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Chapter 1 
 

General Introduction 
 

 

 

 

1.1  Lanthanide Materials 
 

Lanthanide (Ln) elements have attracted the attention of researchers for 

decades[1-11]. They are characterized by gradual filling of 4f orbitals from 4f0 (for La) to 

4f14 (Lu). Given that the 4f orbitals are shielded from the surrounding environment by 

the filled 5s2 and 5p2 orbitals, the characteristic properties of lanthanide ions, such as 

optical, electronic, magnetic, and catalytic, are largely independent of their environment. 

Hence, lanthanide elements have been widely used in many fields (Figure 1-1 and Table 

1-1). For example, europium, terbium, samarium, and thulium are widely used as 

luminescent elements in displays and fluorescent lights. Ytterbium, neodymium, and 

erbium are known for their near-infrared luminescence. Compounds of neodymium and 

dysprosium are well-known as the strongest permanent magnets and are used in electric 

motors, computer hard drive spindles, cell phones, and actuators. Cerium compounds 

have excellent catalytic properties.  
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Figure 1-1.  Lanthanide elements in the periodic table and their applications. 
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Table 1-1.  Electronic structure of the lanthanide. 

Element Symbol Atomic number Configuration Ln atom Configuration Ln(III) 

Lanthanum La 57 [Xe] 5d1 6s2 [Xe] 

Cerium Ce 58 [Xe] 4f1 5d1 6s2 [Xe] 4f1 

Praseodymium Pr 59 [Xe] 4f3 6s2 [Xe] 4f2 

Neodymium Nd 60 [Xe] 4f4 6s2 [Xe] 4f3 

Promethium Pm 61 [Xe] 4f5 6s2 [Xe] 4f4 

Samarium Sm 62 [Xe] 4f6 6s2 [Xe] 4f5 

Europium Eu 63 [Xe] 4f7 6s2 [Xe] 4f6 

Gadolinium Gd 64 [Xe] 4f7 5d1 6s2 [Xe] 4f7 

Terbium Tb 65 [Xe] 4f9 6s2 [Xe] 4f8 

Dysprosium Dy 66 [Xe] 4f10 6s2 [Xe] 4f9 

Holmium Ho 67 [Xe] 4f11 6s2 [Xe] 4f10 

Erbium Er 68 [Xe] 4f12 6s2 [Xe] 4f11 

Thulium Tm 69 [Xe] 4f13 6s2 [Xe] 4f12 

Ytterbium Yb 70 [Xe] 4f14 6s2 [Xe] 4f13 

Lutetium Lu 71 [Xe] 4f14 5d1 6s2 [Xe] 4f14 
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1.2  Lanthanide Magnetic Semiconductors 

 

In this study, the author focused on the lanthanide magnetic semiconductors. 

Magnetic semiconductors work based on interaction between light and magnetic field in 

a medium (Figure 1-2). Their magnetic properties can be controlled using optical 

excitation (opto-magnetic effect), and the optical properties of magnetic semiconductors 

can be controlled using an external magnetic field (magneto-optical effect). Such 

characteristic properties are induced by interactions between electric charge and 

magnetic spin. 

 

 

Figure 1-2.  Schematic illustrations of opto-magnetic and magneto-optical effects. 
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 Europium chalcogenides (EuX; X = O, S, Se, and Te), among other 

materials, are lanthanide magnetic semiconductors[12-18]. EuX have the NaCl structure, 

and they are magnetic semiconductors, characterized by degenerate 4f orbitals of Eu(II) 

ions existing between the conduction band (5d orbitals of Eu(II)) and the valence band 

(p orbitals of O2−, S2−, Se2−, or Te2−) (Figure 1-3). The 4f–5d electronic transition and 

spin configuration of EuX lead to a large magneto-optical effect. Among EuXs, EuS is 

distinctly characterized by its ferromagnetic properties with Curie temperature (Tc = 

16.6 K), which makes it a promising candidate for use as an active material in 

magneto-optic devices. 

 

 

Figure 1-3.  Schematic illustrations of crystal structure of europium chalcogenides and the 4f–
5d electronic transition. 

 

 

  



 10 

1.3  Magneto-optical Properties  

 

The Faraday effect, a magneto-optical effect, causes rotation of the plane of 

polarized light, and the amount of rotation is linearly proportional to the magnetic field 

component along the direction of propagation (Figure 1-4). This phenomenon is caused 

by the propagation of right and left circularly polarized light at different speeds. 

Linearly polarized light can be decomposed into a superposition of two equal-amplitude 

right and left circularly polarized light components. In the passage of linearly polarized 

light through a material acted upon by an external magnetic field, if one of these 

circularly polarized light components is slowed more than the other, the effect of 

relative phase difference rotates the orientation of linearly polarized light by an angle θ 

as follows: 

 

θ = VHl             (1-1) 

 

where V is the Verdet constant, H is the external magnetic field, and l is the length of 

the path. The Verdet constant is a proportionality constant that varies according to the 

wavelength of light and the temperature of the materials.  

The Faraday effect is the basis of optical isolators and optical circulators. 

These optical devices are required in optical communication systems and laser 

applications[19-29].  
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Figure 1-4.  A schematic illustration of Faraday effect. 
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1.4  Nanomaterials 

 

Nanomaterials frequently show intermediate behavior between macroscopic 

solid and atomic or molecular systems. A variety of materials (metal, semiconductor, 

polymer, and carbon) and nanostructures (nanocrystal, nanorod, nanowire, and 

nanoplane) have been studied[30-40]. In particular, semiconductor nanocrystals have 

attracted considerable interest because of their characteristic physical features such as 

optical, magnetic, electronic, and catalytic. These characteristic features can be scribed 

to several reasons. One is the surface effect caused by an increase in the number of 

atoms on a nanocrystals surface compared to the total number of atoms in the 

nanocrystal. Therefore, surface atoms have a large influence on the overall properties of 

nanocrystals. For example, an increase in the number of surface atoms on a nanocrystal 

surface can lead to heightened chemical reactivity and low melting point compared to 

the corresponding bulk solid. The other reason is the quantum size effect, according to 

which the energy level of a semiconductor nanocrystals can be regarded as a hybrid 

between the energy levels of small molecules and the corresponding bulk material 

(Figure 1-5)[41]. In contrast to bulk materials, the energy levels of a semiconductor 

nanocrystal are discrete, and their band gap is larger. However, their density of state is 

much higher, and their spacing is smaller than that of the corresponding levels of one 

atom or a small atomic cluster.  
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Figure 1-5.  A schematic illustration of the quantum size effect. 

 

The magnetic properties of nanocrystals are different from molecules and 

bulk materials as well, and they strongly depend on nanocrystal size[42]. If the crystal 

size is large enough to support a multidomain structure, magnetization reversal occurs 

via a domain walls motion. In contrast, a small magnetic nanocrystal is a single-domain 

magnet. This shows that the direction of magnetization can be changed only by coherent 

rotation of spins, and such a change results in single-domain particles having higher 

coercivity than multidomain particles. Upon a further decrease in the particle size, the 

coercivity decreases because of the progressively increasing role of thermal fluctuations, 

leading to superparamagnetism. 
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Magnetic semiconductor nanocrystals have both semiconducting and 

magnetic properties. To manipulate their magneto-optical properties, various types of 

structured magnetic semiconductor nanocrystals have been prepared, and stochastic 

control for a number of magnetic dopants in II–VI or III–V semiconductor nanocrystals 

has been investigated[24,43,44]. However, the characteristic magneto-optical properties of 

nanocrystals have not been studied extensively because there are only few classes of 

materials that exhibit both intrinsic magnetic and semiconducting properties. 
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1.5  Europium Chalcogenide Nanocrystals 

 

Here, the author focused on lanthanide nanocrystals composed of photo- and 

magneto-functional lanthanide ions as the intrinsic magnetic semiconductors. In 

particular, EuX nanocrystals were synthesized, and their resulting magnetic and 

magneto-optical properties were explored. 

Bulk EuO and EuS can be prepared by solid-phase reactions of europium with 

chalcogens at high temperatures (> 1000˚C). However, chemical and physical instability 

of their surfaces constitute an obstacle to the synthesis and isolation of europium 

chalcogenide nanocrystals. To prepare europium chalcogenide nanocrystals, Hasegawa 

and co-workers reported the liquid-phase reactions of europium in liquid ammonia 

(Figure 1-6a)[45-48]. Recently, they successfully synthesized monodisperse EuX 

nanocrystals via thermal decomposition of Eu(III) complexes as single-source 

precursors[49-52]. In this method, a suitable capping reagent is decomposed to synthesize 

nanocrystals (Figure 1-6b). Currently, various types of single-source precursor for the 

preparation of EuX nanocrystals and their photophysical and magnetic properties have 

been reported[53-67]. Their characteristic photophysical and magneto-optical properties in 

the visible region have been observed. It has been found that the energy level of a 

conduction band constructed from 5d orbitals is affected by the size of nanocrystals, as 

is the case with other semiconductor nanocrystals. 
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(a) 

 
 (b) 

 

Figure 1-6.  Mechanism of (a) the liquid-phase reactions of Eu(III) in liquid ammonia[46], and (b) 
the thermal decomposition of Eu(III) complexes as single-source precursors[51].  

COMMUNICATIONS

2074 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4112-2074 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 12

Eu(NO3)3 in methanol. The EuO nanocrystals have two
unconventional photophysical properties: their emission
quantum yield in methanol is 49! 5% at 300 K, which is the
highest efficiency reported for EuO, and their magnetization
increases dramatically under UV irradiation at room temper-
ature.

The EuO nanocrystals were prepared under an N2 atmos-
phere as described in the Experimenteal Section. The TEM
images revealed that the sample consisted of EuO nano-
crystals (Figure 1a) with an average diameter of 3.4 nm
(Figure 1b). Their size distribution is much smaller than that
of the recently prepared EuO nanocrystals.[7] The electron
diffraction pattern (Figure 1c) of the initial nanocrystals
revealed responses at 2.95, 2.43, 1.78, and 1.51 dA, corre-
sponding to (111), (200), (220), and (222) planes of NaCl-type
EuO, in agreement with those of the spindle-shaped EuO
nanocrystals.[7, 8] Magnetization measurements verified the
formation of EuIII-free EuII oxide (EuO). Thermogravimetric/
differential thermal analysis (TGA/DTA) indicated that the
EuO precipitates contain 48% of organic compounds. Ele-
mental analyses and inductively coupled plasma atomic
emission spectroscopy (ICP-AES) gave empirical formulas
of precipitates prepared in the absence and presence of urea
of EuH6.7C2.8N1.2O6.9 and EuH7.7C3.3N2.2O6.8, respectively. The
empirical formula of the organic component was determined
from the difference between these formulas to be CH2N2. As
the removal of H2O from NH2CONH2 (urea) leaves CH2N2,
the formation of polyurea (NHC(O)NHCH2)n on the surface
of EuO was assumed, and this was confirmed by IR
spectroscopy. The proposed photochemical reaction mecha-
nism for the formation of the polyurea-modified EuO nano-
crystals is shown in Figure 1d. Irradiation at the charge-
transfer bands between an oxygen atom of methanol and the

EuIII ion of Eu(NO3)3 induces photoreduction to give an EuII

ion and HOCH2
. .[9] The radical intermediate HOCH2

. reacts
with NO3

" to give OH" and formaldehyde. EuO is formed by
the dehydrocondensation of Eu(OH)2.[10] The growth of EuO
nanocrystals is coupled with the polymerization of the
coordinated urea with photogenerated formaldehyde on the
EuO to give polyurea-modified EuO nanocrystals.

The absorption spectrum of the polyurea-modified EuO
nanocrystals in methanol is shown in Figure 2a. The band at
!# 280 nm corresponds to the exciton band between the 4f

Figure 2. a) Absorption spectra of the EuO nanocrystals in methanol. The
absorption below !# 250 nm can be assigned to polyurea and methanol,
and that above !# 250 nm (arrow) to the exciton band of the EuO
nanocrystals. b) Excitation spectrum of the EuO nanocrystals in methanol,
monitored at !# 340 nm. c) Emission spectrum of the EuO nanocrystals in
methanol (excitation at !# 290 nm). All spectra are corrected for detector
sensitivity and lamp intensity.

and 5d orbitals of the EuO nano-
crystals.[11] The larger Stokes
shift of the exciton bands indi-
cates that the electronic struc-
ture or spin state of EuO nano-
crystals is significantly different
from that of EuO bulk crystals.
When the sample was irradiated
at the exciton band, the emission
spectrum exhibited a peak at
around !# 357 nm. The excita-
tion and emission spectra in
methanol are shown in Figure 2b
and c. The emission quantum
yield of the polyurea-modified
EuO in methanol was 49! 5%
at 300 K. Previously, the quan-
tum efficiency of EuO single
crystals was estimated to be less
than 1%. Interestingly, the quan-
tum yield of EuO nanocrystals
without polyurea modification
was 5! 0.5% at 300 K. These
results suggest that the emission
quantum yields of EuO nano-

Figure 1. TEM image of the EuO nanocrystals. Images were recorded under axial illumination at approximate
Scherzer focus, with a point resolution better than 0.19 mm. a) Bright-field (BF) image with weaker electron
irradiation (2.4$ 1023 em"2 s, beam diameter# 2 mm). b) Size distribution of a). c) Electron diffraction pattern.
d) Mechanism of the photochemical reaction.

was assigned to C3H10NS. These results indicate that the
organic product has the structure •SCN(Et)2. Therefore, we
propose that the organic product, •SCN(Et)2, is formed by a
thermal reaction of Eu (III) dithiocarbamate complex.

1H NMR spectra of EuS nanoparticles and SSP (Eu dithio-
carbamate complex) in acetonitrile-d3 are shown in Figure 4b.
The two resonance signals at 3.10 and 1.19 ppm for an
acetonitrile solution containing EuS nanoparticles were assigned
to ethyl groups of the organic product (•SCN(Et)2). These signals
were shifted to higher magnetic field than those of the
corresponding peaks at 3.16 ppm (triplet, 3H) and 1.59 ppm
(quartet, 2H) for an SSP solution. We observed the shift of the

signals of the organic cation, tetraphenylphosphine, for a EuS
nanoparticle solution (7.10, 6.58 and 3.97 ppm) in comparison
with those for an SSP solution (7.90 (triplet, 1H) and 7.70
(multiplet 4H) ppm). 31P NMR spectra of EuS nanoparticles
and SSP in acetonitrile-d3 are also shown in Figure 4c. The
signal of tetraphenylphosphine for a EuS nanoparticle solution
(-12.22 ppm) was also shifted to higher magnetic field than
that for SSP (24.47 ppm). In general, NMR signals of organic
compounds on surface of nanoparticles are shifted to higher
magnetic field.13 We propose that EuS nanoparticles are
coordinated by organic products, such as the Eu complex. This
supposition is caused by an upper-field shift of NMR data of
tetraphenylphosphonium. Suppositional compounds, •SCN(Et)2
or their derivatives, would also coordinate on the EuS nano-
particle surface. However, discussion about higher magnetic
field signals of the suppositional compounds is not clear at the
present time because the chemical structures of suppositional
compounds are different from that of corresponding SSP,
(PPh4)[Eu(S2CNEt2)4]‚2H2O. Furthermore, we have measured
elemental analysis of our surface-modified EuS nanoparticles
(Found: C: 11.91, H: 2.17, N: 0.56%). These data suggest
the presence of organic products on the EuS surface. A small
percentage of nitrogen might be caused by small amount of
•SCN(Et)2 or derivatives. We propose that EuS nanoparticles
have a sulfide-rich surface, assuming that the nanoparticles plus
ligands, Ph4P+, is overall neutral.
In this work, a thermal reaction of SSP gave EuS nanopar-

ticles and the organic product (•SCN(Et)2). The organic product
may make a dimmer, (Et)2NC(S)-(S)CN(Et)2, by the couping
of the radicals formed in the thermal reaction and/or thiopolymer
in the solution through the polymerization of the radicals. We
could not observed the dimmer or polymer, however, Wei and
co-workers have suggested dithiocarbamate assembly on nano-
particles, recently.14 Then we propose that the EuS nanoparticle
surface is covered with the dimer or the polymer.
Optical Properties. The emission and the excitation spectra

of EuS nanoparticles in acetonitrile are shown in Figure 5. When
the sample was irradiated at 290 nm, the emission spectrum
exhibited a peak at λ ) 350 nm. This emission band is due to
a 4f-5d transition. The energy gap in nanoparticles of 8 nm
was estimated by a zero-zero band between the emission and
excitation spectra, giving the energy gap of 3.7 eV. This shows
a blue shift in comparison with previous EuS nanoparticles (of
ca. 10 nm: 3.1 eV).15 The level of the conduction band
constructed from 5d orbitals should be affected by the particle

Figure 3. (a) UV-vis absorption spectra of the experimental solution
in each reaction time. The absorption at 420 nm shows Sf Eu LMCT.
(b) Variation of the absorption at 420 nm taken at different time
intervals. (c) Decomposition mechanism of (PPh4) [Eu(S2CNEt2)4]
precursor.

Figure 4. (a) IR spectra of nanoparticles, (b) 1H NMR spectra, and
(c) 31P NMR spectra of spectra of EuS nanoparticles and SSP.

Figure 5. