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ABSTRACT 

The divalent europium monochalcogenides (EuQ, Q = O, S, Se, and Te) are model 

magnetic semiconductors, exhibiting strong coupled magnetic, optical, and electronic properties. 

With rising interests in the synthesis of nanocrystals that exhibit size-dependent effects 

concurrent with the development of miniaturized electronic devices, our research looks to 

developing novel ways to synthesize divalent europium nanocrystals and study how their 

properties may be affected as a function of their size and composition.  

With our experience in synthesizing and characterizing the EuS nanocrystals (NC), we 

pursued the study of related systems: the EuSe nanocrystals and the alloyed EuSxSe1-x systems. 

The alloyed system could be prepared by both solid-state and nanocrystal growth techniques; and 

a set of characterization techniques were employed, and described in detail, showing the 

importance of nanocrystal analysis.  

In our pursuit to synthesize EuSe nanocrystals, a thorough search for alternative 

precursors led us to a report suggesting new methods to prepare europium diseleno- and 

dithiophosphinate complexes as single-source precursors (SSPs). This allowed our group to 

develop a family of lanthanide diselenophosphinate SSPs to prepare Ln-Se nanomaterials. As a 
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result, purer EuSe NCs were prepared using a new europium diselenophosphiante SSP, and size-

control was demonstrated to produce crystals with dimensions from 3 to 100 nm. 

The EuQ materials also exhibit a unique phenomenon due to magnetic exchange 

interactions that lead to their conduction band splitting. We employed magnetic circular 

dichroism (MCD) to measure the temperature and field dependent effects on the band splitting in 

the EuS and EuSe nanocrystal systems, which we found to be much greater than even those 

found in DMS materials.  

We also pursued the preparation of new structures of divalent europium materials and 

targeted the robust and compositionally flexible halide perovskites (ABX3, A/B = cation, X = 

halides). Evidence of bulk europium-based halide perovskites prepared by solid-state techniques 

suggested that novel perovskite materials could be stabilized. This led to our development of a 

new synthetic method to prepare CsEuX3 nanocrystals, exhibiting interesting shapes that could 

perhaps be controlled in future studies.  
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CHAPTER 1: INTRODUCTION 

Electronic device development relies on semiconducting and magnetic properties, which 

are found together in only a few types of materials. These include the intrinsic magnetic 

semiconductor—discussed here—and the dilute magnetic semiconductor (DMS) materials. 

Moreover, the study of nanomaterials has allowed researchers to identify new and exciting 

properties that arise from size-dependency in the nano regime. An example are the quantum dot 

semiconductors, known to emit light at specific wavelengths as a function of their particle sizes. 

Semiconductor crystals with dimensions nearing their Bohr radius (μB) exhibit quantum 

confinement effects resulting in their band gap energies (Eg) being dictated by crystallite size. In 

effect, they were developed as emitters coupled to light-emitting diodes (LED) in device displays 

such as quantum dot TVs that produce a wider spectrum of color at higher saturations compared 

to standard high-definition TVs.1 Semiconductor nanocrystals are also being researched as 

absorbers in the development of more efficient solar cells.2 For example, perovskite nanocrystals 

can be tuned to absorb at specific wavelengths of sunlight by taking advantage of quantum 

confinement effects and compositional tuning.3,4 Specifically, these materials can absorb sun 

light at lower wavelengths (visible to near infrared) compared to wide band gap materials. When 

these nanocrystals are coupled with wide bandgap absorbers such as TiO2, power conversion 

efficiencies (PCE) of up to 10.9% could be attained.2,5 Since the development of quantum dot 

light-absorbers in photovoltaics, PCEs of up to 26% have been reported and may begin to 

outperform silicon-based solar cells in the future.6 
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 New technologies were also envisioned in the field of spintronics, wherein materials 

with coupled magnetic and semiconducting properties can be used to manipulate electron 

spins.7–9 The ability to control electron spins is an added degree of freedom with which coupled 

charge, photon, and magnetic properties could be tuned. As a result, spintronic devices are being 

designed with goals to decrease electrical resistivity and increase processing speeds in computers 

as well as to maximize storage capability by storing memory using material magnetic 

behaviors.8,10 Most importantly, for our research group, spin-polarization have been 

demonstrated in EuS films as spin-filter transistors with polarization of up to 90 percent.11,12 This 

level of polarization is giant compared to other spin-polarizing materials. The divalent europium 

chalcogenide materials are the first examples of intrinsic magnetic semiconductor materials13 

while current research have focused on the DMS materials in spintronics research.7,8,14,15 

1.1 EUROPIUM CHALCOGENIDES 

The lanthanide chalcogenides (LnxQy; Ln = lanthanides and Q = O, S, Se, Te) stabilize in 

several compositional phases: tri- or divalent monochalcogenide (LnQ), trivalent 

sesquichalcogenide (Ln2Q3), a less-common mixed-valence 3:4 phase (Ln3Q4), and trivalent 

dichalcogenide (LnQ2). The oxidation states of the lanthanide in the monochalcogenide phase are 

divalent for the redox active metals (Sm, Eu, Tm, and Yb) and trivalent for the non-redox active 

lanthanides. The dipositive ions in the monochalcogenide form can be described as Ln2+Q, while 

their counterparts maintain a tripositive Ln3+(e-)Q ion—the electron is effectively delocalized,  



3 

 

 

Figure 1.1. Cell constants of lanthanide chalcogenides versus lanthanides. 

and this variation is reflected in the ionic radius as estimated from the cell constants seen in 

Figure 1.1. One of the consequences of the shift in oxidation state is that the redox active LnQ 

phase is semiconducting, whereas the non-redox active elements are metallic. 

In high-temperature solid state syntheses of the LnQ materials, monoxide phases can be 

formed but disproportionate at room temperature to the sequioxide phase, Ln2O3, except for the 

redox active Eu and Yb.16 This greater stability of the trivalent Ln2O3 can be simplified by Hard-

Soft-Acid-Base (HSAB) theory in which the hard-acid, trivalent Ln preferably binds to the hard-

base oxygen. In the case of europium, which is the easiest lanthanide to reduce to the divalent 

state, it preferentially forms the monochalcogenide while the sesquichalcogenides, Eu2Q3, in fact 

do not exist. Nonetheless, the oxophilicity of the trivalent lanthanides contribute greatly to 

synthetic challenges in stabilizing pure LnxQy compounds. Often, mixed chalcogenide phases 

such as Ln2O2Q are readily stabilized during thermolysis.17  

1.1.1 Magnetic Behaviors 

Interests in the europium monochalcogenide (EuQ, Q = O, S, Se, and Te) materials 

intensified by the early 1970’s as researchers sought to take advantage of their properties 
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 Table 1.1. Properties of europium chalcogenides. 

Material Cell constant (Å) Eg (eV) Ordering, TC or TN (K) J
1
 J

2
 

EuO 5.143 1.12 F, 69 +0.55 +0.15 

EuS 5.968 1.64 F, 16.9 +0.21 -0.11 

EuSe 6.197 1.78 F, 8; AF, 5 +0.11 -0.09 

EuTe 6.603 2.25 AF, 9 +0.06 -0.20 

 

to develop fast, light beam addressable memory for computers, magneto-optical modulators, and 

magnetic switches.13 Unfortunately, due to their very low magnetic ordering temperatures, which 

could not be further increased to room temperature by means such as doping,18,19 their prospects 

as useful magnetic materials in devices diminished. Nonetheless, interests in studying their 

magnetic and optical properties remained as they provide a model system for spintronics 

materials such as the DMS.  

The EuQ stabilize in the simple-cubic, NaCl structure-type with a systematic increase in 

cell constants from EuO to EuTe (Table 1.1), following the increase in atomic radii of the 

chalcogenides down the column. The magnetic ions in this structure are placed in arrays such 

that they could be described by Heisenberg’s model of magnets: the nearest neighbor divalent 

europium ions, each with 7 unpaired electrons, couple ferromagnetically through indirect 

exchange while next nearest neighbors couple antiferromagnetically through superexchange 

(Figure 1.2). The contributions of these interactions can thus be quantified in the exchange 

 ℋ = 𝐽1 ∙ ∑ 𝑆𝑖
⃗⃗⃗  

𝑖,𝑗 ∙ 𝑆𝑗⃗⃗⃗  + 𝐽2 ∙ ∑ 𝑆𝑖
⃗⃗⃗  

𝑖,𝑗 ∙ 𝑆𝑗⃗⃗⃗    (1) 

integrals, J1 and J2, using the Heisenberg model (Equation 1) for which only J1 is distance 

dependent. As a result, materials with smaller cell constants (EuO and EuS) exhibit  
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Figure 1.2. Depiction of magnetic interactions in europium chalcogenides. 

ferromagnetism while for larger cell constants (EuTe), antiferromagnetic interactions prevail (see 

Table 1.1). EuSe is unique in that it is metamagnetic, exhibiting both ferro- and 

antiferromagnetism as dictated by temperature and field. When comparing the magnetic phase 

diagrams of EuS and EuSe, for example, the diagram for EuSe is more complex having two 

antiferromagnetic phases (AF-I and AF-II) below its Néel temperature (TN) at very low fields 

(<0.5 kOe) while ferrimagnetic between 1.8-2.8K to ferromagnetic at fields greater than 1 kOe 

(Figure 1.3, left). The EuS material exhibits a simple transition from para- to ferromagnetic 

below its curie temperature (TC) (Figure 1.3, right). 

 

Figure 1.3. Phase diagrams of EuSe (left) and EuS (right). [Image taken with permission]20 
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1.1.2 Bandgap Structure 

For all EuQ materials, the bandgap arises from a localized transition from the degenerate 

ground state 4f orbitals of Eu2+ to its empty 5d(t2g) conduction band. This is unique compared to 

the transition metal semiconductors (II-VI), wherein a bandgap is formed from the valence band 

of the chalcogenide p orbital and the conduction band of the empty metal d orbital. As a result, 

the band gap energies increase from EuO to EuTe following the decrease in crystal field splitting 

of the conduction band d-orbitals (Figure 1.4). This is unlike the II-VI semiconductors, which 

exhibit a decrease in bandgap energy down the period as the p-orbital valence band increases in  

 

Figure 1.4. Diagram of the density of states of europium chalcogenides. 

energy. In addition, the edge of the 6s orbitals are assigned to be slightly higher in energy than 

the edge of the 5d orbitals, where differentiation can be ambiguous in spectroscopic studies.13 

The result is that the bandgap in the EuQ materials increase as a function of the chalcogenide 

with energies from 1.12 to 2.25 eV, which encompasses the conventional range for 

semiconductor materials (1-1.5 eV) as well as the wide bandgap semiconductors (2-4 eV).21 
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The properties of the EuQ materials are also unique in that the intrinsically coupled 

magnetic and semiconductor properties are largely affected by the structure, specifically in the 

distance between the europium ions. These materials are  akin to magnetically doped 

semiconductors known as dilute semiconductors, which take advantage of both magnetic 

behaviors of the dopant and the semiconduction of the host to give rise to spin-dependent 

properties.7,22,23 In studying how the coupled magnetic and optical properties are affected by 

conditions such as temperature and field, better understanding of magnetic semiconductor 

systems such as the DMS can be developed. Furthermore, the ability to reduce crystal 

dimensions of these materials may reveal interesting changes in these properties as demonstrated 

in the quantum dot semiconductor materials. In the next section, theories on nanocrystal 

properties including methods of crystal growth are discussed. 

1.2 NANOCRYSTALS 

Unique structures and properties of inorganic nanomaterials led to their development and 

applications in various technological devices. Magnetic or magnetic semiconductor 

nanomaterials can exhibit tunable properties that result from their nano-size regime. Most 

importantly, their high surface-to-volume ratio and, for semiconductor NCs, changes in band gap 

energies (Eg) as a function of size set them apart from their molecular or bulk counterparts. A 

notable example is the quantum confinement effects of the nano-sized semiconducting quantum 

dots whose Eg increases as particle size decreases. Other interests lie in their magnetic properties 

which are sought after for advancing data storage capabilities of devices24,25 and enhancing 

biomedical tools such as MRI contrast agents.26–28 For known magnetic nanoparticles, the critical 
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size around 10-20 nanometers is required for optimum performance.29 The critical sizes arise 

from the formation of single magnetic domains achieved only in smaller particle sizes.26,30 

1.2.1 Size-Dependent Band Gap 

Crystal structures that are miniaturized in the nano regime (2-20 nm) or at least less than 

100 nm will exhibit interesting size-dependent properties. Most commonly known are the CdS 

and CdSe nanocrystals for which CdS can emit a gamut of colors ranging from 2.5 to 4 eV31 and 

CdSe, 1.76 eV to 2.8 eV from dimensions of 20 nm down to 1.8 nm.32 First studied by 

Alivisatos, these nanocrystals exhibited a unique property termed as quantum confinement, 

which relates the size of the fundamental bandgap of properties with the dimensions of single 

crystals. As crystals reach dimensions less than 10 nm,31 the band edges that make up the valence 

and conduction band contract, leading to widening of the band gap and affecting optical 

properties. This phenomenon can be related to the particle in the box theory, which relates that 

energy increases with a decrease in box length. Similarly, a predictive model known as the Brus 

equation can be used to calculate the quantum confinement in nanocrystals33 using known 

bandgap values of the bulk materials and the mass of the electrons and holes (equation 2); this is 

an effective mass approximation (EMA) that considers an electron confined within a spherical 

crystallite.34 Eg(bulk) is taken from a known bandgap for a bulk material. The second term is a 

radius (R2) dependence of quantum confinement, and the third term is a coulombic interaction 

consideration that is often avoided for semiconductors due to high dielectric constants. 

𝐸𝑔(𝑞𝑑) = 𝐸𝑔(𝑏𝑢𝑙𝑘) +  
ℎ2

8𝑅2
(

1

𝑚𝑒
∗ +

1

𝑚ℎ
∗) −

1.786𝑒2

4𝜋𝜀0𝜀𝑟𝑅2                 (2) 



9 

 

Since the discover of these properties, interests in other semiconductor materials which 

include the II-VI, II-V, and IV-VI proliferated and expanded the chemistry to control crystal 

sizes using colloidal methods. 

1.2.2 Colloidal Synthesis 

Solution-grown crystals can often be described by classical crystal growth theory (Figure 

1.5), which separates growth intro three steps: the first is when reactive monomers form in 

solution and increase in concentration; then the second phase occurs as the monomers aggregate 

to form nuclei, thereby using up the monomers in solution; lastly, nanocrystals grow from the 

nuclei over time. Once nanocrystals have grown, an additional process may occur. One is known 

as Ostwald ripening in which larger but fewer particles continue to grow as it incorporates 

smaller particles.35 Another is known as digestive ripening,36 where nanocrystals are digested 

and break up to form many smaller particles. These crystallization processes are determined by a 

variety of factors, which depend on the method as well as the introduction of additives that may 

help arrest the growth crystals. For the colloidal synthesis of nanocrystals, two common methods 

are used: the simpler heat-up method in which all reagents are mixed into a solution containing 

solvents and the hot-injection method in which the reagents are injected into a hot solution of 

solvents. The reaction temperature and length of reaction time as well as the order of precursor 

injections may be varied to control crystal growth (and compositions). 

The preparation of the monochalcogenide phase is achieved by high-temperature 

processes that yield bulk products. However, interests in stabilizing the nanocrystal forms of 
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Figure 1.5. Schematic representation of classical LaMer crystal growth. [Image taken with 

permission]35 

these materials open the possibility of investigating quantum confinement due to miniaturization 

of the crystal domains. One method involves high-temperature conversion of Eu2O3 nanowires to 

nanowires of EuO, EuS, and EuSe by gas-phase flow of Eu vapor, H2S, and H2Se, respectively.37  

While this approach is successful for the synthesis of monochalcogenides, it suffers from the 

disadvantage that the single-crystal oxide forms polycrystalline nanowires under anion 

replacement. Early solution-phase synthetic routes to stabilize nanocrystals took advantage of the 

unique solubility of europium metal in liquid ammonia to form europium monosulfides by using 

H2S as the chalcogen source.38 Further, the stabilization of the EuO crystals was also reported, 

wherein dilute oxygen gas was bubbled through a solution of liquid ammonia and europium.39 

The material was agglomerated with large, spindle-like morphologies (280 x 95 nm). The 

aggregated spindles were also poorly crystalline and there was no morphology control, both due 

to the absence of surfactants, or capping ligands, to stabilize the surfaces. 
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1.2.3 Single-Source Precursors 

 

Figure 1.6. Image of the structure of the europium-dithiocarbamate single-source precursor. 

Preparing europium chalcogenide nanomaterials requires well-developed syntheses and 

characterization methods. We synthesized a single-source precursor (SSP), Eu(S2CNR2)3L (R = 

Me, Et, iBu; L = 2,2’bpy, 1,10-phen) (see Figure 1.6 for structure), and developed methods as 

well as reaction conditions for preparation of EuS NCs. The use of this SSP is now well-

established and reported by other research groups.40–44 Various analogs of this complex have also 

been used in the synthesis of various metal sulfide nanoparticles or quantum dots,45 nanowires,46 

and thin films,47 but our interests have mainly been directed towards developing SSPs for 

divalent rare-earth monochalcogenide (LnQ)  nanoparticles. The advantages of these SSPs 

includes not only the convenience of providing both cation and anion sources in a single 

molecule but also an air-stable, non-toxic alternative to previously used alkylmetals (R2M)48 and 

H2S
38 in solution phase syntheses as well as CS2 gases in the sulfurization of rare-earth oxides 

via gas phase syntheses.49 Additionally, the ligand acts as a sufficient reducing agent necessary 
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for stabilizing divalent europium with evidence from solid-state thermolysis studies of 

Eu(S2CNEt2)3bpy by our group.40  

Prior to our group’s development and use of the Eu(Se2PPh2)3(CH3CN)2 SSP,50 as 

discussed later, we synthesized EuSe nanocrystals by mixing separate europium (europium 

oleate) and selenium (diselenophosphinate, [Et2NCSe2
-]) sources together in solution 

thermolysis. The carbamate analog Eu(Se2CNEt2)3L  have been used as SSPs in nanomaterial 

syntheses,51 but their preparation was not considered in our work given the highly odorous and 

toxic nature of a necessary reagent CSe2. The synthetic pathway to prepare a [Et2NCSe2
-] salts 

involves the use of vaporized dichloromethane to form CSe2,
52 a highly toxic and odorous 

reagent (Scheme 1).    

 

Scheme 1.1. Synthetic pathway to prepare diselenocarbamate salts. 

Fortunately, a similar precursor, the salts of dialkyl-diselenophosphinates, can be prepared using 

a relatively less odorous diphenyl-phosphine reagent.53 Initial studies of EuSe nanocrystals were 

done by Hasegawa et al. and involved the use of tetraphenylphosphonium  or potassium 

diphenyldiselenophosphinates ([Ph4P][Ph2PSe2]/[K][Ph2PSe2]) with either europium nitrate 

hexahydrate or europium chloride hexahydrate.54,55 These nanocrystal samples were analyzed by 

EDS and found to contain 72% excess selenium than expected.56 These results mirrored our 

SEM observations of selenium nanowires in our attempt to replicate the synthesis, indicating a 

facile pathway for the oxidation of Se2- and subsequent formation of Se0 nanowires. Nonetheless, 
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early reports characterizing EuSe provided our group with a synthetic pathway for synthesizing 

large nanocrystals that was useful in the study discussed in Chapter 2. Currently, neither our 

group nor others have developed an SSP for the synthesis of EuO and EuTe NCs. 

1.2.4 This Work 

The wide range of magnetic and semiconducting properties of the LnQ along with recent 

developments in colloidal nanoparticle syntheses, make their nanomaterials an interesting system 

to study. Our initial interests in these systems were to understand how both the band gap and the 

magnetic ordering temperature is affected in our study of the EuS NCs due to quantum 

confinement effects, but the small 2 nm Bohr radius42 is difficult to achieve in our established 

synthetic methods. Instead, we initially focused on how we might tune the bandgap and the 

magnetic ordering temperatures by preparing solid solutions of two end members to form an 

alloy, EuSxSe1-x (Chapter 2). Our background in developing synthetic methods for EuS NCs and 

known literature methods in preparing EuSe nanoparticles gave us insights in designing effective 

techniques to obtain alloyed nanoparticles and we reported on both their solid-state and solution-

phase syntheses. Next, we targeted the growth and particle size control of EuSe NCs using a new 

SSP (Chapter 3). This allowed us to study the electronic and magnetic structure of both EuS and 

EuSe using Magnetic Circular Dichroism (MCD) (Chapter 4). Later, we applied lessons in the 

synthesis of LnQ materials to prepare divalent europium-based halide perovskite materials 

(CsEuX3, X = halides). 

 



14 

 

CHAPTER 2: SYNTHESIS AND CHARACTERIZATION OF EUROPIUM SULFIDE-

SELENIDE NANOCRYSTALS 

2.1 INTRODUCTION 

2.1.1 Alloying and Band Gap Engineering 

Tuning the bandgap of nanomaterials are largely focused on controlling particle size to 

take advantage of size-dependent effects. An alternative chemical method to tune the band gap of 

nanomaterials involves producing alloyed materials or solid solutions of two or more cations or 

anions. Examples usually involve binary systems such as MX and MX’ that form ternary (3 

elements) solid-solutions of MXX’ for anion alloys. Interestingly, quaternary (4 elements) 

systems with compositions MM’XX’ have also been demonstrated with CuInxGa1-xSe2 (CIGS) 

NCs being the most notable example due to its impressive photovoltaic properties.57 In these 

multi-element systems, stability must be considered such that the Hume-Rothery Rules must be 

followed.58 These rules state that alloying requires that 1) ions have similar atomic radii, 2) the 

same crystal structure, 3) similar electronegativities, and 4) similar valency, all of which are met 

in solid solutions reported for II-VI semiconductors. An important aspect of preparing alloyed 

nanomaterials is ensuring homogeneity across samples. Thus, the preparation of nanocrystal 

alloyed materials must also consider precursor reactivities, which can determine both 

homogeneity and purity.  

The “band gap engineering” approach have been demonstrated for various materials 

including cation alloys (CdZnS)59 and anion alloys (CdSxSe1-x and PbSxSe1-x), both of which 

exhibit properties such as composition-tunable emission or adjustment of band edges to control 
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electron flow. The composition-property relationship is important in studying the bonding and 

band structure of alloyed materials. For example, a change in band gap with composition of 

semiconductors may be linear or bowed60—where there is a lattice mismatch—while examples 

of reported alloyed nanocrystals have follow band gap trends of bulk materials.61  

2.2 RESULTS AND DISCUSSION 

2.2.1 Properties of Bulk EuSxSe1-x Alloys 

Our interests in the europium chalcogenides and previous experiences in synthesizing the 

EuS NCs led us to further synthetic studies to prepare alloyed EuSxSe1-x NCs along with their 

solid-state bulk forms. By having the ability to control the alloyed compositions, we expected to 

see changes in the band gaps including changes in the magnetic ordering temperatures. The band 

gap for EuS is 1.64 eV and 1.78 eV for EuSe, so by preparing alloyed compositions of EuSxSe1-x 

band gap energies can be tuned to the range of 1.64-1.78 eV. Interestingly, there have been no 

reports of optical studies in these materials.  

