.12 249.66

4 2 2 473.86 472.09 472.97 299.50 300.23 299.86

Gelatin 2115.77 2107.77 2111.77 970.99 976.40 973.70

T1 (ms) T2 (ms)
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Table 3:  Percent of change in T1 and T2 times for 2:1 CrSe nanocrystals. 

 
PH Vol. (mL) T1 T2

1 0.5 1 71.59 64.93

2 2 1 69.70 63.23

3 0.5 2 81.52 74.30

4 2 2 77.60 69.24

Percent Change

 

 

 

 

 

3.4 Summary 

 In summary, CrSe nanoparticles have been consistently produced in a solution 

using gelatin as an inhibitor.  It was determined that the optimal growth conditions 

consisted of a pH of 2 and a molar ratio of 2:1 (Cr:Se).  TEM images revealed CrSe 

nanoparticles with uniform size distribution and an average diameter of 7.5nm.  

Absorption spectra displayed the effects of pH and molar ratio on the optical properties of 

the nanocrystals.  The nanoparticles were shown to be magnetic under the influence of a 

permanent magnet and displayed ferromagnetic behavior in SQUID measurements.  In 

order to ensure their effectiveness as MRI contrast agents, T1 and T2 relaxation times 

were measured.  All samples displayed a drastic decrease in both T1 and T2 times.  Since 

all measurements at this point suggest a successful synthesis of magnetic nanocrystals, 

we will begin to explore the possibility of synthesizing other transition-metal II-VI 

magnetic nanocrystals. 
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Chapter 4 Synthesis and Characterization of CoSe 
Nanocrystals 
 

4.1 Introduction 

 In Chapter 3, we presented a method for the synthesis of CrSe magnetic 

nanocrystals in a solution utilizing gelatin to retard the chemical reaction.  Once the CrSe 

nanocrystals were successfully synthesized and found to be magnetic, we expanded our 

research to determine if other transition-metal II-VI magnetic nanocrystals could be 

fabricated using the same technique.  With the goal to continue studying the magnetic 

zincblende material system, it was decided to attempt to synthesize another chalcogenide 

with selenium as the column VI element.  For the column II material, we wanted a 

magnetic material with a high Curie temperature in hopes that the properties would carry 

over into the nanocrystals.  The well known transition-metal cobalt was decided upon 

because of its ferromagnetic behavior and extreme Curie temperature (1388ºK).37   

 Materials containing cobalt have been researched for their possible half-metallic 

properties.ref  Recently, the dilute magnetic semiconductor Co-doped ZnO was shown 

possess weak ferromagnetic moments and a curie temperature of 350ºK.38  Song et al39 

also synthesized Co-doped ZnO films that resulted in a giant magnetic moment of 6.1μB / 

Co atom and a Curie temperature of 790ºK when formed in very thin films.  Additionally, 

Herranz40 reported a large spin polarization in Co-doped DMS and Wang41 found a large 

spin polarization of the pyrite structure sulfide CoS2.  It was hoped that the incorporation 

of cobalt into our synthesis process would produce uniformly sized, magnetic 

nanocrystals with a large magnetic moment at room temperature.  In this chapter, we will 

present the results of our synthesis and characterization of CoSe nanocrystals.   
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4.2 CoSe Synthesis Procedure 

The method for synthesizing CoSe nanocrystals in a solution with gelatin (type A) 

is similar to the procedure described in Chapter 3.2.  A solution of sodium selenosulfate 

(Na2SeSO3), formed in the identical manner as Solution A in the CrSe synthesis process, 

was used in the synthesis of the CoSe nanoparticles.   A significant difference between 

the two synthesis processes was that the transition-metal salt did not have to be 

synthesized as cobalt chloride was readily available commercially.  To produce the Co-

containing solution, 0.05g of analytical grade CoCl2 (99.7%, Alfta Aesar) and 0.1g of 

type A gelatin were placed in 20 mL of DI water.  The solution (Solution C) was then 

heated in a water bath at 40ºC to ensure that the gelatin dissolved entirely.  After cooling, 

hydrochloric acid (trace-metal grade, Fisher) was added to Solution C in order to lower 

its pH to a desired level.  Finally, Solution C and Solution A were combined in molar 

ratios in glass vials and agitated until the nanocrystals formed.  Again, a matrix of 

Solution C’s pH and Co:Se molar ratios were experimented with to determine the 

conditions that resulted in the highest quality CoSe nanocrystals.  

 Figure 19 depicts two CoSe samples formed where Solution C had a pH of 5 (the 

left vial) and a pH of 2 (the right vial) before Solution C was combined with Solution A.  

A pH of 5 was the initial pH of Solution C when no additional HCl was added to the 

mixture of CoCl2 and gelatin.  The result, as can be seen, is a light pink colored solution 

as compared to the dark red solution on the right, in which the pH of Solution C had been 

reduced to 2 through the addition of HCl.  This image was taken shortly after the two 

reactions were initiated.  The reaction in the vial on the right occurred almost 

immediately while the reaction in the vial on the left occurred much more slowly.  When 
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the pH was high but still acidic, the reaction could takes several hours before the solution 

finally appeared as dark as the solution on the right.  While it was determined that the 

best nanocrystals were produced with a pH of 2, the growth of the crystals in a less acidic 

solution with the slower reaction rate enabled a closer examination of the nucleation and 

growth mechanism of the nanocrystals.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19:  CoSe nanocrystals produced with a pH of (left) 5 and (right) 2.  
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4.3 Characterization of CoSe Nanocrystals 

4.3.1 TEM Imaging  

 The CoSe samples were imaged using the same Philips EM420T TEM that was 

used to examine the CrSe nanocrystals described in Chapter 3.  Droplets of the solution 

containing CoSe nanocrystals were placed on TEM grids and allowed to dry, resulting in 

a thin, non-continuous film of CoSe nanocrystals on the grids.   

Figure 20 is a TEM image of CoSe nanoparticles produced with a molar ratio of 2:1 

(Co:Se) in pH 2 solution, which as will be detailed later was found to be the optimal 

molar ratio of Co:Se and pH.  The average size of the particles is about 13nm and their 

size varies from 5-25nm (Figure 21).  Most nanocrystals, however, are between 10 and 

15nm, again demonstrating that the synthesis process yields a very uniform size 

distribution of nanocrystals.  As in Chapter 3, these are approximate size measurements 

made by simply measuring TEM images.  They yield an approximate result that could be 

refined using qualitative metallography.  Figure 22a and Figure 22b show the same 

nanocrystals but at a much higher magnification.     

An important observation to make is the density of CoSe nanocrystals present in 

the TEM micrographs.  When compared to the CrSe TEM images in Chapter 3.3, it is 

obvious that the CoSe reaction produces a far greater number of nanocrystals per area.  

This is likely due to the rate of reaction being much greater for the CoSe (2:1, pH=2) 

samples compared to CrSe (2:1, pH=2) samples.  It is also quite possible that the gelatin 

inhibits the diffusion of CrSe precursors more effectively then the precursors for CoSe, 

thus allowing the CoSe nanocrystals to grow much larger.  This is important when 

evaluating the magnetism versus applied magnetic field measurements and measurements 
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of T1 and T2 from the MRI tests.  If the density of CoSe nanocrystals in the same unit 

volume is significantly greater than that of the CrSe nanocrystals, then the collective 

magnetic moment of that unit volume of solution containing CoSe nanocrystals will also 

be larger than that of an equivalent unit volume of solution containing CrSe nanocrystals, 

assuming that the magnetic moment of each nanoparticle are similar in magnitude.  This 

could result in better results for the CoSe containing solutions than for the CrSe 

containing solutions.  However, the measurement may not reflect a true difference in 

magnetic moment between an individual CoSe and CrSe nanocrystal.    

 
 
 
 
 
 

 

 

 

 

 

 

 

Figure 20:  TEM micrograph of CoSe nanocrystals, formed from a solution with a Co:Se molar ratio of 2:1 
and pH = 2, at 37,000x magnification. 

 
 
 
 
 
 
 
 
 
 
 

Figure 2  images. 1:  Sample of the diameters of CoSe nanocrystals measured using TEM
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  (a)       (b) 
Figure 22:  TEM micrograph of CoSe nanocrystals, formed from a solution with a Co:Se molar ratio of 2:1 

As stated above, a pH of 2 was determined to be the optimal conditions for the 

creation of the nanocrystals, based partially on 

 

 the CoSe nanocrystals were measured using the 

same Shimadzu UV-Vis spectro

and pH = 2,  at (a)105,000x and (b) 300,000x magnification. 

 

TEM images.  If Solution C was left at its 

initial pH of 5, the reaction required several hours to occur and significant size variations 

were observed in the TEM.  If the pH of Solution C was decreased below a pH of 2, the 

reaction occurred too quickly and no useful nanocrystals were found in the TEM images.

 

4.3.2 Absorption Spectra 

 The optical properties of

scopy system described in Chapter 3.  Again, the samples 

were placed in cuvettes, which were placed in the spectroscopy system and the absorption 
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spectra was measured from 300-800 nm.  The solution pH and Co:Se molar ratios were 

varied in order to determine the optimal growth conditions.   

Figure 23 shows the effect of Co:Se molar ratio on the absorbance of the CoSe 

nanocrystals.  The arrow indicates the absorption edge for the 2:1 molar sample, which 

was determined by the first derivative of the curve (Figure 24).  Figure 25 shows the 

effect that Solution C’s pH has on the absorbance of the CoSe nanocrystals.  It is 

important to note that the absorption edge (wavelength where light begins to be absorbed) 

for the 2:1 Co:Se sample with a pH of 2 is the same in both figures.  These measurements 

were taken with separate samples on different days and still result in consistent 

absorption measurements, again demonstrating the consistency of synthesis process.  

  

 

Figure 23:  Absorption spectra of CoSe nanocrystals where Solution C was at a pH of 2.   
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Figure 24:  First-derivative of absorbance spectra for CoSe samples with a pH of 2 and a 2:1 
Co:Se ratio. 

 
 

 

 

 

 

Figure 25:  Absorption spectra of CoSe nanocrystals with a 2:1 Co:Se molar ratio.   

 
 

The CoSe samples, much like the CrSe samples, are transparent through most of 

the near infrared spectral region with absorption only beginning close to the blue to near 

ultraviolet range.  Thus, they are prime candidates for use in multifunctional biological 

tags that utilize visible emitting quantum dots as a fluorescent biolabel.   
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 An interesting study was performed to observe the change in absorption 

characteristics of the CoSe nanocrystals as the reaction progressed and the size of the 

crystals increased.  These absorption measurements are shown in Figure 26.  To slow the 

reaction down to facilitate this measurement, the CoSe nanocrystals were grown using a 

Solution C with a pH of 5 and a Co:Se molar ratio of 2:1.  As stated above, when the pH 

of Solution C is greater than pH = 2, the reaction takes a very long time to occur.  The 

benefit of this increase in reaction time is that we can observe the optical characteristics 

of the nanocrystals as they evolve over time.  Figure 26 shows a shift in absorbance from 

the blue end of the spectrum towards the red as time increases.  After analyzing the first 

derivatives, it is evident that the absorption edge is, in fact, shifting form blue to red 

(Figure 27).  This suggests that the particles themselves are growing and not that there is 

simply more particles as time increases.  Based upon the absorption data, the growth rate 

appears to be extremely high during the first 15 minutes and then begins to slow after 

that.  It is important to note that, even after almost an hour, the reaction is still taking 

place and the nanocrystals are continuing to grow.  Figure 28 shows the growth rate of 

2:1 CoSe nanocrystals when the pH of Solution C was lowered to 2.  Since the reaction is 

almost instantaneous, the growth cannot be observed in the absorption graphs.  This 

further enforces the hypothesis that as the pH is reduced, the reaction time drastically 

decreases. 
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Figure 26:  Absorption spectra of CoSe nanocrystals where the Co:Se molar ratio was 2:1 and Solution C 
was maintained at a pH of 5 as a function of time, where the time at which Solution A was mixed with 
Solution C is time = 0 minutes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27:  First-derivative of absorbance spectra for CoSe samples as they grow over time (2:1, pH=5). 
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Figure 28:  Absorption spectra of CoSe nanocrystals where the Co:Se molar ratio was 2:1 and Solution C 
was maintained at a pH of 2 as a function of time, where the time at which Solution A was mixed with 
Solution C is time = 0 minutes. 

 
 
 
 
 
 
4.3.3 Magnetization 

 They key property of the CoSe nanocrystals is the degree of their magnetization.  

