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ABSTRACT 

This dissertation studies the size- and site-dependent optical and magnetic properties of 

II-VI quantum dots (QDs). The first chapter provides a theoretical background used to analyze 

the data and the properties expected for diluted magnetic semiconductor materials at the 

nanoscale. The second chapter probes the size-dependent magnetic properties for Mn(II) doped 

CdSe QDs. The Curie-Weiss law plots show significant size-dependent carrier concentration in 

the QDs. The carriers inside the small QDs can mediate the Mn(II)-Mn(II) ferromagnetic 

interaction by the RKKY model, which helps explain reasons for the observation of a 

superparamagnetism (SPM) in small Mn:CdSe QDs. The third chapter involves high frequency 

EPR analysis of possible dopant (Mn(II) ions) sites in CdSe lattice. Stochastically doped 

Mn:CdSe QDs and surface doped Mn:CdSe QDs were successfully made by traditional thermal 

decomposition of cluster and microwave irradiation. Two sets of hyperfine splitting were 

observed for stochastically doped Mn:CdSe QDs from EPR spectra and the ratio of the signal has 

liner relationship with the surface to volume ratio of QDs. One set of hyperfine splitting can be 

removed by surface acid treatment enabled us to identify the Mn(II)
 
sites on the surface or core 

position of Mn:CdSe QDs. The fourth chapter is a study of chromium incorporation in ZnSe QDs 

by single cubic source precursor method. The formation of ZnCr2Se4 spinel structure was 

approved by XANES, and 
4
A2g → 

4
T2g transition of Cr

 
(III) ion in absorption spectra. 

 



1 

 

CHAPTER ONE 

INTRODUCTION 

1.1 Magnetism 

Magnetic materials have played many important roles in our daily life for thousands of 

years. It was discovered that the origin of magnetism lies in the orbital and spin motion of 

electrons and how they interact with one another. Magnetic behavior in materials is determined 

by measuring the magnetic response (the susceptibility ) to an external magnetic field (H), 

which is defined as: 

/M H                                                                (1.1) 

where is M the magnetization. M and H are in the same units, which can be Gauss (G) or 

Oersted (Oe). So  is dimensionless, but can be usually expressed as emu/cm
3
 in volume 

magnetic susceptibility, emu/g in mass magnetic susceptibility and emu/mol in molar magnetic 

susceptibility. According to the arrangement of their magnetic dipoles in the absence and 

presence of an external magnetic field the magnetic order can be classified as diamagnetism, 

paramagnetism, ferromagnetism, ferrimagnetism, and antiferromagnetism.
1
 Other types include 

the effects of domains, anisotropy, and long-range order. The main distinction is that in some 

materials, there is no collective interaction between atomic magnetic moments, whereas in other 

materials, there are very strong interactions between them. Figure 1.1 shows schematic diagrams 

of the arrangements of magnetic dipoles for paramagnetic, ferromagnetic, ferrimagnetic and 

antiferromagnetic materials. Note that it doesn‟t show diamagnetism since there are no magnetic 

dipoles in diamagnetic materials. In terms of susceptibility, diamagnetic substances are slightly 

repelled by such a field and have negative susceptibilities; paramagnetic substances have positive 
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Figure 1.1. Schematic illustrating the arrangements of magnetic dipoles for paramagnetic, 

ferromagnetic, ferrimagnetic and antiferromagnetic materials in the absence of an external 

magnetic field (H). Note that it doesn‟t show diamagnetism since there are no magnetic dipoles 

in diamagnetic materials. 
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susceptibilities. Ferromagnetic materials typically show large, positive susceptibilities. The 

responses of materials to an external magnet can be either linear or nonlinear. Typical 

diamagnetic and paramagnetic substances are weakly magnetic and give a linear response to the 

strength of the external field. Ferromagnetic materials respond nonlinearly with an external field. 

1.1.1 Classes of Magnetic Materials 

Diamagnetism 

Diamagnetism is a fundamental property of all matter and arises from the interaction of 

paired electrons with the magnetic field. The molar susceptibility of a diamagnetic material is 

negative and usually very weak on the order of –10
–6

 to –10
–4

. Diamagnetic susceptibilities do 

not depend on the field strength, and the magnetization is zero when the field is zero. The 

magnetization of a diamagnet responds in the opposite direction to the external field. So, when 

exposed to a field, a negative magnetization is produced and the susceptibility is negative. 

Paramagnetism 

Some of the atoms or ions in this class of materials have a net magnetic moment due to 

unpaired electrons in partially filled orbitals. Paramagnetic materials have randomly oriented 

dipoles that can be aligned in an external field, thus the magnetic moment of a paramagnet tends 

to align in the same direction as the external field, which results in a net positive magnetization 

and susceptibility. However, the individual magnetic moments do not interact magnetically, and 

like diamagnets, the magnetization is zero when the field is removed. In addition, the efficiency 

of the field in aligning the moments is opposed by the randomizing effects of temperature. This 

results in a temperature dependent susceptibility, known as the Curie Law: 

/C T                                                             (1.2) 
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where χ is the magnetic susceptibility, C is the Curie constant (in emu*K/mol for molar magnetic 

susceptibility), and T is absolute temperature in K. Curie's constant can be expressed as: 

2 2 ( 1)

3

B

B

Ng J J
C

k

 
                                                     (1.3) 

where N is the number of magnetic moments, g is the Landé g-factor, μB is the Bohr magneton, J 

is the angular momentum quantum number and kB is Boltzmann‟s constant. In cases when the 

orbital contribution to the magnetic moment is negligible (L = 0), then J = S + L = S in the above 

equation. For a two level system (S = 1/2) the formula can be reduced to: 

2 2

4

B

B

Ng
C

k


                                                             (1.4) 

For paramagnetic ions with interacting magnetic moment the magnetic susceptibility in 

the paramagnetic region can be described as the Curie-Weiss law (Figure 1.2): 

/ ( )C T                                                            (1.5) 

Where θ is the Curie-Weiss temperature. The susceptibility has a singularity at T = θ. From the 

sign of the θ, the type of the interaction can be determined. For ferromagnetism the positive θ 

will be obtained, while negative θ can be obtained in ferrimagnetism and antiferromagnetism. 

The paramagnetic metals fall into a distinct group, in that their susceptibility is relatively 

low and nearly independent of temperature. In a Pauli paramagnet, the electron distribution 

follows Fermi-Dirac statistics and only those electrons in an energy band about kBT of the top of 

the Fermi level have a chance to turn over in the field and take part in any energy changes. This 

could be due to thermal or magnetic effects. So only a fraction (T/TF, where TF is the Fermi 

temperature) of the total number of electrons contributes to the susceptibility, which is 

independent of temperature (Eqn 1.6). 

http://en.wikipedia.org/wiki/Magnetic_susceptibility
http://en.wikipedia.org/wiki/Magnetic_susceptibility
http://en.wikipedia.org/wiki/Paramagnetic
http://en.wikipedia.org/wiki/Curie_temperature
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2 2

B F B F

N H T N
M H

k T T k T

 
                                                   (1.6) 

Ferromagnetism 

For a ferromagnetic material, magnetic dipoles can exist in the absence and presence of 

an external field because of the parallel alignment of magnetic moments. Ferromagnetic 

materials exhibit a long-range order phenomenon at the atomic level which causes the unpaired 

electron spins to line up parallel with each other in a region called a domain. A ferromagnetic 

material actually forms microscopic domains structure. In each domain all the spins are same 

alignment but each domain is oriented differently from its neighbors. Unlike paramagnetic 

materials, the atomic moments in the ferromagnetic materials exhibit very strong long range 

interactions between spin centers (Si and Sj), which can be described by the following 

Hamiltonian with a positive exchange coupling constant J: 

,

,

ˆ ˆˆ 2 i j i j

i j

H J S S                                                          (1.7) 

These interactions are produced by electronic exchange forces and result in a parallel 

alignment of atomic moments, which will show a positive Curie-Weiss temperature in the Curie-

Weiss law plot (Figure 1.2). These exchange forces are a quantum mechanical phenomenon due 

to the relative orientation of electronic spins. Even though electronic exchange forces are very 

large, thermal energy can eventually overcome the exchange and produce a randomizing effect. 

Magnetic ordering in ferromagnetic materials occurs below an ordering temperature, called the 

Curie temperature (Tc). Above Tc, the ferromagnet is disordered. The magnetization increases 

quickly upon cooling below this point and approaches the saturation value at 0 K. Examples of 

materials that exhibit ferromagnetism include Fe (Tc = 1043 K), MnAs (Tc = 670 K), CrO2 (Tc = 

386 K), and EuO (Tc = 69 K).
2
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Figure 1.2. Curie-Weiss law plots of paramagnetic, ferromagnetic, ferrimagnetic and 

antiferromagnetic materials. The Curie-Weiss temperature (θ) can be obtained by extrapolate the 

high temperature data to the T-axis. 
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Ferrimagnetism 

In a ferromagnetic material two types of dipoles are arranged in the opposite directions. 

One type among the two is prevailing, so there is some magnetization present even if there is no 

field. There is a net magnetization below the Curie temperature (Tc). Stronger dipoles can be 

obtained in the absence of an external magnetic field. A well known ferrimagnetic material is 

magnetite (Fe3O4) with the spinel structure. The structural formula for magnetite 

is: [Fe
3+

]A[Fe
3+

,Fe
2+

]BO4 with negative exchange interactions between the two magnetic 

sublattices called A and B. In ferrimagnets, the magnetic moments of the A and B sublattices are 

not equal and result in a net magnetic moment. Above Tc, the susceptibility obeys the Curie-

Weiss law (equ. 1.5) for paramagnets but with a negative intercept indicating negative exchange 

interactions (Figure 1.2). Ferrimagnetism can also occur in molecular magnets. An example is a 

dodecanuclear manganese molecule with an effective spin of S = 10 derived from 

antiferromagnetic interaction on Mn(IV) metal centres with Mn(III) and Mn(II) metal centres.
3
 

Antiferromagnetism 

For an antiferromagnetic material, the ordered two magnetic sublattice are in antiparallel 

fashion (magnetic exchange constant J < 0) and with exactly equal moments. So they cancel each 

other and the net moment is zero. Similar to ferrimagnetism, the Curie-Weiss temperature (θ) is 

also negative except with the positive deviation at low temperature (Figure 1.2). 

The ordering occurs at a critical temperature, called the Néel temperature (TN). Above TN, 

the magnetic susceptibility is in the paramagnetic region and can be described as the Curie-Weiss 

law (equ. 1.5). At low temperature (below TN), susceptibility approaches zero. Antiferromagnetic 

materials occur commonly among transition metal compounds such as FeO (TN = 198 K) and 

metals such as Cr (TN = 308 K).
2
 

 

http://en.wikipedia.org/wiki/Magnetic_susceptibility
http://en.wikipedia.org/wiki/Paramagnetic
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Figure 1.3. A typical magnetization curve of a ferro- or ferrimagnetic material, which shows 

saturation magnetization (Ms), the remanence magnetization (Mr), and the coercivity (Hc). 
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1.1.2 Hysteresis loop 

Ferromagnetic and ferrimagnetic materials are usually what we consider as being 

magnetic (ie., behaving like iron). The remaining three (diamagnetism, paramagnetism, and 

antiferromagnetism) are so weakly magnetic that they are usually thought of as "nonmagnetic". 

Ferro- and ferrimagnetic materials are usually described by the hysteresis loop, where the 

magnetization M is plotted against the magnetic field strength H.
4
 Three important quantities in 

the hysteresis loop are the remanence (Mr for H = 0), the coercive force (reverse magnetic field 

required to eliminate magnetic induction in the sample: Hc for M = 0), and the saturation 

magnetization (Msat). Figure 1.3 shows a typical curve, where the magnetization always falls 

behind the applied magnetic field because of magnetic domains inside the material.
4
 From the 

magnetization curve, one can easily find remanence magnetization Mr, the coercivity Hc, and the 

saturation magnetization Ms. The various hysteresis parameters are not solely intrinsic properties 

but are dependent on grain size, domain state, stresses, and temperature. 

Both the ferro- and antiferromagnetic materials become paramagnetic above the Curie 

and Néel temperatures, respectively. Above those temperatures the thermal oscillations in the 

material are strong enough to overcome the interaction between aligned dipoles, flip and rotate 

them around, which destroys the aligned domains and no remanence magnetization (Mr) and the 

coercivity (Hc) in the hysteresis loop. 

1.2 Magnetic nanoparticles and finite-size effects 

Magnetic nanoparticles are of great interest to researchers from a wide range of 

disciplines, which include magnetic fluids,
5
 catalysis,

6
 biotechnology,

7
 magnetic resonance  

imaging (MRI),
8
 data storage,

9
 and environmental remediation.

10
 Magnetism is highly volume 

and temperature dependent, as this property arises from the collective interaction of atomic  
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Figure 1.4. Schematic illustrating the dependence of magnetic coercivity on particle size. The 

coercivity falls to zero for superparamagnetic colloidal particles. 
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magnetic dipoles.
11

 The two most studied finite-size effects in magnetic nanoparticles are the 

single domain limit and the superparamagnetic limit (Figure 1.4). 

1.2.1 Single domain limit 

In bulk magnetic particles, there is a multidomain structure, where regions of uniform 

magnetization are separated by domain walls. The formation of domain walls is a process driven 

by the balance between the magnetostatic energy (ΔEMS), which increases proportionally with the 

volume of the material, and the domain-wall energy (Edw), which increases proportionally with 

the interfacial area between domains. If the sample size is reduced, there is a critical volume 

below which it costs more energy to create a domain wall than to support the external 

magnetostatic energy of the single-domain state. When the ferro- or ferrimagnet becomes 

sufficiently small below a critical value dc, the particles change from a state with multiple 

magnetic domains to one with a single domain.
12

 

A single-domain state is reached below a critical diameter (dc) when ΔEMS = Edw. For a 

spherical particle: 

1/2 2

018( ) / ( )c effd AK M                                              (1.8) 

where A is the exchange constant, Keff is anisotropy constant, μ0 is the vacuum permeability, and 

M is the saturation magnetization. This critical diameter is typically less than 100 nm and 

depends on the material. It is influenced by contributions from various anisotropic energy terms. 

A single domain particle is uniformly magnetized with all the spins aligned in the same direction. 

The magnetization will be reversed by spin rotation, since there are no domain walls to move. 

This is why such high coercivity observed in small nanoparticles.
13

 Another source for the high 

coercivity in a system of small particles is the shape anisotropy. 
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1.2.2 Superparamagnetic limit and Superparamagnetism 

If the size continues to decrease to a value d0, the thermal energy becomes comparable 

with that required for spin to flip directions, leading to the randomization of the magnetic dipoles 

in a short period of time. The magnetic anisotropy energy per particle which is responsible for 

holding the magnetic moments along a certain direction can be expressed as follows: 

2( ) sineffE K V                                                        (1.9) 

where V is the particle volume, Keff is the anisotropy constant and θ is the angle between the 

magnetization and easy axis. The energy barrier KeffV separates the two energetically equivalent 

easy directions of magnetization. With decreasing particle size, the thermal energy, kBT, exceeds 

the energy barrier KeffV and the magnetization is easily flipped. In the cases when kBT > KeffV the 

particle behaves like a paramagnet, and instead of atomic magnetic moments, there is now a 

giant moment inside each particle. This system is named a superparamagnet. Such a system has 

no hysteresis and the data of different temperatures superimpose onto a universal curve of M 

versus H/T. At this point the particles do not have ferromagnetic properties anymore because 

their magnetic moments become randomly oriented. They behave paramagnetically even at 

temperatures far below the Curie and Néel temperatures. The size of particles where this happens 

is between 4 and 20 nm, depending on the material. Such small particles do not have permanent 

magnetic moments in the absence of an external field but can align with the external field easily 

even in weaker magnetic fields. 

The relaxation time (τ) of the moment of a particle is given by the Néel-Brown 

expression
14

 

0 exp( / )eff BK V k T                                                    (1.10) 
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where kB is the Boltzmann‟s constant. If the particle magnetic moment reverses at times shorter 

than the experimental time scales, the system is in a superparamagnetic state; otherwise it is in 

the so-called blocked state. For superparamagnetic systems, the value of τ0 is in the 10
–9

 – 10
–11 

s 

range.
15

 The temperature required to separate these two regimes is known as blocking 

temperature (TB). It depends upon the effective anisotropy constant, size of the particles, applied 

magnetic field, and experimental measuring time. For example, the experimental measuring time 

with a magnetometer (roughly 100 s) gives:  

/ (30 )B eff BT K V k                                                      (1.11) 

The blocking temperature (TB) can be determined experimentally by zero-field-cooled 

(ZFC)/field-cooled (FC) dc magnetometry measurements. In a standard procedure, the sample is 

cooled from room temperature with no applied magnetic field, and then warmed up under a small 

magnetic field of about 100 Oe. As temperature increases in ZFC measurement, the thermal 

energy disturbs the system and more moments acquire the energy needed to align with the 

external field. Eventually, the number of unblocked, aligned moments reaches a maximum at TB. 

Above the TB the thermal energy is strong enough to randomize the magnetic moments leading 

to a decrease in magnetization. A distribution of the particle sizes results in a distribution of the 

blocking temperatures. Figure 1.5 shows the ZFC and FC magnetization versus temperature 

curves for 2.8 nm Mn:CdSe particles. The TB can be determined experimentally by the peak 

position in the ZFC plot. For superparamagnetic colloids, the M-H curve does not show any 

hysteresis when the measurement is performed at a temperature well above the blocking 

temperature. 

If there are magnetic interactions between nanoparticles that have a strong influence on 

the superparamagnetic relaxation, the behavior of the system can become even more complicated.  
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Figure 1.5. The ZFC and FC curves of 2.8 nm Mn:CdSe nanoparticles in diameter  with 

blocking temperature (TB) 12 K. 
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The primary interactions present in a system of small particles are: dipole-dipole interactions, 

direct exchange interactions for touching particles, superexchange interactions for metal particles 

in an insulating matrix, and RKKY (Ruderman-Kittel-Kasuya-Yosdida) interactions for metallic 

particles embedded in a metallic matrix.
16

 Dipolar interactions are almost always present in a 

magnetic particle system and typically are the most relevant. They are of long-range character 

and anisotropic. From an experimental point of view, the problem of interparticle interactions is 

very complex. First, it is very difficult to separate the effects of interactions from the effects 

caused by the random distributions of sizes, shapes, and anisotropy axes. Second, one sample can 

simultaneously present more than one interaction, making it even more complicated to assign the 

observed properties to specific interactions. 