 

Figure 2.1. Graph of measured EuSxSe1-x bulk bandgap versus percent selenium in alloys. [Image 

taken with permission]62 
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Dalafu demonstrated that the EuSxSe1-x bulk materials could be synthesized using solid-

state techniques in which stoichiometric amounts of elemental europium and selenium were 

mixed to give samples of full compositional range. By measuring the UV-Vis reflectance of the 

bulk materials, the band gap energies were estimated to change linearly with increasing selenium 

content in the alloys (Figure 2.1.). This linear trend suggests that a similar trend might be 

expected for the nanocrystals. 

We were also interested in studies to elucidate the complex magnetic phase diagram of 

EuSe as cell constants decrease with incorporation of EuS. Bulk alloys of EuSxSe1-x and 

EuSexTe1-x were prepared previously by early studies with evidence of a break in the magnetic 

properties at low sulfur content.63–65 The ordering of the alloyed EuSxSe1-x nanocrystals may also 

provide some fundamental insights in the magnetic interactions for end members with different 

ordering transitions: ferromagnetic for EuS at 16.9 K and metamagnetic for EuSe with a 

ferromagnetic transition at 8 K and antiferromagnetic transition at 5 K. Most predominantly, the 

distance between Eu ions is thought to determine whether a material exhibits ferro- or antiferro-

magnetism. Thus, our ability to increase anion size or incrementally increase Se content in the 

alloys may provide control over the magnetic behavior but also reveal the extent of the 

dependency of magnetism on Eu ion distance. It is suggested that the exchange integrals are 

determined cation-anion distances66 as well as the band gap67 through exchange interactions. 

Pressure studies of both EuS and EuSe suggest that the bandgap has a strong effect on these 

terms more than the distance of the magnetic ions.68  

 



17 

 

 

Figure 2.2 Graph of measured EuSxSe1-x bulk theta versus percent selenium in alloy of bulk and 

nanocrystals. [Image taken with permission]62 

In the bulk materials that were prepared by solid-state methods, a linear decrease in the 

ferromagnetic coupled as measured by θ with increasing selenium content was observed. The 

samples were measured at 1000 Oe, where θ was measured from 16 to 8 K in the alloy 

compositions of x = 1-0.1. Our measurements corroborate what was previously measured at 80 

Oe, where a linear decrease was also measured but with complicated transitions at x <0.1.69 

2.2.2 Preparing Alloyed Nanocrystals 

To understand how nanocrystals with alloyed compositions are prepared, some basic 

understanding and principles demonstrated in the syntheses of other nanocrystals were reviewed. 

Beginning with the chalcogenide precursors, it has been shown that bond strengths of R-X (R = 

C or P, X = S, Se, Te) play a role in the precursor conversion rates (reactivity rates) and correlate 

with the type of alloyed compositions and morphologies that form. Chalcogen precursors with 

similar reactivities offered stoichiometric control in anion composition as demonstrated in lead 

chalcogenide alloyed nanocrystals.70 Synthetic control over the nanoshapes of CdX could be 
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attributed to alkyl groups of the dichalcogenide precursors, where an increase in dissociation 

energy of the C-X bond decreased reactivity rates and led to slower nucleation and anisotropic 

growth.71 For materials that exhibit accessible compositional polytypes such as the FexSy system, 

greater synthetic control was demonstrated by employing various organosulfurs, where weaker 

C-S bonds led to the sulfur-rich phase and vice-versa.72 The effects of bond strengths on the 

reactivity due to alkyl groups are highlighted by Owen in studying various thiourea73 and 

selenourea74 chalcogen sources. For precursors containing the phosphine-chalcogen (P-X) bonds, 

the conversion kinetics of secondary phosphines are known to be faster than the tertiary 

phosphines.75 Furthermore, the general reactivity trend for reactivities of the P-X precursors have 

been established as S < Se < Te76 and follows the trend in soft acidic metals preferentially 

binding with soft basic chalcogenides. In addition, the intrinsic higher reactivities of the softer 

chalcogens often lead to an inherent mismatch when synthesizing anionic alloys. Bailey formed 

Te-rich CdSexTe2-x and argued that crystallization of CdTe occurs faster in solution, followed by 

CdSe to form a shell that ultimately homogenizes over time.61 When the reaction is stopped 

before a homogenous particle is stabilized, the gradient or core-shell may be obtained as 

products; the order of injection can also give rise to the inverted core-shell to avoid competing 

reactivities. For stabilizing homogenous materials, it has been shown that increasing the cation to 

anion ratio ensures all chalcogenides in solution react; however, this also encourages growth of 

larger particles over time. Thus, having control over the reactivities of the chalcogenide sources 

is closely related to size-control. Despite this, the competing reactivities of the chalcogen sources 

are quite useful for forming a variety of compositional structures. 
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To enhance the homogeneity of alloys and maintain size-control, employing chalcogen 

sources with closely matching reactivities is necessary. For example, Smith prepared alloys of 

PbX’yX’’1-y quantum dots by combining various reactive chalcogen sources and ranked their 

reactivities: trimethylsilyl (TMS2-X) >> tributylphosphine (TBP-X) > trioctylphosphine (TOP-

X).70 These relative reactivity trends were produced by quantifying the percent of chalcogenide 

present in the reaction solution and the product. Ultimately, the TMS2-X precursor proved to be 

highly reactive such that the less soft chalcogens are incorporated simultaneously. Similarly, 

Vela studied a variety of phosphine-chalcogenide sources in the synthesis of CdSySe1-y alloys and 

concluded that the selenium source remained the most reactive.77 

2.2.3 Synthesis of EuSxSe1-x Nanocrystals 

Many of the key lessons in the syntheses of the Pb and Cd alloyed systems can be 

translated for the preparation of EuX’yX’’1-y NCs. The synthesis of the EuSxSe1-x NCs required 

the use of the EuS SSP, EuS2CNEt2phen, and a selenium precursor, diethylammonium 

diselenophosphinate ([Et2NH2][Se2PPh2])as demonstrated by Rosa.78 Because of the high 

reactivity of the selenium precursor only very small stoichiometric amounts were used in the 

synthesis. In the EuSxSe1-x, this is graphically visualized by the linear relationship of percent 

selenium in the reaction versus percent selenium in the product (Figure 2.3, left). We report the 

range of EuSxSe1-x nanocrystal compositions and achieved a linear relationship by graphing the 

percent Se in solution versus the percent Se found in the nanocrystals. Note however that the 

minimal use of selenium precursor of about less than 13% to achieve an alloyed sample with 

~80% selenium. 
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Figure 2.3. Graphs of percent selenium in reaction versus product (left) and Vegard's Law (right). 

The percent selenium in a sample was calculated from the simple relationship of 

Vegard’s Law which states that a change in the cell constant of a solid solution sample is directly 

proportional to the change in the composition of that sample (Figure 2.3, right). The NaCl 

structure type of EuS and EuSe crystals indicate a single unit cell (a) at 5.969 and 6.200 Å, 

respectively, and follows the trend of an increase in cell constant with an increase in chalcogen 

atomic radii. Despite the small difference in the unit cells, the cell constants for a set of samples 

can be calculated with Rietveld refinement of the X-ray powder patterns on the General Structure 

Analysis System II (GSAS-II) software.79  

2.2.4 Nanocrystal Characterization 

To determine the average dimensions of the alloyed nanocrystals, I employed both 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)  

techniques. Most EuSxSe1-x nanocrystals imaged initially by TEM show highly aggregated 

materials that made size distribution analysis difficult. In Figure 2.4 (top), the TEM image shows 

agglomerated cubic nanocrystals with few observable particle edge lengths, whereas 
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Figure 2.4. Electron micrograph of EuSxSe1-x alloyed nanocrystals. 

edge lengths can be observed and measured in the SEM images (Figure 2.4, bottom). The 

resulting combined sets of SEM and TEM imaging resulted in particle size measurements with 

histograms revealing size distributions close to 100 nm for six compositions as summarized in 

Table 2.1. The histogram suggests there is greater polydispersity given large standard deviations 

from the mean, and in the case of EuS0.52Se0.48 and EuS0.36Se0.64, a bimodal curve is observed 

(see Figure 2.5). Based on these analyses, we recognized the need for better understanding of  

Table 2.1. Average particle size of EuSxSe1-x nanocrystals. 
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Figure 2.5. Particle size histograms of EuSxSe1-x alloyed nanocrystals. [Images taken with 

permission]62 

the crystal growth process and the use of balanced precursors to synthesize smaller, 

monodispersed nanocrystals.  

2.2.5 Identifying Selenium Impurities 

Questions about the true composition and purity of these alloyed NC samples arose due 

to excess selenium identified by ICP-MS where, in some cases, almost twice the amount when 

compared to measurements by EDS and powder XRD refinement analyses (see Table 2.2). In 

addition, the prepared nanocrystal samples exhibited larger band gap energies (1.74-1.94 eV) 

that did not correlate with composition.  The reported bulk Eg are within 1.64 eV (EuS) and 1.78 

eV (EuSe). When assessing potential presence of amorphous impurity phases not seen by powder 

XRD, such impurities were initially identified as Eu2O2S and Eu2O2Se, which are reported to 

have wide bandgaps >3.5 eV80 and > 4.4 eV81, respectively, giving rise to larger measured Eg. 
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Table 2.2. Selenium composition and band gap energies of EuSxSe1-x alloyed nanocrystals. 

 

In our effort to determine the size distribution of the nanocrystals, imaging by TEM 

revealed that nanowires were mixed with the samples, especially in NR550. With evidence of 

high selenium content by ICP studies, these nanowires are likely to be selenium. Further analysis 

by Raman, requiring reduction of laser power to prevent sample decomposition, further reveal 

two low Raman shift peaks at 140 and 240 cm-1, which can be assigned to trigonal selenium with 

similar shifts measured from reagent-grade selenium. As a result, the measured large band gap 

energies are likely due the presence of selenium agglomerated with nanocrystals. Efforts to 

remove excess selenium were also attempted by using trioctylphosphine (TOP) as a solvent to 

dissolve the selenium nanowires but were not successful. 

2.2.6 Investigating Nanocrystal Alloying 

Given the high degree of polydispersity and non-uniformity of large cubic crystals due to 
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Figure 2.6. Electron micrograph of EuSe nanocrystals mixed with selenium nanowires (left) and 

Raman of EuSxSe1-x samples compared to selenium (right). 

oriented attachment crystal growth, temporal studies were also pursued to understand the 

mechanism of alloying as well as seeking out alternative precursors to balance the reactivities of 

chalcogenide precursors. In studying and replicating the synthesis of EuSxSe1-x solid solution 

nanocrystals, selenium-rich alloyed nanocrystals or phase separated mixtures of the EuS and 

EuSe nanocrystals were observed in reproduced experiments. Given the differences in molecular 

structure of the diselenophosphinate and dithiocarbamate precursors such as the C-E or P-E 

bonds, these results were not surprising. The less reactive TOP-S and TOP-Se compounds were 

also investigated as chalcogenide sources yet, only minor amounts of EuS and EuSe nanocrystals 

were formed. 

The primary challenge in these alloyed systems was controlling the reactive selenium 

precursor in the reaction. One of the simplest techniques is to vary times of the reaction to reach 

a necessary ‘alloying point’ where the EuS and EuSe phases have formed a homogenous solid 

solution. Based on reports by Regulacio, the alloying point for nanocrystals is usually a function 
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of temperature.59 In this case, I studied  the effects of time on two methods: the heat-up method 

(Method A) in which the europium dithiocarbamate SSP, diselenophosphinate salts 

([Et2NH2][Se2PPh2]), and the addition of europium oleate were heated together and thermolyzed 

to form nanocrystals; and hot-injection (Method B) methods that had been employed by Rosa in 

his experiments to produce alloyed EuSxSe1-x nanocrystals, where the europium dithiocarbamate 

and salts of diselenophosphinate were mixed in  oleylamine (OLA) to form a slurry and injected 

into a hot solution of OLA. While Method B was successful in forming homogenous alloyed 

nanocrystals, Method A was pursued in parallel to compare how oleate might affect which phase 

grew first. Based on previous experiments, the thermolysis of europium oleate and the 

diselenophosphinate salts led to EuSe NCs after a 1-hour reaction. The presence of this 

additional metal source may lead to slower stabilization of EuSe NCs in solution which may 

slow the subsequent alloying with EuS NCs formed from the SSP. Moreover, the oleate is a 

known strong capping ligand that arrests the growth of nanocrystals, which may result in further 

slowing the alloying of the endmembers. 

In the two methods used, the reaction time was varied for a total of four experiments for 

each. In Method A, 30-, 60-, 120-, and 150-minute-long reactions were done. In Method B, 15-, 

30-, 45-, and 60-minute-long reactions were prepared. Longer reaction times were applied in 

Method A, given the longer time it takes to heat the solution to 330 °C, while Method B was 

timed from the moment of precursor injection into the pre-heated capping ligand solution. A 

EuS0.5Se0.5 composition of the alloys was targeted based on Rosa’s optimized reaction 
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stoichiometry (see Figure 2.3). In both studies, tracking which crystal phases appear first may 

indicate the mechanism of alloying. For example, are EuSe NCs formed first followed by EuS  

 

Figure 2.7. X-ray powder diffraction of temporal studies using the heat-up method (Method A). 

Blue (DA036, 30 min.), green (DA038, 60 min.), red (DA041, 90 min.), and teal (DA043, 120 min.) 

 

Figure 2.8. X-ray powder diffraction of temporal studies using the hot-injection method (Method 

B). Blue (DA047, 15 min.), green (DA048, 30 min.), red (DA052, 45 min.), teal (DA053, 60 min.) 
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Figure 2.9. Vegard's Law for alloyed samples prepared in temporal studies. 

NCs prior to alloying or vice versa? The NCs prepared here were analyzed using powder XRD 

techniques to identify phases, specifically based on the appearance of the (200) peak at 28° 2-

theta, and GSAS refinement to determine their compositions by changes in the cell constants. 

EDS analysis was also done to confirm the changes in compositions of the nanocrystals.  

The change in crystalline phases over time was tracked via powder XRD. In Method A, 

the intense EuS peak appears since it is nucleated first while EuSe peak converges to a peak 

associated with alloying of a sulfur-rich material (Figure 2.7). The phase separation is apparent at 

30 minutes with alloying at 60 and 90 minutes. This is consistent with my observations of 

isolated alloyed nanocrystals obtained after 60 minutes of reaction. At 120 minutes, phase 

separation is once again apparent. Because the sample that was reacted for 60 minutes gave 

crystalline patterns with peaks that appeared to be an alloy of EuS and EuSe, only this 

composition was analyzed by GSAS and its cell constants refined. The cell constant (5.995 Å) 

was correlated to an 11% selenium alloy content that gives EuS0.89Se0.11 composition (see Figure 
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2.9), suggesting that the oleate did slow the alloying and gave a sulfur-rich composition. After 1 

hour, a loss of crystallinity is observed as peak intensity decreases along with peak broadening. 

The peak broadening can potentially be the result of smaller nanoparticles and may infer 

digestive ripening occurring at longer reactions. Based on this set of experiments, alloying using 

the heat-up method with  europium oleate reduced the stabilization of excess EuSe NCs and 

resulted in a sulfur-rich alloy. 

The temporal studies of Method B reveal the opposite of Method A in that the EuS phase 

grows into the EuSe phase (Figure 2.8). Generally, a ~1:1 chalcogenide alloy is achieved from 

15-45 minutes with growth of a more sulfur-rich alloy at 60 minutes. This does not correlate-well 

with our established method in which 60 minutes of reaction is required. When comparing the 

powder patterns obtained for all four reactions, the 30-minute reaction gave high intensity peaks 

with peaks that best resembled alloying. When the cell constant was calculated by GSAS 

refinement (6.037Å), it was found that this correlated to a sample with 30 % selenium or an alloy 

composition of EuS0.70Se0.30 (see Figure 2.9). Again, this composition is lower than the targeted 

50% S:Se alloy; however, because this was reacted for less than the 1-hour required, it follows 

that more time is required for EuS NCs to form and alloy with the excess EuSe NCs already 

formed. Unlike in Method A, the EuSe NCs are first formed here, which suggests that in the hot-

injection method, the europium from the europium dithiocarbamate preferentially reacts with the 

diselenophosphinate to form EuSe NCs first. Lastly, as shown in this set of experiments, the 

reproducibility of preparing alloyed nanocrystal systems is challenging and require synthetic 

designs to control the reactivities of the precursors. 
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Figure 2.10. Compositional structures of EuS-EuSe nanocrystals. 

The synthetic design of Method A largely reflects the procedure for formation of a core-

shell nanoparticle where the EuS core is first synthesized then layered with a EuSe shell (see 

Figure 2.10). It is possible that by extending the reaction time, the annealing process would lead 

to the formation of a gradient and, later, a homogenous alloy. This design allows for enough EuS 

nanoparticles to first form before the more reactive diselenophosphinate is introduced into the 

reaction mixture. Other potential compositional structures that may result from this method 

includes a higher chance of obtaining only the core-shell structure and/or complete separation of 

the EuS and EuSe phases. In Method B, the opposite may be occurring as the powder pattern 

shows that EuSe phases appear first following by the growth of a sulfur-rich alloy after 1-hour. 

Whether methods A or B are used, the underlying problem with these reactions is that the 

dithiocarbamate and diselenocarbamate precursors are not well-matched in their reactivity with 

europium. This results in difficulty of stabilizing homogenous alloys while smaller, sub-100-nm 

crystals are difficult to form due to the 1-hour reaction time required for homogenous alloying of 

EuS and EuSe phases. 
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2.3 CONCLUSIONS 

Our group’s ability to prepare alloyed EuSxSe1-x nanocrystals is impressive given the 

difficulty of balancing the reactive selenium precursor with our well-studied europium 

dithiocarbamate SSP. The analysis discussed here demonstrate not only our ability to apply 

advanced insturmental techniques to investigate nanocrystal samples and asses their purity but 

also to design experiments to understand the crystal growth and alloying mechanism. Due to the 

unbalanced precursor reactivities of the dithiocarbamate and the diselenophosphinate, two 

methods were attempted in order to control the alloying point and follow the growth of phases. 

In Method A, the use of the heat-up with a strong capping ligand and europium source (europium 

oleate) gave an alloying mechanism in which the EuS phase grows first followed by alloying 

with the EuSe phase after 1 hour of reaction. In Method B, reproducibility of the syntheses was 

challenging as the samples were generally phase separated based on powder XRD. However, the 

sample that was reacted for 30 minutes gave an alloyed material that was selenium-rich as 

expected when applying the hot-inejction method. This demonstrates the difficulty in employing 

precursors with unbalanced reactivities. Moreover the presence of selenium impurities points to a 

need for a single-source precursor for the synthesis of EuSe NCs as we believe that thermolysis 

of SSPs lead to stabilization of purer nanocrystals.  

2.4 EXPERIMENTAL 

Chemicals. Sodium oleate (>99%), diethylamine (>99.5%), diphenylphosphine (98%), 

diethylammonium di-ethyl, dithiocarbamate (97 %), 2,2’-bipyridine (99 %), oleylamine (OLA, 

70%, technical grade), hexadecylamine (HDA, 90%), 1-octadecene (ODE, 90%), anhydrous 
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acetonitrile (>99%), absolute ethanol (>99.7%), anhydrous hexanes (>99.5%), were purchased 

from Sigma-Aldrich. Europium(III) nitrate hexahydrate (99.9) was purchased from STREM. All 

reagents were used as received unless indicated. 

Eu(S2CNEt2)3phen (1a) and (1b) Eu(S2CNEt2)3bpy. Diethyldithiocarbamate (S2CNEt2) (4.29 g, 

19.3 mmol) and 1,10-phenanthroline (phen) (1.16g, 6.40 mmol) or 2,2’-bipyridine (1.01g, 6.40 

mmol) were dissolved in 30 mL of acetonitrile and 5 mL of methanol. Europium(III) nitrate 

hexahydrate (2.87g, 6.4 mmol) was dissolved in 20 mL of acetonitrile and added to the solution 

dropwise. The solution was stirred for 1 hour and light orange or reddish-orange solids 

precipitated. The precipitates were washed with cold ethanol, gravity-filtered, and air-dried.  

Eu(Oleate)3nH2O (2) Europium(III) nitrate hexahydrate (4.47g, 10.0 mmol) and sodium oleate 

(9.13 g, 30.0 mmol) were dissolved in 20 mL ethanol, 15 mL deionized water, and 7 mL hexanes. 

The solution was stirred and refluxed at 60ºC for 4 hours until a yellowish-white solution ensued. 

The solution was washed three times with deionized water and the organic layer isolated to give a 

yellow paste. The paste was dried under vacuum at 120ºC to give a translucent, sticky amber-

colored product. 

([Et2NH2][Se2PPh2]) (3) Selenium (3.60 g, 46.0 mmol) and diphenylphosphine (4.0 mL, 23 mmol) 

were mixed with 4 mL anhydrous ethanol in an air-free environment. The solution was placed 

under N2 then stirred and heated to 60ºC. Diethylamine (2.39 mL, 23.0 mmol) was added and 

allowed to react for 1 hour until white solids precipitated. The product was washed with cold 

ethanol and vacuum filtered to dry then stored in a freezer. 
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General Europium chalcogenide (EuQ, Q = S, Se) nanocrystal synthesis. Heat-up method. 

Hexadecylamine (HDA) (2.50 g, 10.4 mmol) and an SSP (1a or 1b) (0.251 mmol) or separate 

europium (2 or Europium(III) acetate hexahydrate) (0.251 mmol) and chalcogen precursors (3) 

(0.206 mmol) were placed in a 3-neck round-bottom flask. A thermocouple sleeve, a condenser, 

and a stopper were placed over the flask to create an air-tight seal. The apparatus is connected to 

a Schlenk line and placed over a heating mantle with temperature control. The reaction vessel is 

degassed via vacuum at 120ºC for 30 minutes to 1 hour then backfilled with nitrogen and heated 

to 265-330ºC. The solution is stirred at this temperature for 1 hour and colored product precipitates. 

The apparatus is cooled to 70ºC. 5 mL of hexanes is added to the solution to dissolve HDA and 

redisperse the precipitates. The solution is transferred to a centrifuge tube and 35 mL ethanol 

added. The tube is centrifugated for 10 minutes at 4500 rpm and decanted. The washing and 

separation process is repeated three times. The pellet obtained from centrifugation is air- or 

vacuum-dried. Hot-injection method. HDA is placed in a 3-neck round-bottom flask, degassed, 

then heated to 265-330ºC. In a glove box, an SSP or separate europium and chalcogen precursors 

are mixed with 3 mL oleylamine (OLA) to form a slurry or solution. This slurry is loaded into a 

syringe then pumped out of the glove box and immediately injected into the hot solution of HDA. 