In this section, we will determine their magnetic properties using the same 

instrumentation that was used to determine the magnetic properties of the CrSe 

nanoparticles described in Chapter 3.  A rough evaluation of the magnetization of the 

CoSe nanocrystals was obtained by creating CoSe nanocrystals without the presence of 

gelatin to retard the reaction.  Solution C, with a pH of 5, was added in a 2:1 ratio to 

Solution A.  No precipitate was formed immediately.  However, after approximately an 

hour, a tan precipitate began to form at the bottom of the vial. The resulting precipitate 

was removed from the unreacted solution and rinsed several times with DI water.  When 
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a vial of the precipitate in DI water was placed adjacent to a permanent magnet, the 

magnet attracted the particles towards it, as shown in Figure 29.  While the aggregation 

of nanocrystals may not have exactly the same material properties as the nanocrystals in a 

gelatin solution, they are useful to obtain an initial assessment of the magnetization of the 

CoSe nanomaterial. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 29:  The effect of a permanent magnet on a CoSe precipitate.  

 
 The CoSe samples were also measured in the same SQUID magnetometer used in 

Chapter 3.  The solution containing the CoSe nanocrystals were centrifuged to increase 

the density of nanocrystals in the solution.  Approximately 1mL of the centrifuged CoSe 

solution was vacuum sealed in a glass tube, which in turn was placed into the SQUID.  

The resulting magnetic moments were measured as an applied field was varied from 0 to 

5,000 G, then from 5,000 to -5,000 G, and then from -5,000 to 5,000 G.  The maximum 

applied field was ± 5,000 G since the CoSe nanoparticles were in a solution instead of a 

dried sample.  All of the measurements were carried out at 5K.  The resulting SQUID 

measurements are depicted in Figure 30 and Figure 31.  Figure 30 shows the resulting 

curve for a CoSe sample synthesized with a Co:Se molar ratio of 2:1 and a pH of 5 while 
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Figure 31 shows the curve for a CoSe sample synthesized with a Co:Se molar ratio of 2:1 

and a pH of 5, both samples appear to be paramagnetic in nature since they always pass 

through the origin.  As you can see, there is a great deal of “noise” in the magnetism 

versus applied magnetic field curves for the sample synthesized with a  pH = 5.  This can 

be attributed to one of two reasons.  First, there is some possibility that the CoSe 

nanocrystals synthesized under these conditions possess a small magnetic moment, which 

the SQUID had difficulty detecting.  Secondly, the concentration of nanocrystals in the 

solution may have been small so that the total dipole moment of the solution was again 

near the detection limit of the SQUID.  Figure 31 contains a far less “noisy” hysteresis 

curve, which we attribute to the probability that the density of nanocrystals in solution 

was much greater than that of the sample with a pH of 5.  

 If we compare Figure 31 to the SQUID measurements obtained from the solutions 

containing CrSe nanocrystals, shown in Chapter 3, it can be observed that the CoSe 

samples contains far less “noise” then the CrSe samples.  Examination of the TEM 

images of the CrSe and CoSe nanoparticles synthesized under similar molar 

concentrations of II and VI constituents and pH, the answer to this phenomenon is quite 

obvious.  The TEM images of the CoSe nanocrystals show a much higher density of 

particles aggregated closely together while the TEM images of the CrSe samples show 

individual particles scattered all over the micrograph.  Since the density of the particles in 

the 1mL solution measured in the SQUID has an effect on the magnitude of the magnetic 

moment measured, then solutions containing more nanoparticles will have a higher 

signal-to-noise ratio.  Finally, it is important to note that both the CoSe and CrSe SQUID 
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measurements display a paramagneticc behavior and, if the measurements were carried 

out beyond 5,000 G, the saturation regions of the curve would be found.  

 

Figure 30:  SQUID magnetization curve of CoSe taken at 5K (2:1 ratio, pH 5). 

 
 

Figure 31:  SQUID magnetization curve of CoSe taken at 5K (2:1 ratio, pH 2). 
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4.3.4 MRI Contrast 

 If we wish to utilize the CoSe magnetic nanocrystals as MRI contrast 

agents, we must first determine their effectiveness.  Instead of placing them into living 

tissue, various amounts of solution containing CoSe nanocrystals synthesized using a 

Co:Se ratio of 2:1 were placed into gelatin phantoms, which in turn were placed into a 

GE 1.5T Signal scanner with TwinSpeed gradients with a quadrature head coil.  The 

procedure for determining the spin-lattice (T1) and spin-spin (T2) relaxation times of the 

phantoms was the same as the procedure described in Chapter 3.3.4.   