Superparamagnetic nanoparticles are very attractive for a broad range of biomedical 

applications since the risk of forming agglomerates is negligible at room temperature. Other 

application areas include energy and data storage, ferrofluid technology, and magnetorheological 

polishing. One key feature of superparamagnetic nanoparticles is that they have no memory 

effect, which allow the thermal energy to flip the dipoles in random directions and cause them to 

become neutral again almost immediately after the field is turned off. Such individual 

nanoparticles have a large constant magnetic moment and behave like a giant paramagnetic atom 

with a fast response time to applied magnetic fields and a negligible remanence and coercivity. 

1.2.3 Surface Effects 

The physical properties of nanoparticle, such as colloidal quantum dots (QDs), are 

strongly influenced by the high surface to volume ratio in these materials.
17-19 

As particle size 

decreases, the percentage of the surface atoms in a nanoparticle increases, which implies that 

surface and interface effects become more important. Owing to this large surface/volume ratio, 
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the surface spins make an important contribution to the magnetization. Typical surface effects 

are related to the symmetry breaking of the crystal structure at the boundary of each particle. 

This local breaking of the symmetry might lead to changes in the band structure, lattice constant 

or/and atom coordination. Under these conditions, some surface and/or interface related effects 

can occur, like surface anisotropy and, under certain conditions, core-surface exchange 

anisotropy can also occur. Surface ligation of organic ligands, used to stabilize the magnetic 

nanoparticles, also have an influence on their magnetic properties, that is, ligands can modify the 

anisotropy and magnetic moment of the metal atoms located at the surface of the nanoparticles.
20

 

Surface ligation of an organic passivating layer onto a non-magnetic quantum dot leads to 

passivation of dangling bonds but also will impact the structure and magnetic properties of the 

QD.
21,22

 

1.3 Diluted magnetic semiconductors (DMSs) and diluted magnetic semiconductor 

quantum dots (DMSQDs) 

1.3.1 Diluted magnetic semiconductors (DMSs) 

The incorporation of impurities or defects into semiconductor lattices is a thriving area of 

physical and synthetic inorganic chemistry. One of the most interesting categories of dopants in 

semiconductors is magnetic ions, as the magnetic properties are directly influenced by the 

strength of the overlap between the d-orbitals of the magnetic ion and the valence (p-d exchange) 

or conduction (s-d exchange) band of the semiconductor. Semiconductors containing magnetic 

impurities have been studied for several decades and have come to be known as „„diluted 

magnetic semiconductors‟‟. Interest in diluted magnetic semiconductors (DMSs) originally arose 

from the so-called „„giant Zeeman effects‟‟ observed in the excitonic levels. Dilute magnetic 
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semiconductors (DMSs) are recognized as an important class of materials with potential for spin-

based electronic and magneto-optical applications.
23,24 

The charge carriers in semiconductors will significantly affect the properties of a material. 

In intrinsic semiconductors, conduction band electrons come from the excitation of electrons in 

the valence band. The intrinsic carrier density ni = pi, is a function of temperature and band gap 

energy. In DMSs, charge carriers can also come from dopants, where conduction band electrons 

arise from donors and valence band holes from acceptors. One well-studied approach to 

obtaining spin-polarized carriers for data-storage devices is the use of DMSs, which is created by 

doping ions having a net spin like Mn, Fe, or Co into a semiconducting host such as GaAs, ZnO, 

or GaN. The interaction among these spins leads to ferromagnetic order at low temperatures, 

which is necessary to create spin-polarized carriers. 

In DMS materials, Mn(II) doped III-V semiconductors can exhibit ferromagnetism due to 

hole mediated exchange interactions via the Ruderman–Kittel–Kasuya–Yosida (RKKY) 

model.
16,25 

More
 
specifically, Mn-doped GaAs, in which the Mn dopant provides both a magnetic 

moment and a spin-polarized charge carrier, has attracted considerable interest as a spintronics 

material. In Mn(II) doped II–VI compounds, the nearest neighbor antiferromagnetic exchange is 

observed.
24

 The onset of ferromagnetic (FM) exchange has been achieved in p-type Mn(II) 

doped II-VI compounds
 
(Mn:CdTe, Mn:ZnTe),

26,27
 as well as through photogenerated carriers in 

Mn:CdSe.
28

 The results on II-VI DMS systems suggest that FM exchange can be achieved if 

exchange interactions in the II-VI materials can be enhanced via a carrier mediated process. 

1.3.2 Diluted magnetic semiconductors quantum dots (DMSQDs) 

Colloidal semiconductor nanocrystals, also named „„quantum dots‟‟ (QDs), consist of a 

few hundred to a few thousand atoms. The quantum confinement effect arises from the small size 
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of the nanoparticles when the semiconductor is smaller than the natural Bohr radius. This is 

defined by an increasing bandgap accompanied by the quantization of the energy levels to 

discrete values. Systematically incorporating paramagnetic ion impurities onto the metal lattice 

sites for quantum dots (QDs)
29-31

 represents an exciting materials development area for 

generating a new class of dilute magnetic semiconductor quantum dots (DMSQDs). DMSQDs 

hold potential for spin-based electronic applications,
24

 as well as the investigation of 

fundamental magnetic exchange in a well-defined confined environments. DMSQDs will be 

strongly influenced by the surface states and doping sites (core vs. surface) to the observed 

magnetic behavior.
32,33

 

In II-VI QDs the intentional doping of paramagnetic ions into the core of a QD lattice can 

be difficult to achieve due to the tenants of nucleation theory,
34

 the high surface energies for ion 

addition to the face,
35

 and the propensity for QDs to exhibit self-annealing.
36

 In recent studies, 

the difficulty of doping has been overcome by the use of pre-doped molecular clusters that act as 

critical nuclei for formation of the doped QDs.
30,37

 The use of the molecular cluster has been 

shown to allow the statistical incorporation of the magnetic impurity ions onto the metal Td sites. 

The breakthrough in doping strategies has led to the observation of an optically induced exitonic 

magnetic polaron (EMP) in Mn:CdSe QDs
38

 and the report of a giant Zeeman splitting in 

Mn:CdSe quantum nanoribbons
39

 due to kinetic s-d mixing (N0) between the Mn d-levels and 

conduction band levels of the semiconductor. The orbital exchange should be size dependent due 

to the quantum confinement effects on the conduction band
40

 and will be influenced by the 

presence of surface states whose contribution will increase as the surface/volume ratio increases. 

The participation of surface donor states in QDs due to ligation may lead to intrinsic carriers
32  

which may induce a carrier mediated process in these DMSQD systems. The participation of 

surface states was reported to be critical in explaining the observed magnetic exchange in 
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undoped CdSe QDs measured by XMCD,
32

 and the onset of Pauli-paramagentism (PPM) in 

CdSe measured by SQUID.
41 

In DMSQDs the perturbation of the physical properties by the defect ion is influenced by 

the size of the semiconductor due to quantum confinement effects. Therefore, probing the 

incorporation of magnetic ions into a semiconductor quantum dot is a fascinating field to 

investigate. By systematically tuning the lattice composition of the paramagnetic guest ion and 

the QD size, it might be possible to efficiently tune the band parameters and interactions within 

this quantum dot system, which would allow probing the existence of carriers and spin wave 

formation. 

When the size of DMSs decreases to nanoscale, finite-size effects resulted from the 

quantum confinement of the electrons is one of the key issues dominating the magnetic 

properties. The defects both on the surface and within the nanoparticles could also significantly 

affect the magnetic properties. When the size of a ferro- or ferrimagnet decreases to a certain 

critical value, the particles change from a state with multiple magnetic domains to one with a 

single domain. If the size continues to decrease, the thermal energy will become comparable with 

the energy required for spin to flip directions, which leads to the randomization of the magnetic 

dipoles in a short period of time. Such small particles do not have permanent magnetic moments 

in the absence of an external field but can respond to an external magnetic field. They are 

referred to as superparamagnetic quantum dots (SPM QDs). They have found widespread use in 

many traditional areas including magnetic data storage, ferrofluidtechnology, 

magnetorheological polishing, and energy storage.
14

 They also hold great potential for many 

other applications related to biomedical research. To this end, SPM QDs have been exploited for 

labeling and separation of DNAs, proteins, bacteria, and various biological species, as well as 
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applied to magnetic resonance imaging (MRI), guided drug delivery, and hyperthermia treatment 

of cancer.
14

 

1.4 Magnetic studies of DMSs and DMSQDs 

In diluted magnetic semiconductors, unpaired spins from transition metal ions allow 

magnetic measurements to be used to probe both the dopant‟s magnetic behavior and it‟s 

interactions with the lattice. Methods employed in these analyses include SQUID magnetometry 

and electron paramagnetic resonance (EPR) spectroscopy, which are known to help bring insight 

onto the oxidation state of the dopant ion and the magnetic exchange interactions that exist in the 

paramagnetically doped material. 

1.4.1 Superconducting Quantum Interference Devices (SQUID) Magnetometry 

SQUID measurements are useful in determining the ensemble magnetic properties of 

interactions between magnetic ions. DC magnetic measurements determine the equilibrium value 

of the magnetization in a sample. In DC SQUID measurement, temperature dependent Zero-field 

cooled (ZFC) and field cooled (FC) susceptibility measurements are generally performed in 

order to get insight on the nature of the magnetic interactions, which can be paramagnetic, 

ferromagnetic, and antiferromagnetic. The difference between ZFC and FC magnetization 

indicates that the free energy has a complicated structure below a critical temperature. While in 

field sweep magnetization measurement, experimental parameters such as saturation 

magnetization (Ms), the remanence magnetization (Mr), and the coercivity (Hc) can be obtained 

from hysteresis (Figure 1.3), which help determine if a material is ferromagnetic. Comparing to 

DC measurements, AC measurements yield information about magnetization dynamics. In AC 

magnetic susceptibility measurement, a small AC drive magnetic field (2*10
–4 

– 2 Oe) is 

superimposed onto the DC field, creating a time-dependent moment in the sample. The 
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frequency range in AC measurements can vary between 0.01 Hz and 1000 Hz, permitting a full 

determination of the real χ' and imaginary χ'' components. The AC susceptibility is important for 

systems with spin frustration effects (spin glass or cluster glass phases) and SPM nanoparticles. 

SQUID magnetometry is a powerful technique that has been used to study the nature of 

magnetic interaction within doped nanomaterials. Depending on the interactions that exist and 

the level of doping, the DMSs can exhibit a number of different types of behaviors including 

paramagnetism, ferromagnetism, antiferromagnetism, and spin glass behaviors.
24

 In 4 nm 1% 

Mn:CdSe DMSQDs, a transition of superparamagnetic (SPM) character with a coercive field 

was observed after thermal annealing of the QDs.
37

 Magnetic susceptibility and magnetization 

studies confirm that the magnetic effects can be explained in terms of a doubling of the Mn 

cluster domain content. Furthermore the Mydosh parameter obtained from AC measurements 

(0.16) confirmed the SPM character of the QDs. 

1.4.2 Electron Paramagnetic Resonance (EPR) Spectroscopy. 

EPR provides insight onto the magnetic properties of the paramagnetic ions in a 

material.
29,35

 These experiments are performed in a microwave cavity between two magnets. The 

sample is then placed inside an evacuated and sealed quartz tube. Usually, the field scan is 

performed in a fixed microwave frequency. The energy levels of the magnetic ion split under a 

magnetic field, which is called Zeeman effect. As the field is scanned the sample will absorb 

microwave radiation when the energy of the radiation corresponds to an allowed transition 

between two spin levels (Δms = ±1). 

h E g H                                                            (1.12) 

/ 714.4775 /r rg h H H                                              (1.13) 
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where h is Planck‟s constant, υ is the frequency in GHz, g is the Landé g-factor, β is the Bohr 

magneton, and H is the magnetic field in G. From the position of the EPR peak (Hr), the g-

factors of a material can be determined. For some transition metal ions with weak EPR signals, 

low temperature EPR measurements can be employed (below 77K) to reduce the effect of spin-

lattice coupling. 

Generally EPR research has been done at the commercially available instruments in X-

Band (9.5 GHz), Q-Band (35 GHz), and W-Band (95 GHz). Compared to conventional EPR 

techniques, high frequency/filed EPR (HF-EPR) measurements with frequency up to more than 

400 GHz offer better resolution with respect to g-value.
42

 This can be seen in equ. 1.13, where 

the resonance field Hr is proportional to the frequency υ: 

/rH h g                                                          (1.14) 

The HF-EPR setup at the National High Magnetic Field Laboratory (NHMFL), 

Tallahassee, FL. operates in transmission mode and employs oversized cylindrical waveguides.      

Microwave detection is performed with a low-noise, fast-response InSb hot-electron bolometer 

(QMC Ltd.). Modulation amplitude and microwave power were optimized for high signal-to-

noise ratio and narrow peaks. 

Using EPR, the crystal field and orbital admixture (s-p-d) between the paramagnetic ions 

and the diamagnetic host lattice can be probed, as the ion‟s g-value and the hyperfine constant 

are both elementally specific and respond to changes in local bonding, orbital admixtures, and 

crystal-field influences.
43,44

 In DMSQDs guest ion incorporation into the host lattice may lead to 

both core and surface incorporation (Figure 1.6), which is dependent on the preparative route is 

inhomogeneous (surface-only) or homogeneous (surface and core). Mn
2+

 hyperfine splitting in 

bulk CdSe has been shown to be 62 * 10
–4

 cm
–1

,
45

 while studies of Mn
2+

 doped ZnS have shown 

that the dopant resides in the core and surface with hyperfine splittings of 64.5 * 10
–4

 cm
–1

, and  
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Figure 1.6. Schematic representation of a QD depicting the surface and core doping sites for a 2 

nm Mn:CdSe QD, showing both the core and surface site for Mn(II), and theoretical fit and 

deconvolution of the 406.4GHz HF-EPR spectra allowing definitive assignment of discrete sites 

for the Mn(II) occupying a substitutional Cd(II) site within the core (red) and on the surface 

(blue). 
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89 * 10
–4

 cm
–1

 respectively.
46

 In Cd1–xMnxSe prepared by Mikulec et al, the Mn
2+

 had a 

hyperfine splitting of 83 * 10
–4

 cm
–1

 and was therefore attributed to being near the surface.
36

 In 

Mn
2+

 doped CdSe QDs made by Magana et al, the hyperfine splitting of 62 * 10
–4

 cm
–1

 was 

obtained and therefore attributed to the Mn(II) ion in the core of the QDs.
37

 The Mn
2+

 doped 

ZnSe prepared by Norris, et al showed a hyperfine splitting of 60.4 * 10
–4

 cm
–1

, allowing one to  

conclude that the guest ion was substitutionally replacing Zn inside the host lattice.
47

 

Although low frequency EPR has been carried out on QDs, the use of HF-EPR allows for 

the spectral resolution
42,48

 of the individual surface and core components in the EPR spectrum 

and therefore in-depth insight into the effects of size and passivation. For these studies, Mn(II) 

doped into a II-VI QD is an ideal probe of a II-VI QD microenvironment since the II-VI lattice is 

diamagnetic while the Mn(II) ion exhibits a sextet hyperfine splitting arising from the S = 5/2, I 

= 5/2, L = 0 ground state (
6
A1), which is sensitive to changes in crystal field and orbital 

admixture.
43 

Discrete surface and core sites within the QD (Figure 1.6) are assigned by HF-EPR, 

demonstrating the effect of surface passivation by an organic ligand strongly perturbs the surface 

layer, but exhibits no impact on the core of the QD. A more covalent core site has relatively high 

g-factor and small 
55

Mn hyperfine interaction (g = 2.0042, A = 66.8 G), and g = 2.0014, A = 90.8 

G obtained for a more ionic surface site. 

1.5 Conclusion 

Diluted magnetic semiconductor nanomaterials are an exciting area of physical and 

synthetic inorganic chemistry with potential for spin-based electronic and magneto-optical 

applications. It has been shown that the magnetic properties of DMSs and DMSQDs are strongly 

dependent on the type of the dopant, host lattice, size, and surface effect. The recently found 

superparamagnetic (SPM) phase of DMSQDs is promising for widespread use in many 
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traditional areas. SQUID magnetometry and EPR spectroscopy are very important tools for 

providing useful information on the oxidation state of the dopant, location of dopant, and the 

nature of magnetic interaction in the material. 

The upcoming chapters outline our investigation of the size- and site-dependent magnetic 

properties of DMSQDs. The size dependent magnetic properties of Mn(II) doped CdSe QDs 

were studied using a SQUID, which demonstrated that the carriers mediate the Mn(II)-Mn(II) 

ferromagnetic interaction by the RKKY model leading to the SPM behavior of the small QDs 

(Chapter 2). The site occupation of dopant (Mn
2+

) in CdSe lattice was studied using high 

frequency EPR. The ratio of the two sets of hyperfine splitting signal has liner relationship with 

the surface to volume ratio of the QDs, which enabled us to identify the surface and core Mn
2+ 

sites of Mn:CdSe QDs (Chapter 3). The Cr ion doped ZnSe QDs were made by single cubic 

source precursor. The formation of ZnCr2Se4 spinel structure was approved by XANES, and 
4
T2g 

→ 
4
T2g transition of Cr

 
(III) ion in absorption spectra (Chapter 4). The preliminary experimental 

data of concentration dependent magnetic properties of Mn(II) doped CdSe QDs are included in 

chapter 5.  
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CHAPTER TWO 

INVOLVEMENT OF CARRIERS IN THE SIZE-DEPENDENT 

MAGNETIC EXCHANGE FOR Mn:CdSe QUANTUM DOTS* 

* J. Am. Chem. Soc. 2011, 133, 7482-7489. 

The magnetic behavior for Mn:CdSe (0.6%) quantum dots (QDs) exhibits size dependent 

magnetic exchange mediated by the concentration of intrinsic carriers which arise from surface 

states. High temperature paramagnetic behavior that can be fit to a Brillouin function with weak 

low temperature antiferromagnetic (AFM) coupling is observed for the large Mn:CdSe (5.0 nm 

and 5.8 nm) QDs. The 2.8 nm and 4.0 nm Mn:CdSe QDs display a size independent blocking 

temperature (TB) at 12 K, decreasing coercivity with increasing size, and a lowering of the 

activation barrier for spin relaxation as the QD is increased in size. The magnetic behavior is 

inconsistent with classical domain theory behavior for a superparamagnet (SPM) but can be 

accounted for a carrier mediated RKKY model. Fitting the susceptibility data reveals a Pauli-

paramagnetic (PPM) component that is believed to arise from the presence of carriers. The 

carrier density is observed to scale with the surface to volume ratio in the QDs indicating the 

carriers arise from surface states which are weakly localized resulting in the onset of long-

distance carrier-mediated RKKY exchange inducing overall ferrimagnetism in the Mn:CdSe 

QDs when the carrier concentration is above a critical threshold. 

2.1 Introduction 

Dilute magnetic semiconductors (DMSs) are recognized as an important class of 

materials with potential for spin-based electronic and magneto-optical applications.
23,24,29,31,39,49  
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In DMS materials Mn(II) doped III-V semiconductors can exhibit ferromagnetism due to hole 

mediated exchange interactions via the Ruderman–Kittel–Kasuya–Yosida (RKKY) model,
16,25

 

while in Mn(II) doped II–VI compounds, the nearest neighbor antiferromagnetic exchange is 

observed.
24

 The onset of ferromagnetic (FM) exchange has been achieved in p-type Mn(II) 

doped II-VI compounds
 
(Mn:CdTe, Mn:ZnTe),

26,27,50
 as well as through photogenerated carriers 

in Mn:CdSe.
28

 The results on II-VI DMS systems suggest that FM exchange can be achieved if 

exchange interactions in the II-VI materials can be enhanced via a carrier mediated process. 

The study of dilute magnetic semiconductors quantum dots (DMSQDs) based on CdSe 

are ideal for probing the fundamental interplay of charge-, lattice- and magnetic degrees of 

freedom in quantum confined environments reflecting the exquisite control over the energies of 

the conduction and valence bands in these materials due to quantum confinement effects.
29,31,35,40

 

In addition, the participation of surface donor states in CdSe QDs due to ligation may lead to 

intrinsic carriers
32,41  

that may induce a carrier mediated process in these DMSQD systems. To 

date, only
 
limited reports on FM exchange have been reported for Mn(II) doped II-VI QDs.

33,37
 

In general the limited reports reflect the difficulty in achieving intentional doping of 

paramagnetic ions into the core of a quantum dot (QD) due to the tenants of nucleation theory,
34

 

the high surface energies for ion addition to a growing QD facet,
35

 and the propensity for QDs to 

exhibit self-annealing.
36

 Although the difficulty of doping has been overcome by the use of pre-

doped molecular clusters that act as critical nuclei for formation of the doped QDs,
30,31,37

 

allowing statistical incorporation of magnetic impurity ions onto the metal tetrahedral (Td) sites, 

no studies have appeared investigating the size dependent magnetic behavior for Mn:CdSe QDs. 

The exchange behavior will be influenced by QD size, dopant concentration, and the site of 

doping (core vs. surface),
32,33,41

 providing a carefully controlled study of size dependent 
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exchange in a DMSQD at a fixed dopant concentration which important to understand the 

fundamental magnetic exchange in a well-defined environment. 

In this manuscript, the size dependent magnetic properties for 0.6% doped Mn:CdSe QDs 

passivated by dodecylamine is interrogated. The Mn:CdSe QDs are isolated as spherical, 

wurtzite nanocrystals with diameters of 2.8 nm, 4.0 nm, 5.0 nm, and 5.8 nm.  The doping level is 

constant throughout the samples due to the use of a pre-doped single source precursor and is 

confirmed by SQUID spin counting and X-ray fluorescence methods. In the Mn:CdSe QDs, 

paramagnetic (PM) behavior is observed for the 5.0 nm and 5.8 nm QDs, while a size 

independent magnetic transition at 12 K and size dependent coercivity is observed for the 2.8 nm 

and 4.0 nm QDs. The SQUID data for the larger QDs can be fit to a high temperature 

paramagnetic behavior exhibiting antiferromagnetic coupling at low temperature. Analysis of the 

Curie-Weiss law plot for the 2.8 and 4.0 nm QDs indicates the participation of Pauli-

paramagnetism (PPM) attributed to intrinsic carriers arising from surface states in the QDs 

generating ferromagnetic (FM) exchange below the blocking temperature. Consistent with the 

assignment of surface states producing carriers within the QD, a plot of the temperature 

independent Pauli-paramagnetism versus QD size reveals a direct correlation between the 

observed magnetic moment and the QD size. It is believed the carriers in the smaller QDs 

mediate the exchange interaction in these single domain Mn:CdSe QDs, which leads to overall 

ferrimagnetism in the samples. 

2.2 Experimental 

Chemicals. Dodecylamine (DDA) (98+%, Alfa Aesar), MnBr2 (anhydrous, 99%, Alfa 

Aesar), toluene (>99.9%, EMD Chemicals) and methanol (MeOH) (>99.8%, VWR) were used as 

supplied. Li4[Cd10Se4(SeC6H5)16] (Cd10) was prepared as described previously.
51
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Dodecylamine (DDA) passivated Mn:CdSe (0.6%).  DDA passivated Mn:CdSe (0.6%) 

with a 5–6% size distribution was prepared by the reaction between the single source precursor 

Li4[Cd10Se4(SeC6H5)16] (Cd10) and MnBr2 in DDA, as described previously.
37,52

 Briefly, the QDs 

are prepared by the dissolution of 200 mg (0.05 mmol) of Cd10 in ~20 mL of DDA at 100 
o
C 

under N2. To the solution, 4.34 mg (0.02 mmol) MnBr2 is added and the reaction allowed to stir 

for 1 h to induce ion exchange into the Cd10 cluster. The reaction mixture was heated to 220 
o
C 

(10 
o
C/min) inducing QD growth. The solution was cooled to room temperature, dissolved into 

~10 mL of toluene, precipitated by the addition of ~15 mL of MeOH, and centrifuged to isolate 

the QDs (4). The QDs were dissolved in a minimum of pyridine, precipitated (3) by the 

addition of hexane to remove Mn(II) impurities, and isolated by centrifugation. Sequential 

dissolution/re-precipitation steps has been shown to effectively remove unreacted Mn(II).
30,36,37

 

QD size, morphology, and structure were analyzed by transmission electron microscopy (TEM) 

and confirmed with powder X-ray diffraction (pXRD) and UV-Vis spectroscopy. The Mn doping 

level was analyzed by X-ray fluorescence (XRF) found to be 0.006 mole fraction (~0.6%) 

relative to Cd for all the samples. 

Analysis. QD size, dispersity, and morphology were analyzed by TEM using a JEOL-

2010 microscope operated at 200 kV. The QDs were dispersed on holey carbon (400 mesh) from 

a toluene solution. Size dispersities were measured by averaging ~100 individual dots from the 

TEM. Optical absorption was analyzed in a 1-cm cell in toluene using a Cary 50 UV-Vis 

spectrophotometer. The absorption maximum for the first exciton was used to estimate the QD 

size.
53

 Powder X-ray diffraction was carried out on a Rigaku DMAX 300 Ultima 3 

diffractrometer using Cu Kα (λ = 1.5418 Å) with the d-spacing calibrated to a Si standard to 

verify crystal motif.  
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Elemental composition analysis for Mn
2+

, Cd
2+

 and Se
2-

 was carried out in triplicate on an 

Oxford Instruments ED2000 X-ray fluorescence spectrometer with a Cu-Kα source. The atomic 

concentration was measured for Mn
2+

 at 5.9 KeV, Cd
2+

 at 23.1 keV and Se
2–

 at 11.2 keV. For a 

standard XRF measurement, the powdered samples were completely dissolved in 90% HNO3, 

heated to remove excess NOx, and then diluted to ~3 mL with a 2% HNO3 solution (to allow 

compatibility with the XRF sample holder). Calibration curves were generated using 

commercially prepared 1000 ppm elemental standards in 2% HNO3, which results in accuracies 

of 5 ppm for Mn
2+

, 3 ppm for Cd
2+

 and 4 ppm for Se
2–

. 

Magnetic Measurements. Magnetic data on 20–40 mg powdered samples of the QDs 

was measured on a Quantum Design MPMS XL7 SQUID magnetometer. Zero-field cooled 

(ZFC) and field cooled (FC, 0.01T) measurements were collected for dc-susceptibility.  Ac 

susceptibility was measured between 1 to 1000 Hz. The temperature dependent dc- and ac-

magnetic susceptibility measurements were measured between 2 to 300 K. Field dependent 

magnetization (M) data was collected between –7 to + 7 T. The experimental data was fit to a 

Brillouin function, assuming g = 2.0, S is a variable, and the Mn(II) doping concentration in 

MnxCd1-xSe is x = 0.006. 

2.3 Results 

The Mn:CdSe QDs were doped at 0.6% Mn(II) via the reaction of the “single-source” 

Mn(II) doped Li4[Cd10Se4(SeC6H5)16] (Cd10), which allows consistent Mn(II) ion incorporation 

into the QD lattice for the studied sizes.
37

 Growth of the QD is achieved at 220 ºC resulting in 

spherical, wurtzite QDs passivated by DDA with 5–6% size dispersity based on TEM. In Figure 

2.1, the optical spectra, pXRD, and TEM data are shown for the isolated Mn:CdSe QDs. The 

optical absorption (Figure 2.1A) (doted lines) and photoluminescence (PL) spectra (solid lines) 
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can be fit to 2.8 nm, 4.0 nm, 5.0 nm and 5.8 nm in diameter for the isolated QDs. The color 

coding (2.8 nm (blue), 4.0 nm (green), 5.0 nm (black), and 5.8 nm (red)) for the experimental 

data is maintained throughout the text to simplify size identification for all experimental 

Fmeasurements. The sizes of the QDs measured by analysis of the optical data are confirmed by 

TEM analysis (Figure 2.1B). The concentration of Mn(II) in the CdSe QDs is on average 0.6% 

doping per QD as experimentally measured by XRF analysis and spin counting via SQUID 

magnetometry by fitting to Brillouin function. The Mn(II) ion is assigned as a substitutional 

dopant on the Cd metal ion site based upon analysis of the total metal ion (Mn + Cd) to 

chalcogenide (Se) mole ratio, which yielded a value of 0.9:1 similar to the value observed for the 

undoped CdSe QD of 0.9:1. The Mn(II) doping will exhibit a Poisson distribution within the QD 

ensemble, but on average represents ~two Mn(II) ions in the 2.8 nm QD, ~four Mn(II) ions in the 

4.0 nm QD, ~seven Mn(II) ions in the 5.0 nm and ~ten Mn(II) ions in the QD in the 5.8 nm QD 

distributed statistically between the core and surface of the QD. 
 

Powder XRD (Figure 2.1C) allows assignment of a wurtzite crystal structure for the larger QDs, 

but can be interpreted as either cubic (zinc blende) or wurtzite for the smaller QDs. In QDs 

below 4 nm, the observation of a pseudo zinc blende pXRD pattern can be misinterpreted as a 

pure zinc blende structure since the presence of one to two stacking faults within the wurtzite 

Mn:CdSe QDs can lead to loss of the (103) reflection intensity at 45 degree.
54,55

 Analysis of 

TEM-selected area electron diffraction (ED) data (Figure 2.1D) allows definitive assignment of 

wurtzite crystal morphology for all sizes of the Mn:CdSe based upon the observation of the (002), 

(110), and (201) reflections in the TEM-ED micrograph. The assignment of wurtzite crystal 

morphology from the TEM electron diffraction pattern suggests the loss of intensity for the 45 

degree reflection in the pXRD is due to stacking faults in the small QDs as observed previously 

and not to formation of a zinc blende phase at this size scale. 
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Figure 2.1. Characterization data for 2.8 nm, 4.0 nm, 5.0 nm, and 5.8 nm (in diameter) 0.6 % 

Mn:CdSe QDs A) absorption (dashed) and photoluminescence (solid) spectra, B) TEM images 

(scale bar = 20 nm), C) Powder XRD patterns, and D) electron diffraction TEM images. The 

figure is color coded for the QD sizes as noted in the image. 
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In Figure 2.2A, the size dependent zero-field-cooled (ZFC) and field-cooled (FC, 100 Oe) 

susceptibility () plots for the Mn:CdSe QDs measured by SQUID magnetometry are shown. 

The susceptibility plots are plotted relative to emu/mol of QD. The susceptibility plots for the 5.0 

and 5.8 nm Mn:CdSe samples exhibit paramagnetic (PM) behavior, as expected for <1% doping 

levels in the Mn:CdSe samples.
24

 The 2.8 nm and 4.0 nm Mn:CdSe samples show non-

paramagnetic behavior with a clearly observed size-independent magnetic transition at 12 K. 

Field dependent ZFC/FC SQUID measurements (Figure 2.3A) on the 2.8 nm Mn:CdSe at 50 Oe, 

100 Oe, and 500 Oe indicate the 12 K magnetic transition is field independent. No transitions are 

observed for the 5.8 nm sample up to 100 Oe (Figure 2.3B). Temperature dependent M vs. H 

plots (Figure 2.2B) for the four samples indicate a saturation value (MSAT) for the samples above 

2T that is size dependent but exhibits no clear correlation with QD size. The slower saturation 

may reflect the participation of spins at the QD surface.
56

 

Size dependent low temperature coercivity is observed for the 2.8 nm (0.29 T at 2 K) and 

4.0 nm (0.16 T at 2 K) Mn:CdSe QDs in the M vs. H plots below 20 K (Figure 2.2B). No 

coercivity is observed for the 5.0 nm and 5.8 nm Mn:CdSe samples. The coercivity in the small 

QDs decreases to 0 T near 20 K for the 2.8 nm and 4.0 nm Mn:CdSe QDs, which is typical for 

blocking temperature behavior observed for a superparmagentic (SPM) material. The 

experimental susceptibility curves are consistent with PM behavior in the 5.0 and 5.8 nm 

Mn:CdSe QD, while a more complex magnetic behavior reflective of SPM or spin-glass 

behavior is observed for the 2.8 nm and 4.0 nm Mn:CdSe QD samples. A plot of the temperature 

dependent magnetization versus H/T (Figure 2.4) confirms the magnetization of the 5.0 and 5.8 

nm Mn:CdSe can be described as PM. The susceptibility results on the 5.0 nm and 5.8 nm 
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Figure 2.2. A) Temperature dependent ZFC and FC (100 Oe) susceptibility data, and B) 

Temperature dependent field sweep plots for 2.8 nm, 4.0 nm, 5.0 nm and 5.8 nm 0.6% Mn:CdSe 

QDs.  
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Figure 2.3. ZFC/FC susceptibility at 50 Oe, 100 Oe and 500 Oe for 2.8 nm Mn:CdSe QDs (A) 

and at 20 Oe and 100 Oe for 5.8 nm Mn:CdSe QDs (B). 



36 

 

 

 

 

 

 

Figure 2.4. Magnetization vs. H/T plots for 2.8 nm, 4.0 nm, 5.0 nm and 5.8 nm Mn:CdSe QDs. 
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Mn:CdSe are consistent with theoretical predictions and experimental observations in bulk 

Mn:CdSe samples, where high temperature PM is reported with a weak antiferromagnetic 

(AFM)exchange at low T arising from the short range exchange coupling between Mn(II) ions 

(JNN (–7.3) and JNNN (–2.4)).
24

 The magnetic susceptibility plots for the 2.8 nm and 4.0 nm 

Mn:CdSe samples are more complex. As observed in Figure 2.4, a change in the magnetization is 

observed above 20 K when the magnetization data overlaps in the M vs. H/T plots for 2.8 and 

4.0 nm QDs. The observed transition be havior is consistent with SPM-like character above a 

magnetic blocking temperature.
12

 

Evidence of SPM behavior rather than spin-glass behavior in the 2.8 nm and 4.0 nm QDs 

can be further confirmed by measurement of the frequency dependent ac-susceptibility. The 

phase behavior can be analyzed using the Mydosh criteria Φ = ΔTf/[TfΔ(logω)], where Tf is the 

temperature at which the maximum in χ'(T) occurs, ΔTf is the difference in Tf between an initial 

frequency ωi and final frequency ωf, and Δ(logω) is the difference between the log of the initial 

and final measuring frequencies.
57

 A value of Φ observed for SPM materials is Φ = 10
–1

 to 10
–2

, 

while a spin glass yields a value of < 10
–2

.
57

 Using the Mydosh parameter SPM character has 

been assigned to Fe3O4 nanocrystals (Φ = 0.07)
15

 and an Fe-Ni alloy (Φ = 0.1),
57

 while spin glass 

behavior is observed for Zn1–xMnxIn2Te4 (Φ = 0.005).
58

 The ac-susceptibility of the 2.8 nm and 

4.0 nm Mn:CdSe QDs was measured at 1 Hz, 10 Hz, 100 Hz and 1000 Hz (Figure 2.5). In Figure 

2.5, a plot of the real (χ') (Figure 2.5A) and imaginary (χ") (Figure 2.5B) components reveal a 

phase lag in the magnetic data which can arise from either superparamagnetic (SPM) or spin-

glass (SG) behavior in the QDs. The values of Φ obtained for 2.8 nm and 4.0 nm dots are 0.09 

and 0.08, respectively confirm the assignment of SPM behavior in the 2.8 nm and 4.0 nm 

Mn:CdSe samples.
15

 SPM behavior has been observed previously in 4.0 nm Mn(1%):CdSe 

QDs.
37
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Figure 2.5. Temperature dependent ac-susceptibility (1–1000 Hz) data for the 2.8 nm and 4.0 nm 

0.6% Mn:CdSe QDs showing the A) in-phase (real) component χ'(T), B) out of phase (imaginary) 

component χ"(T), and C) temperature dependent Arrhenius plots for the imaginary component 

χ"(T).  
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The energy barrier for spin relaxation can be extracted from the temperature dependent 

ac-susceptibility curves (Figure 2.5C).  Fitting the data to the Arrhenius equation, ln(τ/τ0) = 

Ea/(kBT), where τ is the average relaxation time corresponding to the frequency of the ac 

measurement and Ea/kB is the energy barrier to magnetic reversal in an isolated particle, yields a 

value for the 2.8 nm Mn:CdSe QDs of τ0 (2.8 nm) = 9.6 * 10
–11

 s and Ea/kB (2.8 nm) = 225 ± 10 

K (Ea = 4.9 * 10
–40

 eV), and a value for the 4.0 nm Mn:CdSe QDs of τ0 (4.0 nm) = 6.6 * 10
–11

 s 

and Ea/kB (4.0 nm) = 250 ± 10 K (Ea = 5.5 * 10
–40

 eV).  The value of τ0 for both 2.8 nm and 4.0 

nm QDs is in the range observed for SPM materials (τ0 = 10
–9

– 10
–11

 s).
15

 

The magnetization data for the 5.0 nm and 5.8 nm Mn:CdSe QDs exhibits the predicted 

high temperature PM behavior for the low doping levels of Mn(II) in CdSe.
24

 The observation of 

SPM-like behavior in the 2.8 nm and 4.0 nm QDs with an observed magnetic phase transition at 

12 K coupled to the onset of a magnetic hysteresis is surprising. A plot of the coercivity data vs. 

temperature in Figure 2.6A illustrates that although the TB is size independent, the coercivity at 2 

K is size dependent for the 4.0 nm and 2.8 nm Mn:CdSe samples. A plot of the coercivity versus 

size (Figure 2.6A inset) shows a decreasing linear correlation with increasing volume of the QD 

up to the 5.0 nm sample. The coercivty behavior is inconsistent with Domain theory for SPM 

materials, since classical SPM behavior would predict an increasing coercivity as the critical 

domain size is approached. According to the Stoner-Wohlfarth theory, the magnetocrystalline 

anisotropy Ea of a single domain particle should decrease with decreasing particle size, since Ea 

= KVsin
2
θ, where K is magnetocrystalline anisotropy constant, V is the volume of the 

nanoparticle and θ is the angle between the magnetization direction and the easy axis of the 

nanoparticle.
4,59

 Assuming the value of K and θ are constants, the Stoner-Wohlfarth theory 

predicts for the Mn:CdSe QDs, a decrease in Ea from 250 K (4.0 nm) to 86 K (2.8 nm) (the Ea for 

2.8 nm QD is predicted from theory to decrease by 34.3% of the value for the 4.0 nm QD) in 
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Figure 2.6. Plot of the A) Temperature dependent coercivie field (mT) for 2.8 nm, 4.0 nm. 5.0 

nm, and 5.8 nm Mn:CdSe QDs. The dependence of the coercive at 2 K vs volume of the QD is 

plotted in the inset. B) Theoretical Brillouin function assuming S = 5/2, g = 2.0 compared to the 

normalized magnetization data. 
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order to account for the decrease in volume at constant Mn concentration. For the Mn:CdSe 

samples in the < 4.0 nm size regime, however, the measured values for the energy barrier and 

relaxation lifetime are size independent within experimental error, which is inconsistent with the 

magnetization behavior arising from simple Domain theory predictions. The failure to follow 

simple domain theory predictions may reflect contributions from surface induced carriers, which 

would increase with decreasing QD size, the inverse of the predicted Domain theory behavior for 

a SPM system. 

2.4 Discussion 

The observation of the size dependent magnetic behavior of the Mn:CdSe DMSQD 

sample is surprising. The exchange interaction in Mn:CdSe in the absence of carriers involves 

primarily Mn-Mn nearest neighbor exchange interactions, leading to antiferromagnetic (AFM) 

exchange.
24 

At a doping level of 0.6% Mn(II) (x = 0.006 in MnxCd1–xSe) the Mn(II) separation 

distance should approach a theoretically calculated mean value of 2.1 ± 0.6 nm assuming a 

Poisson distribution of doping. The large separation distance for Mn(II) centers should lead to 

PM behavior for all the samples with no observable magnetic transition above 1 K.
24

 An 

assumption of the magnetic exchange in the Mn:CdSe DMSQD of a simple Mn(II)-Mn(II) 

nearest neighbor exchange interaction cannot account for the observation of size-dependent 

ferromagnetic (FM) exchange in the Mn:CdSe QDs in this study.  

Ferromagnetic exchange can arise from formation of spin clusters at high doping levels, 

as previously reported,
37

 however at 0.6% doping levels within a 2.8 nm Mn:CdSe QD, only two 

Mn(II) ions would be present and a calculation of spin-cluster formation at <1% suggests the 

magnetic behavior cannot be easily attributed to spin-cluster formation in this doping and size 

regime. An alternative possibility is the presence of intrinsic carriers in the Mn:CdSe DMSQD 
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arising from the non-stoichiometric Cd to Se ratios
19

 or the presence of ligand induced states at 

the QD surface.
32,41

 The presence of weakly localized or delocalized carriers can result in the 

observation of magnetic exchange via a carrier mediated process in PbSnMnTe,
60

 where intrinsic 

carriers arise from non-stoichiometric Te content. The carrier mediated RKKY process in 

PbSnMnTe leads to FM exchange over a narrow carrier density range, with PM behavior for p < 

3 * 10
20

 cm
–3

 and FM behavior reported for p > 3 * 10
20

 cm
–3

.
60

 Although carriers have not been 

invoked to describe magnetic exchange in Mn:CdSe QDs previously, in undoped CdSe QDs 

generation of intrinsic carriers has been reported to arise from surface states.
15,16

 The presence of 

hole carriers in CdSe QDs may explain the various reports of magnetic behavior in magnetically 

doped CdSe QDs where ferromagnetic, spin-glass, and paramagnetic have been reported 

depending on the doping level and QD size.
30,37

 

For surface induced carriers, an increase in carrier density is anticipated to follow the 

surface to volume ratio for the QD, which changes dramatically below 4 nm in diameter.
60,61

 The 

size dependent  carrier density in the Mn:CdSe QD samples in this study can be analyzed by 

fitting the normalized magnetization plots for the various QD sizes in order to extract the 

concentration of the temperature dependent and temperature independent spins (Figure 2.6B and 

Figure 2.7). The spin density is analyzed by fitting the field dependent SQUID data to a Brillouin 

function (eq 1a) in order to estimate the spin moment per Mn ion, where the Brillouin function 

(eq 2.1b) can be written as 
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where N is the molar volume, μB is the Bohr magneton, g is the free electron Landé g-value, and 

J is the spin. To fit the magnetization, the Brillouin function is used with η (eq 2.1c) being equal 

to the ratio between the spin components and the thermal energy, where H is the applied 

magnetic field and kB is Boltzmann‟s constant. Equation 2.1a is fit by allowing the values for J to 

float with g = 2.0. The results reveal the magnetization behavior is size dependent with the 2.8 

nm QD showing slower saturation than predicted for a theoretical fit to a S = 5/2 (J = S, since L 

= 0 for Mn(II) ion), g = 2.0 system. The lower slope for the Brillouin function indicates a 

lowering of the total spin moment in the QD sample than theoretically predicted for a Mn(II) 

center. As the QD size increases (5.0 nm and 5.8 nm), the saturation behavior approaches the 

theoretical plot indicating the observed spin moment is consistent with the theoretical prediction 

for Mn(II) centers within the QD. 

In Figure 2.7, the temperature dependent fit of the Brillouin function for the 2.8 nm (2 K , 

40 K and 100 K), 4.0 nm (2 K , 40 K and 100 K), 5.0 nm (2 K and 50 K) and 5.8 nm (2 K and 50 

K) Mn:CdSe QD is shown. The Brillouin fit of the 2.8 nm and 4.0 nm Mn:CdSe QD at 2 K does 

not follow the theoretically predicted behavior (shape and total spin magnetic momentum) for a 

S = 5/2 Mn(II) dopant (2.8 nm (S = 1.4), 4.0 nm (S = 1.0)) for the doping levels measured by 

XRF. At 100 K the 2.8 nm QD can be fit to S = 2.5 as theoretically predicted for the Mn(II) ion, 

while the 4.0 nm is fit to S = 2.2. The lower value for S than theoretically predicted in the 4.0 nm 

data at 100 K is believed to reflect experimental error due to a small sample size for the SQUID 

measurements leading to the necessity of a large diamagnetic correction to the original SQUID 

data for this sample. The Brillouin analysis of the 5.0 and 5.8 nm QD shows the magnetization 

behavior is close to the theoretical value of S = 5/2 for both samples at 2 K and 50 K. The fits  
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A)       

B)      

C)    

D)   

Figure 2.7. Brillouin function fitting of A) 5.8 nm (2 K and 50 K), B) 5.0 nm (2 K and 50 K), C) 

4.0 nm (2 K, 40 K, and 100 K), and D) 2.8 nm (2 K, 40 K, and 100 K) Mn:CdSe QDs. 
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indicate the Mn(II) centers conserve their spin magnetic momentum of 5 Bohr magneton for the 

large QDs (2 K and 50 K) and for the small QDs at >40 K, but exhibit low spin magnetic 

moment and a poor Brillouin fit at 2 K for the small QDs (2.8 nm and 4.0 nm QDs). A decrease 

in the value of spin magnetic moment with decreasing volume but increasing magnetic exchange 

interactions (coercivity) supports the assumption of potential surface induced contributions to the 

total magnetization behavior in these materials, where carriers AFM couple to the Mn(II) spins 

in the lattice at low-T for the small QDs. 

In Figure 2.8A, a Currie-Weiss (C-W) law susceptibility plot of the temperature 

dependent SQUID data, 1/ = (T – θ) * C
–1

 (C is the Currie constant, T is temperature in Kelvin, 

and θ is the Curie temperature) deviates from classical Currie-Weiss behavior for all sizes of 

Mn:CdSe, exhibiting a temperature dependent paramagnetic and a temperature independent 

Pauli-paramagnetic contribution to the susceptibility data. Since the temperature independent 

term is size dependent with a decreasing contribution to the magnetization data with increasing 

QD size, the data for the 2.8 nm and 4.0 nm cannot be fit to C-W behavior. A fit of the data for 

the 5.0 and 5.8 nm Mn:CdSe reveal high temperature PM behavior where a negative Currie 

temperature indicative of AFM exchange with a θ of –4.7 K (5.8 nm) and –11.8 K (5.0 nm). The 

negative Curie temperature (θ) indicative of AFM exchange interactions in the lattice. The 

negative deviation for the low-T susceptibility data in Figure 2.8A can be interpreted in term of a 

ferrimagnetic phase behavior in the Mn:CdSe DMSQDs.
1
 

Extraction of the temperature independent Pauli-paramagnetic (PPM) component from 

the susceptibility data in Figure 2.2 can be achieved using a modified Curie-Weiss plot (Figure 

2.8B), since exptlT = C + PPMT. In Figure 2.8B, the PPM contribution is extracted from the 

slope of the plot at high temperature, while the Currie constant can be extracted from the y-

intercept. The measured Curie constants for the samples are 4.3 emu•K/(mol•Oe) (5.8 nm), 2.8  
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Figure 2.8. Size Dependent A) Curie-Weiss law and B) T vs. T plots for Mn:CdSe QDs. 
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emu•K/(mol•Oe) (5.0 nm), 0.9 emu•K/(mol•Oe) (4.0 nm), and 0.6 emu•K/(mol•Oe) (2.8 nm) 

which does not agree with the theoretically value of 4.4 (emu•K/mol) for S = 5/2 except for the 

largest QD. The Curie constant (C) is reported in terms of the emu per mole of Mn(II) ion  in the 

sample from the exptl data. 

The strongest PPM contribution to the susceptibility data is observed for the 2.8 nm QD, 

with decreasing PPM contributions as the QD increases in size. Assuming the susceptibility for 

the PPM arises only from intrinsic carriers, the PPM susceptibility can be related to the 

concentration of carriers within the QD implying as the QD decreases in size the carrier 

concentration per unit volume increases. In Figure 2.9, a plot of the carrier concentration versus 

inverse QD diameter shows an exponential dependence on the PPM concentration with size. The 

inverse dependence on diameter in Figure 2.6 suggests the decrease in carrier density reflects the 

surface to volume ratio for the QD, as suggested in earlier SQUID and XMCD 

measurements.
32,41

 Although the experimental observation is consistent with carrier density 

measured for CdSe QDs and the reported increase in carrier concentration in CdSe with 

decreased QD size, it can not distinguish between donor levels generated by the ligand, the Cd to 

Se ratio, or a combination of the two.
19,32,41  

2.5 Conclusion 

The 1/d dependence of the PPM contributions to the susceptibility data supports the 

presence of intrinsic carriers in the Mn:CdSe QDs, that are likely associated with surface states. 

The presence of carriers generates electron density at the Fermi level, as suggested in earlier 

studies on CdSe QDs,
32,41 

which leads to indirect carrier mediated RKKY interaction as 

described in Figure 2.10. Increasing carrier densities with decreasing QD size leads to the onset 

of SPM DMSQD exhibiting a magnetic transition at 12 K for the 2.8 nm and 4.0 nm QDs. The  
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Figure 2.9. The size dependent magnetic susceptibility arising from the temperature independent 

Pauli paramagnetic contribution to the total susceptibility. 
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Figure 2.10. Proposed model of the onset of magnetic exchange in Mn:CdSe QDs governed by 

long-range carrier mediated RKKY processes. 
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onset of magnetization below 4.0 nm where the susceptibility data exhibits blocking behavior 

reflects the critical threshold for the carrier density to induce the exchange interactions within a 

SPM-like single domain (Figure 2.10). The magnetization study for Mn:CdSe QD suggests with 

an increase in size the reduction in surface to volume ratio lowers the carrier density below the 

critical threshold due to the decrease in ligand induced surface states per QD volume. The larger 

QDs exhibit paramagnetic behavior when the carrier density is below the percolation threshold in 

the 5.0 and 5.8 nm Mn:CdSe DMSQDs. 

The surface induced carriers, which are believed to arise form charge transfer effects 

associated with the ligation layer, must be weakly localized in order to result in the long-range 

RKKY exchange coupling. The long-distance carrier mediated exchange coupling attributed to 

AFM exchange between Mn(II) spins and weakly bound carriers, as proposed by MacDonald, et 

al,
61

 generates ferrimagnetic phase behavior in the QDs below 4.0 nm in diameter. The 

participation of carrier mediated exchange would explain the decreased magnetic saturation 

value observed for the smallest QDs (Figure 2.2).
 
Similar behavior has been reported for ligand 

induced carrier mediated exchange in Mn(II) doped ZnO QDs
33

 and in semi-magnetic II-VI bulk 

semiconductors.
27,60,62

 Further studies investigating the ligand dependent influence on the 

magnetic susceptibility is underway to deduce the importance of ligand passivation on the 

observed magnetic properties. 
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CHAPTER THREE 

PROBING THE LOCAL SITE ENVIRONMENTS IN Mn:CdSe 

QUANTUM DOTS 

   A quantum dot (QD) contains a well-defined surface passivated by ligands and a bulk-

like core. Surface passivation and lattice truncation leads to local structural and electronic micro-

environments within the QD. Probing the local micro-environments that exist at the surface or 

core of the QD is difficult but can be achieved by use of a Mn(II) impurity ion doped into a CdSe 

QD using electron paramagnetic resonance (EPR). Using high frequency EPR (HF-EPR) 

spectroscopy, the site dependent perturbation experienced for Mn(II) incorporated as a guest ion 

into CdSe QDs allows the distinguishing of two unique micro-environments within the QD, 

namely an unperturbed core and an electronically distorted surface. Analysis of the landé g-

factor, hyperfine constant (A), and the distribution of g and D (g, D) allows the local 

microenvironments within CdSe to be probed as a function of size, ligand passivation, and site of 

Mn(II) incorporation. 

3.1 Introduction 

The physical properties of a quantum dot (QD) are strongly influenced by local structural 

and electronic perturbations that are produced in response to the ligation of the dangling bonds at 

the QD surface to minimize surface energy.
17,18,22,51,63-65

 In the simplest perspective, a CdSe QD 

is composed of several Cd-Se layers, which are defined by the lattice planes, and are unique from 

the macroscopic single crystal counterpart in that a QD possesses a high surface to volume ratio 

which is passivated through a metal-ligand interaction. A CdSe QD that is 2 nm in diameter 
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consists of a volume containing ~six lattice planes, wherein the surface passivated layer accounts 

for 48% of the atoms. At 5 nm, the CdSe QD consists of ~14 planes and a surface to volume 

ratio of 21%. Passivation of the surface leads to differences in the micro-environments of atoms 

that are passsivated relative to the core of the QD. Earlier studies on the QDs have revealed size 

dependent changes to the lattice occur that are dissipated over several lattice planes reflecting the 

passivant effects on the quantum dot.
63,66,67

 While it is accepted surface passivation will impact 

the properties of the QDs;
65,68,69

 recent studies have shown that the nature of the passivant can 

perturb the growth behavior of the quantum dots,
70

 influence the observed optical properties,
19,71-

74
 and even result in the observation of paramagnetism due to charge transfer contributions in 

CdSe QDs.
32,41

 Understanding the size and ligand dependent changes in the local micro-

environments  of an organically passivated QD is critical for application of these materials.
 

In CdSe QDs, there are many approaches to probing the surface relative to the core of a 

QD, namely ligand dependent changes in the optical properties,
75

 Raman spectroscopy,
76

 

magnetism,
32,33,77

 x-ray absorption,
24,32

 and NMR.
51,78-80

 Insight into the changes within a QD 

arising from surface passivation can be analyzed by intentionally incorporating a spectator ion 

into the lattice capable of reporting on the local electronic and structural micro-environments 

experienced at the surface and in the core of the QD. Electron paramagnetic resonance (EPR) 

spectroscopy is very effective at probing subtle changes in the crystal field around the 

paramagnetic guest ion.
35

 In EPR, theoretical calculations have shown the g-value responds to 

changes in the crystal field and charge transfer properties of the lattice,
43

 while the hyperfine 

constant (A) is sensitive to site symmetry and changes in the electronic structure around the 

paramagnetic ion of interest. Probing the crystal field and structural local environment 

surrounding a guest ion, such as Mn(II) which is an isoelectronic dopant in II-VI semiconductors, 

through EPR can allow the site dependent electronic micro-environments within CdSe QDs to be 
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analyzed. The doping of Mn(II) into CdSe QDs, which is well described by a substitutional 

occupation of the Cd(II) site by the Mn(II) guest ion,
29,37

 is an ideal probe of the micro-

environments within the II-VI lattice since the II-VI lattice is diamagnetic and EPR silent while 

the paramagnetic Mn(II) ion is sensitive to changes in crystal field and orbital admixture.
44

  

In this manuscript, the size (1.3, 2.8, 5.0, and 5.8 nm) and ligand (dodecanonitrile (DDN), 

dodecylamine (DDA), pyridine (py), tri-n-octylphosphine (TOP), and TOP-Se dependent 

perturbation of the electronic micro-environments within a Mn(II) doped CdSe QD is probed 

using high frequency EPR (HF-EPR) measurements at 406.4 GHz on 0.6% Mn:CdSe. The 

changes in the Mn(II) HF-EPR parameters (g-tensor, Hyperfine constant (A), Zero-field splitting 

anisotropy term (D), and linewidth (Δ allow interpretation of the changed in crystal field and 

charge transfer properties for the surface and core sites to be spectrally probed. Although low 

frequency EPR has been carried out on QDs, the use of HF-EPR allows for the first time the 

spectral resolution
48

 of the individual surface and core components in the EPR and therefore in-

depth insight into the effects of size and passivation. Discrete surface and core sites within the 

QD are assigned by HF-EPR demonstrating the effect of surface passivation by an organic ligand 

strongly perturbs the surface layer but exhibits no impact on the core of the QD. The surface 

hyperfine constant tracks the crystal-field strength of the passivant. The size dependence of the 

EPR properties suggest the QD core is bulk like for QDs larger than 2 nm, but dominated by the 

surface passivated layer for QDs less than 2 nm. The population ratio of the surface and core 

Mn(II) sites scales linearly with the QD surface to volume ratio, as expected for a Poissonian 

distribution for Mn(II) doped CdSe QDs. Chemical etching experiments confirm the surface 

Mn(II) sites reflect bound Mn(II) centers and not adventitious Mn(II) ions in the passivant layer. 
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3.2 Experimental 

Chemicals. Dodecylamine (DDA) (98+%, Alfa Aesar), MnBr2 (anhydrous, 99%, Alfa 

Aesar), cadmium stearate (CdSA, 90%, Strem Chemicals), selenium powder (99.99%, Strem 

Chemicals), tri-n-octylphosphine (TOP, 90%, Alfa Aesar), decane (99%, Acros Organics), 

dodecanonitrile (DDN, 98%, Alfa Aesar) toluene (>99.9%, EMD Chemicals) and methanol 

(MeOH, >99.8%, VWR) were used as supplied. Li4[Cd10Se4(SeC6H5)16] (Cd10) and TOP-Se 

stock solution was prepared as described previously.
51,81

 

Preparation of stochastically doped DDA-MnxCd1–xSe (x = 0.006). The series of 

Mn:CdSe (1.3, 2.8, 5.0, and 5.8 nm) with a 5–6% size distribution was prepared by reaction of 

Li4[Cd10Se4(SeC6H5)16] (Cd10) and MnBr2 in dodecylamine (DDA) as reported previously.
77

 

Briefly, the QDs are prepared by the dissolution of 200 mg (0.05 mmol) of Cd10 in ~20 mL of 

DDA at 100 
o
C under N2. To the solution, 4.34 mg (0.02 mmol) MnBr2 is added and the reaction 

allowed to stir for 1h to induce ion exchange into the Cd10 cluster. The reaction mixture was 

heated to 220 °C (10 
o
C/min) inducing QD growth. The solution was cooled to room temperature, 

dissolved into toluene, precipitated by the addition of MeOH, and centrifuged to isolate the QDs 

(4). The QDs were dissolved in a minimum of pyridine, precipitated (3) by the addition of 

hexane to remove Mn(II) impurities, and isolated by centrifugation. Sequential dissolution/re-

precipitation steps has been shown to effectively remove unreacted Mn(II).
36,37

 The samples 

were analyzed by UV-vis spectroscopy, transmission electron microscopy (TEM), and powder 

X-ray diffraction (pXRD) to verify size, shape, dispersity, and structure. The Mn(II) 

concentration was analyzed by XRF and verified by fitting of the SQUID data to a Brillouin 

function. 

Passivant Exchange. The surface passivant on the 5.0 nm Mn:CdSe sample was 

exchanged for DDN (dodecanonitrile), TOP (tri-n-octylphosphine), TOP-Se (tri-n-
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octylphosphine selenide), DDA (n-dodecylamine), and py (pyridine) following ligand exchange 

procedures in the literature.
32,82

 Briefly, excess passivant of interest was added to a saturated QD 

solution in toluene, the mixture sonicated for ~3 hrs at 60 
o
C, and precipitated by the addition of 

MeOH. The samples were dissolved in toluene and re-precipitated three times to ensure excess 

ligand removal. 

Preparation of Surface Doped MnxCd1–xSe (x = 0.004). Surface doped Mn:CdSe was 

prepared using a microwave synthetic approach in a single mode CEM Discover System 

operating at 300 W, 2.45 GHz. For the Mn(II) surface doped CdSe QD reaction, 135.9 mg (0.2 

mmol) of CdSA in 4 mL of decane, 1.0 mL (1.0 mmol) of a 1 M TOP-Se stock solution and 4.3 

mg (0.02 mmol) MnBr2 was added in a static 10 mL reaction vessel (5 mL reaction volume). The 

reaction was carried out for 30 s in the microwave cavity using 300 W, 300 psi and a reaction 

temperature of 220 
o
C. The Mn:CdSe surface doped sample is isolated as described previously

81
 

and analyzed analogous to the method above. 

Acid Etching of Mn:CdSe QDs. Surface etching to remove the outermost 1–3 layers of 

the Mn:CdSe QD samples was carried out using 20 L H3PO4:HCl (1:1 V:V)
83

 in 1 mL saturated 

DDA/toluene. The QD samples were etched for 2 seconds at room temperature. The shift in the 

exciton absorption value for the first exciton was used as an approximate measure of the number 

of outer shells removed by the etching step. The etched samples were precipitated by the addition 

of MeOH, re-dissolved in toluene and re-precipitated by MeOH addition prior to EPR 

experiments. 

Quantum Dot Characterization. Spherical, wurtzite stochastically doped 

Mn0.006Cd0.994Se QDs were isolated from solution with a 5–6% size dispersity on average. The 

prepared QD samples were analyzed for total Mn, Cd and Se concentration by X-ray 

fluorescence analysis using the Cu Kα line for analysis of Mn(5.9 KeV), Cd(23.1 keV) and 
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Se(11.2 keV). The metal (Cd + Mn) to Se ratio is ~0.9 to 1, which is in agreement with the metal 

to chalcogenide ratio in pure CdSe QDs of 0.9:1. Since incorporation of Mn(II) should lead to 

ion vacancies,
52,84

 the XRF results confirm the Mn(II) assignment in which the Mn ion is 

incorporated as a substitutional element at a Cd Td site rather than interstitial incorporation. The 

QD size and dispersity was analyzed by TEM for QDs dispersed on holey carbon (400 mesh) 

from a toluene solution using a JEOL-2010 microscope operated at 200 kV. The TEM 

measurements confirm the optical sizing of the QD using absorption spectroscopy.
53

 pXRD 

measurements confirm the structural assignment of wurtzite. Mn3O4 was not observed as an 

impurity in the samples based on analysis of the powder XRD pattern or vibrational analysis of 

the powdered sample using FT-IR.
85,86

 Complete absorption data for all four samples (1.3, 2.8, 

5.0 and 5.8 nm) and representative TEM, pXRD, and FT-IR data for the 5.0 nm Mn:CdSe 

sample are provided in Figure 3.1. pXRD and TEM spectra for the 2.8 and 5.8 nm Mn:CdSe 

samples were previously reported.
77

  

X-ray Absorption Spectroscopy. Soft x-ray absorption near edge spectroscopy (XANES) 

to assess the Mn oxidation state was performed at the National Synchrotron Lightsource, 

Brookhaven National Laboratory, on beamline U4B. QD powders were affixed to carbon tape, 

mounted on a stainless steel paddle, and inserted into an ultra-high vacuum (UHV) chamber. 

XANES experiments were conducted using the total electron yield detection method where the 

total photocurrent is measured as the photon energy is scanned through the absorption edges.  All 

spectra are normalized to the photocurrent from a gold grid placed upstream from the sample 

UHV chamber. The experimental energy resolution was ~0.10-0.20 eV for Mn L3,2.
 

EPR Measurements. The Q-band EPR (34 GHz) spectra were recorded on a Bruker 

Elexsys-500 spectrometer. High frequency EPR measurements at room temperatures were 

performed at the National High Magnetic Field Laboratory (NHMFL), Tallahassee, FL. The 
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Figure 3.1. Characterization data for 5.0 ± 0.3 nm 0.6% homogeneously doped Mn:CdSe QDs. 

A) Absorption spectra in toluene (spectra for other sizes are included), B) TEM image (HR-TEM 

inserted), C) pXRD pattern (surface doped Mn:CdSe included), and D) FT-IR spectra. In Figure 

S1D, the lack of FT-IR absorptions for Mn–O at 411, 524, and 630 cm
-1 

is suggestive that the 

presence of Mn(III) impurities are well below the detectable limit for the experiment (<0.01%). 
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setup operates in transmission mode and employs oversized cylindrical waveguides.
42,87

 

Microwave detection was performed with a low-noise, fast-response InSb hot-electron bolometer 

(QMC Ltd.). Microwave frequencies in the range of 216–406.4 GHz were chosen for our 

experiments to allow for optimal spectral dispersion and frequency resolution. For the EPR 

experiments, all samples were analyzed as powder. The microwave frequency was measured 

with a built-in digital counter and the magnetic field was calibrated using 2,2-diphenyl-1-

picrylhydrazyl (DPPH, g = 2.0037). Modulation amplitude and microwave power were 

optimized for high signal-to-noise ratio and narrow peaks. 

2.3 Results and discussion 

A Mn(II) guest ion can be substituted as an iso-electronic ion onto the metal Cd(II) ion 

sites within CdSe QDs. It has been observed that Mn(II) ion incorporation is achievable to high 

doping levels (50%) without spinodal decomposition and no significant perturbation to the 

average lattice parameters are observed at doping levels of < 1%.
24,88

 The Mn(II) distribution is 

expected to be Poissonian exhibiting a statistical distribution between the core and QD surface 

(Figure 3.2A).
77

 At a doping level of 0.6%, the number of Mn(II) ions on average that are present 

in the Mn:CdSe QD are ~one (1.3 nm), ~two (2.8 nm), ~seven (5.0 nm), and ~ten (5.8 nm). At 

1.3 nm in diameter, the QD is comprised of just four lattice planes, which results in the Mn(II) 

site being statistically at the QD surface and therefore passivated by a ligand. At 5.8 nm diameter, 

the QD is composed of ~16 lattice planes with a ratio of surface to volume of 18%, resulting in 

the Mn(II) occupying predominately core sites in the QD if doping is statistical, as reported 

earlier.
77

 For comparison to the statistically doped Mn:CdSe sample, a surface only doped 5.5 nm 

QD doped at 0.4% (as used in this study) will contain ~six Mn(II) ions incorporated at the 
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passivation layer. The QDs used in this study have been previously reported
77

 and therefore only 

selected characterization data is provided in Figure 3.2. 

EPR Parameters for Mn:CdSe. As a dopant ion in the naturally anisotropic wurtzite 

lattice of CdSe QDs, the Mn(II) ion will exhibit a sextet hyperfine splitting pattern arising from 

the S = 5/2, I = 5/2, L = 0 ground state (
6
A1) (Figure 3.2B). Earlier EPR studies on single crystal 

Mn:CdSe, showed the natural anisotropy within a wurtzite Mn:CdSe, requires the use of higher 

order terms for the spin Hamiltonian to account for axial (D (~10
–3

 cm
-1

), F (~10
–4

 cm
-1

)) 

distortion.
45 

Although not absolutely correct, the broader linewidths observed in QD powdered 

samples coupled to the small value for D and F do not allow the full spin Hamiltonian to be 

accurately analyzed and therefore the EPR pattern for Mn:CdSe QDs is typically fit to a 

simplified spin Hamiltonian showing only the second-order axial term (D-term) (eqn. 3.1).
89,90
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                                            (3.1) 

where H is the Zeeman field, g is the Landé g-factor, β is the Bohr magneton, A is hyperfine 

constant, S and I are the electron and nuclear spin operators, and D is the axial zero-field 

splitting. The Hamiltonian in eqn (1) leads to the observation of five EPR transitions between 

electron spin quantum number (Ms = ± 5/2) each split into six components by the hyperfine 

coupling to the 5/2 nuclear spin of 
55

Mn (Figure 3.2B). The hyperfine split terms will overlap at 

small values of D leading to the simplified EPR pattern typically observed in Mn(II) compounds. 

The splitting pattern will be further impacted by the surface and core for a QD and the 

distribution in QD size, shape, and doping concentration. In a Mn:CdSe QD small changes in the 

crystal field around the Mn(II) centers will lead to small variation of the EPR parameters, as 

suggested in Mn(II) doped CdSe/ZnS core shell QDs.
67 

In a QD, the spin Hamiltonian in eqn (3.1) 
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Figure 3.2. A) Schematic representation of a QD depicting the surface and core doping sites for 

a 2 nm Mn:CdSe QD showing the core and surface site for Mn(II). B) EPR splitting pattern for a 

Mn(II) ion (S = 5/2, I = 5/2 and L = 0) occupying a pseudo-Td site in CdSe showing only first-

order perturbation. The transition fields of hyperfine splitting are marked by vertical arrows 

corresponding to the six allowed transition (ΔMS = ±1, ΔMI = 0), corresponding to the MI: 5/2 → 

5/2, 3/2 → 3/2, 1/2 → 1/2, –1/2 → –1/2, –3/2 → –3/2, and –5/2 → –5/2 nuclear transitions. 
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will therefore be better represented as a distributed average of all sites within the QD reflecting 

the ensemble averaged particle. The distribution can be treated using a g-strain and D-strain 

model to account for the distribution of EPR parameters.
91,92

 

Using the g- and D-strain model,
91

 g can be accounted for by measuring the frequency 

dependence of the linewidth (H) of the EPR spectra. A linear shift in H with resonance 

frequency will occur with increasing field, such that a plot of H
 
vs. frequency (υ)

 
yields the 

equation, H ≈ hυ/g
2
β(g).

93
 In addition to the g-strain term, the distribution of Mn(II) centers 

will produce line broadening reflecting the various crystal fields and axial distortion. Griscom, et 

al
94

 treated this problem in glasses and observed that the linewidth can be defined as H ∝ 

D
2
/(g

2
β

2
H0). In the D-strain model,

91,92
 the distribution in Mn(II) sites produces a D reflecting 

the average environment. 

It is anticipated that a minimum of two sites (core and surface) each with their own 

distributions will be required to account for the EPR of Mn:CdSe QDs reflecting a core Mn(II) 

center surrounded by four-Se atoms and a surface passivated Mn(II) site surrounded by three or 

fewer Se atoms. Therefore the linewidth of the EPR spectra should be a combination of average 

contributions from g- and D- for the two Mn(II) sites within the QD. Contributions from g- 

and/or D- strain will appear as line-broadening at low-field reflecting the ensemble of Mn(II) 

sites, but can appear as separate distributions if the core and surface of the QD can be spectrally 

resolved at high field.
91,92 

It is worth noting that earlier low field EPR measurements have not 

identified discrete surface and core Mn(II) sites directly for Mn:CdSe QD samples;
89

 however, 

broad EPR lines are observed. Early attempts at analyzing the EPR pattern have suggested that 

either overlapping sextets are present that arise from surface and core sites,
47,89,90,95 

or 

contributions from a large D-value
89

 and/or presence of forbidden transitions.
95

 The field 

dependence of the EPR spectra for Mn:CdSe should elucidate the presence of overlapping Mn(II) 
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signals arising from micro-environment differences between the core and surface or the presence 

of axial asymmetry. In addition the linewidth response and frequency response for the g-, A-, and 

D- EPR parameters will allow the elucidation of the electronic microenvironments within 

Mn:CdSe QDs. 

Field Dependent EPR Measurements. In Figure 3.3A, the frequency dependent EPR 

spectra for a 5.0 nm Mn(0.6%):CdSe sample measured at 34, 216, 324, and 406.4 GHz (298 K) 

are shown. In the EPR pattern at ≥ 216 GHz, two independent overlapping sextet patterns are 

resolved that overlap at low frequency (34 GHz in Figure 3.3A). Globally fitting the frequency 

dependent EPR spectra for the two discrete sextet patterns (Figure 3.3B and Figure 3.4) allows 

an accurate value of g-, A- and D, as well as the distribution in D (D) and g (g) to be obtained 

for the sites. The frequency dependence o g-, A-, and H are shown in Figure 3.5. The g-value 

for site 1 and site 2 is extracted from the frequency dependence of the center field (Figure 3.5A 

and B), since the center field is field dependent; which means the g-value is field independent. 