The solution is stirred for 1 hour at this temperature and colored product precipitates. The product 

is isolated as previously described. EuS is a dark purple to purple colored powder and EuSe is a 

brick-red colored powder. 

Alloyed EuS1-xSe1 nanoparticles Method A: Annealing An SSP (1a or 1b) (0.251 mmol), HDA 

(2.5 g, 10.5 mmol), and 1-octadecene (ODE) (5 mL, 15.6 mmol) were placed into a 3-neck round-
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bottom flask then sealed and connected to a Schlenk line as described above. The apparatus is 

degassed at 120ºC for 30 minutes to 1 hour then backfilled with nitrogen and temperature set to 

265ºC. A 1 to 2 hour(s) of reaction gave purple EuS nanoparticles. Temperature was increased to 

330ºC. A slurry of 2 (250 mg, 0.251 mmol) and 3 (32 mg, .077 mmol) in 3 mL OLA is prepared 

inside a glove box, loaded into a syringe, then pumped out and immediately injected into the hot 

solution and allowed to react for an additional 30, 60, 90 or 120 minutes for EuSe to form and 

anneal to EuS. The nanoparticles are isolated via standard work-up procedures. A mixed of the 

purple and brick-red colors of EuS and EuSe gave a reddish-purple colored powder of EuS1-xSe1. 

Method B: Hot-injection mixture HDA (2.5 g, 10.5mmol) and 1-octadecene (ODE) (5mL, 15.6 

mmol) were placed into a 3-neck round-bottom flask, sealed, connected to a Schlenk line and the 

apparatus is degassed for 30 minutes to 1 hour. The apparatus is backfilled with nitrogen and the 

temperature was increased to 330ºC. A mixture of 1a or 1b (0.320 mmol) and 3 (34 mg, 0.079 

mmol) in 3 mL were prepared inside a glovebox and loaded into a syringe. The syringe is pumped 

out and immediately injected into the hot solution of capping ligand and solvent then allowed to 

react for 15, 30, 45 or 60 minutes. Reddish-purple powders are obtained. 

Characterization. Powder X-ray diffraction (PXRD) patterns were collected on a Rigaku 

Ultima IV diffractometer equipped with a high-speed DTEX Silicon-strip detector using Cu K 

radiation at a scan speed of 1o/min, at 40 kV/44 mA. Cell constants were calculated from 

Rietveld refinements with GSAS-II.  Samples were prepared for Transition Electron Microscopy 

(TEM) by drop-casting nanoparticle samples dispersed in hexanes onto amorphous carbon-

coated Cu grids.  High-resolution TEM (HR-TEM) and energy dispersive X-ray spectroscopy 
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(EDS) analyses were performed on a JEOL JEM-2100F FEG TEM operated at 200 kV at the 

Advanced Imaging and Microscopy Lab in University of Maryland.  Scanning electron 

microscopy (SEM) images were taken with a Zeiss SUPRA 55-VP scanning electron 

microscope, at an acceleration voltage of 20 kV with an in-lens detector. Raman spectroscopy 

was performed with a Horiba Raman microscope equipped with a 532 nm laser and a 1800 

line/mm grating and calibrated against a diamond standard. Fourier transform-infrared (FT-IR) 

spectroscopy was performed on a Perkin Elmer spectrometer with a universal attenuated total 

reflectance (UATR) attachment.   
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CHAPTER 3: SYNTHESIS AND SIZE-CONTROL OF EUROPIUM SELENIDE 

NANOCRYSTALS 

3.1 INTRODUCTION 

As discussed in Chapter 1, quantum confinement effects can be observed for nanocrystals 

that reach dimensions near their Bohr radius. Alivisatos also describes changes in the band gap 

of nanocrystalline materials as a function of decreasing density of states.31 For EuSe, the known 

band gap for a bulk material is 1.78 eV while evidence of band gap size dependency have been 

reported to be between 1.8-2 eV for examples of EuSe nanocrystals synthesized by using 

separate precursors.56 There are many reports on the synthesis of EuS NCs from a single-source 

precursor41–43,82–85 including early studies done our group17,40,86–88; however, until recent 

evidence89 and work in our group in which we developed a series of Ln-Se SSPs90, no SSPs had 

been reported for EuSe NCs. As will be shown, the early attempts to stabilize pure EuSe NCs 

including controlling its size and shape were being hindered by stabilization of impurities, owing 

to the use of separate precursors. 

3.1.1 Reported Syntheses of EuSe Nanocrystals  

Hasegawa et al. first employed the tetraphenylphosphonium diphenyldiselenophosphinate 

salt, [PPh4][Se2PPh2], as a selenium source in the first reported synthesis of polyhedral 19 nm 

EuSe NCs.54 A key step involved dissolving the salt and Eu(NO3)3 in acetonitrile then 

concentrating it prior to thermolysis in a solution of hexadecylamine (HDA) as capping ligand. 

The precursor salts are introduced separately, and upon decomposition, the two species follow an 

electron transfer pathway, similar to that suggested for the Eu(S2CNEt2)3phen SSPs,40 wherein 
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the [Se2P(C6H5)2]
- ligand reduces the trivalent europium, generating a Se2- ion that subsequently 

binds to a divalent europium ion. It was also discovered that the tetraphenylphosphonium cations 

would bind to the anionic sites of the crystal lattice to reduce growth of the nanocrystals, but also 

led to defect Eu1-xSe structures. In addition, it is suggested that EuSe2 and selenium impurities 

may be present at the surfaces of the EuSe NCs. Thus, Hasegawa et al. employed the potassium 

salt of the diphenyldiselenophosphinate, [K][Se2PPh2], and produced cubic 23 nm crystals.56 

Similar to the previous experiments, the nanocrystals were quantified to be Eu1-xSe structures 

with similar impurities at their surfaces.  

In an attempt to control the size of the EuSe NCs, Hasegawa et al. used oleic acid (OA) 

and OLA as capping ligands, but instead stabilized >200 nm star pod-shaped NCs.56 While it is 

possible that these large crystals were formed from oriented attachment of multiple cubes, the 

carboxyl group of the OA was expected to act as a capping ligand to arrest the growth of the 

crystals that should lead to smaller crystals. Interestingly, Hasegawa describes the role of both 

OA and OLA as stabilizers of an activated precursor complex {Eu(Se2PPh2)} leading to the 

growth of larger crystals. Attempts to stabilize this complex resulted in the compound 

decomposing in air to europium ions and selenium powder.  

The reduction of trivalent europium for preparing EuS and EuSe NCs have been 

attributed to the dithiocarbamate and diselenophosphinate redox chemistry; however, amines 

have been demonstrated as sufficient reducing agents.91 Wang et al. explored the synthesis of 

EuSe NCs92 by relying on OLA to reduce trivalent europium in situ and reacting with it with 

dissolved Se in octadecylamine (ODE) and OA. When the syntheses were replicated in our 
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group, it was discovered that only selenium and selenium oxide materials were stabilized (SeO2).  

Thus, we maintained that the reduction chemistry in the stabilization of EuQ NCs is highly 

dependent on the electron transfer from ligand to metal and not on the presence of amines in 

solution. 

The synthesis of EuSe NCs from a combination of Se dissolved in TOP to form a TOP-Se 

precursor and europium oleate, was also reported but brings questions as to the composition of 

the NCs.93 These reactions were catalyzed by the addition of 1-dodecanethiol (DDT) to stabilize 

cubic EuSe NCs. The DDT catalyst gave access to a size range of 8-70 nm and decreased the 

nucleation temperatures from 345-272ºC. It is clear that the role of the DDT is related to the 

nucleation event but is also a known sulfur source in the stabilization of metal sulfides.85 It is, 

thus, likely that the samples prepared may have been alloyed EuSxSe1-x or core-shelled 

EuS@EuSE NCs.  

In comparing the methods reported to synthesize the EuSe NCs, Hasegawa’s use of the 

diphenyldiselenophosphinate salts were superior in that the compositions were confirmed to be 

EuSe but that no size control was demonstrated. It was also suggested that defects in the 

structures may be occurring because of the cations in solution. We investigated Hasegawa’s 

methods to synthesize EuSe nanocrystals by using separate precursors but also observed the 

growth of impurities as described in the next section. 

3.1.2 Synthesizing EuSe Nanocrystals with Separate Precursors 

The method Rosa developed in our laboratory to prepare EuSe NCs employed the 

diethylammonium diphenyldiselenophosphinate salt, [Et2NH2][Ph2PSe2], which can be prepared 
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under mild conditions53,94,95 and the europium carboxylates, oleate and acetate (Eu(OAc)3). We 

chose the salts of carboxylates as europium precursors given the capping ability of the 

carboxylate group shown to affect size and shape of the nanoparticles.96 Surface capping is 

known to affect morphology97 and the use of oleates and acetates as capping ligands were 

demonstrated in the growth of CdSe and PbSe QDs.96,98 Generally, the longer the alkyl chain, the 

smaller the size of the nanoparticle; this could be understood as an effective crystal growth arrest 

by inhibiting coalescence and crystal growth due to the long organic chains acting as barriers. 

We prepared Eu(oleate)3•nH2O as a direct precursor99 (an FT-IR of this material indicates the 

presence of water) rather than as oleic acid. This precursor was chosen as concern that the in-situ 

reduction of oleic acid to oleate might interfere in the reduction of Eu3+. OA may also react with 

amines of OLA and HDA by transferring a proton and affecting the capping ability of the amines 

at the surface of the crystal.100  

With preliminary results of size and morphology control by Rosa, I attempted to replicate 

the syntheses and expected to stabilize larger EuSe nanoparticles with the use of the europium 

acetates and smaller crystals with europium oleates.  

3.2 RESULTS AND DISCUSSION 

3.2.1 Synthesis of Spherical and Octahedral EuSe Nanocrystals 

Evidence of morphology control was first observed when reacting diselenophosphinates 

with europium oleate to prepare 20 nm oval particles (DA096) (Figure 3.1, c) and with europium 

acetate to prepare ~200 nm octahedrons (DA095) (see Figure 3.1, b and d). These observations 

suggested particle morphology and size were correlated with the chain lengths  
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Figure 3.1. Electron micrographs of EuSe. Nanocrystals prepared with single-source precursors (a), 

europium acetate and diselenophosphinates (b), europium oleate and diselenophosphinates (c), and 

nanocrystals prepared with europium acetate and diselenophosphinates (d). 

of the carboxylate ligands in solution. While these reactions also take place in the presence of 

excess OLA, which also acts as a capping ligand, evidence of surface capping was partly 

confirmed by FT-IR. When measuring the FT-IR of the octahedrons, large intensities of COO- 

modes were observed while both COO- and C-N modes were observed for the spherical particles. 

Generally, this suggest that the octahedrons are largely capped by acetates whereas the smaller 

spherical particles were capped by both oleates and OLA.  
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Figure 3.2 Fourier-transform infrared spectrographs of EuSe nanocrystals capped by carboxylate 

(top) or oleylamine (bottom). 

Unfortunately, evidence of Eu-carboxylates impurities was observed when using Eu-

acetates as precursors in other synthetic studies attempted. When reacting Eu(OAc)3 with sulfur 

precursors such as dithiourea in OLA, observations of a turbid, white solution appearing before 

the stabilization of the purple color associated with growth of EuS nanocrystals were made. 

When analyzing the powder XRD of the samples, peaks for crystalline EuO2CO3 and EuO(CO3)2 

were apparent. Interestingly, when switching from OLA to HDA as capping ligands, a decrease 

in the oxycarbonate impurity was observed (Figure 3.3). It is likely that the OLA used contained 

some water or other impurities—available commercially sourced OLA are labeled to be only 

70% pure—while the solid HDA was effectively dried under vacuum to reduce the formation of 

the oxycarbonate impurities. 
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Figure 3.3. X-ray powder diffraction graphs showing formation of crystalline europium-

oxycarbonates. 

Due to the observations of impurities forming from the use of Eu(OAc)3, the FT-IR study 

attempting to identify acetate and oleate capping ligands may not be appropriate. Further 

examination could be pursued; however, unavoidable formation of excess impurities impeded 

attempts to synthesize pure EuSe NC samples. Impurities also included amorphous selenium as 

can be seen in the TEM images but described as a common impurity in these methods by 

Hasegawa.56  

The complications described in these attempts to synthesize EuSe NCs led us to seek 

potential synthetic pathways to stabilize a single-source precursor. As described in Chapter 1, the 

synthesis of a europium diselenocarbamate SSP was not ideal due to the use of the toxic CSe2 

reagent. Previous attempts were also made in which an europium diselenophosphinate complex 
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could be stabilized by adding phenanthroline (phen) or bipyridine (bpy) as stabilizing adducts 

(Scheme 3.1, top). These experiments did not yield stable complexes, leading to my search for 

alternative methods.  

 

Scheme 3.1. Synthetic pathways to stabilize europium-diselenophosphinate complexes. 

3.2.2 A New Single-Source Precursor for EuSe Nanocrystals 

Fortunately, I discovered that in the journal of Russian Nanotechnologies, efforts in the 

synthesis of EuS and EuSe NCs were being investigated using new single-source precursors. 

Here, Bochkarev and colleagues described the stabilization of divalent and trivalent europium 

complexes by reacting the potassium salt of dithiophosphinates and diselenophosphinates with 

EuI2 and EuCl3, respectively (Scheme 3.1, bottom).89 Using THF or DME as solvents, 

Eu(QPPh2)3THF and Eu(Q2PPh2)2DME2 (Q = S or Se) were prepared and thermolyzed to give 

large EuS (40-70 nm) and EuSe 400 nm) nanocrystals as measured by dynamic light scattering 

(DLS).  As a result of these preliminary experiments, our group further expanded on this work 

and developed a family of SSPs, Ln(III)( Se2P(C6H5)3MeCNx SSPs (x = 2 for La-Ho and x =1 

for Er-Lu).90  
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To prepare these new Ln-Se SSPs, a salt of trivalent Eu-triflate was mixed with 

diethylammonium diselenophosphinates dissolved in acetonitrile under air-free atmosphere. The 

solution was stirred for about 30 minutes, washed, and filtered with acetonitrile to give 

crystalline powders. We also reported the crystal structure for Eu(Se2PPh)3MeCN2 (Figure 3.4) 

as well as other analogs, and found that the complexes are stable under inert environments but 

decomposes in air over time. Thus, for nanocrystal syntheses, the precursor mixtures must be 

prepared in the glovebox prior to hot-injection or heat-up under nitrogen in Schlenk line 

conditions. Investigations of the solution thermolysis of these complexes led to the preparation of 

LnSe2 sheets for the early lanthanides, Ln2Se3 for Er-Lu, and EuSe for the europium analog.90 

Our preliminary experiments resulted in the stabilization of large cubic EuSe nanocrystals 

(Figure 3.1, a). 

 

Figure 3.4. Structure of the europium-diselenophosphinate single-source precursor. 

When preparing EuSe NCs from the SSP in which it is hot-injected into a solution of 

OLA at 330°C and reacted for 1-hour, large >100 nm cubes were observed. These crystals were 

similar in size as those prepared from using Eu-acetates and a salt of diselenophosphinates as can 

be compared in Figure 3. Some impurities could also be seen by TEM which may be amorphous 



44 

 

as the powder XRD do not show crystalline impurities such as selenium or oxycarbonates. 

However, by repeating the wash of these nanocrystals, the presence of the impurities could be 

removed, suggesting that they are not agglomerating with the EuSe NCs, unlike for the samples 

seen in the preparation of EuSxSe1-x alloyed NCs. Thus, we believe that the SSP is more effective 

in synthesizing purer crystals than in employing separate europium and selenium precursors. The 

next challenge I undertook was to tune the reaction to control crystal size and determine size-

dependent changes to its properties. 

3.2.3 Tuning the Reactions with EuSe SSPs 

Beginning with routine SSP decomposition in OLA, the first set of experiments I 

attempted to control size focused on mixing capping ligands, which successfully led to accessing 

nanocrystals of 3-5 nm. Testing additional parameters such as heat-up versus hot-injection 

methods, reaction time, and temperature were also done concurrently to better understand the 

important parameters necessary in controlling size. Lastly, the introduction of aa strong capping 

ligand such as an oleate eventually led to size-control below 60 nm. Altogether, a set of samples 

with a size range of 3-100 nm was prepared, allowing us to pursue characterization by optical 

and magnetic studies. 

 Knowing the effects of capping ligands on size and shape of nanocrystals, we compared 

the effects of precursor decomposition in OLA and HDA, trioctylphosphine (TOP), and TOP-Se 

including the use of non-coordinating solvent such as octadecene to dilute the capping ligand 

concentration in solution. From these sets of studies, a few interesting observations were made. 
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Figure 3.5. Electron micrograph of EuSe nanocrystals with a size range of 3 to 60 nanometers 

prepared by varying capping ligands. 

The first is that the use of TOP led to the stabilization of sub-5-nm particles with spherical 

shapes (Figure 3.5, a) although with small yields compared to samples produced in OLA or 

HDA. These samples were also darker with brown colors compared to the expected dark red. 

These observations may be explained by the strong affinity of phosphines to bind to 

chalcogenides, which could be stunting the growth of large crystals. One possible pathway might 

involve the formation of TOP-Se in situ, thus reducing the concentration of Se in solution. An 

additional experiment in which prepared TOP-Se was used as a solvent did lead to product 

formation; however, the particles were less crystalline when observed by TEM. The second 

important observation involves mixing TOP with OLA or HDA to target particle size between 5 

and 100 nm. These attempts were not successful as very little product is formed, although 

imaging and powder XRD confirmed that sub 5-nm particles could be stabilized. Nucleation is 

likely prevented in these mixed solvent environments, although it is unclear how that may be 

occurring. It is, however, important to note that any presence of TOP always led to growth of 

sub-5 nm NCs no matter the concentrations of OLA or HDA in solution. Thirdly, some success 

in reducing sizes below 100 nm was observed with mixing OLA or HDA with ODE as 
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confirmed by powder XRD. Unfortunately, these particles were not well formed, having 

irregular shapes. This observation points to the importance of having neat capping ligands as 

solvents. Of these solvent studies, the use of TOP was largely the most successful as it allowed 

us to stabilize sub-5-nm particles. In addition, the use of OLA at reduced temperatures (from 

330° to 290° C) led to 56 nm particles (Figure 3.5, c). Reducing reaction time or varying 

concentrations of precursors were not useful parameters for controlling size. 

3.2.4 Oleate as a Capping Ligand 

Following the results of using different capping ligands to control size I introduced 

europium oleate into the solution, which gave very promising results for size and shape control 

and led to the stabilization of smaller nanocrystals. I performed a set of studies to determine the 

effects of oleate by investigating both the hot-injection and heat-up methods. The heat-up 

method yielded purer samples with well-shaped cubic particles. To prevent the growth of Eu-

oxycarbonate  

Table 3.1. EuSe samples with measured dimensions using oleate as capping ligand. 
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 Figure 3.6. Electron micrographs of EuSe nanocrystals with a size range of 31 to 71 nanometers 

prepared by using oleates through a hot-injection method. 

impurities, the OLA was distilled and stored inside the glovebox. As discussed later, the 

presence of water in the reaction catalyzes the formation of oxidized impurities and confirms our 

suspicion earlier that the OLA used was not pure. The europium oleate was also prepared 

carefully and fully dried under heat and vacuum before being stored into the glovebox. The 

measures taken to reduce any amounts of water in the reaction gave purer materials compared to 

when using separate precursors. 

In the hot-injection method, the europium oleate was dissolved in OLA and allowed to 

heat to 300°C. The SSP was dissolved in OLA inside the glovebox, loaded into a syringe, and 

immediately transferred and injected into the reaction vessel. This small amount of time to 

transfer the SSP solution could potentially lead to oxidation. The powder XRD of the particles 

formed showed that there was evidence of europium oxycarbonates and oxyselenides in very 

small amounts with Scherrer sizes calculated to be 78 to 40 nm with increasing europium oleate 

to SSP equivalences (1 to 5) in the reaction. TEM imaging also gave histogram particle sizes 

decreasing from 71 to 31 nm (Figure 3.6) as the equivalence of Eu(oleate)3 to the SSP increases 

from 1 to 5. These sizes are smaller than that calculated using the Scherrer size equation. Cubic 
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particles with average size of 31(6) nm were measured in sample DA238. In DA239, the 

particles are larger with broader distribution of 36 (7) nm. And as expected, the particles for 

DA240 are even larger with even broader distribution at 71(13) nm. The histograms confirm size 

control for these particles by controlling the stoichiometric ratios of Eu and Se ions in solution 

and/or the availability of oleate as a capping ligand. 

Unfortunately, there are irregularly shaped particles having smaller diameters mixed with 

the sample as can be seen in the HR-TEM images of all three samples. In DA238, fast Fourier 

Transform of the lattices of the cubic and elongated oval particle both gave d-spacings of 3.0 Å, 

close to the expected 3.1 Å for {200} of EuSe. Based on the powder pattern, this sample is 

largely crystalline EuSe, with at least two small peaks that can be referenced to europium 

oxycarbonate (Eu2O2CO3). Similarly. the cubic particles in DA239 also exhibit d-spacings of 2.8 

Å but there is also the appearance of crystalline wires with larger d-spacings of 5.8 Å. These 

wires are present in all three samples but increase with decreasing europium oleate  

 

Figure 3.7. EuSe nanocrystals with wire-like materials. 
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Figure 3.8. Raman spectrograph of EuSe nanocrystals showing no evidence of amorphous selenium. 

concentrations. It is difficult to determine what these impurities are by powder x-ray diffraction 

due to broadened impurity peaks; however, for DA239, there may be evidence of Eu2SeO5. The 

less-crystalline blobs of DA240 did not display imageable high-resolution lattices but contains 

the same wires and broadened impurity peaks on the powder XRD that are observed in DA239. 

Raman spectroscopy was instead employed to determine presence of Se wires. Measurements 

ranging from 0-500 cm-1 show peaks and features that are the same for all three samples, but no 

characteristic selenium peaks around 240 cm-1 (and 140 cm-1) is observed (see next page). 

Instead, the peak at ~220 cm-1 dominates the spectra and is regularly observed in pure EuSe 

samples previously observed, although it is not yet assigned. Phonon modes do appear around 

the 200 cm-1 region.101 

Further characterization of the three samples includes transmittance FT-IR. In these 

spectra, the lack of C-O modes that appear at 1480(sym) and 1530(asym) cm-1 as reported by Yu 

for oleate-capped CdTe102 indicate little to no capping by oleate ligands. On the other hand, 

strong C-H (2920 & 2850 cm-1) and medium C=C (1630 cm-1) modes from oleylamine are 

observed and comparable to a reported FTIR spectrum of oleylamine.103  
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Figure 3.9. Fourier-transform spectrograph of EuSe nanocrystals capped with oleylamine. 

 Additional study on the effects of water or air in the oxidation of materials was also 

determined. Injections of microliters of water and air were introduced to a reaction with Eu-

oleate and Eu-DSP to determine which impurities formed. Comparing the powder patterns of the 

two samples exposed to water and air, respectively, the introduction of 15 equivalences of water 

lead to a greater increase in Eu2O2CO3 (Figure 3.10) and Eu2SeO2 (Figure 3.11). Seemingly, the 

sample exposed to 750 microliters of air exhibited low crystalline impurities, and any that do 

appear match best with Eu2SeO2. Surprisingly, addition of excess air into the reaction solution 

does not necessarily lead to stabilization of the oxycarbonate materials. This perhaps corroborate 

the necessary distillation of OLA to prevent growth of Eu-oxycarbonates. When analyzing the 

powder patterns of the EuSe samples for both the heat-up and hot-injection methods, any 

appearance of crystalline impurities can be assigned similarly to the oxyselenides or 

oxycarbonates that were formed when air or water were introduced into the synthesis. 
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Figure 3.10. X-ray powder diffraction graphs showing europium-oxycarbonate impurities formed 

in the presence of water. 

 

Figure 3.11. X-ray powder diffraction graphs showing europium-oxyselenide impurities formed in 

the presence of air. 
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Figure 3.12. Electron micrographs of EuSe nanocrystals with a dimensions of 20 nanometers 

prepared by using oleates through a heat-up method. 

When applying the heat-up method, fewer impurities were observed by powder XRD. 

This may be due to the gradual decomposition of the SSP (as opposed to rapid decomposition in 

the hot-injection method) and subsequent capping of the oleate to stabilize smaller EuSe NCs. In 

effect, the growth of Eu2SeO2 or Eu2O2CO3 impurities were also reduced. In fact, a single peak 

at ~23 degrees 2-theta is the only impurity peak that can be observed for the samples prepared by 

heat-up and may be assigned to the Eu2O2CO3. When analyzing TEM images (Figure 3.12), the 

samples all have dimensions close to 20 nm and are monodisperse with fewer amorphous 

impurities except for the sample with 4 equivalences of europium oleate (DA263) (see Figure 

3.12, c). Varying the concentration of europium oleate in solution did not actually lead to 

appreciable size control. In fact, the 1:2 europium oleate to SSP gave the well-formed cubic 

particles (DA258) (Figure 3.12, b) while 1:1 equivalence led to particles with less defined shapes 

that look almost hexagonal (DA254) (Figure 3.12, a).  

As a result of changing capping ligands, from OLA, TOP, to oleate, particles with a size 

range of 3 to 60 nm were prepared, while minor impurities could be identified as europium 

oxycarbonate or europium oxyselenide. 
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3.2.5 Size-Dependent Properties 

The known bandgap for bulk EuSe materials is 1.78 eV and should increase for 

nanocrystals as dimensions decrease. The size-dependent effects can be studied using both 

absorption and emission spectroscopy. For the set of EuSe NCs prepared, we were able to 

measure their absorbances by UV-Vis spectroscopy to show the peak maxima shifts from long to 

short wavelengths as particle size decreases (Figure 3.13, left). A transformation of the 

absorption signal to a Tauc plot gave estimated band gap values ranging from 1.79 eV for 56 nm 

and 2.23 eV for 3 nm (Figure 3.13, right). Based on our estimation, the band gap energies blue-

shifted by +0.44 eV with size, twice as large as that observed by Hasegawa (0.20 eV).56 

 

Figure 3.13. Absorption spectrographs of EuSe nanocrystals (left) and a Tauc plot (right). 

This follows the trend as the smallest particle reported was 19 nm with a band gap of about 2 eV, 

whereas the bandgap of 3 nm NCs measured here was 0.23 eV higher. A similar estimation using 

MCD spectra, as described in Chapter IV, corroborates the finding that the band gap could be as 

large as 2.15 eV for 5 nm NCs. Interestingly, when comparing the range of band gap energies 

reported by Li et al, where they used DDT to catalyze the growth of Eu(S)Se NCs, a blueshift of 
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0.74 eV was measured from 70-3 nm NCs, which is twice as large as the blue shift we 

measured.93 It is likely that the EuSe nanocrystals exhibit band gap energy changes with size 

from about 60 nm to roughly 10 nm, while quantum confinement occurs below 10 nm further 

increase the band gap energy.56 The Bohr radius of EuS was calculated to be 1.2 nm or for 

particles with dimensions of 2.4 nm; for EuSe, the Bohr radius should be similar and quantum 

confinement effects may be observed for particles with dimensions close to 3 nm. 

3.2.6 Magnetic Properties 

 

Figure 3.14. Chi versus temperature graph of 20 and 56 nm EuSe nanocrystals. 

Preliminary investigations by SQUID of the 20 nm (DA258) and 56 nm (DA194) NCs 

revealed that the Neel temperatures were less than that known for bulk materials (5K). We 

measured 4.2 K for the 20 nm sample and 4.5 K for the 56 nm sample (Figure 3.15), which are 

relatively comparable with reported values for the 17 nm nanocrystals at 3.8K93 and 100 nm NCs 

at 5K62. It should be noted that the 17 nm sample may potentially be Eu(S)Se alloys due to the 

use of dodecanethiol in its syntheses. The modest reduction of the Neel temperature with particle 
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size are in agreement with what was observed for EuS NCs.43,88 The hysteresis for both samples 

are also shown and similar for both samples with magnetic saturation occurring at about 10,000 

oersted. The S-like curve also exhibits slight distortion that is more visible for the 56 nm sample 

(Figure 3.16).  

 

Figure 3.15. Moment verses field graphs of 20 (left) and 56 nanometer (right) EuSe crystals. 

Interests in understanding the magnetic behavior EuSe NCs at ordering temperatures will 

be pursued using Raman. In Raman studies of bulk EuSe, changes in Raman shift peaks correlate 

to changes in the magnetic ordering.20,104,105 We believe that due to the nano-sized domains, the 

magnetic ordering may occur at different temperature and field as it will be described in the next 

chapter using MCD. Preliminary Raman spectroscopy studies were done for EuSe NC samples at 

room temperature and show that distinct Raman peaks appear for 3 nm crystals and disappear at 

36 nm. While these shifts are not assigned, these preliminary data suggest there are size-

dependent Raman shifts that could further be probed at magnetic ordering temperatures. For 

example, Dresselhaus has shown that the magnetic phases of EuSe could be identified by 

changes in the Raman peaks that appear at low temperatures and field (Figure 3.16, left). From 
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32 to 5K, a peak at 151 cm-1 associated with paramagnetic phase (P) disappears and a peak 

associated with the antiferromagnetic phase (AF) arises at 79 and 176 cm-1 followed by peaks at 

101 and 169cm-1, indicating the ferrimagnetic phase (F). 

Preliminary Raman measurements of a set of EuSe NC samples were taken in which the growth 

of a peak at 210 cm-1 is observed from 3-56 nm while a peak at 254 cm-1 disappears (Figure 3.16, 

right). These results suggest that there are, indeed, size-dependent effects that can be observed 

even at room-temperature Raman. The shifts seen here have yet been assigned, although it is 

been demonstrated that phonon modes below 200 cm-1 are observed in EuSe bulk materials.13,106 

 

Figure 3.16. Raman of EuSe showing peaks associated with magnetic phases [Image taken without 

permission]105 and room temperature Raman of EuSe nanocrystals. 
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3.3 CONCLUSIONS 

The reports describing the synthesis of EuSe NCs revealed a variety of issues in the use 

of separate precursors that lead to the growth of defect Eu1-xSe structures with mixed selenium 

impurities. Other reports attempted to prepare EuSe NCs by reducing trivalent europium in the 

presence of OLA and Se-ODE, which could be clearly identified as SeO2 nanocrystals by 

powder XRD. Lastly, a recent report suggested the use of DDT, which is a known sulfur source 

in the synthesis of metal sulfides—it is likely the materials synthesized are mixed Eu(S)Se alloys 

or core-shell crystals. With the discovery that the europium diselenphosphinate complex could 

be stabilized by using solvent molecules like MeCN, our group successfully stabilized a family 

of Ln-Se SSPs. Most importantly, the SSP to synthesize EuSe NCs were employed to prepare 

large, cubic crystals with no evidence of selenium impurities. This was followed by synthetic 

studies using OLA, TOP, and oleate capping ligands to control the size and prepare samples with 

dimensions as large as 100 nm to 3 nm. Additional studies confirmed that the slight presence of 

water or air led to oxidized byproducts that could be observed by powder XRD. Namely, the 

growth of Eu-oxycarbonate and europium oxyselenides can occur in the syntheses of EuSe NCs 

if the OLA and oleate capping ligands are not dried thoroughly. As a result of the successful 

preparation of nanocrystals with varying sizes, absorption studies and preliminary magnetic 

measurements showed that there are size-dependent effects. Additional magnetic studies using 

Raman with temperature and field-dependence will allow us to observe changes in the magnetic 

phases of the nanocrystals compared to the bulk materials. In the next chapter, a thorough 

investigation of a conduction band splitting phenomena is described from measurements of 

temperature and field dependent MCD measurements. 



58 

 

3.4 EXPERIMENTAL 

Chemicals. Sodium oleate (>99%), Europium(III) trifluoromethanesulfonate (98%), 

diethylamine (>99.5%), diphenylphosphine (98%), oleylamine (OLA, 70%, technical grade) 

distilled and stored inside a nitrogen glovebox, hexadecylamine (HDA, 90%), 1-octadecene 

(ODE, 90%), trioctylphosphine (TOP, 97%), anhydrous acetonitrile (>99%), absolute ethanol 

(>99.7%), anhydrous hexanes (>99.5%), were purchased from Sigma-Aldrich. Europium (III) 

chloride anhydrous (99.9%), Europium (III) bromide hydrous (99.9%), and Europium (III) 

fluoride anhydrous (99.5%) were purchased from Alfa-Aeser. Europium(III) nitrate hexahydrate 

(99.9) was purchased from STREM. All reagents were used as received unless indicated. 

Eu(oleate)3nH2O (1) Europium(III) nitrate hexahydrate (4.47g, 10.0 mmol) and sodium oleate 

(9.13 g, 30.0 mmol) were dissolved in 20 mL ethanol, 15 mL deionized water, and 7 mL hexanes. 

The solution was stirred and refluxed at 60ºC for 4 hours until a yellowish-white solution ensued. 

The solution was washed three times with deionized water and the organic layer isolated to give a 

yellow paste. The paste was dried under vacuum at 120ºC to give a translucent, sticky, amber-

colored product. 

[Et2NH2][Se2PPh2] (2).  In a nitrogen-filled glovebox, selenium (7.9 g, 0.10 mol) was mixed 

with anhydrous ethanol (40 mL). Diphenylphosphine (8.7 mL, 0.05 mol) was added to the slurry.  

Excess diethylamine (5.3 mL, 0.051 mol) was injected into the reaction and lowered into a water 

bath at 60°C and stirred for 60 minutes. The solution turned from black to a rust-red color over 

the course of the reaction. The reaction was cooled to room temperature and then transferred to a 

freezer at -30° C. A white precipitate formed and was vacuum filtered and washed with ethanol 
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and diethyl ether to isolate the product. FT-IR (ν, cm-1): 1544(w), 1433(s), 1088(m), 751(m), 

691(m), 534(s), 514(s), 472(m), 450(m). 

Eu(Se2PPh2)3(MeCN)2 (3).  In a nitrogen-filled glovebox, 2 (1.3 g, 3.0 mmol) was dissolved in 

acetonitrile (25 mL). Europium(III) trifluoromethanesulfonate (0.60 g, 1.0 mmol) was added 

directly into the ligand solution. The solution started to form a precipitate upon addition of the 

triflate salt and was stirred for 30 minutes. The product was isolated via gravity filtration and 

washed with acetonitrile. FT-IR (ν, cm-1): 3047(w), 2296(w), 2266(w), 1480(w), 1435(m), 

1323(w), 1307(w), 1178(w), 1160(w), 1092(m), 1063(w), 1025(w), 998(w), 744(m), 690(s), 

620(w), 548(m), 514(s), 476(s), 447(w), 421(w). 

100 nm EuSe NCs (DA252, DA256, and DA257). In a 3-necked round bottom flask fitted with 

a thermocouple for temperature control and reflux condenser, HDA (2.50 g, 10.4 mmol) and 

ODE (5.0 mL, 25 mmol) were degassed under vacuum at 75°C for 1 hr.  In a nitrogen-filled 

glovebox, 3 (0.334 mmol) was dissolved in 3.0 mL of OLA.  The HDA/ODE solution was 

placed under N2 and heated to 330°C, and the OLA solution of 3 was injected via syringe.  The 

color change was immediate upon injection, and the reaction was stirred for 1 hour.  The reaction 

was then cooled from 330°C to room temperature and hexanes introduced to disperse the 

nanocrystals and transferred into a centrifuge tube to remove solid HDA.  Nanoparticles were 

precipitated with EtOH and collected by centrifugation at 4500 rpm for 10 minutes.  The pellet 

was re-dispersed in hexanes and the precipitation and centrifugation procedure was repeated a 

total of 4 times to wash the nanocrystals. The nanocrystals were re-suspended in hexanes or kept 

as powders. 
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56nm EuSe nanocrystals (DA194). In a 3-necked round bottom flask fitted with a thermocouple 

for temperature control and reflux condenser, HDA (2.50 g, 10.4 mmol) and ODE (5.0 mL, 25 

mmol) were degassed under vacuum at 75°C for 1 hr.  In a nitrogen-filled glovebox, 3 (0.334 

mmol) was dissolved in 3.0 mL of OLA.  The HDA/ODE solution was placed under N2 and 

heated to 280°C, and the OLA solution of 3 was injected via syringe.  The color change was 

immediate upon injection, and the reaction was stirred for 1 hour.  The reaction was then cooled 

from 280°C to room temperature and hexanes introduced to disperse the nanocrystals and 

transferred into a centrifuge tube to remove solid HDA.  Nanoparticles were precipitated with 

EtOH and collected by centrifugation at 4500 rpm for 10 minutes.  The pellet was re-dispersed in 

hexanes and the precipitation and centrifugation procedure was repeated a total of 4 times to 

wash the nanocrystals. The nanocrystals were re-suspended in hexanes or kept as powders. 

20nm EuSe nanocrystals (DA258). Following similar procedures for 100 nm EuSe NCs: 1 

(200mg, 0.2mmol) and 2 (125mg, 0.1mmol) were dissolved in OLA (10mL) and heated to 70oC 

for 20 minutes under vacuum. The solution was then heated with stirring to 290oC with color 

change immediate upon injection; the reaction was stirred for 1 hour.  The reaction was then 

cooled room temperature and hexanes introduced to disperse the nanocrystals and transferred 

into a centrifuge tube.  Nanoparticles were precipitated with EtOH and collected by 

centrifugation at 4500 rpm for 10 minutes.  The pellet was re-dispersed in hexanes and the 

precipitation and centrifugation procedure was repeated a total of 4 times to wash the 

nanocrystals. The nanocrystals were re-suspended in hexanes. 
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3 and 5 nm EuSe NCs (DA279 and DA199). In the glovebox, 10 mL TOP is placed in a 3-neck 

round-bottom flask with a glass-coated stir bar. The flask is sealed with a rubber septum, 

thermocouple adapter, and stop-cocked condenser. The assembled apparatus is pumped out of 

the glovebox and connected immediately to the Schlenk line. The Schlenk hose is purged and 

vacuumed 3x before placing the entire apparatus under vacuum. The temperature is set to 60°C 

and allowed to stir under vacuum for 20min. After, the apparatus is backfilled with nitrogen and 

the temperature is set to 300°C. Meanwhile, inside the glovebox, 250mg (0.2mmol) 3 is placed 

in a vial with a stir bar and 3mL (6.7mmol) TOP is added to form a slurry for hot-injection. Once 

the TOP in the apparatus is reaches 300°C, the precursor slurry is loaded into a syringe, pumped 

out, and injected into the apparatus immediately. Instant color change is usually observed, often 

exhibiting colors between red and brown. The reaction is allowed to run for 1-hour, then cooled 

to room temperature. For washing and separating, nonpolar solvents such as hexanes or 

octadecene is mixed with polar solvents such as ethanol, chloroform, or dichloromethane. Note: 

when using ethanol, a polymeric resin forms and is difficult to re-dissolve even with hexanes; 

hence, using chlorinated solvents can be used as an alternative. 

Characterization. Powder X-ray diffraction (PXRD) patterns were collected on a Rigaku 

Ultima IV diffractometer equipped with a high-speed DTEX Silicon-strip detector using Cu K 

radiation at a scan speed of 1o/min, at 40 kV/44 mA. Cell constants were calculated from 

Rietveld refinements with GSAS-II.  Samples were prepared for Transition Electron Microscopy 

(TEM) by drop-casting nanoparticle samples dispersed in hexanes onto amorphous carbon-

coated Cu grids.  High-resolution TEM (HR-TEM) and energy dispersive X-ray spectroscopy 
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(EDS) analyses were performed on a JEOL JEM-2100F FEG TEM operated at 200 kV at the 

Advanced Imaging and Microscopy Lab in University of Maryland.  Scanning electron 

microscopy (SEM) images were taken with a Zeiss SUPRA 55-VP scanning electron 

microscope, at an acceleration voltage of 20 kV with an in-lens detector. Raman spectroscopy 

was performed with a Horiba Raman microscope equipped with a 532 nm laser and a 1800 

line/mm grating and calibrated against a diamond standard. Fourier transform-infrared (FT-IR) 

spectroscopy was performed on a Perkin Elmer spectrometer with a universal attenuated total 

reflectance (UATR) attachment. Magnetic measurements were collected on a MPMS3 SQUID 

magnetometer from 2.3-300K with zero field-cooled samples in a field of 0.5 T, and 2 T. UV 

Visible Absorption data was collected on vacuum dried nanoparticles dispersed in chloroform on 

a Cary 5000 UV-Vis-NIR spectrophotometer. 
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CHAPTER 4: STUDIES OF THE ELECTRONIC AND MAGNETIC PROPERTIES OF 

EUROPIUM CHALCOGENIDES BY MAGNETIC CIRCULAR DICHROISM 

4.1 INTRODUCTION 

Spintronics research look to exploit the properties of electron spin and charge using 

magnetic semiconductor materials to increase processing speeds, improve memory storage, and 

even potentially play a role in quantum computing technologies.8,107 Both the creation and 

manipulation of spin in these materials lead to interesting properties such as spin-polarization, 

where a high percentage of spins are oriented in one direction at the Fermi level.11 In material 

development, a magnetic tunnel barrier could be used to filter out spins or detect spins of specific 

orientation. The europium chalcogenides have remained good model systems for magnetic 

semiconductors, included in spintronics studies. In fact, the first ferromagnetic spin-filter 

employed EuS in the absence of an applied field and was measured to exhibit polarization of up 

to 90%!12 EuSe materials were also used to demonstrate fully polarized tunnel current under an  

 

Figure 4.1. Diagram of the conduction band splitting in EuS and EuSe nanocrystals. [Image taken 

with permission]108 
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applied field, which is necessary due to its metamagnetic behavior. 

Observations of conduction band splitting had been made for bulk europium 

chalcogenides. The bandgap exhibits a splitting of the conduction band near magnetic ordering 

temperatures because of strong magnetic exchange interactions (Figure 4.1). Below TC, spin 

orientation of the 4f electrons causes the 5d(t2g) conduction band to split into two levels, where a 

majority ‘spin-up’ electrons occupy the lower energy level and can polarize currents as a tunnel 

junction in spin-filtering devices. That splitting is separated 2ΔEex resulted from the raising by 

ΔEex and lowering by ΔEex of energy levels. The resulting effects is that the band gap is also 

lowered by the same energy (ΔEex) at full magnetic saturation. 

We studied the MCD of EuS and, for the first time, EuSe NCs to reveal the effects of 

temperature- and field-dependent conduction band splitting of the d(t2g) conduction band.  While 

reports on the room temperature MCD of EuS NCs were reported,109,110 the band-splitting at TC 

and below provided further details on the extent of the conduction band splitting. The room 

temperature Faraday rotation (FR) of EuSe nanomaterials have also been reported, although 

spectral features are less sharp, and FR is less sensitive to short-range interactions that could be 

observed by MCD. In our study described here, the field-dependent MCD of EuSe NCs also 

revealed the ferri- to ferromagnetic phase transition for EuSe NCs. For both the EuS and EuSe 

NC samples, we observe that the critical field for ordering transition is higher than in bulk 

materials, possibly suggesting the presence of magnetic surface effects.  

The advantages of using MCD is in their sensitivity, useful for elucidating electron 
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Figure 4.2. MCD spectra resulting from the difference between the absorption of low energy, left 

and high energy, right circularly polarized light. [Image taken with permission]111 

structures of magnetic semiconductor materials.112 The Gamelin group employs MCD studies for 

studying dilute magnetic semiconductors and have shown that information about the conduction 

band as a result of Zeeman splitting can be made. A simple graphic depicts that a material that 

undergoes Zeeman splitting results in the conduction band splitting into a lower and higher 

energy bands, where left circularly polarized light is assigned to the lower energy level and right 

circularly polarized light to the higher energy level (Figure 4.2, left). To produce an MCD 

spectrum, the left circularly polarized light is subtracted from the right circularly polarized light 

absorptions. This results in a signal that is positive for left circularly polarized light and negative 

for right circularly polarized light (Figure 4.2, right). In this example, the right circularly 

polarized light is associated with higher energy absorptions (ER) and left circularly polarized 

light with lower energy absorptions (EL). For the europium chalcogenides, the important 

phenomenon that occurs is a conduction band splitting that results from strong magnetic 

exchange interactions of electrons, as opposed to Zeeman splitting of energy levels, and can also 

be observed by MCD.  



66 

 

4.2 RESULTS AND DISCUSSION 

The EuS and EuSe NCs were prepared for MCD studies by drop casting the colloidal 

solution onto quartz disks and sandwiched to form a thin film. The nanocrystal dimensions for 

these samples were 7 for EuS and 60 nm for EuSe, both with cubic morphologies. Field-sweep 

measurements were taken to identify the magnetic saturation field required for the temperature 

and field-dependent measurements (Figure 4.3). Both a high temperature (50 K for EuSe and 80 

K for EuS) and low temperature (5 K) field-sweeps were done. The low temperature sweep 

shows a hysteresis for EuS NCs with coercive field of 310 Oe (0.031 T) and saturates at less than 

0.5 T. And for the EuSe NCs, the coercive field was found to be 850 Oe (0.085 T) with 

saturation occurring above 4 T. These measurements indicate conduction band splitting could be 

observed above these fields for temperature-dependent measurements.  

 

Figure 4.3. MCD hysteresis of EuS (left, top and bottom) and EuSe (right, top and bottom). [Image 

taken with permission]108 
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4.2.1 Temperature-Dependent MCD of EuS and EuSe Nanocrystals 

The MCD spectra for the two samples are shown in Figure with the field set at 2 T for 

EuS and 5 T for EuSe (Figure 4.4, top, left and right). Both spectra show similar features in both 

shape and magnitude of shifting. Generally, there is a positive, low-energy region (right 

circularly polarized light) and the negative, high-energy region (left circularly polarized light). 

For the EuX, the lowest energy electronic excited state is 4f65d(t2g) with a 4f-5d transition. 

Under an applied magnetic field, specific transition energies are determined by the selection rule 

ΔMJ ± 1 such that absorption of left circularly polarized light occur in transitions to higher J 

values while right circularly polarized light are absorbed at the lower and intermediate J 

states.113,114 A shoulder at the negative peak have been assigned to a 4f-6s excitation or perhaps 

the weak spin-forbidden transition to S = 5/2 4f65d(t2g) state.115  

In looking at the MCD of EuS (Figure 4, top left), we define three peak features: A – 

positive peak, B – negative peak, and C – negative shoulder to peak B. When measuring the 

energies associated with these peaks at the lowest temperatures, some direct comparisons could 

be made with those reported for thin films of EuS. At peak A, 1.91 eV (nano) vs. 1.92 (thin 

film); at peak B, 2.32 eV vs. 2.31 eV; and at shoulder C, 2.48 eV vs. 2.62 eV. These values are 

very similar even as the thin films were studied at room temperature and 5 T.116 Likely the shifts 

due to lower temperature and reduced fields are in opposite directions so as to cancel out and 

give similar values. More specifically, the MCD peaks grow as temperature lowers to 1.56 K 

given that the intensities are proportional to magnetization.117 As ferromagnetic ordering is 

reached at 16.6K, the increase is more sharp. In fact, this is also observed for the SQUID 

measurements of moment versus temperature as shown in Figure 4.5, left.  
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In looking closely at the conduction band splitting, there is an expected red shift in the 

absorption edge as observed for EuS thin films. In the MCD, evidence of the splitting is followed 

by measuring the energy associated with the peak maxima of A from 120 to 1.56 K. Here, the 

peak remains at the same energy until about 20 K, where a significant shift occurs from 1.91 to 

1.72 eV, or a redshift of 0.18 eV as observed for bulk EuS.118 This corresponds to a large 

conduction band splitting of 0.36 eV, “giant” in comparison and reference to the exchange 

splitting measured for dilute magnetic semiconductors (DMS) near 0.1 eV.119 

 

Figure 4.4. Temperature Dependent MCD of EuS (top, left) and EuSe (top, right) with peak 

maxima energies versus temperature (bottom left and right). [Image taken with permission]108 
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Figure 4.5. Comparison of moment versus temperature for MCD and SQUID of EuS (left) and 

EuSe (right). [Image taken with permission]108 

The temperature dependent MCD of EuSe NCs are quite like the MCD of EuS in terms of 

the optical transitions assigned (Figure 4.4 top right). An MCD spectra for EuSe thin films was 

also previously reported with an applied field of 5 T and variable temperatures. The peak 

positions of the reported MCD were not included; however, we were able to measure the 

energies of the peaks from the MCD of EuSe NCs: A (2.08 eV), B (2.38 eV), and C(2.71 eV) 

including a fourth peak at much higher energies D (~3.12 eV) not seen in the EuS. The band gap 

energy (peak A) is higher than the EuS NC (1.91 eV) and even higher than bulk (1.79 eV). 

Additionally, the MCD peaks are much narrower which is consistent with lower crystal-field 

splitting in the 5d orbitals of EuSe (Δo =1.7 eV) compared to EuS (Δo = 2.2 eV). 

A large conduction band splitting is also observed for the EuSe NCs with a measured 

redshift of 0.14 eV, smaller than for EuS but similar to that reported for bulk EuSe (0.15 eV).67 

The splitting is dependent on exchange between 4f and 5d electrons, which is estimated to be 

smaller in EuSe and follows what we observe in our measurements. Not surprisingly, this 

splitting is also considered giant with a value of 0.28 eV. 
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4.2.2 Field-Dependent MCD of EuS and EuSe Nanocrystals 

When comparing the change in MCD intensities with temperature and the magnetic 

susceptibility measured by SQUID, both are similar for EuS but a deviation is seen for EuSe 

(Figure 4.5). The MCD intensity is broadened and appears that magnetization occurs well above 

100 K. It has been suggested in the interpretation of MCD of thin films of EuSe that domains 

form at around 30 K; thus, indicating that the magnetization in EuSe is not due to long-range 

ordering. 

 

Figure 4.6. Field-dependent MCD of EuS (left) and EuSe (right). [Image taken with permission]108 

 When looking at the field dependent MCD of EuS (Figure 4.6, left), the peaks grow 

proportionally to the applied field and no shifting is observed. However, for EuSe, interesting 

changes in the features of the peaks provide information about the complex magnetic ordering 

due to field. At 5 K, the applied field is increased from 0.1 to 6 T and show a slight red-shifting 

of peak A while peak B is slightly blue-shifted (Figure 4.6, right) More interestingly are the 

observed changes in peak shape and shifting for the much lower temperature (1.75 K), field-

dependent measurements (Figure 4.7, left). Starting with an applied field at 0.1 T to 0.35 T, peak 
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A grows but a double peak can be seen at 0.5 T, which are measured to be 2.05 eV and 1.96 eV. 

An abrupt change in the peak maxima from 0.35 to 0.5 T corresponds to a redshift of 0.10 eV 

(Figure 4.7, right), which has been observed in the optical absorption studies of EuSe 

epilayers.120 This critical field is where a transition from a ferrimagnetic to ferromagnetic phase 

occurs for which the μeff of the ferrimagnetic phase is roughly 2/3 of the ferromagnetic phase, 

such that the redshift is 2/3 of the 0.14 eV measured in the temperature-dependent studies. While 

the critical field for the EuSe epilayers was reported to be 3 T, the observed change in electron 

spin polarization due to magnetic ordering in EuSe was found to be in applied fields greater than 

0.5 T.121 Alternatively, this could also be related to an increase in the critical field as particle 

dimensions decrease—it may also be possible that spins at the surface of the nanocrystal play a 

role as the surface to volume ratio of nanocrystals are much larger.  

 

Figure 4.7. Field-dependent MCD of EuSe at 1.75 K (left) and energy at peak maxima versus field 

(right). [Image taken with permission]108 

4.2.3 Size-Dependent MCD of EuSe Nanocrystals 

We also measured the temperature dependent MCD (Figure 4.8) of 5 nm EuSe NCs 

(DA199), which gave a less intense spectrum with a loss of features compared to the MCD of the 
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60 nm samples described previously. In addition, the peaks do not redshift and this could be an 

effect of the smaller crystalline domain on the band gap structure. Additional MCD 

measurements will be pursued along with Raman studies on the effects of size on magnetic 

phases. 

 

Figure 4.8. Temperature-dependent MCD of 5 nanometer EuSe nanocrystals. 

4.2.4 Europium Sulfide-Selenide Alloyed Nanocrystals 

Lastly, our interests in probing the electronic and magnetic properties of the materials led 

us to open collaborations with the Gamelin group at the University of Washington (UW) to study 

the magnetic circular dichroism (MCD) of these materials, which are discussed in Chapter IV. 

The data presented here suggests a break in the trend with composition and further studies 

including low-temperature magnetic Raman as well as SQUID measurements may further shed 

light on the optical and magnetic behaviors of EuSxSe1-x alloyed nanocrystals.  

Attempts to determine the band gap of the EuSxSe1-x nanocrystals by UV-Vis were 

inconclusive given the presence of selenium impurities with similar band gaps. To circumvent 

this issue, we hoped to also measure bandgaps by MCD at low temperatures so as to dampen 
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band gap energy contributions from nonmagnetic selenium. The MCD of the alloys are discussed 

here with occasional references to the full MCD study of the end-members, which were 

discussed previously. The main conclusion of our attempted band gap studies of the alloys is that 

more complex electronic phenomenon may be occuring as they do not follow an expected energy 

trend while alloys with high selenium content (>50%) display unusual MCD peak features. 

These drastic differences may also suggest that sample purity or particle dispersity affect 

observations given the technique’s sensitivy. It is likely that future studies will require 

preparation of new EuSxSe1-x samples using mixtures of the EuS and EuSe SSPs to reduce 

impurity and improve the quality of the nanocrystals. 

 Three representative alloy sample were chosen: EuS0.72Se0.28 (NR536), EuS0.46Se0.54 

(NR549), and EuS0.21Se0.79 (NR551). As shown previously, these samples are crystalline with 

possible selenium impurities mixed with the nanocrystals. UV-Vis measurements were taken 

previously by Rosa to determine the peak features, which showed a large degree of broadening 

for the high-selenium composition alloys.  

The powder patterns of three representative materials were re-measured and show that the 

alloyed materials exhibit diffraction peaks, suggesting the samples are still crystalline after over 

1 year (Figure 4.9). Small amounts of crystalline impurities could be seen in NR536, which were 

identified to be crystalline selenium while other samples were relatively pure cannot rule out the 

presence of amorphous selenium or other amorphous impurities. Generally, X-ray powder peak 

positions of alloyed EuSxSe1-x nanoparticles are found situated between the peak positions of the 

EuS and EuSe patterns and is a qualitative form of characterizing alloyed materials; on the other 
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hand, patterns of phase-separated samples are easy to identify by observations of peak-splitting; 

no phase separation is seen here. 

 

Figure 4.9. X-ray powder diffraction graphs of EuSxSe1-x alloyed nanocrystal samples after 1 year. 
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4.2.5 Temperature-Dependent MCD of EuSxSe1-x Nanocrystals 

 

Figure 4.10. MCD graphs of EuSxSe1-x nanocrystals (left) and corresponding graphs of energy at 

peak maxima (or minima) versus temperature (right). 
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When comparing the temperature-dependent MCD of the alloys, only NR536 (Figure 

4.10, a) displayed combined peak and energy features found in the MCD of the end members, 

while the high-selenium alloy NR549 and NR550 (Figure 4.10, c and d, respectively) 

both share a large negative peak but with similar peak features and a washed out, broadened peak 

at low energy (large wavelengths). In NR536, MCD for temperatures from 103K to 5K at 3 T 

were recorded and a similar redshift is observed, where the value for peak A is 0.17 eV, just 0.01 

smaller than EuS (0.18 eV). The measured bandgap at high temperatures is 1.98 eV, which is 

between 1.91 eV (EuS) and 2.08 (EuSe), and given the 72% sulfur content, the value is closer to 

EuS but only by 0.07 eV compared to 0.10 eV from EuSe. The shoulder peak C is much less 

defined, having no peak maxima but is consistent with mixing MCD features of the end 

members. 

For NR549 and NR 551, the change in peak features is unusual and unexpected 

especially when compared to the MCD of NR536. If the broadened peak near ~800 nm (1.55 eV)  

is assigned as the same peak A found in the end members, it would not follow the trend towards 

the maximum limit of 2.08 eV (EuSe). Instead, we measured the maxima of the negative peaks 

which are found to be about 2.02 eV for NR549 and roughly 2.17 eV for NR551. While the band 

gap for NR549 fits the trend following NR536, the less consistent and higher energy bandgap for 

NR551 does not. The redshift, based on the negative peaks, in these two materials were 

measured to be about 0.11 eV and 0.07 eV, respectively, which is outside the range expected 

based on the end members (0.18-0.14 eV). The redshift energies of the end members and alloys 

are summarized in Tables IV.1 and IV.2, where peak maxima and minima were measured. As a 
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Table 4.1. Band gap energies at peak maxima (A) 

  Low T (K) E
g
 (eV) High T (K) E

g
 (eV) ∆E (eV) 

EuS 1.56 1.72 104 1.90 0.18 
EuS

72
Se

28
 5.00 1.80 103 1.99 0.19 

EuS
46

Se
54

* - - - - - 
EuS

21
Se

79
* - - - - - 

EuSe 1.75 1.94 100 2.08 0.14 
*no maxima for peak A estimated due to extreme broadening of curve 

 

Table 4.2. Band gap energies at peak minima (B) 

  Low T (K) E
g
 (eV) High T (K) E

g
 (eV) ∆E (eV) 

EuS 1.56 2.16 104 2.32 0.16 
EuS

72
Se

28
 5.00 2.25 103 2.33 0.08 

EuS
46

Se
54
 1.75 1.91 100 2.02 0.11 

EuS
21

Se
79
 1.80 2.10 100 2.16 0.06 

EuSe 1.75 2.34 100 2.49 0.15 
 

result of the change in features, the red shift of peak B was followed, and no trends could be 

found. Given these inconsistencies, it is likely that these two samples may contain unknown 

magnetic impurities, either from degradation of the nanocrystal, or due to other phenomena in 

their electronic structures. 

When analyzing the room-temperature UV-Vis absorption of the alloys (Figure 4.11 left), 

an interesting observation in that the 4f65d(t2g) transition peak for NR536 is sharper compared to 

the other two alloys. When looking closely at the low temperature MCDs and marking the point 

at theta = 0 (like the peak maxima in unpolarized absorption), they correspond very closely to the 

absorption peak maxima in NR536 and NR549 (Figure 4.11, right). For NR551, the broadened 

absorption peak seems to contain both a peak and shoulder, with a theta =  



78 

 

 

Figure 4.11. Room temperature absorption (left) and MCD (right) of alloyed samples. 

0 wavelength corresponding to the region between the two peaks. It is likely that the MCD for 

the high-selenium alloys are affected by the same broadening effects seen in UV-Vis absorption, 

which could suggest that it may not necessarily be due to selenium impurities. In fact, slight 

broadening in absorption and MCD studies of were observed by Hasegawa when comparing 

monodispersed 14 nm EuS cubes and their superlattice aggregates.110 In the superlattices, the 

EuS particles were found to have interparticle spacings of 1.2 nm, just slightly longer than the 

length of the capping ligands, 1-octanol. The result was that the measured band gap of the 

superlattices were lower at 1.72 eV than that of EuS monodispersed nanocrystals at 1.82 eV. 

From these studies, it was concluded that the redshift in superlattices is due to electronic 

coupling increasing as particle distance decrease with evidence of exciton coupling between NCs 

previously reported for aggregates of InP.122  When looking at the TEM and SEM images of the 

high-selenium alloys, aggregation is much more obvious than for NR536, which is more  
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Figure 4.12. Absorption and MCD of EuS monodispersed nanocrystals and supperlattices. [Image 

taken with permission]56 

monodisperse. Perhaps aggregation of the alloys might explain both the broadening of the 

absorption spectra and the difference in MCD features as resulting from exciton coupling.  

When comparing the reported MCD of the monodisperse EuS versus superlattices 

(Figure 4.12), some interesting similarities could be made with the MCD of the highly  

aggregated alloys. First, the absorption spectrum for the superlattices showed broadening whose 

effects could also be seen in the room temperature MCD at 0.85 T. The redshift of the MCD due 

to the superlattice configuration is also combined with a decrease in peak A and the growth of 

peak B, which are more prominent in the high-selenium alloys (Figure 4.10, c and e). This might 

suggest that the low temperature MCD of aggregated particles would also exhibit both a redshift 

and growth of the negative peak.  

When comparing the low temperature (1.7 K), high field (3 T) MCD of NR549 to its bulk 

(Figure 4.13), the redshift could be measured by the changes in the peak minima of B from 2.18 

eV (bulk) to 1.91 eV (NCs) to give a value of 0.27 eV, much larger than the conduction band  
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Figure 4.13. MCD of EuS0.5Se0.5 bulk and nanocrystals. 

splitting for EuS NCs. For InP nanocrystal aggregates, the redshift could be up to 0.14 

eV, while it is suggested that the redshift could be upwards of 0.18 eV for EuS aggregates. 

Although aggregation might explain the broadening of absorption peaks and possibly the growth 

of a negative peak, another feature that arises in the MCD of the alloys is the growth of a high 

energy peak D. This could be correlated to the peak D whose shoulder is observed in the MCD 

of EuSe or perhaps related to the positive peak C that arises in the ferrimagnetically ordered 

(0.25 -0.35 T) EuSe. Further analysis of these materials is required for future work, including the 

preparation of purer samples. 

4.2.6 Field-Dependent MCD of EuSxSe1-x Nanocrystals 

The field-dependent measurements for the alloys are similar to those seen for the 

endmembers, where the peaks grow larger proportional to the increase in applied field (see 

Figure 4.14, a, c, and e). No drastic shifting or appearance of additional features are observed. 

When comparing the MCD hysteresis, NR549 shows larger coercive field (Figure 4.14, d) larger 

at 0.12 T (1200 Oe) than that measured for the end members: 0.031 T (310 Oe) for EuS and 
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0.085 T (850 Oe) for EuSe. The coercive fields for NR 536 (Figure 4.14 b) and NR551 (Figure 

4.14 f) are much smaller and both measured to be 0.03 T (300 Oe), which is closer to that which 

was measured for EuS. 

 

Figure 4.14. Field-dependent MCD of EuSxSe1-x nanocrystal samples (left) and corresponding 

hysteresis graphs (right). 
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4.2.7 Preliminary Raman Studies of EuSxSe1-x Nanocrystals 

Our interests in probing the magnetic behavior of the nanocrystals were spurred on by our 

findings that the critical field for a ferri- to ferromagnetic ordering in EuSe NCs was much larger 

than observed for bulk materials. Thus, we want to pursue more magnetic studies by using 

temperature-controlled, magnetic Raman to observe changes the magnetism of nanocrystals, 

including the EuSxSe1-x alloy samples. Like the Raman of EuSe showing peaks resulting from 

size, the Raman of the alloyed systems show the growth of a peak at 236 cm-1 for selenium-rich 

materials and the disappearance of a peak at 460cm-1 for sulfur-poor alloys (Figure 4.15) 

 

Figure 4.15. Raman spectrograph showing signals dependent on composition of alloys. 
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4.3 CONCLUSIONS 

The MCD studies described here confirmed that the temperature-dependent studies can 

reveal the extent of the conduction band splitting while the field-dependent MCD revealed 

critical field at which a ferri- to ferromagnetic transition is observed for the EuSe NCs. Size-

dependent MCD of 5 nm EuSe NCs also reveal a loss of features and lower intensities, which 

required more analysis and measurements of additional nanocrystal samples larger than 5 nm. 

The measurements of the EuSxSe1-x NC alloys show that the sulfur-rich sample followed MCD 

features mixed between the end members while the 50% and 80% selenium alloy showed very 

different MCD spectra. It is possible that aggregation is affecting the measurements of the MCD 

as described by observations of red shifting in aggregated EuS nanocrystals. Additional studies 

must be done using temperature and field dependent Raman to elucidate what may be occurring 

with the magnetic phases as dependent on particle size, aggregation, and composition. It may 

also be necessary to revisit the synthesis of the EuSxSe1-x (as discussed in Chapter 2) and to use 

the new europium diselenophosphinate SSP along with the europium dithiocarbamate SSP to 

attempt to prepare pure alloyed samples with smaller average sizes; new MCD measurements of 

these newer samples may reveal different spectral features that may follow the expected trend. 

4.4 EXPERIMENTAL 

Chemicals. Selenium powder (-100 mesh, ≥99.5%), diethylamine (>99.5%), diphenylphosphine 

(98%), diethylammonium diethyldithiocarbamate (97 %), 1,10-phenanthroline (99 %), europium 

(III) chloride hexahydrate (99.9%), europium(III) trifluoromethanesulfonate (98%), oleylamine 

(OLA, 70%, technical grade), hexadecylamine (HDA, 90%), 1-octadecene (ODE, 90%), 
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anhydrous acetonitrile (>99%), absolute ethanol (>99.7%), anhydrous hexanes (>99.5%), 

isopropyl alcohol (98%), and diethyl ether (99.7%) were purchased from Sigma-Aldrich and 

used as received. 

Eu(S2CNEt2)3Phen (1). The europium tris-diethyldithiocarbamate phenanthroline single-source 

precursor was synthesized as previously reported. Briefly, europium(III) chloride hexahydrate 

was dissolved in isopropyl alcohol and added to a vigorously stirred solution of 

diethylammonium diethyldithiocarbamate and 1,10-phenanthroline in acetonitrile at room 

temperature. The orange-red precipitate was collected via vacuum filtration and washed with ice-

cold acetonitrile. FT-IR (ν, cm-1): 1490(s), 962(m). 

[Et2NH2][Se2PPh2] (DSP salt) (2).  In a nitrogen-filled glovebox, selenium (7.9 g, 0.10 mol) 

was mixed with anhydrous ethanol (40 mL). Diphenylphosphine (8.7 mL, 0.05 mol) was added 

to the slurry.  Excess diethylamine (5.3 mL, 0.051 mol) was injected into the reaction and 

lowered into a water bath at 60°C and stirred for 60 minutes. The solution turned from black to a 

rust-red color over the course of the reaction. The reaction was cooled to room temperature and 

then transferred to a freezer at -30° C. A white precipitate formed and was vacuum filtered and 

washed with ethanol and diethyl ether to isolate the product. FT-IR (ν, cm-1): 1544(w), 1433(s), 

1088(m), 751(m), 691(m), 534(s), 514(s), 472(m), 450(m). 

Eu(Se2PPh2)3(MeCN)2 (3).  In a nitrogen-filled glovebox, 2 (1.3 g, 3.0 mmol) was dissolved in 

acetonitrile (25 mL). Europium(III) trifluoromethanesulfonate (0.60 g, 1.0 mmol) was added 

directly into the ligand solution. The solution started to form a precipitate upon addition of the 

triflate salt and was stirred for 30 minutes. The product was isolated via gravity filtration and 
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washed with acetonitrile. FT-IR (ν, cm-1): 3047(w), 2296(w), 2266(w), 1480(w), 1435(m), 

1323(w), 1307(w), 1178(w), 1160(w), 1092(m), 1063(w), 1025(w), 998(w), 744(m), 690(s), 

620(w), 548(m), 514(s), 476(s), 447(w), 421(w). 

EuS/EuSe Nanocrystals. In a 3-necked round bottom flask fitted with a thermocouple for 

temperature control and reflux condenser, HAD (2.50 g, 10.4 mmol) and ODE (5.0 mL, 25 

mmol) were degassed under vacuum at 75°C for 1 hr.  In a nitrogen-filled glovebox, 1 (or 3) 

(0.334 mmol) were dissolved in 3.0 mL of OLA.  The HAD/ODE solution was placed under N2 

and heated to 330°C, and the OLA solution of 1 (or 3) were injected via syringe.  The color 

change was immediate upon injection, and the reaction was stirred for 1 hour.  The reaction was 

then cooled from 330°C to room temperature and hexanes introduced to disperse the 

nanocrystals and decanted into a centrifuge tube to remove solid HAD.  Nanoparticles were 

precipitated with EtOH and collected by centrifugation at 4500 rpm for 10 minutes.  The pellet 

was re-dispersed in hexanes and the precipitation and centrifugation procedure was repeated a 

total of 4 times to wash the nanocrystals. The nanoparticles were re-suspended in hexanes or kept 

as powders. 

EuSxSe1-x Nanocrystals.  In a 3-necked round bottom flask fitted with a thermocouple for 

temperature control and reflux condenser, hexadecylamine (2.5 g, 10.4 mmol) and 1-octadecene 

(5.0 mL, 25.1 mmol) were degassed under vacuum at 75°C for 1 hr.  In a glovebox with a N2 

atmosphere, Eu(Et2NCS2)3Bpy (250 mg, 0.334 mmol), and different ratios of DSP (11.1 mg, 

0.027 mmol-75.6 mg, 0.181 mmol) were dissolved in 3.0 mL of oleylamine.  The HAD/1-ODE 

solution was placed under N2 and heated to 330°C and then the Eu(Et2NCS2)3Bpy/DSP in 
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oleylamine were injected via syringe.  The color change was immediate upon injection, and the 

reaction was allowed to stir for 1 hr.  The reaction was then cooled from 330°C to room 

temperature and hexanes introduced to disperse the nanocrystals and decanted into a centrifuge 

tube to remove solid hexadecylamine.  Nanoparticles were precipitated with EtOH and collected 

by centrifugation at 4500 rpm for 10 minutes.  The pellet was redispersed in hexanes and the 

precipitation and centrifugation procedure was repeated a total of 4 times to wash the 

nanocrystals.   The nanoparticles were re-suspended in ~5 mL of hexanes. 

Characterization. Infrared spectra were measured in the range 450-4000 cm-1 as pressed pellets 

in KBr on a Perkin Elmer FTIR. Powder X-ray diffraction (PXRD) patterns were collected on a 

Rigaku Ultima IV diffractometer equipped with a high- speed DTEX silicon-strip detector using 

Cu Kα radiation at a scan speed of 1°/min at 40 kV/44 mA. Samples were prepared for 

transmission electron microscopy (TEM) by drop-casting nanoparticle samples dispersed in 

hexanes onto amorphous carbon-coated Cu grids. High-resolution TEM (HRTEM) was 

performed on a JEOL JEM-2100F FEG TEM operated at 200 kV at the Advanced Imaging and 

Microscopy Lab in University of Maryland. EuS/EuSe samples for magnetic circular dichroism 

(MCD) were drop-casted as colloids in hexanes onto quartz disks or dry powders were mixed 

with PDMS then sandwiched between two quartz disks. Low-temperature MCD spectra were 

conducted with the samples placed in a superconducting magneto-optical cryostat (Cryo-

Industries SMC- 1659 OVT) oriented in the Faraday configuration. At helium temperature, the 

sample was screened for depolarization by matching the CD spectra of a chiral molecule placed 

along the optical path before and after the sample. Depolarization of the thin films was less than 
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9%. MCD spectra were collected using an Aviv 40DS spectro-polarimeter. The same films were 

used for the low temperature absorption conducted using a flow cryostat (Janis STVP-100) and a 

Varian Cary 500 UV-VIS NIR spectrophotometer.  
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CHAPTER 5: SYNTHESIS OF CESIUM EUROPIUM-HALIDE PEROVSKITE 

NANOCRYSTALS 

5.1 INTRODUCTION 

The CsPbX3 (X = F, Cl, Br, or I) perovskite nanocrystals are studied extensively for their 

robust structure that allow for compositional and crystal growth control.4,123 Their optical and 

electronic tunability have led to a host of potential applications such as materials for light-

emitting diodes, solar cells, and photodetectors.2,6,124,125 Given our group’s experience in 

developing synthetic methods to prepare divalent europium chalcogenide materials, we looked to 

the perovskite structure as an ideal target material to incorporate divalent europium and stabilize 

a variety of structures with various cations and anions. In addition, the ionic radii of divalent 

europium (117 pm) is just 2 pm smaller than for a lead ion (119 pm), suggesting that it is 

theoretically possible to prepare europium-based perovskite structures. In fact, there are 

examples of bulk europium perovskite materials that have been prepared,126–130 although it is 

reported that they are very unstable in air, especially due to degradation with water.131 In 

preparing the colloidal nanocrystalline forms of the europium-based perovskites, we postulated 

that the presence of capping ligands at the surface of these nanocrystals, having nonpolar chains 

that act as a barrier to moisture, may prevent material degradation and allow us to study its 

optical and magnetic properties. 

Some examples of properties we might expect to study include the sharp, intense f-d 

transition at 460 nm as observed in an organic-inorganic hybrid (C4H9NH3)2EuI4 perovskite bulk 

material prepared by Mitzi.132  Divalent europium-doped lead-based perovskites133,134 have also 
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been prepared as a way to tune the absorption wavelengths of photovoltaic materials that can 

increase the power conversion efficiency (PCE). Moreover, we have been interested in studying 

the magnetism of divalent europium and we hope to understand how magnetic interactions may 

occur in the perovskite host. However, Mitzi has shown that the distance between the europium 

ions are too great for magnetic interactions in the organic-inorganic perovskite studied, such that 

magnetic ordering was observed only at 1.8K,132 much lower than for the europium 

chalcogenides. We can study the magnetic phases that arise from interactions in these structures 

using magnetic susceptibility measurements as well as Raman. 

By having the synthetic ability to stabilize a host of europium halide perovskite 

nanocrystals, we can study how changes in the compositions and sizes of the nanocrystals affect 

their optical and magnetic properties. 

5.1.1 The Goldschmidt Tolerance Factor 

In early perovskite materials research, the metric for determining the stability of a 

perovskite material was dependent on a radius-ratio rule known as the Goldschmidt Tolerance 

Factor or t (Equation 1).135 The closer t is to unity, the “better” the stability of a perovskite 

containing A-cation, B-cation, and O-anion as originally applied to the oxide perovskite 

materials. 

𝑡 =  
𝑟𝐴+ 𝑟0

√2(𝑟𝐵+𝑟0)
       (1) 
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Figure 5.1. Perovskite structure (left) and structure type based on the tolerance factor (right). 

 In addition, t is a good predictor of structure type given the relative sizes of cations A and 

B (Figure 5.1, left). The changes in structure type can be interesting especially for studying 

europium spin interactions within different perovskite structures. An interesting feature that 

results from the flexibility of the perovskite structure is that five structures types could 

potentially be stabilized:136 when the A cation is smaller than the B cation, an orthorhombic or 

rhombohedral structure is stabilized; when both A and B are within the radius-ratio rules, an 

ideal cubic structure is stabilized; and when the cation A is much larger than B, hexagonal or 

tetragonal structures are stabilized (Figure 5.1., right). 

5.1.2 Bulk CsEuX3 Materials 

Given the tremendous amount of reports discussing the synthesis and characterization of 

the lead-based perovskite materials, a list of common cations and anions have been prepared in 

many reviews.137 Some of those common ions are shown in Table 5.1. The A cation can consist 

of the small organic ammonium NH4+ (164 pm) to the larger CH(NH2)
2+ (253 pm) as well as the 

inorganic cesium (188 pm). The B cation includes metals with ionic radii close to 100 pm that  
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Table 5.1. List of some common ions in halide perovskites. 

A-cation r (pm) B-cation r (pm) X-anion r (pm) 
Cs

+ 188 Eu
2+ 117 F

- 129 

NH
4+ 146 Pb

2+ 119 Cl
- 181 

CH
3
NH

3+ 
(MA) 217 Sn

2+ 110 Br
- 196 

CH(NH
2
)

2+ 
(FA) 253 Mg

2+ 72 I
- 220 

CH
3
CH

2
NH

3+ 
(EtA) 274 Cu

2+ 73 
  

(NH
2
)

3
C

+
 (GA) 278 Bi

3+ 103 
  

(CH
3
)

4
N

+
 (TEtA) 292 

    

 

are smaller than the A cation. And the X anion are largely restricted to the halides here although 

the oxides are also known analogs.136Some examples of the bulk materials that were prepared by 

Zarkov in our laboratory include those listed in Table 5.2, where many have not yet been 

reported. These results are promising in that it confirms that Europium-based halide perovskites 

can be stabilized. Unfortunately, because of degradation of these materials in air, measurements 

were challenging such that special air-free holders were required. 

Table 5.2. Bulk Eu-halide perovskite materials prepared. 
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When calculating the tolerance factor of the all-inorganic CsEuX3 and select organic-

inorganic hybrids, a range of values from 0.77 to 1.21 are found (Table 5.3) The t values are 

close to 1 for the halide analogs of MAEuX3 while values from 0.86-0.91 were calculated for the 

all-inorganic CsEuX3 analogs. The MAEuF3 perovskite is the most stable (0.99) while the 

tolerance factors for NH4EuX3 and TEAEuX3 are generally farthest from 1, suggesting less 

stability. These metrics will be very interesting to compare to the perovskites that have been 

prepared by solid-state techniques and those that may be prepared as nanocrystals. 

Table 5.3. Calculated Goldschmidt factors for selected A-cations of europium-halide perovskites. 

 

5.2 RESULTS AND DISCUSSION 

5.2.1 Reduction of Trivalent Europium and Synthesis of CsEuCl3 Nanocrystals 

To prepare the all-inorganic CsEuX3 nanocrystals, initial syntheses were adapted from 

methods reported by lead-halide perovskite researchers, wherein a divalent lead halide is reacted 

with cesium oleate using OLA and OA as capping ligands.4,123 When this method was employed, 

where EuI2 was substituted and a powder XRD of the sample showed that only crystalline CsI 

formed. This is not surprising as the divalent europium halide salts do not readily dissolve in 

OLA. In fact, the trivalent EuX3 salts have much better solubility in nonpolar solvents by 

comparison. In attempting to prepare divalent EuX2 as potential divalent precursors, I discovered 
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two literature methods that reported the reduction of EuX3 to EuX2 nanocrystals. The first 

involved the use of acetadimine HCl as a reducing agent138 while another reports urea139. In both 

cases, evidence of fluorescent divalent materials is shown but also note the potential application 

of the reducing reactions for in-situ preparation of divalent europium-based nanocrystals.  

 

Figure 5.2. X-ray powder diffraction graphs of europium dichloride. 

We also understood that OLA  is known as a mild reducing agent for trivalent europium.140 Thus, 

by using EuCl3 and heating it in a solution of OLA, I was able to reduce EuCl3 to EuCl2 as 

determined by powder diffraction (Figure 5.2). This stabilized divalent europium material may 

serve as a potential precursor as it is colloidally stable and can be stirred in OLA to make a 

slurry. With evidence of europium reduction in OLA solution, a simple addition of CsCl (in 

excess) into the reaction afforded crystalline CsEuCl3 of roughly 70 nm particles as estimated by 

its Scherrer size (Figure 5.3). In these reactions, a 1:1 ratio of EuCl3 and CsCl led to excess CsCl 

precipitates which could be decanted from the solution; however, using excess CsCl can also 

increase the yield of the CsEuCl3 product formed by Le Châtelier’s principle. The solubility of  
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Figure 5.3. X-ray powder diffraction graphs of CsEuCl3 nanocrystals. 

the reagents brings up a potential problem in these syntheses: EuCl3 as well as CsCl do not 

dissolve in in OLA readily, but do so with vigorous mixing up to an hour coupled with longer 

reaction times. 

Finally, the stability of the CsEuCl3 NCs were assessed by X-ray powder diffraction 

measurements in which a sample that was left in air after 30 hours showed decomposition 

products that were identified and assigned to CsCl, EuCl2.55, and EuCl3; although evidence of 

smaller intensity crystalline perovskite could be seen, the degradation of the materials suggests 

that the OLA capping ligands may not be sufficient as barriers to moisture exposure. However, 

the materials can be measured within a few hours after synthesis, which means they are more 

stable than the bulk forms, which rapidly degrades once exposed to air. No TEM images were 

taken of the CsEuCl3 NCs as an air-free holder is required to transport the sample. 
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5.2.2 Synthesis of CsEuBr3 Nanocrystals 

The previous experiment was replicated but this time using the hydrated EuBr3 precursor. 

I also added acetonitrile to the solution with OLA to aid in the dissolution of both the europium  

 

Figure 5.4. X-ray powder diffraction graphs of CsEuBr3 nanocrystals. 

and cesium salts—the solution was stirred for one hour inside the glovebox to give a turbid 

slurry. The solution was placed in a round bottom flask, sealed, and transferred to the Schlenk 

line, then it was heated to 60°C and placed under vacuum to remove excess acetonitrile. The 

solution was then heated to 300°C and the reaction time lengthened to a total of 3-hours. Lastly, 

the sample was worked-up inside the glovebox to prevent any degradation. The product is 

crystalline CsEuBr3 by powder XRD (Figure 5.4) with some CsBr impurities. These materials 

were measured to be stable for up to seven days when stored inside the glovebox. 

For TEM imaging, the sample preparation onto copper grids was done inside the 

glovebox. SEM imaging was performed but with little success of capturing dispersed particles. 
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With TEM imaging, rectangular particles were observed (Figure 5.5), although having gone 

through decomposition—thus, no lattice fringes can be seen. Some crystalline spherical particles 

can, however, be seen and measured to have diffraction spots with d-spacings of 3.1 Å, which 

matches well to the (110) of CsBr, the high intensity diffraction peak at 29 degrees 2-theta seen 

 

Figure 5.5. Electron micrograph and fast-fourier transform of CsEuBr3 nanocrystals. 

on powder patterns. Due to the instability of the material in air, it is difficult to image the 

particles either by SEM or TEM. However, TEM imaging suggests evidence that the crystals 

grow to plates of rectangular shapes with edge-lengths that are micrometer in size. 

5.2.3 Attempts to Synthesize CsEuF3 and CsEuI3 

I also attempted to synthesize CsEuF3 using the previous method described but with EuF3 

and CsF precursors. The powder X-ray shows unreacted EuF3, CsF, and some evidence of 

crystalline CsEuF3. The material was also fluorescent shortly after the first centrifugation but 

must have decomposed over the course of washing and centrifugation (about 30 minutes), which 
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suggests that it is even less stable than the chloride and bromide analogs. This is surprising since 

the tolerance factor for the fluoride analog is larger. 

An attempt was also made to synthesize the CsEuI3 analog, but due to the lack of a 

trivalent EuI3 precursor that is not commercially available, I opted for the use of EuI2 and 

included the use of OA mixed with ODE. This synthesis resulted in the stabilization of the off-

composition Cs4EuI6 perovskite, which shares a similar powder pattern to the Cs3EuI5. 

Unfortunately, the product is not stable even when stored in the glovebox, but the lack of an 

OLA capping ligand may be the primary reason for its increased instability. It is perhaps not 

surprising that using oleic acid helps to dissolve the precursor, which led to the stabilization of 

the Cs4EuI6 perovskite It is also necessary to include OLA or other capping ligands in the 

reaction solution to keep the product stable for longer for measurements. It may also be possible 

to use trioctylphosphine capping ligands as suggested by Yang141 and Reiss142. Yang recently 

reported the preparation of CsEuCl3 NCs by reducing EuCl3 in OLA and mixing cesium oleate 

and OA to form 15 nm spherical particles. While this method is similar to the one described here, 

it may be less effective due to the presence of OA, which could react with OLA and reduce its 

effectiveness as a capping ligand. The smaller and spherical dimensions also suggest that there 

may not be size or morphology control available through this method. 

5.3 CONCLUSIONS 

With evidence that the europium-halide perovskite materials can be prepared by solid-

state techniques and that the tolerance factors of these materials are within the range of 

perovskite stability (0.7-1), it is very possible to stabilize the perovskite nanocrystals. In doing 
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so, we hoped to gain additional stabilization of the materials with our use of capping ligands to 

prevent degradation by exposure to moisture. With synthetic evidence of the reduction of 

trivalent europium in OLA to divalent europium, the solution syntheses of the perovskite 

nanocrystals was attempted. I was able to stabilize CsEuCl3 and CsEuBr3 by using trivalent 

europium halides with excess amounts of their respective cesium halides. The stability of the 

materials were also much longer lived than the bulk materials: the CsEuCl3 could be kept in air 

for a few hours but that both materials remain stable when kept in the glovebox for up to 7 days. 

Future synthetic efforts must take into account these stabilities so that measurements of their 

optical and magnetic properties may be prompt. Lastly, there is evidence that the fluoride and 

iodide analogs can be stabilized—perhaps longer reaction times are necessary, although it may 

be due to the solubility issues that arise when attempting to dissolve cesium halides and the 

europium halides in nonpolar solvents. In the course of these synthetic studies, it was eventually 

reported that the CsEuCl3 could be stabilized using a very similar method to the one discussed 

here and their fluorescent as well as magnetic properties were measured when the nanocrystals 

were mixed with PMMA to prevent degradation when exposed to air.143 Perhaps expanding the 

synthetic exploration into the organic-inorganic hybrid perovskites will further build on the work 

shown here including the recent publication. In fact, another recent study on the CsEuBr3 NCs142 

was also published but with very little control over the nanocrystal size and shape, which was 

also not demonstrated for the CsEuCl3 NCs. The methods applied in the synthesis and size 

control of EuS and EuSe NCs can also be translated to the synthetic method described here to 

control both the shape and size or the perovskite nanocrystals. 
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5.4 EXPERIMENTAL 

Chemicals., Europium (II) iodide (99.9%), oleylamine (OLA, 70%, technical grade) distilled 

and stored inside a nitrogen glovebox, 1-octadecene (ODE, 90%), anhydrous acetonitrile 

(>99%), absolute ethanol (>99.7%), anhydrous hexanes (>99.5%), were purchased from Sigma-

Aldrich. Europium (III) chloride anhydrous (99.9%), Europium (III) bromide hydrous (99.9%), 

and Europium (III) fluoride anhydrous (99.5%) were purchased from Alfa-Aeser. All reagents 

were used as received unless indicated. 

EuCl2 (DA154). Inside a glovebox, a 125-mL 3-neck round-bottom flask with attachments for a 

nanocrystal synthesis are prepared. 185 mg of EuCl3 is placed inside the flask and 15 mL of 

OLA are transferred. The apparatus is sealed, pumped out of the glovebox, and immediately 

connected to the Schlenk line. The flask was immediately placed under vacuum and the 

temperature control was set to 60°C. The solution was stirred and degassed for 1 hour. After, the 

temperature control was set to 220°C and the solution was allowed to react for 2 hours. The flask 

was allowed to cool to room temperature, then placed under vacuum for 10 minutes. The flask 

was sealed and disconnected form the Schlenk line and immediately pumped inside the 

glovebox. The solution was decanted so that only solids at the bottom remained. the solids were 

washed with hexanes and gravity filtered then transferred to 1.5 mL plastic centrifuge tubes. 

Additional hexanes were added to fill the tubes and centrifuged for 10 minutes. The process was 

repeated two more times and the solids were transferred to a vial. The centrifugation was 

repeated until all solids were washed and separated. The sample was stored inside the glovebox. 

CsEuCl3 (DA165). Inside a glovebox, a 125-mL 3-neck round-bottom flask with attachments for 

a nanocrystal synthesis are prepared. 84.2 mg CsCl (0.5 mmol) and 64.6 mg EuCl3 (0.25 mmol) 
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were weighed out and placed inside the flask. 4 mL of acetonitrile was added to the solution and 

stirred while 15 mL OLA was transferred to the flask. The solution was allowed to stir for about 

1 hour to create a turbid slurry. The apparatus was then sealed, pumped out of the glovebox, and 

immediately connected to the Schlenk line. The flask was immediately placed under vacuum and 

the temperature control was set to 60°C. The solution was stirred while degassing and removing 

excess acetonitrile for 1 hour. After, the temperature control was set to 300°C, the solution was 

allowed to react for 2 hours. The heating mantle was removed, and the flask was allowed to cool 

to room temperature. The solution was transferred to two 50 mL plastic centrifuge tubes and 5 

ml hexanes and 35 mL ethanol added. The tube is centrifugated for 10 minutes at 4500 rpm and 

decanted. The washing and separation process is repeated three times. The pellet is redispersed in 

hexanes and the sample is stored in a vial. 

CsEuBr3 (DA276). Inside a glovebox, a 125-mL 3-neck round-bottom flask with attachments 

for a nanocrystal synthesis are prepared. 85 mg CsBr (0.4 mmol) and 157 mg EuBr3(H2O)n (0.4 

mmol) were weighed out and placed inside the flask. 4 mL of acetonitrile was added to the 

solution and stirred while 15 mL OLA was transferred to the flask. The solution was allowed to 

stir for about 1 hour to create a turbid slurry. The apparatus was then sealed, pumped out of the 

glovebox, and immediately connected to the Schlenk line. The flask was immediately placed 

under vacuum and the temperature control was set to 60°C. The solution was stirred while 

degassing and removing excess acetonitrile for 1 hour. After, the temperature control was set to 

300°C, the solution was allowed to react for 2 hours. The flask was allowed to cool to room 

temperature, then placed under vacuum for 10 minutes. The flask was sealed and disconnected 
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form the Schlenk line and immediately pumped inside the glovebox. The solution was decanted 

so that only solids at the bottom remained. the solids were washed with hexanes and gravity 

filtered then transferred to 1.5 mL plastic centrifuge tubes. Additional hexanes were added to fill 

the tubes and centrifuged for 10 minutes. The process was repeated two more times and the 

solids were transferred to a vial. The centrifugation was repeated until all solids were washed and 

separated. The sample was stored inside the glovebox. 

CsEuF3 (DA273). Inside a glovebox, a 125-mL 3-neck round-bottom flask with attachments for 

a nanocrystal synthesis are prepared. 60.8 mg CsF (0.4 mmol) and 83.6 mg EuF3 (0.4 mmol) 

were weighed out and placed inside the flask. 4 mL of acetonitrile was added to the solution and 

stirred while 15 mL OLA was transferred to the flask. The solution was allowed to stir for about 

1 hour to create a turbid slurry. The apparatus was then sealed, pumped out of the glovebox, and 

immediately connected to the Schlenk line. The flask was immediately placed under vacuum and 

the temperature control was set to 60°C. The solution was stirred while degassing and removing 

excess acetonitrile for 1 hour. After, the temperature control was set to 300°C, the solution was 

allowed to react for 2 hours. The flask was allowed to cool to room temperature, then placed 

under vacuum for 10 minutes. The flask was sealed and disconnected form the Schlenk line and 

immediately pumped inside the glovebox. The solution was decanted so that only solids at the 

bottom remained. the solids were washed with hexanes and gravity filtered then transferred to 

1.5 mL plastic centrifuge tubes. Additional hexanes were added to fill the tubes and centrifuged 

for 10 minutes. The process was repeated two more times and the solids were transferred to a 
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vial. The centrifugation was repeated until all solids were washed and separated. The sample was 

stored inside the glovebox. 

Cs4EuI6 (DA277). Inside a glovebox, a 125-mL 3-neck round-bottom flask with attachments for 

a nanocrystal synthesis are prepared. 64.9 mg CsI (0.25 mmol) and 101 mg EuI2 (0.25 mmol) 

were weighed out and placed inside the flask. 4 mL of acetonitrile was added to the solution and 

stirred while 10 mL ODE and 0.5 mL OA were transferred to the flask. The solution was allowed 

to stir for about 1 hour to create a turbid slurry. The apparatus was then sealed, pumped out of 

the glovebox, and immediately connected to the Schlenk line. The flask was immediately placed 

under vacuum and the temperature control was set to 60°C. The solution was stirred while 

degassing and removing excess acetonitrile for 1 hour. After, the temperature control was set to 

300°C, the solution was allowed to react for 2 hours. The flask was allowed to cool to room 

temperature, then placed under vacuum for 10 minutes. The flask was sealed and disconnected 

form the Schlenk line and immediately pumped inside the glovebox. The solution was decanted 

so that only solids at the bottom remained. the solids were washed with hexanes and gravity 

filtered then transferred to 1.5 mL plastic centrifuge tubes. Additional hexanes were added to fill 

the tubes and centrifuged for 10 minutes. The process was repeated two more times and the 

solids were transferred to a vial. The centrifugation was repeated until all solids were washed and 

separated. The sample was stored inside the glovebox. 

Characterization. Powder X-ray diffraction (PXRD) patterns were collected on a Rigaku 

Ultima IV diffractometer equipped with a high-speed DTEX Silicon-strip detector using Cu Kα 

radiation at a scan speed of 1º/min, at 40 kV/44 mA. Samples were prepared for Transition 
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Electron Microscopy by drop-casting nanoparticle samples dispersed in hexanes onto amorphous 

carbon-coated Cu grids.  High-resolution TEM (HRTEM) and energy dispersive X-ray 

spectroscopy (EDS) analyses were performed on a JEOL JEM-2100F FEG TEM operated at 200 

kV at the Advanced Imaging and Microscopy Lab at the University of Maryland.  



104 

 

REFERENCES 

(1)  Shirasaki, Y.; Supran, G. J.; Bawendi, M. G.; Bulović, V. Emergence of Colloidal 

Quantum-Dot Light-Emitting Technologies. Nat. Photonics 2013, 7 (1), 13–23. 

https://doi.org/10.1038/nphoton.2012.328. 

(2)  Green, M. A.; Ho-baillie, A.; Snaith, H. J. The Emergence of Perovskite Solar Cells. 2014, 

8 (July). https://doi.org/10.1038/nphoton.2014.134. 

(3)  Sichert, J. A.; Tong, Y.; Mutz, N.; Vollmer, M.; Fischer, S.; Milowska, K. Z.; Garc, R.; 

Nickel, B.; Cardenas-daw, C.; Stolarczyk, J. K.; Urban, A. S.; Feldmann, J. Quantum Size 

Effect in Organometal Halide Perovskite Nanoplatelets. Nano Lett. 2015, 15 (10), 6521–

6527. https://doi.org/10.1021/acs.nanolett.5b02985. 

(4)  Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.; Caputo, R.; Hendon, C. H.; 

Yang, R. X.; Walsh, A.; Kovalenko, M. V. Nanocrystals of Cesium Lead Halide 

Perovskites (CsPbX3, X = Cl, Br, and I): Novel Optoelectronic Materials Showing Bright 

Emission with Wide Color Gamut. Nano Lett. 2015, 15 (6), 3692–3696. 

https://doi.org/10.1021/nl5048779. 

(5)  Lee, M. M.; Teuscher, J.; Miyasaka, T.; Murakami, T. N.; Snaith, H. J. Efficient Hybrid 

Solar Cells Based on Meso-Superstructured Organometal Halide Perovskites. Science (80-

. ). 2012, 338 (6107), 643–648. 

(6)  Jung, H. S.; Park, N. G. Perovskite Solar Cells: From Materials to Devices. Small 2015, 

11 (1), 10–25. https://doi.org/10.1002/smll.201402767. 

(7)  Bououdina, M.; Song, Y.; Azzaza, S. Nano-Structured Diluted Magnetic Semiconductors; 



105 

 

Elsevier Ltd., 2016. https://doi.org/10.1016/b978-0-12-803581-8.02431-0. 

(8)  Jayakumar, O. D.; Tyagi, A. K. Spintronic Materials, Synthesis, Processing and 

Applications; Elsevier Inc., 2012. https://doi.org/10.1016/B978-0-12-385142-0.00005-2. 

(9)  Zhou, X.; Zhang, K. H. L.; Xiong, J.; Park, J. H.; Dickerson, J. H.; He, W. Size- and 

Dimensionality-Dependent Optical, Magnetic and Magneto-Optical Properties of Binary 

Europium-Based Nanocrystals: EuX (X = O, S, Se, Te). Nanotechnology 2016, 27 (19), 0. 

https://doi.org/10.1088/0957-4484/27/19/192001. 

(10)  Zutic, I.; Fabian, J.; Sarma, S. Das. Spintronics: Fundamentals and Applications. Rev. 

Mod. Phys. 2004, 76 (2), 323–410. 

(11)  Miao, G. X.; Moodera, J. S. Spin Manipulation with Magnetic Semiconductor Barriers. 

Phys. Chem. Chem. Phys. 2015, 17 (2), 751–761. https://doi.org/10.1039/c4cp04599h. 

(12)  Moodera, J. S.; Miao, G. X.; Santos, T. S. Frontiers in Spin-Polarized Tunneling. Phys. 

Today 2010, 63 (4), 46–51. https://doi.org/10.1063/1.3397043. 

(13)  Wachter, P. Europium Chalcogenides: EuO, EuS, EuSe, and EuTe. In Handbook on the 

Physics and Chemistry of Rare Earths; 1979; pp 507–574. 

(14)  Matsukura, F.; Ohno, H. III-V-Based Ferromagnetic Semiconductors, 1st ed.; Elsevier 

BV, 2013. https://doi.org/10.1016/B978-0-444-63279-1.00007-1. 

(15)  Murayama, A.; Sakuma, M. Nanoscale Magnet for Semiconductor Spintronics. Appl. 

Phys. Lett. 2006, 88 (12), 1–4. https://doi.org/10.1063/1.2186984. 

(16)  Johnson, D. A. Recent Advances in the Chemistry of the Less-Common Oxidation States of 

the Lanthanide Elements; 1977; Vol. 20. 



106 

 

(17)  Boncher, W. L.; Regulacio, M. D.; Stoll, S. L. Thermolysis of Lanthanide 

Dithiocarbamate Complexes. J. Solid State Chem. 2010, 183 (1), 52–56. 

https://doi.org/10.1016/j.jssc.2009.10.003. 

(18)  Schoenes, J.; Wachter, P. Exchange Optics in Gd-Doped EuO. Phys. Rev. B 1974, 9 (7), 

3097–3105. https://doi.org/10.1103/PhysRevB.9.3097. 

(19)  Ott, H.; Heise, S. J.; Sutarto, R.; Hu, Z.; Chang, C. F.; Hsieh, H. H.; Lin, H.; Chen, C. T.; 

Tjeng, L. H. Soft X-Ray Magnetic Circular Dichroism Study on Gd-Doped EuO Thin 

Films. Phys. Rev. B 2006, 73 (094407), 1–4. 

https://doi.org/10.1103/PhysRevB.73.094407. 

(20)  Dresselhaus, G. Optical Properties of the Europium Chalcogenide Magnetic 

Semiconductors. In Theoretical Aspects and New Developments in Magneto-Optics; 1980; 

pp 315–335. https://doi.org/10.1088/0031-9112/33/2/034. 

(21)  Yoshikawa, A. Development and Applications of Wide Bandgap Semiconductors. In Wide 

Bandgap Semiconductors; 2007. 

(22)  Sinova, J.; Jungwirth, T. Dilute Magnetic Semiconductors. Front. Magn. Mater. 2005, 29 

(March 1988), 185–208. https://doi.org/10.1007/3-540-27284-4_7. 

(23)  Furdyna, J. K. Diluted Magnetic Semiconductors. J. Appl. Phys. 1988, 64 (4). 

https://doi.org/10.1063/1.341700. 

(24)  Reiss, G.; Hütten, A. Magnetic Nanoparticles: Applications beyond Data Storage. Nat. 

Mater. 2005, 4 (10), 725–726. https://doi.org/10.1038/nmat1494. 

(25)  Talapin, D. V.; Lee, J.-S.; Kovalenko, M. V.; Shevchenko, E. V. Prospects of Colloidal 



107 

 

Nanocrystals for Electronic and Optoelectronic Applications. Chem. Rev. 2010, 110 (1), 

389–458. https://doi.org/10.1021/cr900137k. 

(26)  Ha, Y.; Ko, S.; Kim, I.; Huang, Y.; Mohanty, K.; Huh, C.; Maynard, J. A. Recent 

Advances Incorporating Superparamagnetic Nanoparticles into Immunoassays. ACS Appl. 

Nano Mater. 2018, 1 (2), 512–521. https://doi.org/10.1021/acsanm.7b00025. 

(27)  Veintemillas-Verdaguer, S.; Marciello, M.; Morales, M. D. P.; Serna, C. J.; Andrés-

Vergés, M. Magnetic Nanocrystals for Biomedical Applications. Prog. Cryst. Growth 

Charact. Mater. 2014, 60 (3–4), 80–86. https://doi.org/10.1016/j.pcrysgrow.2014.09.002. 

(28)  Nikalje, A. P. Nanotechnology and Its Applications in Medicine. Med. Chem. (Los. 

Angeles). 2015, 5 (2), 81–89. https://doi.org/10.4172/2161-0444.1000247. 

(29)  Lu, A. H.; Salabas, E. L.; Schüth, F. Magnetic Nanoparticles: Synthesis, Protection, 

Functionalization, and Application. Angew. Chemie - Int. Ed. 2007, 46 (8), 1222–1244. 

https://doi.org/10.1002/anie.200602866. 

(30)  Mikhaylova, M.; Kim, D. K.; Bobrysheva, N.; Osmolowsky, M.; Semenov, V.; 

Tsakalakos, T.; Muhammed, M. Superparamagnetism of Magnetite 

Nanoparticles:  Dependence on Surface Modification. Langmuir 2004, 20 (6), 2472–2477. 

https://doi.org/10.1021/la035648e. 

(31)  Alivisatos, A. P. Perspectives on the Physical Chemistry of Semiconductor Nanocrystals. 

J. Phys. Chem. 1996, 3654 (95), 13226–13239. https://doi.org/10.1021/jp9535506. 

(32)  Smith, A. M.; Nie, S. Semiconductor Nanocrystals: Structure, Properties, and Band Gap 

Engineering. Acc. Chem. Res. 2010, 43 (2), 190–200. https://doi.org/10.1021/ar9001069. 



108 

 

(33)  Brus, L. E. Electron – Electron and Electronhole Interactions in Small Semiconductor 

Crystallites : The Size Dependence of the Lowest Excited Electronic State. J. Chem. Phys. 

1984, 80 (9), 4403–4409. https://doi.org/10.1063/1.447218. 

(34)  Chukwuocha, E. O.; Onyeaju, M. C.; Harry, T. S. T. Theoretical Studies on the Effect of 

Confinement on Quantum Dots Using the Brus Equation. World J. Condens. Matter Phys. 

2012, 02 (02), 96–100. https://doi.org/10.4236/wjcmp.2012.22017. 

(35)  Wang, F.; Richards, V. N.; Shields, S. P.; Buhro, W. E. Kinetics and Mechanisms of 

Aggregative Nanocrystal Growth. Chem. Mater. 2014, 26, 5–21. 

https://doi.org/10.1021/cm402139r. 

(36)  Shimpi, J. R.; Sidhaye, D. S.; Prasad, B. L. V. Digestive Ripening: A Fine Chemical 

Machining Process on the Nanoscale. Langmuir 2017, 33, 9491–9507. 

https://doi.org/10.1021/acs.langmuir.7b00193. 

(37)  Boncher, W. L.; Rosa, N.; Kar, S.; Stoll, S. L. Europium Chalcogenide Nanowires by 

Vapor Phase Conversions. Chem. Mater. 2014, 26 (10), 3144–3150. 

https://doi.org/10.1021/cm500530r. 

(38)  Thongchant, S.; Hasegawa, Y.; Wada, Y.; Yanagida, S. Liquid-Phase Synthesis of EuS 

Nanocrystals and Their Physical Properties. J. Phys. Chem. B 2003, 107 (10), 2193–2196. 

https://doi.org/10.1021/jp021850z. 

(39)  Thongchant, S.; Hasegawa, Y.; Wada, Y.; Yanagida, S. Spindle-Type EuO Nanocrystals 

and Their Magnetic Properties. Chem. Lett. 2001, 30 (12), 1274–1275. 

(40)  Regulacio, M. D.; Tomson, N.; Stoll, S. L. Dithiocarbamate Precursors for Rare-Earth 



109 

 

Sulfides. Chem. Mater. 2005, 17 (12), 3114–3121. https://doi.org/10.1021/cm0478071. 

(41)  Mirkovic, T.; Hines, M. A.; Sreekumari Nair, P.; Scholes, G. D. Single-Source Precursor 

Route for the Synthesis of EuS Nanocrystals. Chem. Mater. 2005, 17 (13), 3451–3456. 

https://doi.org/10.1021/cm048064m. 

(42)  Redigolo, M. L.; Koktysh, D. S.; van Benthem, K.; Rosenthal, S. J.; Dickerson, J. H. 

Europium Sulfide Nanoparticles in the Sub-2 Nm Size Regime. Mater. Chem. Phys. 2009, 

115 (2–3), 526–529. https://doi.org/10.1016/j.matchemphys.2009.02.029. 

(43)  Zhao, F.; Sun, H. L.; Su, G.; Gao, S. Synthesis and Size-Dependent Magnetic Properties 

of Monodisperse EuS Nanocrystals. Small 2006, 2 (2), 244–248. 

https://doi.org/10.1002/smll.200500294. 

(44)  Hasegawa, Y.; Afzaal, M.; O’Brien, P.; Wada, Y.; Yanagida, S. A Novel Method for 

Synthesizing EuS Nanocrystals from a Single-Source Precursor under White LED 

Irradiation. Chem. Commun. 2005, 1 (2), 242–243. https://doi.org/10.1039/b413252a. 

(45)  Lazell, M.; O’Brien, P. A Novel Single Source Precursor Route to Self Capping CdS 

Quantum Dots. Chem. Commun. 1999, No. 20, 2041–2042. 

https://doi.org/10.1039/a906160f. 

(46)  Koh, Y. W.; Lai, C. S.; Du, A. Y.; Tiekink, E. R. T.; Loh, K. P. Growth of Bismuth 

Sulfide Nanowire Using Bismuth Trisxanthate Single Source Precursors. Chem. Mater. 

2003, 15 (24), 4544–4554. https://doi.org/10.1021/cm021813k. 

(47)  Brien, P. O.; Walsh, J. R.; Watson, I. M.; Motevalli, M.; Henriksen, L.; Chemistry, D.; 

Mary, Q.; College, W.; Road, M. E.; London, E. N. S. Molecule Precursors for Low-



110 

 

Pressure Metal-Organic Chemical Vapour Deposition *. 1996, 2491–2496. 

(48)  Nanocrystallites, T. S.; Murray, C. B.; Noms, D. J.; Bawendi, M. G. Synthesis and 

Characterization of Nearly Monodisperse CdE (E = S, Se, Te) Semiconductor 

Nanocrystallites. 1993, No. 4, 8706–8715. https://doi.org/10.1021/ja00072a025. 

(49)  Sato, N.; Shinohara, G.; Kirishima, A.; Tochiyama, O. Sulfurization of Rare-Earth Oxides 

with CS 2. 2008, 451 (April 2007), 669–672. 

https://doi.org/10.1016/j.jallcom.2007.04.100. 

(50)  Atif, R.; Zarkov, A.; Asuigui, D. R. C.; Glaser, P.; Stewart, O.; Stoll, S. L. Single-Source 

Precursors for Lanthanide Diselenide Nanosheets. Chem. Mater. 2019, 31, 7779–7789. 

https://doi.org/10.1021/acs.chemmater.9b03067. 

(51)  Malik, M. A.; O’Brien, P.; Revaprasadu, N. A Simple Route to the Synthesis of 

Core/Shell Nanoparticles of Chalcogenides. Chem. Mater. 2002, 14 (5), 2004–2010. 

https://doi.org/10.1021/cm011154w. 

(52)  Smet, P. F.; Moreels, I.; Hens, Z.; Poelman, D. Luminescence in Sulfides: A Rich History 

and a Bright Future. Materials (Basel). 2010, 3 (4), 2834–2883. 

https://doi.org/10.3390/ma3042834. 

(53)  Artem’ev, A. V.; Gusarova, N. K.; Malysheva, S. F.; Trofimov, B. A. 

Diselenophosphinates. Synthesis and Applications. Org. Prep. Proced. Int. 2011, 43 (5), 

381–449. https://doi.org/10.1080/00304948.2011.613694. 

(54)  Adachi, T. aki; Tanaka, A.; Hasegawa, Y.; Kawai, T. Preparation of EuSe Nanoparticles 

from Eu(III) Complex Containing Selenides. Thin Solid Films 2008, 516 (9), 2460–2462. 



111 

 

https://doi.org/10.1016/j.tsf.2007.04.099. 

(55)  Tanaka, A.; Adachi, T. aki; Hasegawa, Y.; Kawai, T. Crystal Growth of Nanoscaled 

Europium Selenide Having Characteristic Crystal Shapes. J. Alloys Compd. 2009, 488 (2), 

538–540. https://doi.org/10.1016/j.jallcom.2008.11.126. 

(56)  Hasegawa, Y.; Adachi, T.; Tanaka, A.; Afzaal, M.; O’Brien, P.; Doi, T.; Hinatsu, Y.; 

Fujita, K.; Tanaka, K.; Kawai, T. Remarkable Magneto-Optical Properties of Europium 

Selenide\rNanoparticles with Wide Energy Gaps. J. Am. Chem. Soc. 2008, 130 (3), 5710–

5716. 

(57)  Tang, J.; Hinds, S.; Kelley, S. O.; Sargent, E. H. Synthesis of Colloidal CuGaSe 2 , 

CuInSe 2 , and Cu(InGa)Se 2 Nanoparticles. Chem. Mater. 2008, 20 (22), 6906–6910. 

https://doi.org/10.1002/chin.200907219. 

(58)  Rudman, P. S.; String, J.; Jaffee, R. I. Phase Stability in Metals and Alloys; 1976. 

(59)  Regulacio, M. D.; Han, M. Y. Composition-Tunable Alloyed Semiconductor 

Nanocrystals. Acc. Chem. Res. 2010, 43 (5), 621–630. https://doi.org/10.1021/ar900242r. 

(60)  Tit, N.; Obaidat, I. M.; Alawadhi, H. Origins of Bandgap Bowing in Compound-

Semiconductor Common-Cation Ternary Alloys. J. Phys. Condens. Matter 2009, 21 (7). 

https://doi.org/10.1088/0953-8984/21/7/075802. 

(61)  Bailey, R. E.; Nie, S. Alloyed Semiconductor Quantum Dots: Tuning the Optical 

Properties without Changing the Particle Size. J. Am. Chem. Soc. 2003, 125 (23), 7100–

7106. https://doi.org/10.1021/ja035000o. 

(62)  Dalafu, H. A.; Rosa, N.; James, D.; Asuigui, D. R. C.; McNamara, M.; Kawashima, A.; 



112 

 

Omagari, S.; Nakanishi, T.; Hasegawa, Y.; Stoll, S. L. Solid-State and Nanoparticle 

Synthesis of EuSxSe1- x Solid Solutions. Chem. Mater. 2018, 30 (9), 2954–2964. 

https://doi.org/10.1021/acs.chemmater.8b00393. 

(63)  Hihara, T.; Kojima, K.; Kamigaichi, T. NMR Study of Hyperfine Fields at 153Eu in 

Euse1-XTex with X≤0.1. Journal of the Physical Society of Japan. 1981, pp 1499–1504. 

https://doi.org/10.1143/JPSJ.50.1499. 

(64)  Kojima, K.; Hihara, T.; Kamigaichi, T. Magnetic Phases of EuSe1-XSx with X<0.3. J. 

Phys. Soc. Japan 1980, 49 (6), 2419–2420. 

(65)  Kato, I.; Kaneko, Y.; Mitani, T.; Koda, T. Magnetic Ordering of EuS1-XSex. J. Phys. Soc. 

Japan 1979, 47 (4), 1367–1368. 

(66)  Als-Nielson, J.; Dietrich, O. W.; Passel, L. Neutron Scattering from the Heisenberg 

Ferromagnets EuO and EuS. II. Static Critical Properties. Phys. Rev. B 1976, 14 (11), 

4908–4922. 

(67)  Wachter, P. The Optical Electrical and Magnetic Properties of the Europium 

Chalcogenides and the Rare Earth Pnictides. C R C Crit. Rev. Solid State Sci. 1972, 3 (2), 

189–241. https://doi.org/10.1080/10408437208244865. 

(68)  Goncharenko, I. N.; Mirebeau, I. Ferromagnetic Interactions in Eus and Euse Studied by 

Neutron Diffraction at Pressures up to 20.5 GPa. Phys. Rev. Lett. 1998, 80 (5), 1082–

1085. https://doi.org/10.1103/PhysRevLett.80.1082. 

(69)  Westerholt, K.; Bach, H. Magnetic Ordering in EuxSr1-XSySe1-Y. J. Magn. Magn. 

Mater. 1981, 24, 191–196. 



113 

 

(70)  Smith, D. K.; Luther, J. M.; Semonin, O. E.; Nozik, A. J.; Beard, M. C. Tuning the 

Synthesis of Ternary Lead Chalcogenide Quantum Dots by Balancing Precursor 

Reactivity. ACS Nano 2011, 5 (1), 183–190. https://doi.org/10.1021/nn102878u. 

(71)  Guo, Y.; Alvarado, Samuel, R.; Barclay, J. D.; Vela, J. Shape-Programmed 

Nanofabrication : Understanding the Reactivity of Dichalcogenide Precursors Shape-

Programmed Nanofabrication : Understanding the Reactivity Of. ACS Nano 2013, 7 (4), 

3616–3626. https://doi.org/10.1021/nn400596e. 

(72)  Rhodes, J. M.; Jones, C. A.; Thal, L. B.; Macdonald, J. E. Phase-Controlled Colloidal 

Syntheses of Iron Sulfide Nanocrystals via Sulfur Precursor Reactivity and Direct Pyrite 

Precipitation. Chem. Mater. 2017, 29, 8521–8530. 

https://doi.org/10.1021/acs.chemmater.7b03550. 

(73)  Hendricks, M. P.; Campos, M. P.; Cleveland, G. T.; Jen-La Plante, I.; Owen, J. S. A 

Tunable Library of Substituted Thiourea Precursors to Metal Sulfide Nanocrystals. 

Science (80-. ). 2015, 348 (6240), 1226–1230. https://doi.org/10.1126/science.aaa2951. 

(74)  Campos, M. P.; Hendricks, M. P.; Beecher, A. N.; Walravens, W.; Swain, R. A.; 

Cleveland, G. T.; Hens, Z.; Sfeir, M. Y.; Owen, J. S. A Library of Selenourea Precursors 

to PbSe Nanocrystals with Size Distributions near the Homogeneous Limit. J. Am. Chem. 

Soc. 2017, 139 (6), 2296–2305. https://doi.org/10.1021/jacs.6b11021. 

(75)  Hendricks, M. P.; Cossairt, B. M.; Owen, J. S. The Importance of Nanocrystal Precursor 

Conversion Kinetics: Mechanism of the Reaction between Cadmium Carboxylate and 

Cadmium Bis(Diphenyldithiophosphinate). ACS Nano 2012, 6 (11), 10054–10062. 



114 

 

https://doi.org/10.1021/nn303769h. 

(76)  Liu, H.; Owen, J. S.; Alivisatos, A. P. Mechanistic Study of Precursor Evolution in 

Colloidal Group II-VI Semiconductor Nanocrystal Synthesis. J. Am. Chem. Soc. 2007, 

129 (2), 305–312. https://doi.org/10.1021/ja0656696. 

(77)  Ruberu, T. P. A.; Albright, H. R.; Callis, B.; Ward, B.; Cisneros, J.; Fan, H. J.; Vela, J. 

Molecular Control of the Nanoscale: Effect of Phosphine-Chalcogenide Reactivity on 

CdS-CdSe Nanocrystal Composition and Morphology. ACS Nano 2012, 6 (6), 5348–5359. 

https://doi.org/10.1021/nn301182h. 

(78)  Dalafu, H. A.; Rosa, N.; James, D.; Asuigui, D. R. C.; McNamara, M.; Kawashima, A.; 

Omagari, S.; Nakanishi, T.; Hasegawa, Y.; Stoll, S. L. Solid-State and Nanoparticle 

Synthesis of EuS  x  Se  1– x  Solid Solutions. Chem. Mater. 2018, 30 (9), 2954–2964. 

https://doi.org/10.1021/acs.chemmater.8b00393. 

(79)  Toby, B. H.; Dreele, R. B. Von. GSAS-II : The Genesis of a Modern Open-Source All 

Purpose Crystallography Software Package. J. Appl. Crystallogr. 2013, 46, 544–549. 

https://doi.org/10.1107/S0021889813003531. 

(80)  LLanos, J.; Sanchez, V.; Mujica, C.; Buljan, A. Synthesis , Physical and Optical 

Properties , and Electronic Structure of the Rare-Earth Oxysulfides Ln2O2S (Ln = Sm, 

Eu). Mater. Res. Bull. 2002, 37, 2285–2291. 

(81)  Sarmadian, N.; Saniz, R.; Partoens, B.; Lamoen, D. Easily Doped P-Type, Low Hole 

Effective Mass, Transparent Oxides. Sci. Rep. 2016, 6 (20446). 

https://doi.org/10.1038/srep20446. 



115 

 

(82)  Zhao, F.; Sun, H. L.; Gao, S.; Su, G. Magnetic Properties of EuS Nanoparticles 

Synthesized by Thermal Decomposition of Molecular Precursors. J. Mater. Chem. 2005, 

15 (39), 4209–4214. https://doi.org/10.1039/b507584j. 

(83)  Koktysh, D. S.; Somarajan, S.; He, W.; Harrison, M. a; McGill, S. a; Dickerson, J. H. EuS 

Nanocrystals: A Novel Synthesis for the Generation of Monodisperse Nanocrystals with 

Size-Dependent Optical Properties. Nanotechnology 2010, 21 (41), 415601. 

https://doi.org/10.1088/0957-4484/21/41/415601. 

(84)  Zhao, F.; Gao, S. Pyrolysis of Single Molecular Precursor for Monodisperse Lanthanide 

Sulfide/Oxysulfide Nanocrystals. J. Mater. Chem. 2008, 18 (9), 949–953. 

https://doi.org/10.1039/b713636f. 

(85)  Ghosh, A. B.; Saha, N.; Sarkar, A.; Srivastava, D. N.; Paul, P.; Adhikary, B. Solvent 

Assisted and Solvent Free Orientation of Growth of Nanoscaled Lanthanide Sulfides: 

Tuning of Morphology and Manifestation of Photocatalytic Behavior. RSC Adv. 2015, 5 

(124), 102818–102827. https://doi.org/10.1039/c5ra19959j. 

(86)  Regulacio, M. D.; Bussmann, K.; Lewis, B.; Stoll, S. L. Magnetic Properties of 

Lanthanide Chalcogenide Semiconducting Nanoparticles. J. Am. Chem. Soc. 2006, 128 

(34), 11173–11179. https://doi.org/10.1021/ja0620080. 

(87)  Regulacio, M. D.; Pablico, M. H.; Vasquez, J. A.; Myers, P. N. Luminescence of 

Lanthanide Dithiocarbamate Complexes--Sp. 1465. 

(88)  Regulacio, M. D.; Kar, S.; Zuniga, E.; Wang, G.; Dollahon, N. R.; Yee, G. T.; Stoll, S. L. 

Size-Dependent Magnetism of EuS Nanoparticles. Chem. Mater. 2008, 20 (10), 3368–



116 

 

3376. https://doi.org/10.1021/cm703463s. 

(89)  Burin, M. E.; Pushkarev, A. P.; Fukin, G. K.; Rumyantsev, R. V.; Konev, A. N.; 

Bochkarev, M. N. Synthesis of EuS and EuSe Particles via Thermal Decomposition of 

Dithio- and Diselenophosphinate Europium Complexes. Nanotechnologies Russ. 2017, 12 

(1–2), 66–72. https://doi.org/10.1134/S1995078017010025. 

(90)  Atif, R.; Zarkov, A.; Asuigui, D. R. C.; Glaser, P.; Stewart, O.; Stoll, S. L. Single-Source 

Precursors for Lanthanide Diselenide Nanosheets. Chem. Mater. 2019, 31 (18). 

https://doi.org/10.1021/acs.chemmater.9b03067. 

(91)  Mourdikoudis, S.; Liz-Marzán, L. M. Oleylamine in Nanoparticle Synthesis. Chem. 

Mater. 2013, 25 (9), 1465–1476. https://doi.org/10.1021/cm4000476. 

(92)  Wang, C.; Zhang, D.; Xu, L.; Jiang, Y.; Dong, F.; Yang, B.; Yu, K.; Lin, Q. A Simple 

Reducing Approach Using Amine to Give Dual Functional Euse Nanocrystals and 

Morphological Tuning. Angew. Chemie - Int. Ed. 2011, 50 (33), 7587–7591. 

https://doi.org/10.1002/anie.201102780. 

(93)  Zhang, J.; Xie, H.; Shen, Y.; Zhao, W.; Li, Y. Facile Synthesis of Highly Monodisperse 

EuSe Nanocubes with Size-Dependent Optical/Magnetic Properties and Their 

Electrochemiluminescence Performance. Nanoscale 2018. 

https://doi.org/10.1039/C8NR02500B. 

(94)  Artem’ev, A. V.; Malysheva, S. F.; Gusarova, N. K.; Trofimov, B. A. New Synthesis of 

Diselenophosphinates of Heavy Metals. Russ. J. Gen. Chem. 2011, 81 (7), 1449–1452. 

https://doi.org/10.1134/S1070363211070085. 



117 

 

(95)  Artem’ev,  a. V.; Gusarova, N. K.; Malysheva, S. F.; Trofimov, B. a. Three-Component 

Reaction of Secondary Phosphines with Elemental Selenium and Amines. Russ. J. Org. 

Chem. 2010, 46 (4), 592–593. https://doi.org/10.1134/S1070428010040275. 

(96)  Houtepen, A. J.; Koole, R.; Vanmaekelbergh, D.; Meeldijk, J.; Hickey, S. G. The Hidden 

Role of Acetate in the PbSe Nanocrystal Synthesis. J. Am. Chem. Soc. 2006, 128 (21), 

6792–6793. https://doi.org/10.1021/ja061644v. 

(97)  Chang, J.; Waclawik, E. R. Colloidal Semiconductor Nanocrystals: Controlled Synthesis 

and Surface Chemistry in Organic Media. RSC Adv. 2014, 4 (45), 23505–23527. 

https://doi.org/10.1039/C4RA02684E. 

(98)  Moreels, I.; Justo, Y.; De Geyter, B.; Haustraete, K.; Martins, J. C.; Hens, Z. Size-

Tunable, Bright, and Stable PbS Quantum Dots: A Surface Chemistry Study. ACS Nano 

2011, 5 (3), 2004–2012. https://doi.org/10.1021/nn103050w. 

(99)  Mahajan, S. V.; Dickerson, J. H. Optical Studies of Sub-3nm Eu2O3 and Gd2O3:Eu3+ 

Nanocrystals. J. Alloys Compd. 2009, 488 (2), 574–577. 

https://doi.org/10.1016/j.jallcom.2008.12.092. 

(100)  Yarema, O.; Yarema, M.; Wood, V. Tuning the Composition of Multicomponent 

Semiconductor Nanocrystals : The Case of I − III − VI Materials. Chem. Mater. 2018, 30, 

1446–1461. https://doi.org/10.1021/acs.chemmater.7b04710. 

(101)  Schoenes, J.; Wachter, P. Magnetooptic Spectroscopy of EuS, EuSe, and EuTe. IEEE 

Trans. Magn. 1976, 12 (2), 81–85. https://doi.org/10.1109/TMAG.1976.1059007. 

(102)  Yu, W. W.; Wang, Y. A.; Peng, X. Formation and Stability of Size-, Shape-, and 



118 

 

Structure-Controlled CdTe Nanocrystals: Ligand Effects on Monomers and Nanocrystals. 

Chem. Mater. 2003, 15 (22), 4300–4308. https://doi.org/10.1021/cm034729t. 

(103)  Mourdikoudis, S.; Liz-Marzán, L. M. Oleyamine in Nanoparticle Synthesis. Chem. Mater. 

2013, 25, 1465. https://doi.org/10.1021/cm4000476. 

(104)  Silberstein, R. P.; Tekippe, V. J.; Dresselhaus, M. S. Magnetic Phase-Dependent Raman 

Scattering in EuS and EuSe. Phys. Rev. B 1977, 16 (6), 2728–2748. 

https://doi.org/10.1103/PhysRevB.16.2728. 

(105)  Silberstein, R. P.; Schmutz, L. E.; Tekippe, V. J.; Dresselhaus, M. S.; Aggarwal, R. L. 

Magnetic Phase-Dependent Raman Scattering in EuSe and EuTe. Solid State Commun. 

1976, 18 (9–10), 1173–1177. https://doi.org/10.1016/0038-1098(76)90932-7. 

(106)  Axe, J. D. Infrared Dielectric Dispersion in Divalent Europium Chalcognides. J. Phys. 

Chem. Solids 1969, 30, 1403–1406. 

(107)  Pappas, S. D.; Poulopoulos, P.; Lewitz, B.; Straub, A.; Goschew, A.; Kapaklis, V.; 

Wilhelm, F.; Rogalev, A.; Fumagalli, P. Direct Evidence for Significant Spin-Polarization 

of EuS in Co/EuS Multilayers at Room Temperature. Sci. Rep. 2013, 3, 1–5. 

https://doi.org/10.1038/srep01333. 

(108)  Asuigui, D. R. C.; De Siena, M. C.; Fainblat, R.; James, D.; Gamelin, D. R.; Stoll, S. L. 

Giant Band Splittings in EuS and EuSe Magnetic Semiconductor Nanocrystals. Chem. 

Commun. 2020, 56 (43). https://doi.org/10.1039/d0cc00994f. 

(109)  Tsukahara, Y.; Kataoka, T.; Hasegawa, Y. The First Observation of the Magnetic Circular 

Dichroism in EuS Nanocrystals. 2006, 412, 203–206. 



119 

 

https://doi.org/10.1016/j.jallcom.2005.04.055. 

(110)  Tanaka, A.; Kamikubo, H.; Kataoka, M.; Hasegawa, Y.; Kawai, T. Size-Controlled 

Aggregation of Cube-Shaped Eus Nanocrystals with Magneto-Optic Properties in Solution 

Phase. Langmuir 2011, 27 (1), 104–108. https://doi.org/10.1021/la103899a. 

(111)  Barrows, C. J.; Vlaskin, V. A.; Gamelin, D. R. Absorption and Magnetic Circular 

Dichroism Analyses of Giant Zeeman Splittings in Diffusion-Doped Colloidal Cd 1- x Mn 

x Se Quantum Dots. No. 2955, 1–7. 

(112)  Barrows, C. J.; Vlaskin, V. A.; Gamelin, D. R. Absorption and Magnetic Circular 

Dichroism Analyses of Giant Zeeman Splittings in Diffusion-Doped Colloidal Cd1– x 

Mnx Se Quantum Dots. J. Phys. Chem. Lett. 2015, 6 (15), 3076–3081. 

https://doi.org/10.1021/acs.jpclett.5b01137. 

(113)  DIMMOCK JO. Optical Properties of the Europium Chalcogenides. IBM J. Res. Dev. 

1970, 14 (3), 301–308. https://doi.org/10.1147/rd.143.0301. 

(114)  Feinleib, J.; Scouler, W. J.; Dimmock, J. O.; Hanus, J.; Reed, T. B. Spin-Polarized 

Splittings in the Temperature-Dependent Reflectance of EuO. Phys. Rev. Lett. 1969, 22 

(25), 1385–1388. 

(115)  Schoenes, J. Magnetooptik Und Elektronische Struktur Der Magnetisch Ordnenden 

Europiumchalkogenide. Zeitschrift für Phys. B Condens. Matter Quanta 1975, 20 (4), 

345–368. https://doi.org/10.1007/BF01313205. 

(116)  Ferre, J.; Billardon, M.; Badoz, J.; Suryanarayanan, R.; Paparoditis, C. Dichroisme 

Circulaire Magnetique de Films Minces de EuTe et EuSe Jusqu’a 5 K. Le J. Phys. Colloq. 



120 

 

1971, 32 (C1), C1-930-C1-931. https://doi.org/10.1051/jphyscol:19711332. 

(117)  Mauger, A.; Godart, C. The Magnetic, Optical, and Tranport Properties of Representatives 

of a Class of Magnetic Semiconductors: The Europium Chalcogenides. Phys. Rep. 1986, 

141 (2–3), 51–176. 

(118)  Busch, G. Magnetic Properties of Rare-Earth Compounds. J. Appl. Phys. 38 1967, 38 (3), 

1386–1394. https://doi.org/10.1063/1.1709635. 

(119)  Furdyna, J. K. Diluted Magnetic Semiconductors. J. Appl. Phys. 1988, 64 (4), R29–R64. 

https://doi.org/10.1063/1.341700. 

(120)  Kirchschlager, R.; Heiss, W.; Lechner, R. T.; Bauer, G.; Springholz, G. Hysteresis Loops 

of the Energy Band Gap and Effective g Factor up to 18 000 for Metamagnetic EuSe 

Epilayers. Appl. Phys. Lett. 2004, 85 (1), 67–69. https://doi.org/10.1063/1.1771454. 

(121)  Moodera, J. S.; Meservey, R.; Hao, X. Variation of the Electron-Spin Polarization in EuSe 

Tunnel Junctions from Zero to near 100% in a Magnetic Field. Phys. Rev. Lett. 1993, 70 

(6), 853–856. https://doi.org/10.1103/PhysRevLett.70.853. 

(122)  Mićić, O. I.; Ahrenkiel, S. P.; Nozik, A. J. Synthesis of Extremely Small InP Quantum 

Dots and Electronic Coupling in Their Disordered Solid Films. Appl. Phys. Lett. 2001, 78 

(25), 4022–4024. https://doi.org/10.1063/1.1379990. 

(123)  Alivisatos, A. P. Highly Luminescent Colloidal Nanoplates of Perovskite Cesium Lead 

Halide and Their Oriented Assemblies. 2015, 16008–16011. 

https://doi.org/10.1021/jacs.5b11199. 

(124)  Saparov, B.; Mitzi, D. B. Organic-Inorganic Perovskites: Structural Versatility for 



121 

 

Functional Materials Design. Chem. Rev. 2016, 116 (7), 4558–4596. 

https://doi.org/10.1021/acs.chemrev.5b00715. 

(125)  Kazim, S.; Nazeeruddin, M. K.; Grätzel, M.; Ahmad, S. Perovskite as Light Harvester: A 

Game Changer in Photovoltaics. Angew. Chemie - Int. Ed. 2014, 53 (11), 2812–2824. 

https://doi.org/10.1002/anie.201308719. 

(126)  Boyd, E. L. Nuclear Magnetic Resonance Studies of Some Materials Containing Divalent 

Europium. Phys. Rev. 1966, 145 (1), 174–178. https://doi.org/10.1103/PhysRev.145.174. 

(127)  Baopeng, C.; Shihua, W.; Xinhua, Z. Synthesis and Structure of AEuI3 (ARb, Cs) and 

AEu2I5 (AK, Rb, Cs). J. Alloys Compd. 1992, 181 (1–2), 511–514. 

https://doi.org/10.1016/0925-8388(92)90348-D. 

(128)  Nocera, D. G.; Morss, L. R.; Fahey, J. A. Preparation, Crystal Structure, and Enthalpy of 

Formation of Cesium Europium(II) Chloride, CsEuCl3. J. Inorg. Nucl. Chem. 1979, 42, 

55–59. 

(129)  Wu, G. Q.; Hoppe, R. Ueber Die Synthese von MLnF3 Aus MLnF4. Zeitschrift fur Anorg. 

und Allg. Chemie 1984, 514, 92–98. 

(130)  Shafer, M. W. Preparation and Crystal Chemistry of Divalent Europium Compounds. J. 

Appl. Phys. 1965, 36 (3), 1145–1152. 

(131)  Ehrenberg, H.; Fuess, H.; Hesse, S.; Zimmermann, J.; Von Seggern, H.; Knapp, M. 

Structures of CsEuBr3 and Its Degradation Product Cs 2EuBr5·10H2O. Acta Crystallogr. 

Sect. B Struct. Sci. 2007, 63 (2), 201–204. https://doi.org/10.1107/S0108768106049032. 

(132)  Mitzi, D. B.; Liang, K. Preparation and Properties of (C4H9NH3)2 EuI4 : A Luminescent 



122 

 

Organic−Inorganic Perovskite with a Divalent Rare-Earth Metal Halide Framework. 

Chem. Mater. 1997, 9 (12), 2990–2995. https://doi.org/10.1021/cm970352d. 

(133)  Dorenbos, P. Energy of the First 4f7→4f65d Transition of Eu2+ in Inorganic Compounds. 

J. Lumin. 2003, 104 (4), 239–260. https://doi.org/10.1016/S0022-2313(03)00078-4. 

(134)  Wu, X.; Li, H.; Wang, K.; Sun, X.; Wang, L. CH 3 NH 3 Pb 1−x Eu x I 3 Mixed Halide 

Perovskite for Hybrid Solar Cells: The Impact of Divalent Europium Doping on 

Efficiency and Stability. RSC Adv. 2018, 8 (20), 11095–11101. 

https://doi.org/10.1039/C7RA12754E. 

(135)  Goldschmidt, V. M. Die Gesetze Der Krystallochemie. Naturwissenschaften 1926, 21, 

477–485. 

(136)  Pena, M. A.; Fierro, J. L. G. Chemical Structures and Performance of Perovskite Oxides. 

Chem. Rev. 2001, 101, 1981–2017. 

(137)  Hoefler, S. F.; Trimmel, G.; Rath, T. Progress on Lead-Free Metal Halide Perovskites for 

Photovoltaic Applications: A Review. Monatshefte fur Chemie. Springer Vienna 2017, pp 

795–826. https://doi.org/10.1007/s00706-017-1933-9. 

(138)  Jiang, W.; Bian, Z.; Hong, C.; Huang, C. A Mild Liquid Reduction Route toward Uniform 

Blue-Emitting EuCl2nanoprisms and Nanorods. Inorg. Chem. 2011, 50 (15), 6862–6864. 

https://doi.org/10.1021/ic200993w. 

(139)  Zhao, T.; Xin, J.; Jiang, Y.; Zhao, Y.; Zhao, Y.; Zhao, Y.; Sun, W. A Novel Strategy to 

Synthesize Dual Blue Fluorescent- Magnetic EuCl 2 Nanocrystals via One-Pot Method 

with Controlled Morphologies Using Urea. Part. Part. Syst. Charact. 2018, 1800106, 2–7. 



123 

 

https://doi.org/10.1002/ppsc.201800106. 

(140)  Wang, C.; Zhang, D.; Xu, L.; Jiang, Y.; Dong, F.; Yang, B.; Yu, K.; Lin, Q. A Simple 

Reducing Approach Using Amine to Give Dual Functional Euse Nanocrystals and 

Morphological Tuning. Angew. Chemie - Int. Ed. 2011, 50 (33), 7587–7591. 

https://doi.org/10.1002/anie.201102780. 

(141)  Huang, J.; Lei, T.; Siron, M.; Zhang, Y.; Yu, S.; Seeler, F.; Dehestani, A.; Quan, L. N.; 

Schierle-Arndt, K.; Yang, P. Lead-Free Cesium Europium Halide Perovskite 

Nanocrystals. Nano Lett. 2020, 20 (5), 3734–3739. 

https://doi.org/10.1021/acs.nanolett.0c00692. 

(142)  Alam, F.; Wegner, K. D.; Pouget, S.; Amidani, L.; Kvashnina, K.; Aldakov, D.; Reiss, P. 

Eu2+: A Suitable Substituent for Pb2+ in CsPbX3 Perovskite Nanocrystals? J. Chem. 

Phys. 2019, 151 (23). https://doi.org/10.1063/1.5126473. 

(143)  Huang, J.; Lei, T.; Siron, M.; Zhang, Y.; Yu, S.; Seeler, F.; Dehestani, A.; Quan, L. N.; 

Schierle-arndt, K.; Yang, P. Lead-Free Cesium Europium Halide Perovskite Nanocrystals. 

2020. 

 