Table 4 contains the T1 and T2 times for four gelatin phantoms in which two 

different volumes of CoSe nanocrystals, one set synthesized at a pH =2 and the other at a 

pH = 5, were added.  As expected, the T1 times were greater then the T2 times in all four 

cases.  Additionally, all four samples displayed a drastic decrease in both relaxation times 

as compared to the control, the gelatin only phantom.  The samples that contained 2mL of 

CoSe solution had shorter relaxation times then the 1mL samples.  This suggests that, as 

the amount of nanocrystals increases, so does their ability to reduce the T1 and T2 

relaxation times for surround tissue.  Table 5 shows the percent of change in the T1 and 

T2 times compared to the bare gelatin phantom.  An interesting trend is that in the 1mL 

samples the solution with a pH of 2 displayed a greater change, but in the 2mL samples 

the solution with the pH of 5 had a larger change in both T1 and T2 times.  At this 

juncture in the experiment, we are not able to determine which synthesis condition (pH = 

2 or 5) yield CoSe nanoparticles that are most effective in reducing relaxation times.  
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Table 4:  Measured T1 and T2 times for CoSe nanocrystals. 

PH Vol. (mL) Exp. 1 Exp. 2 Mean Exp. 1 Exp. 2 Mean
1 5 1 1283.72 1275.48 1279.60 561.45 563.32 562.38

2 2 1 1290.48 1283.14 1286.81 541.69 546.05 543.87

3 5 2 1010.06 1002.16 1006.11 494.29 495.24 494.77

4 2 2 1134.52 1124.83 1129.68 524.49 525.92 525.21

Gelatin 2115.77 2107.77 2111.77 970.99 976.40 973.70

T1 (ms) T2 (ms)

 
 

 

 
Table 5:  Percent of change in T1 and T2 times for CoSe nanocrystals as compared to the control. 

 
PH Vol. (mL) T1 T2

1 5 1 31.41 42.24

2 2 1 39.06 44.14

3 5 2 52.36 49.19

4 2 2 46.51 46.06

Percent Change
 
 
 
 
 
  

 

The next question to be answered is which of the two materials, CrSe or CoSe, are 

the most effective in reducing the T1 and T2 relaxation times of the gelatin.  Our 

hypothesis was that since the CoSe samples displayed a much “cleaner” SQUID 

hysteresis curve due to an increase in nanocrystal density – which was validated by TEM 

images – they would show a larger reduction in T1 and T2 relaxation times compared to 

the CrSe nanocrystals.  Figure 32, however, disproves this theory.  As can be seen, all 

four CrSe samples showed a much greater change in T1 and T2 times then the CoSe 

samples.  One conclusion from this data is that, while the CoSe solutions contained a 

larger density of nanocrystals, the magnetic moments of each individual CrSe nanocrystal 

was far greater then that of an individual CoSe nanocrystal.  While there were less CrSe 

nanoparticles per unit are, they contributed a much greater magnetic moment and thus 
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reduce the relaxation time more.  More studies need to be done to validate this 

conclusion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32:  Percent of change in T1 and T2 times for all 8 MRI samples.  

 
 
4.4 Summary 

 In this chapter we presented a method for the synthesis of magnetic CoSe 

nanocrystals in a gelatin solution.  It has shown that increasing the pH of Solution C from 

a pH =2 to a pH =5 has a strong impact on the time required to complete the reaction of 

CoSe nanocrystals.  By decreasing the pH, we could more closely examine the growth of 

the nanoparticles using optical absorption spectroscopy.  It was determined that the 

highest quality nanocrystals were produced in with a 2:1 molar ratio of Co:Se and a pH of 

2.  TEM micrographs of the CoSe nanoparticles show a larger numbers of CoSe 

nanoparticles, ranging from 5-25 nm in diameter, than the number of CrSe nanoparticles 

synthesized under similar conditions.  This indicates that the density of the CoSe 

nanocrystals in solution was much greater then the density of the CrSe nanocrystals, 
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which had implications in the analysis of the SQUID and MRI data.  SQUID 

magnetometer measurements were carried out and resulted in much “cleaner” hysteresis 

curves as compared to those obtained from the CrSe nanocrystals, which was attributed to 

the increased density of CoSe nanoparticles.  T1 and T2 relaxation measurements were 

carried out to determine the effectiveness of CoSe nanocrystals as an MRI contrast 

enhance agent.  While the effect of the CoSe nanocrystals on the spin relaxation times 

was less then the CrSe samples, the presence of the CoSe nanocrystals in the gelatin 

phantom did reduced the T1 and T2 times by approximately a factor of 2.  Thus, we were 

able to create ferromagnetic CoSe nanocrystals in the same manner by which we 

produced the CrSe nanocrystals.   
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Chapter 5 Conclusions and Future Work 

 Theoretical calculations predict that these materials are 100% spin-polarized half-

metals.1,2 If this is true, then there are numerous uses for these materials in the field of 

spintronics.  Since these materials are suspected to have a zincblende structure, they 

should be easily incorporated into traditional semiconductor devices to create spin-based 

transistors and memory devices.  In this study, we have presented a method for the 

synthesis of colloidal II-VI magnetic nanocrystals in a solution containing gelatin as a 

reaction inhibitor.  Both CrSe and CoSe nanocrystals were successfully synthesized at 

room temperature and pressure.  The synthesis techniques developed during this study 

yield nanoparticles that had a uniform size distribution, on average 7.5 nm and 13nm for 

CrSe and CoSe, respectively, when grown under optimal conditions.  It was determined 

that the resulting nanocrystals were magnetic.  While the type of magnetism is not 

explicitly determined, the magnetization measurements suggest both were paramagnetic 

materials.  This lends credence to the possibility of utilizing the nanocrystals in additional 

applications such as their use as MRI contrast agents in biomedical applications.  An 

additional benefit of synthesis process developed during this study is that the particles are 

stable when suspended in an aqueous solution of near neutral pH; thus, the possibility 

that these nanoparticles may be used directly for in vivo applications exists.  Before a 

study involving the in vivo use of these nanoparticles can be pursued, a process to coat 

the nanoparticles with a biocompatible material such as silica must be developed.  

Currently, research is being conducted to determine if an existing silica coating process 

can be transferred to this material system.   
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 We have been able to repeatedly synthesize both CrSe and CoSe magnetic 

nanocrystals, measured their physical and optical properties, and have begun to 

characterize their behavior in a magnetic field.  The next step that should be performed to 

complete the physical characterization of the nanocrystals is to determine the crystal 

structure of the nanocrystals using X-Ray Diffraction (XRD).  These measurements 

would allow us to know for certain what crystalline structure and the exact stoichiometric 

mixture of II and VI atoms are present in the CrSe and CoSe nanoparticles.  The 

difficulty with XRD is that it is usually done with pure compounds in powder form, 

which makes our aqueous samples containing the gelatin inhibitor more difficult to 

measure.   

To obtain better results on the magnetization measurements, it would be 

beneficial to utilize a Vibrating Sample Magnetometer (VSM).  The benefit of a VSM is 

that it is more suited to measuring the magnetic moments of liquids at room temperature, 

compared to a SQUID magnetometer, which is usually used to measure solid samples at 

low temperatures.   

 It would also be beneficial to make future magnetization measurements of the 

samples using SQUID with a higher maximum amplitude of the applied magnetic field 

(beyond 5,000 G) to reveal the saturation regions of the material’s hysteresis curve, 

providing a much clearer idea of the magnetization properties of the material.  Running 

these measurements at various temperatures could also determine the Curie (or Neel) 

temperatures.   

Repeated T1 and T2 measurements need to be carried out to further determine the 

effectiveness of the nanocrystals as MRI contrast agents.  If the samples can be coated 
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with a biocompatible layer such as silica, it would also be prudent to determine the 

magnetization properties of the coated nanoparticles.  Also, the application of a 

functional group to the silica layer could be examined to examine the potential for these 

nanoparticles as magnetic biolabels.  We also stated several times in this thesis that there 

exists the possibility of combining these nanocrystals with an optically active quantum 

dot to produce a multifunctional biological marker.  The application would be a 

biological tag that acted as both a MRI contrast agent and a visual biological marker.  

Initial studies on the creation of such a marker are currently underway.  
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