The g value is extracted from the frequency dependence of the linewidth (Figure 3.5D). The 

value of D is generated by fitting to a D-strain model.
91 

 

The extracted EPR parameters for site 1 and site 2 are g1 = 2.0042 and g2 = 2.0014, 

hyperfine constants A1 = 66.8 G and A2 = 90.9 G, and D values of <10
–5

 cm
–1

 (which is below 

the experimental resolution 3.3  10
–5

 cm
–1

) are measured in the 5.0 nm Mn:CdSe samples. A 

g1 value of 0.0007 (site 1) and g2 value of 0.0004 (site 2), and a D1 value of 0.03 cm
–1 

and 

D2 = 0.08 cm
–1

 are obtained from the fit to the strain model. Values for g of 2.003 to 2.0123 

and A-values from 66 to 70 G have been reported for Mn(II) doped into wurtzite CdSe 

QDs.
29,45,89

 The g- and A-values for the two sites are independent of field (Figure 3.5B and 3.5C); 

however the axial distortion (D) is much larger and represents a larger ensemble average of 

environments for site 2. 
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Figure 3.3. A) Frequency dependent EPR spectra (298K) for 5.0 nm diameter MnxCd1–xSe (x = 

0.006) (6% RMS size dispersity) measured at 34, 216, 324, and 406.4 GHz. B) Theoretical fit 

and deconvolution of the 406.4GHz HF-EPR spectra allowing definitive assignment of discrete 

sites for the Mn(II) occupying a substitutional Cd(II) site within the core (site 1, red), and surface 

(site 2, blue). 
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Figure 3.4. Fitting of the frequency dependent 5.0 nm Mn:CdSSe QD EPR spectra identifying 

the core (red), and surface (blue) components at 34 GHz, 216 GHz and 324 GHz EPR data. 
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Figure 3.5. Frequency dependence of central resonance field for A) site 1 and B) site 2, C) 

Hyperfine constant (A), and D) Linewidth (ΔH) at 298 K for the 5.0 nm diameter MnxCd1–xSe (x 

= 0.006). The dashed lines are guides to the eye. 
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The calculated value of D for the 406.4 GHz EPR spectra extracted from the spin 

Hamiltonian fit for the two sites in the 5.0 nm Mn:CdSe sample (Figure 3.3B) is smaller than 

reported in single crystal Mn:CdSe samples likely reflecting the distribution of Mn(II) in the QD. 

Fitting the high frequency data of site 1 to the D-value observed in single crystal 

Mn(0.0025%):CdSe (D = 15.0  10
–4

 cm
–1

)
45

 or the previously reported value for D extracted 

from a 4.6 nm Mn(0.1%):CdSe QD (D = –82  10
–4

 cm
–1

)
89 

does not allow the HF-EPR spectra 

to be adequately fit (Figure 3.6). The distribution in D and contributions from g-strain likely 

obscures the D-value in the QD power sample. Contribution to the line broadening from size 

dispersity is considered in the size dependent EPR data. 

            Remembering that the linewidth for a site will be linearly dependent on the field,
91

 one 

expects H to exhibit a slope of zero, since H/υ = 0.071448/g, if no distribution in the Mn(II) 

centers exist.
93

 Therefore, the frequency dependent EPR linewidth () for the 5.0 nm Mn:CdSe 

sample in Figure 3.5D can allow some insight into the Mn(II) distribution of microenvironments 

experienced within the QD. In Figure 3.5D, the positive slope for H1 and H2 is observed that 

is indicative of the presence of Mn(II) distributions in both the site 1 and site 2. Analyzing the 

slope yields a value of g-strain of 0.0007 for site 1 and a g-strain of 0.0004 for site 2. The larger 

g-strain for the site 2 can be interpreted as a greater distribution of crystal sites for Mn(II) doping 

within the site 2 of the QD. 

Assignment of the Mn(II) Sites. The observation of two frequency resolvable sextet 

patterns indicate two similar but discrete Mn(II) sites exist within the QD sample. Of the two 

sites in the EPR, site 1 is the more easily assigned from literature values for Mn:CdSe single 

crystals.
45

 Site 1 in the HF-EPR spectrum can be assigned to a Mn(II) center surrounded by four 

Se atoms in a wurtzite crystal by comparison to reported values of g- and A- in single crystal  
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Figure 3.6. Fitting site 1 (core) of the EPR spectra for the 5.0 nm Mn:CdSe QD at fixed values 

of D for the single crystal (D = 0.015 cm
-1

) and for reported Mn:CdSe QDs (D = -0.082 cm
-1

). 
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Mn:CdSe (g = 2.003, A = 67.2 G, D = 15  10
–4

 cm
–1

)
 
.
45

 The EPR pattern for site 2 however is 

inconsistent with a core doped Mn(II) center in wurtzite symmetry. 

Site 2 may arise from a discrete site within the QD reflecting a surface site, the presence 

of two different QD structures (wurtzite vs sphalerite) present in the QD ensemble, or the 

presence of an impurity Mn(II) transition metal coordination compound trapped in the ligand 

layer (not bound to the QD). Contributions from Mn(III) impurities in the QD sample can be 

rejected based upon the lack of the observation of an EPR signature for Mn(III) (S = 2).
96

  

Mn L3,2 edge XANES data (Figure 3.7) spectra confirm the presence of Mn(II) and the 

absence of Mn(III) or Mn(IV) in the sample by comparison to the reported Mn L3,2 edge XANES 

data for MnO, Mn2O3 and MnO2 standards.
97

 Additionally, the absence of Mn oxides in the 

samples is confirmed by pXRD and FT-IR measurements (Figure 3.1), where no spectral 

features are observed. 

Experimental insight into the lattice structural environment for the Mn(II) center can be 

gained by fitting the XANES data.The Mn L3,2 edge spectra is consistent with the description of 

the Mn(II) ion in a tetrahedral crystal field as inferred from multiplet simulations
98

 of a Mn(II) 

ion in a Td crystal field (10Dq ~ 300 meV). This crystal field energy value mimics the bulk CdSe 

crystal field 10Dq values suggesting that the Mn(II) ions are occupying Cd(II) sites within the 

wurtzite CdSe lattice, confirming doping of the CdSe QD is achieved. Unfortunately in the 

XANES data, it is unclear if a discrete surface or core site can be assigned or information 

pertaining to the magnitude of axial distortion at the Mn(II) center present in a wurtzite crystal 

due to the Mn L3,2 edge due to line broadening. The reduction in the absorption features at ca. 

638 and 644 eV could be explained by a size dependent change in the crystal field energy, a 

distribution in the crystal field energy for the Mn(II) ions doped at various depths within the QD, 

or to an increase in surface related features at smaller particle sizes.. The inherent  
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Figure 3.7. Mn L3,2 edge X-ray absorption spectra of the Mn:CdSe QDs. 
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inhomogeneous broadening present in QDs leaves quantitative analysis of these absorption 

features unachievable at this stage. 

The possibility that site 2 arises from a sphalerite impurity phase in the isolated wurtzite 

QDs cannot be rejected, although the pXRD and TEM diffraction patterns are assignable as 

wurtzite.
77

 Although no EPR data is available for Mn:CdSe in the sphalerite phase, it is believed 

that the sphalerite phase cannot account for the large shift in the EPR parameters of site 2, since 

the wurtzite and sphalerite phase for Mn:ZnS have nearly identical values for g- (g(w) = 2.0016, 

g(s) = 2.0021) and A- (A(w) = 69.6 G, A(s) = 68.2 G).
99,100

 The similarity in the values suggest 

sphalerite contamination cannot explain the observation of two discrete EPR signatures for 

Mn:CdSe. 

Unfortunately the two other possibilities, Mn(II) isolated in the ligand matrix and Mn(II) 

occupying a QD surface site, cannot be as summarily ruled out since the g- and A-value for site 2 

can be accounted for by coordination of the Mn(II) ion by a strong-field ligand either for a Mn(II) 

coordination complex trapped in the ligand layer or for a ligand passivated Mn(II) center at the 

surface of the QD.  Distinguishing between these possibilities can be initially accomplished by 

considering the intensity ratio of site 2 to site 1 in the EPR spectra for the 5.0 nm Mn:CdSe QD. 

In Figure 3.3, site 2 accounts for 33% of the signal at 406.4 GHz which is in good agreement 

with the theoretically predicted value for the surface to volume ratio of Cd sites within a 5.0 nm 

CdSe QD. The agreement with the predicted surface to volume ratio suggests the assignment of 

site 2 can be described as a Mn(II) site at the surface of the QD rather than a Mn(II) coordination 

complex in the ligand matrix. 

           Influence of Ligand Exchange on EPR Parameters. Further evidence of the assignment 

of site 2 to the QD surface a can be gained by measuring the EPR spectra for 5.0 nm Mn:CdSe 

QD ligand exchanged by a series of moderate to strong coordinating ligands, namely DDN, TOP, 
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TOP-Se, DDA, and py (Figure 3.8). The studied ligands represent strong field ligands with 

various -acceptor capabilities (DDN>TOP>TOP-Se>DDA~py). As shown earlier, the ligand 

back-bonding strength can have a dramatic effect on the surface state energies in CdSe QDs
32

 

and thus should perturb the observed hyperfine exchange for Mn(II). For all ligand exchanged 

samples, the number of EPR sextets, the g-value for the EPR sextets, and the intensity ratio of 

site 1 to site 2 are constant across the five samples as expected for a Mn(II) at a surface site on 

the QD; however, the A-value for site 2 is not constant. The A-value for site 1 does not shift (A = 

66.8 G) following ligand exchange, which is not surprising for a core site (Table 3.1). The A-

value for site 2 shifts for the ligand series with values of 91.3 G (DDN), 91.2 (TOP), 91.1 (TOP-

Se), 90.9 (DDA), 90.5 (py). The increase in A-value across the ligand series tracks the increased 

-acceptor strength for the ligand, which would be consistent with assignment of site 2 to a 

surface passivated site.
32,101

 Although the same observation could be achieved for a Mn(II) 

coordination complex in the ligand matrix, the reproducibility of the intensity ratios and the A-

values across multiple repeat experiments coupled to the lack of a change in the intensity ratio of 

site 1 to site 2 for each ligand exchange strongly suggests the Mn(II) site 2 EPR spectra arises 

from a Mn(II) occupying a surface site on the QD. Consistent with the assignment of site 2 not 

being associated with a transition metal coordination complex in the ligand matrix, a sample 

prepared by reaction of MnBr2 with DDA produces a larger A-value (94.1 G) than the observed 

value for site 2 (Figure 3.9). 

 Surface Doped Mn:CdSe EPR Parameters. Further evidence of site 2‟s assignment 

being associated with a Mn(II) ion bound at the surface of the QD can be observed by inspection 

of the EPR spectrum for a surface doped Mn:CdSe QD, wherein no core doping by Mn(II) exists. 

The EPR data for a 5.5 nm surface doped Mn(0.4%):CdSe sample reveals an EPR signature  
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Figure 3.8. 406.4 GHz HF-EPR spectra for 5.0 nm MnxCd1–xSe (x = 0.006) ligand exchanged by 

DDN, TOP, TOP-Se, DDA, and py. 
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Table 3.1. Influence of ligand exchange on EPR parameters of Mn:CdSe QDs. 

 

 g A (G) D(cm
–1

) ΔD (cm
–1

) 

Surf. Core Surf. Core Surf. Core Surf. Core 

DDN 2.0042 2.0014 91.3 66.8 0 0 0.09 0.04 

TOP 2.0042 2.0014 91.2 66.8 0 0 0.09 0.04 

TOP-Se 2.0042 2.0014 91.1 66.8 0 0 0.08 0.04 

DDA 2.0042 2.0014 90.9 66.8 0 0 0.08 0.03 

py 2.0042 2.0014 90.5 66.8 0 0 0.08 0.04 
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consistent with only site 2 (Figure 3.10) with a g = 2.0014; A = 91.1 G, and D = 0 cm
–1

 value for 

the surface doped Mn:CdSe sample. 

Proof of the presence of the Mn(II) ion at the QD surface only in the 5.5 nm surface 

doped Mn:CdSe QD can be gained by following the EPR pattern as the QD is chemically etched. 

Chemically etching using an oxidizing acid (HCl/H3PO4) removes ~1 nm of the QD diameter 

(~0.5 nm radius) based upon the shift in the absorption data for the Mn:CdSe sample (Supporting 

Figure 3.11). As shown in Figure 3.10C, complete loss of the EPR signal for the surface doped 

QD is observed following etching, as expected. Chemically etching of stochastically doped 5.0 

nm Mn:CdSe QD containing both core and surface doped sites results in both site 1 and site 2 

being observed in the EPR during all etching steps (Figure 3.10B). Plotting the change in the 

intensity ratio for site 2 (surface) versus the change in size of the QD for the stochastically doped 

5.0 nm Mn:CdSe sample, where the size is extracted from the optical absorption of the first 

exciton (Figure 3.11B), reveals the intensity of site 1 to site 2 follows the trend-line for a 

theoretical surface to volume ratio in an oblate QD (Figure 3.12). The oblate shape for the QD 

with a 1.2:1 c/a axis ratio used in the theoretical trend line in Figure 3.12 is extracted from 

inspection of the TEM data in Figure 3.1B. It is clear from comparison of the data, that the trend 

line underestimates the site intensity in the EPR data. The theoretical line is only a trend line as it 

assumes a 1:1 Cd to Se ratio in the QD and does not attempt to correct for QD faceting. The 

deviation of ideal spherical shape and particle faceting may account for the higher surface 

contribution than theoretically calculated. 

Size Dependent EPR properties. The assignments of a core (site 1) and surface (site 2) 

for the two frequency resolved EPR signatures in a ~5.0 nm Mn(0.6%):CdSe sample can be 

further confirmed by inspection of the size dependent HF-EPR spectra (406.4 GHz) for 1.3, 2.8, 

5.0, and 5.8 nm Mn(0.6%):CdSe (Figure 3.13A). The EPR parameters (g, A, D, D, and are 
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Figure 3.9. 406.4 GHz HF-EPR spectra for the MnBr2 with DDA, the fitted A-value is 94.1 G. 

 

 

 

 

 



76 

 

 

 

 

   

Figure 3.10. A) EPR measurements at 406.4 GHz (298 K) for i) 5.5 nm surface doped (black) 

Mn:CdSe (0.4%) and ii) 5.0 nm stochastically doped (red) Mn:CdSe (0.6%), EPR evolution of 

Mn:CdSe QDs following acid etching of B) 5.0 nm stochastically doped Mn:CdSe, and C) 5.5 

nm surface doped Mn:CdSe. The arrows in A) and C) indicate the surface component of the EPR 

spectra in Mn:CdSe corresponding to MI: 5/2 → 5/2 (left) and –5/2 → –5/2 (right) transitions. 
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A)     

B)   

Figure 3.11. Absorption spectra before and after acid etching for A) 5.5 nm surface doped and B) 

5.0 nm stochastically doped Mn:CdSe QDs.  
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listed in Table 3.2. A doping concentration of 0.06 ± 0.003 for all samples is confirmed by XRF 

analysis of the Mn to Cd ratio. The EPR spectra in Figure 3.13 exhibit two distinguishable EPR 

sextets for the 2.8, 5.0, and 5.8 nm QDs, but a single EPR sextet for the 1.3 nm QD sample. The 

two sites in the 2.8 to 5.8 nm size regime have identical g- and A-values to the measured 

properties for site 1 and site in the 5.0 nm Mn:CdSe sample, therefore allowing assignment of 

site 1 to a QD core and site 2 to a QD surface site. An earlier X-band EPR study suggested a size 

dependence for the g-value is observed for Mn:CdSe;
90

 however, no significant size dependence 

is observed in our study which involves measurements with a much higher degree of precision. 

In Figure 3.13, the 1.3 nm Mn:CdSe sample‟s EPR spectra has a g- and A-value 

consistent with only the surface site (site 2) and no distinguishable feature assignable to site 1 

(core-site), implying the 1.3 nm QD does not contain a core site or more likely the Mn(II) does 

not occupy a core site in the 1.3 nm QD sample. While the observation of only site 2 in the 1.3 

nm QD is intriguing, it is not surprising. At 1.3 nm, the QD contains only four lattice planes and 

is on the order of the size predicted to be the critical nuclei size for CdSe QD growth.
31,83

 

Nucleation theory predicts the QD must form as a pure nucleus prior to growth. Such behavior 

would result in the exclusion of Mn(II) centers from the QD core prior to the growth phase and 

therefore isolation of the Mn(II) to the surface sites in CdSe QDs below 2 nm.  

The ratio for site 2 (surface) relative to site 1 (core) is observed to decrease with increasing QD 

size in Figure 3.13A. A linear relationship is observed for the intensity of site 2 with increasing 

surface to volume ratio (decreasing QD size) as demonstrated in Figure 3.13D. The increasing 

intensity for site 2 scales linearly in rough agreement with the theoretically calculated surface to 

volume ratio for an oblate QD with a 1.2:1 c/a ratio. The lack of agreement in the line is likely 

reflective of particle faceting and the approximation of the QD as a spherical particle, as 

discussed in the previous section. 



79 

 

 

 

 

 

 

Figure 3.12. Plot of the change in the site 2 to total Mn(II) sites intensity for acid etched QDs 

measured by 406.4 GHz EPR. The dotted lines represent theoretical plots for a spherical CdSe 

QD (blue) and for an oblate QD with a 1.2:1 c/a ratio (red). 
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Table 3.2. Size dependent EPR parameters of Mn:CdSe QDs. 

 

Size 

(nm) 

g A (G) D(cm
–1

) ΔD (cm
–1

) ΔH (G) 

Surf. Core Surf. Core Surf. Core Surf. Core Surf. Core 

1.3 2.0013 - 89.1 - 0 - 0.10 - 19.5 - 

2.8 2.0014 2.0042 90.8 66.8 0 0 0.06 0.04 24.2 25.8 

5.0 2.0014 2.0042 90.8 66.8 0 0 0.08 0.03 26.4 28.1 

5.8 2.0014 2.0042 90.7 66.8 0 0 0.05 0.03 24.2 23.5 
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Figure 3.13. Size dependent A) EPR measurements at 406.4 GHz (298 K) for 1.3 nm, 2.8 nm, 

5.0 nm and 5.8 nm MnxCd1–xSe (x = 0.006), B) g-value, C) Hyperfine constant (A), and D) Plot 

of the size dependence of the intensity of site 2 relative to the total Mn(II) EPR intensities (at 

406.4 GHz and 298 K). Theoretical lines for an idea spherical CdSe (black dot line) and for an 

oblate QD with a 1.2:1 c/a ratio (red dot line) are shown. 
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Although no effect on the g- or A-value for site 1 and site 2 are observed across the size 

domain and the g- and D-strain model accounts for line-broadening in the EPR due to a 

distribution of Mn(II) sites,
91,92

 the effect of size dipersity on the EPR spectra can be analyzed by 

selectively precipitating Mn:CdSe QDs to narrow the size disperisty. The EPR spectra for 

selective precipitation of the 5.0 nm Mn:CdSe QD sample with a 5-6% size dispersity is shown 

in Figure 3.14. Inspection of the linewidth ( for the three samples indicates a narrowing of 

the EPR pattern is observed following size selective precipitation resulting in a reduction in  

5.nm (core) = 29.7 G to  4.6 nm (core) = 26.8 G and  5.2 nm (core) = 25.3 G for site 1 and for site 2 

from 5.0 nm (surface) = 29.3 G to  4.6 nm (surface) = 21.7 G and  5.2 nm (surface) = 22.1 G. The rather 

small reduction in linewidth indicates size dispersity plays a small role in the observed EPR 

linewidth, cannot be the only factor in the linewidth of the EPR spectra. It is worth noting, the g-

value and A-values for the 4.6 nm and 5.2 nm selectively precipitated samples are identical to the 

parent 5.0 nm Mn:CdSe EPR parameterization values, however, the intensity ratio of site 1 to 

site 2 is observed to change. Plotting the samples on the size dependent EPR plots (Figure 3.13D) 

reveals the site ratio tracks the size of the QD. This provides further proof the Mn(II) site 2 is 

from a Mn(II) coordinated to the QD surface and not free in the ligand layer. 

3.4 Conclusion 

The HF-EPR experiments confirm that the QD micro-environment can be divided into a 

surface (site 2) and core (site 1) site. Based on the large A-value (90.9 GHz), passivant 

dependence for A-value, lower EPR intensity for site 2 to site 1 with increasing size, and the 

observed changes in the EPR in the etching experiment, the EPR pattern for site 2 is assigned to 

a ligand passivated surface site of the QD. Similar A-values (A = 89–95 G) have been reported 

for Mn(II) occupying surface sites on QDs obtained from low frequency EPR measurements in 



83 

 

  

 

 

 

 

Figure 3.14. EPR measurements at 406.4 GHz (298K) on size selected QDs for A) 5.0 nm prior 

to size selection (red), B) the 4.6 nm (blue) and C) 5.2 nm (black). 
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Mn:CdSe,
36

 Mn:CdS,
102

 and Mn:ZnSe
46

 QDs. The difference in A- and g-values for the two sites 

reflect the difference in the crystal field experienced by the the Mn(II) ion at their respective sites. 

As anticipated the change in the A-value for site 2 (surface) with increasing -acceptor strength 

of the passivant shell confirms the reports of greater stabilization in QDs passivated by ligands 

containing d-backbonding.
32,51

  

As anticipated the Mn(II) local environment depends on the site of Mn(II) doping, 

whether in or near the passivant shell. Insight into the distribution for the crystal field 

surrounding the Mn(II) sites within the core and surface of the QD is elucidated by the g- and D-

strain model. The results are consistent with an earlier report that a Mn(II) doped into a shell of a 

core-shell QD experiences different chemical environments as the Mn(II) center is moved away 

from the core QD towards the passivant shell.
67,69

 Although further temperature dependent HF-

EPR studies are needed to confirm this distribution of Mn(II) environments within the core and 

surface of the QD, the magnitude of Δg and ΔD values potentially reflects the larger number of 

Mn(II) micro-environments for the core relative to the surface based on extrapolation of the g 

values in the 5.0 nm Mn:CdSe QD, but the surface has a larger distribution in the axial distortion 

(D) in all QDs studies which is believed to reflect the surface ligation of the Mn(II) centers. 

The observation of a distribution is consistent with the line broadening in the XANES Mn L2,3 

spectroscopy data. Analysis of the effects of ligation on the core and surface of a QD provides a 

better model of how a QD reconstructs as a function of size following ligand passivation. 
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CHAPTER FOUR 

EVIDENCE OF SPINEL PHASE FORMATION IN Cr DOPED 

ZnSe QUANTUM DOTS 

Cr doped ZnSe quantum dots (QDs) have been prepared from a single source precursor 

method. Surprisingly Cr(III) incorporation is obtained instead of Cr(II), as demonstrated by soft 

x-ray absorption near edge (XANES) spectroscopy, absorption spectra, EPR, and magnetization 

measurements. The Cr L2,3 edge spectra in XANES measurement found the Cr(III) ion exists in a 

distorted octahedral (Oh) crystal field. Room temperature ligand field spectra confirm the 

pseudo-Oh symmetry of the Cr(III) sites by assign the 
4
A2g → 

4
T2g transition. The crystal field 

splitting energy is estimated from absorption spectra to be 2.07 eV. ZFC/FC susceptibility 

measurement shows paramagnetic (PM) behavior of the QDs with antiferromagnetic (AFM) 

coupling at low temperature, which can be understood by the dominating direct AFM 

exchanging between Cr(III) in the ZnCr2Se4 phase embedded in the ZnSe lattice. The formation 

of the ZnCr2Se4 phase may suggest unique stabilities can be obtained due to the growth 

mechanism trapping kinetic structures or the nature of critical domain formation to initiate QD 

growth. 

4.1 Introduction 

  Incorporating chromium into metal chalcogenides results in complex phase diagrams 

with multitude of possible structure and Cr oxidation state incorporation. The ion incorporation 

of Cr(I),
103,104

 Cr(II)
 105,106

  and Cr(III)
107,108

 have been reported. These materials have attracted 

attention for nearly half a century due to their unique optical and magnetic phases reflecting the 
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complex interplay between electronic, lattice and spin degrees of freedom.
109,110

 Cr(I) is believed 

to be generated due to charge transfer between the chalcogenide sublattice and the Cr ion, while 

Cr(II) is a substitutional ion at the metal site forming a perfect solid solution with interesting near 

IR lasing properties.
111

 The incorporation of Cr(III) into a metal chalcogenide lattice results in 

the formation of a AB2X4 spinel structure with the metal ion from group II occupying a 

tetrahedral (Td) site and the Cr occupying an octahedral (Oh) site.
112

 The phase diagram for Cr(III) 

to form of the chromium chalcogenide spinel exhibits a single phase point for MCr2Se4 (M = Cd, 

Zn, Hg), and formation of a co-crystal of MSe and Cr2Se3 outside this concentration region.
113

 

The Cr-based chalcogenide spinels are perhaps the most exciting materials behave as magnetic 

semiconductors,
112,114

 where magnetic Cr(III) spins are viewed as naturally introduced into II-VI 

semiconductors AX (ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe). The magnetic ordering behavior of 

the Cr(III) spins range from a ferromagnetic (FM) state in CdCr2Se4 to a helical spin state in 

ZnCr2Se4.
115-117

 

 The ability to dope Cr(III) into a metal chalcogenide quantum dot (QD) could allow new 

dilute magnetic semiconductor QDs (DMSQDs) to be investigated. Recent studies on MM‟X (X 

= chalcogenide) ternary metal chalcogenide QDs have revealed that a rich magnetic behavior is 

obtained depending on the reaction conditions.
52,84

 Since QDs are generally isolated in a 

kinetically controlled reaction, the ability to isolate a core/shell, homogenous doped, or phase 

segregated structures arising from spinodal decomposition due to effective zone refinement as 

the nanocrystal grows in size, is dependent on the reaction conditions.
22,31,51,118

 In general, the 

incorporation of the secondary metal ion having the same charge leads to substitutional 

incorporation on the metal lattice site with only an average lattice perturbation that follows the 

empirical predictions of Vegard‟s law.
30

 Doping with a metal ion with a different oxidation state 

often leads to vacancy formation or phase segregation to ensure the principle of charge neutrality 



87 

 

is obeyed.
52,84

 In Al:ZnO, doping is allowed but appears to motivate vacancies.
119

 Such richness 

in the phase diagrams has been reported in bulk metal chalcogenides where internal phase 

inclusions are incorporated endotaxially into the crystal.
120

  

In this manuscript, we explore the incorporation of Cr(III) ions into a ZnSe QD. The 

incorporation of between 0.4% to 4% Cr(III)  into the ZnSe is observed to result in spinel 

inclusions within the otherwise sphalerite QD lattice. Evidence for spinel inclusions is evidenced 

by the 
4
A2g → 

4
T2g ligand field transition in the optical data, high temperature Curie-Weiss 

behavior with an AFM coupling ( ~ –125 K) in the magnetic data, evidence of a tetragonal 

distortion at the Cr(III) center in the XANES data, and EPR data consistent with the oxidation 

state assignment. Based on analysis of the XANES data, the spinel inclusion forms as a dimer 

occupying an octahedral site generated by the loss of three Zn(II) ions opening two octahedral 

holes. A similar inclusion resulting in vacancy driven octahedral site formation was reported 

earlier for Eu(III) incorporation into CdSe, as verified by XANES and EXAFS analysis.
84

 

Etching experiments on the Cr:ZnSe QDs provide evidence of the presence of the spinel 

inclusions within the core of the QD and not the presence of two separate phases or surface 

segregation of the defect. 

Due to the competition between kinetic and thermodynamics during QD growth, QDs 

often form non-thermodynamic structures due to surface effects,
121

 ion disorder,
122

 vacancy 

formation,
52,84

 and glide plane errors during growth without loss of the natural crystal habit.
123,124

 

The potential for the QD to accommodate structural disorder suggest that unique structures might 

be able to be isolated using dopants capable of forming several oxidation states. The 

incorporation of Cr ions into ZnSe and other II-VI materials are a perfect example of a material 

in which different phases can be formed that have applications ranging from magnetic to optical 

applications.
125-127

 The observation can be understood by considering that the growth of a QD is 
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initiated by critical nucleation, wherein, the critical nuclei formed will reflect the stoichiometry 

and stability of the material.
31

 While in the bulk, the isolation of a single phase reflects the 

thermodynamics of the reaction, for a QD growth the kinetic phases are trapped.
118

 

4.2 Experimental 

           Synthesis of Cr(III) doped ZnSe DMSQDs. The synthesis of Cr doped ZnSe QDs was 

performed under airless conditions using lyothermal methods based on the reaction of the single 

source precursor Li4[Zn10Se4(SePh)16] (Zn10) cluster
128

 with CrCl2 in ~40 mL of hexadecylamine 

(HDA) at 220 
o
C under N2 for 6 h, in analogy to early doping reactions.

37,77
 Isolation of the 

Cr:ZnSe QDs is achieved by addition of a minimal amount of toluene followed by dropwise 

addition of methanol to induce nanocrystal aggregation and precipitation. The precipitate is 

collected via centrifugation, re-dissolved in toluene and the process repeated 3 times to ensure 

reagent free particles. The samples are isolated and maintained under N2 in a drybox to prevent 

formation of ZnO. Cr:ZnSe samples were prepared at 0% Cr, 0.4% Cr, 1.0%, 2.4% Cr, and 4.0% 

Cr based upon X-ray fluorescence (XRF) analysis by carrying out the reactions at 0 % Cr, 2 % 

Cr, 5 l% Cr, 10 % Cr, and 20 mol% Cr to Zn in the reaction.  

          The Cr, Zn and Se content were determined by using an Oxford Instruments ED2000 X-ray 

fluorescence (XRF) spectrometer with a Cu-Kα source. For a standard XRF measurement, the 

powdered samples were completely dissolved in 90 % HNO3, heated to remove excess NOx, and 

then diluted to ~3 mL with a 2% HNO3 solution to allow compatibility with the XRF sample 

holder.  

          QD Characterization. The isolated Cr:ZnSe QD size, dispersity, morphology, and 

structure were analyzed by transmission electron microscopy (TEM) and TEM-selected area 

electron diffraction (TEM-SAED) using a JEOL-2010 microscope operated at 200 kV. The size 
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dispersity is analyzed over 100 QDs. The SAED map for the QDs was assigned to lattice planes 

based upon the observed d-spacing. The QDs were dispersed on holey carbon (400 mesh) from a 

toluene solution.  

           The size of the QD measured by TEM is verified by analysis of the first exciton transition 

(1S3/2 → 1Se) for ZnSe in the optical absorption spectroscopy by analyzing the first exciton.
128

 

The room temperature optical absorption spectra were measured on toluene solutions of the 

Cr:ZnSe QDs at ~ 10
-6

 M concentrations in a 1-cm quartz cuvette using a Varian Cary 50 UV-

Vis spectrophotometer.  

           Ensemble structural characterization of the isolated QDs is performed using a powder X-

ray (pXRD) diffractometer. The pXRD patterns were recorded on about 10 mg samples on a 

Rigaku DMAX 300 Ultima III Powder X- ray diffractometer using Cu Kα (λ = 1.5418 Å).  QD 

sizing by Scherer analysis of the (110), (220), and (311) reflection in pXRD provides validation 

of the optical and TEM size analysis, and more importantly provides further support for the high 

crystallinity of the samples. 

           High frequency electron paramagnetic resonance (HF-EPR) measurements between 100–

406.4 GHz at 10 K were measured for the 2.5% Cr:ZnSe QD. The HF-EPR measurements were 

conducted at the Florida State University National High Magnetic Field Laboratory (FSU-

NHMFL) in Tallahassee, FL. The HF-EPR operates in transmission mode and employs oversized 

cylindrical waveguides. Microwave detection was performed with a low-noise, fast-response 

InSb hot-electron bolometer (QMC Ltd.). For the EPR experiments, all samples were analyzed as 

powdered samples. 

           Assignment of the Cr Oxidation State and Site-Symmetry. Assignment of the 

oxidation state to Cr(III) and the site of occupation (distorted Oh) for the Cr ion in the ZnSe QD 

is accomplished by analysis for the Cr L2,3 line by soft X-ray absorption Near Edge (XANES) 
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spectroscopy between 570 to 600 eV for the 2.5% Cr:ZnSe. Crystal field absorption 

spectroscopy on all doping concentrations confirms the assignment of Cr(III) in a distorted 

octahedral site. XANES measurements were acquired at the spherical grating monochromator 

beamline at the Canadian Light Source at the University of Saskatchewan. The QD samples were 

dissolved in toluene, allowed to slowly evaporate on a Si wafer, mounted onto carbon tape, and 

introduced into an ultra-high vacuum chamber (P ~ low 10
-8

 to low 10
-9

 Torr). XANES 

experiments were conducted using the total electron yield method where the total photocurrent 

into the sample is measured as the photon energy is scanned through the absorption edge. The 

current from a highly transmissive gold grid was used to normalize the XANES spectra. Crystal 

field absorption spectra of solution samples by UV-Vis on all doping concentrations confirm Cr 

oxidation state and site symmetry.  

           Magnetic Characterization. The magnetic properties of the 2.5% Cr:ZnSe QDs were 

measured on powdered samples using a Quantum Design MPMS XL7 superconducting quantum 

interference device magnetometer (SQUID). Zero-field cooled (ZFC) and field cooled (FC, 

0.02T) susceptibility measurements were collected for dc-susceptibility over the range of 2 to 

300 K. Field dependent magnetization (M) was measured between –7 to + 7 T.  

4.3 Results and discussion 

Preparation of the Cr:ZeSe QD from the single source precursor leads to formation of 

spherical 2.8 ± 0.1 nm Cr:ZnSe QD with ~5% size dispersity based on TEM analysis (Figure 

4.1). The Cr doping of the ZnSe is experimentally measured by XRF yielding values of Cr 

incorporation at 0%, 0.4%, 1.0%, 2.5%, and 4.0% in the ZnSe QDs.  

Ion incorporation at concentration lower than the reaction mole ratio is common for 

doping in QDs reflecting the difficult in precursor activity and ion inclusion rate to the growing  
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Figure 4. 1. Characterization data A) absorption (dashed) and photoluminescence (solid) spectra 

for ZnSe and Cr:ZnSe QDs, B) pXRD patterns for ZnSe and Cr:ZnSe QDs, C) TEM image for 

Cr:ZnSe QD, and D) TEM electron diffraction image for Cr:ZnSe QDs. 
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QDs. The Cr ion occupies a Td site by substitution of the Zn (II) ion or can occupy an Oh hole via 

Cd vacancy formation. Such vacancy formation in CdSe QDs has been reported for Eu(III) and 

Cu(I) inclusions.
52,84

 Incorporation of Cr(II) is substitutional with no vacancy formation, Cr(I) 

requires formation of Se vacancies, while formation of the Cr(III) ion requires Zn vacancy 

formation in a 2 Cr to 3 Zn ratio. The mole ratio of cation to anion is approximately constant 

across the doping concentrations (Table 4.1) reflecting the experimental uncertainly at the low Cr 

concentrations for estimating lattice vacancy formation. Unfortunately, XRF cannot distinguish 

within experimental error the vacancy population.  

The pXRD data for Cr:ZnSe QDs is shown in Figure 4.1b and can be indexed to the 

spahlerite (zinc-blende) F-43m structure with reflections observed at 27.4°°and ° No 

pXRD reflections are identified for Cr2Se3 or ZnCr2Se4 phases (Figure 4.2). The assignment of 

the zinc-blende phase is confirmed by inspection of the d-spacing for the (220), (331), and (400) 

reflections in the TEM-SAED pattern (Figure 4.1D). Using pXRD the TEM size can be 

confirmed by Scherrer analysis based on the width of the (111), (220), and (311) diffractions. 

The observation that the Scherrer broadening approximated of size is in good agreement with the 

TEM suggests the QDs are highly crystalline.  

The optical absorption data (Figure 4.1A and Figure 4.3) for the QD samples exhibit 

well-defined excitonic features for the 2.5% Cr:ZnSe QDs at 374 nm (3.32 eV). The energy of 

the first absorption feature position corresponding to the 1S3/2 → 1Se is consistent with the 

measured TEM QD size.
128

 The photoluminescence data shown in Figure 4.1A arises from 

bandgap recombination, exhibiting no distinguishable Cr based PL at RT between 300 nm and 

700 nm (Figure 4.3).  

The Cr L2,3 edge XANES data in Figure 4.4, for the 2.5% Cr:ZnSe sample shows two 

features, a broad  absorption feature at ~578 eV with a shoulder to higher energy (L3 edge), and a  
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Table 4.1. The cation/anion mole ratio of Cr:ZnSe QDs 

 

% Cr:ZnSe Cation/Anion 

0 1.34 

0.4 1.21 

1.0 1.23 

2.5 1.23 

4.0 1.23 
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Figure 4. 2. The pXRD data for 2.5% and 4.0 % Cr:ZnSe QDs.  
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Figure 4. 3. Absorption (dashed) and photoluminescence (solid) spectra for 0%, 0.4%, 1.0%, 

2.5%, 4.0% Cr:ZnSe QDs. 
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weaker split feature at ~586 eV (L2 edge). From the XANES data, the Cr oxidation state in the  

Cr:ZnSe QD can be assigned to Cr(III) based upon comparison of the energy for the  measured 

Cr L2,3 edge data in spectra for Cr(II), Cr(III), and Cr(IV) occupying a perfect Oh field with a 

crystal field energy of 10Dq ~ 2.07 eV. The XANES data for the 2.5% Cr:ZnSe QD requires 

incorporation of a tetragonal distortion of the Oh field (10Dq = 2.07 eV) about the Cr center to 

properly fit the XANES pattern. The tetragonal distortion effectively broadens the L2 edge. The 

crystal field terms for that distortion, which include the terms Ds and Dt, suggest compression 

along the z-axis. The spectra are in good agreement with previously reported XANES Cr 

standards and a XANES study of CdCr2Se4.
129

 

The assignment of the Cr(III) oxidation state occupying an Oh site with a crystal field of 

~ 2 eV can be confirmed by inspection of  the crystal field optical absorption  in Figure 4.5. The 

absorption data reveal a broad, split absorption feature centered at 595 nm. The  concentration 

dependent feature can be assigned to a 
4
A2g → 

4
T2g ligand field transition for Cr(III).

130  
The 

higher lying crystal field transitions for Cr(III) at ~440 nm are obscured due to overlap with the 

1
st
 exciton transition in the ZnSe QD. The energy of the 

4
A2g → 

4
T2g ligand field transition in 

Cr(III) is equivalent to the crystal field energy, allowing a value of 10Dq  = 2.07 eV to be 

extracted from the optical measurement (Figure 4.5). The value of 10Dq is consistent with the 

XANES data. Comparison to the crystal field value for a ZnCr2Se4 spinel supports the suggestion 

of an inclusion in the crystal lattice.
131,132

 The splitting of the 
4
A2g → 

4
T2g ligand field transition 

in the absorption spectrum in Figure 4.5 is consistent with the symmetry breaking of a pure Oh 

site due to the tetragonal distortion of the Cr(III) center observed  in the XANES data. 

The XANES and optical data for the Cr:ZnSe QDs supports a model wherein a Cr(III) 

ion incorporation occurs by occupying an Oh hole generated by Zn vacancy formation. Since the 

structural data strongly implies a high degree of crystallinity, it is believed the vacancy generates  
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Figure 4. 4. Cr L2,3 edge X-ray absorption spectra. A) simulation of (a) Cr(II), (b)Cr(III), and (c) 

Cr(IV) in a perfect Oh field (10 Dq = 2.07 eV). B) (a) Cr:ZnSe QDs and (b) simulated distorted  

Oh crystal field for Cr(III). 
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Figure 4. 5. Absorption spectra in concentrated toluene solution for 0%, 0.4%, 1.0%, 2.5%, 4.0% 

Cr:ZnSe QDs. Insert is the energy level of Cr(III) ion in a Oh crystal field. 
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a Cr(III) dimer in the lattice to minimize lattice distortion. A similar suggestion was made 

previously for Eu(III) incorporation onto vacancy driven octahedral holes in a CdSe QD.
84

 The 

formation of a dimer is surprising as doping at 2.5% should form localized single Cr(IIII) sites 

with a 73% probability, and dimer formation at 19%.  However, defect clustering within a QD is 

a common observation, and may play a role in the Cr:ZnSe QDs to pin the strain induced by the 

defect. 

           EPR confirmation of Cr(IIII) assignment.  Further confirmation of the Cr(III) (d
3
, S = 

3/2) assignment is available by measuring the high frequency EPR data. For Cr(III) in the 

octahedral crystal field, the 
4
A2 orbital singlet is responsible for the observed EPR absorption. 

The EPR spectrum of the isotopes of Cr(III) without nuclear spin can be described by the 

Zeeman term and the spectrum will consist of a single peak with a g-value of 1.9808.
133

 The 

deviation of the g-value from the spin only value of ge = 2.0023 is caused by a contribution from 

triplet T2 to the orbital moment of the ground state. Hyperfine contributions will not be observed 

in the powder spectra since the 
53

Cr isotope is only 9.55% abundant each hyperfine structure line 

has an intensity of approximately 1/42
 
of

 
 that of the main peak.

134
 

The frequency dependent EPR spectra for the 2.8 nm Cr(2.5%):ZnSe sample measured at 

100, 112, 200, 216, 304.8, 324, and 406.4 GHz (10 K) are shown in Figure 4.6 An accurate value 

of g for the Cr(III) center can be obtained by plotting the frequency dependence of the center 

field (Figure 4.6B). The plot yields a g-value of 1.9808 consisted with the prediction for Cr(III) 

ion in an Oh field and reported values for Cr(III) ions in a spinel lattice.
135

 The observed EPR 

pattern can not be assigned to Cr(II) or Cr(I).
105,133

 

Evidence of core vs. surface occupation of Cr(III). The incorporation of Cr(III) could 

occur within the core or be isolated at the surface via QD self-healing. Evidence for core doped 

Cr(III) ions can be obtained by inspection of the EPR spectrum for the Cr(III) centers in Cr:ZnSe  
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Figure 4. 6. A) Frequency dependent EPR measurements at 10 K for Cr:ZnSe QD, B) Frequency 

dependent of EPR central resonance field of 2.4% Cr(III):ZnSe QD which can fit to g = 1.9808 

for Cr(III) ion. 
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following chemically etching of ~2 layer of the QDs. Surface etching is carried out using 20 L 

H3PO4:HCl (1:1 V:V) in 1 mL saturated toluene solution. The QD samples were etched for 2 

seconds at room temperature. The etched samples were precipitated by the addition of MeOH, 

re-dissolved in toluene and re-precipitated by MeOH prior to conducting the EPR experiments. 

As observed in Figure 4.7 the Cr(III) EPR spectra is identical (shape and g-value) to the QDs 

prior to etching indicating the Cr(III) ions occupy core sites within the ZnSe QDs. 

  The results support a model wherein the Cr(III) spinel inclusions do not result in phase 

segregation due to self-healing in the QDs. Furthermore, the lack of a change in the EPR change 

in the EPR parameter in the 2.8 nm Cr:ZnSe QDs suggest the Cr spinel phase may act as the 

nucleus for QD growth since a 2.8 nm QD only consists ~10 monolayers of Zn-Se. If ~2 

monolayer are etched uniformly during acid etching the presence of Cr(III) sites in the EPR 

suggest the Cr spinel phase is near the size of nuclei (~2 nm)
31,51

 for QD nucleation and growth. 

           Magnetic Properties of Cr:ZnSe. The magnetic properties of the 2.5% Cr:ZnSe QDs is 

shown in Figure 4.8A for the zero-field-cooled (ZFC) and field-cooled (FC, 200 Oe) 

susceptibility () data. The insert shows the Currie-Weiss (C-W) law plot of the temperature 

dependent data, 1/ = (T – θ) * C
–1

 (C is the Currie constant, T is temperature in Kelvin, and θ is 

the Curie-Weiss temperature). The experimental susceptibility and magnetization data for the 

Cr:ZnSe QDs exhibits the predicted paramagnetic (PM) behavior of the diluted magnetic QDs, 

and is consistent with the helical spin state observed in bulk ZnCr2Se4.
112

 

The field dependent magnetization (M) plot for 2.5% Cr:ZnSe is shown in Figure 4.8B. 

The magnetization data exhibits no hysteresis with a saturation value (MSAT) for the sample 

above 2 T. The absence of ferromagnetic (FM) order in the 2.5% Cr:ZnSe QDs can be verified 

by plotting the field dependent data as an Arrott plot in Figure 4.8C (M
2
 vs H/M at fixed 

temperatures T).  In the Arrott plot, the Curie temperature (TC) for ferromagnetism is  determined  
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A)  

B)  

Figure 4. 7. A) Absorption spectra before and after acid etching for the Cr:ZnSe QDs, and  B) 

200 GHz EPR of Cr:ZnSe QDs after acid etching. 
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Figure 4. 8. A) Temperature dependent ZFC and FC (200 Oe) susceptibility data. The insert if 

the Curie-Weiss law plot showing negative Curie-Weiss temperature (–125 K), B) Field 

dependent magnetization (M) plots at 2, 10, 20, 30, 50 K, and C) Arrott plots (M
2
  vs. H/M) for 

the Cr(2.5%):ZnSe QDs. 
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from the temperature where M
2
 intercepts with the origin.

136
 The Arrott plots shows a linear 

H/M-dependence from 10–50 K. Consistent with a PM material, the Arrott-plot approaches 0 

indicating paramagnetic (PM) behavior of the QDs in the whole experimental temperature range. 

The data at 2 K exhibits curvature which can be understood in analogy to the Arrott-plot in bulk 

materials where competing magnetic exchange at low temperature exists.
137

 The competing 

magnetic behavior may arise from the spinel inclusions within the QD lattice. 

For a bulk ZnCr2Se4 spinel, the theoretical estimated direct exchange constant in spinel (–

15.1 K),
116

 even though the long range superexchange must be considered for the overall helical 

spin state as the result of competing ferromagnetic (FM) and antiferromagnetic (AFM) 

interactions. Bulk ZnCr2Se4 at low temperature is antiferromagnet in spite of the fact that the 

Curie-Weiss temperature θ is +115 K which implies FM exchange.
115,138

 A helical magnetic 

structure is required to explain the positive Curie-Weiss temperature.
138

 For the Cr:ZnSe QDs, 

the magnetic data exhibit high temperature paramagnetic (PM) behavior with a negative Currie 

temperature indicative of AFM exchange (θ of –125 K). The negative deviation in the C-W plot 

for the low-T susceptibility data can be interpreted in term of short range AFM interactions 

arising between the Cr(III) ions in a ZnCr2Se4 spinel inclusion. Assuming a spinel inclusion the 

exchange constant, JNN/k, can be calculated from the equation JNN/k = 3θ/2ZS(S + 1), where S is 

the spin and Z is the number of nearest neighbors.
24,30

 The calculated value of JNN is –12.5 K for 

Cr:ZnSe QDs, which is close to the theoretical direct exchange constant in ZnCr2Se4. The 

agreement in the JNN value supports formation of a Cr(III)-Cr(III) dimer in the ZnSe lattice where 

the short range Cr(III)-Cr(III) interaction dominate the magnetic properties (Figure 4.9). In 

Figure 4.9, three Zn(II) Td sites was removed to add two Cr(III) Oh sites, which illustrates the 

incorporation of the ZnCr2Se4 spinel structure in the ZnSe lattice.  
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Figure 4. 9. Illustration of part of the ZnCr2Se4 spinel structure in the ZnSe lattice. The Cr(III) 

ions (blue balls) occupy Oh sites and Zn(II) ions (green balls) occupy Td sites. Three Zn(II) Td 

sites was removed to add two Cr(III) Oh sites. 
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4.4 Conclusion 

The formation of ZnCr2Se4 spinel phase in Cr doped ZnSe QDs have been prepared from 

a single source precursor method. The Cr L2,3 edge spectra in XANES measurement can be 

asigned as a Cr(III) in a distorted Oh crystal field in ZnCr2Se4. The absorption spectra for the 

Cr:ZnSe QDs confirms the oxidation state assigned and allows the crystal field energy be 

calculated (10 Dq = 2.07 eV) from the 
4
A2g → 

4
T2g crystal field transition. ZFC/FC susceptibility 

measurement shows paramagnetic (PM) behavior of the QDs with AFM coupling at low 

temperature. A Curie-Weiss law plot indicates the AFM coupling at low temperature can be 

understood by short range AFM exchang between Cr(III) in the presence of ZnCr2Se4 phase. 

Calculation of the Cr-Cr JNN value for the QD yields a value of -12.5 K, which is consisted with 

the reported JNN for Cr-Cr nearest-neighbor interaction in bulk ZnCr2Se4. The formation of the 

ZnCr2Se4 phase may suggest unique stabilities can be obtained due to the growth mechanism 

trapping kinetic structures or the nature of critical domain formation in the QD growth. 
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CHAPTER FIVE 

CONCLUSIONS AND FUTURE DIRECTIONS 

The size- and site-dependent magnetic properties for Mn(II) doped CdSe QDs were 

studied in this work. The goal of this chapter is to address some interesting directions in the field 

of magnetic properties for doped II-VI semiconductor QDs. 

5.1 Future directions 

Concentration dependent magnetic properties of Mn:CdSe QDs. 

As was mentioned in Chapter 2, the study of the size dependent magnetic properties of 

Mn:CdSe QDs demonstrates that the carriers mediate the Mn(II)-Mn(II) ferromagnetic 

interaction by the RKKY model, leading to the superparamagnetic (SPM) behavior of the small 

QDs. The concentration in the study was maintained at 0.6% to ensure that the sample is below 

the percolation threshold for Mn:CdSe. However, a study of the concentration dependent 

magnetic properties in Mn(II) doped CdSe QDs would allow both size and concentration to be 

systematically varied and fit by the RKKY model. 

The preliminary experimental data of the 1% doped Mn:CdSe QDs exhibits a size 

dependent trend similar to the 0.6% Mn:CdSe QDs, which display a decrease in coercivity with 

an increase in the QD size, as well as an increase in the carrier concentration with size (Figure 

5.1). In addition, with increasing concentration a shift in blocking temperature (TB) from 12 K 

(0.6% Mn:CdSe) to 32 K (1.0% Mn:CdSe) is observed for ~3 nm Mn:CdSe QDs, which is 

consistent with the effective decrease in Mn-Mn separation leading to enhanced RKKY coupling. 
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A)  

 

B)  

Figure 5. 1. A). Temperature dependent ZFC and FC (100 Oe) susceptibility data for 3.0 nm, 3.9 

nm and 4.7 nm 1% Mn:CdSe QDs. Blocking temperature (TB) is indicated in the plots. B). 

Magnetization plots for 3.0 nm, 3.9 nm and 4.7 nm 1% Mn:CdSe QDs. The coercive field 

decreases as the size of the DQs increases which is the same trend found in 0.6% Mn:CdSe QDs. 
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Surface ligand exchange. 

The high frequency EPR experiments confirm that the QD micro-environment can be 

divided into a surface and core site. The difference in A and g values for the two sites reflect the 

difference in the crystal field experienced by the Mn(II) ion at their respective sites. As shown in 

chapter 3, the surface ligand back-bonding strength can have a dramatic effect on the surface 

state energies in CdSe QDs and can perturb the observed hyperfine exchange for surface Mn(II) 

ions. For the ligand exchanged samples, the hyperfine constant (A) for surface site shifts for the 

ligand series with values of 91.3 G (DDN), 91.2 (TOP), 91.1 (TOP-Se), 90.9 (DDA), 90.5 (py). 

The increase in A-value across the ligand series tracks the increased -acceptor strength for the 

ligand. Analysis of the effects of ligation on the core and surface of a QD provides a better 

model for how a QD reconstructs as a function of size following ligand passivation. 

The surface induced carriers, which are believed to arise form charge transfer effects 

associated with the ligation layer, must be weakly localized or delocalized in order to result in 

the long-range RKKY exchange coupling. The participation of carrier mediated exchange would 

explain the decreased magnetic saturation value observed for the smallest QDs.
 
Similar behavior 

has been reported for ligand induced carrier mediated exchange in Mn(II) doped ZnO QDs. 

Further studies investigating the ligand dependent influence on the magnetic susceptibility is 

underway to deduce the importance of ligand passivation on the observed magnetic properties. 

Core/shell QDs. 

As anticipated, the Mn(II) local environment depends upon the site of Mn(II) doping, 

primarily whether it is inside a QD or near the passivant shell. The results are consistent with an 

earlier report that Mn(II) doped into a shell of a core-shell QD experiences different chemical 

environments, as the Mn(II) center is moved away from the core QD towards the passivant shell. 

It would be very interesting to coat the stochastically doped Mn:CdSe QDs with ZnS shell and 
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monitor the change of surface Mn signal using EPR spectra. The core/shell work unfortunately 

fell by the wayside, as we found that the ZnS shell was grown in a tetrapod which was not 

expected. Regarding the shelling Mn:CdSe QDs with other semiconductor lattice such as ZnS, 

one would anticipate a stronger core EPR signal as the result of despairing of surface Mn(II) site. 

However, a new set of hyperfine splitting was observed in EPR, which should arise from the 

interface between CdSe and ZnS lattice. The CdSe shelling for Mn:CdSe would be an ideal for 

the site occupation research since no lattice mismatch arise from the CdSe shell, however no 

successful CdSe shell was grown in my research thus far, so this might be a good project for a 

future graduate student interested in this work. 

5.2 Conclusions 

This dissertation studies the size- and site-dependent optical and magnetic properties of 

II-VI quantum dots (QDs). We have found that the carriers inside the small QDs can mediate the 

Mn(II)-Mn(II) ferromagnetic interaction by the RKKY model, which helps explain reasons for 

the observation of a superparamagnetism (SPM) in small Mn:CdSe QDs. Using high frequency 

EPR, the possible dopant sites in Mn:CdSe lattice can be identified as the surface and core 

position of Mn:CdSe QDs. The studies of concentration and ligand dependent magnetic 

properties of the Mn:CdSe QDs and core/shell QDs are very interesting and underway. This 

research opens the door to the combination of magnetic transition metals and surface carriers in 

II-VI QDs branches into a platform for future breakthroughs in optical or magnetic properties of 

diluted magnetic semiconductor QDs. 
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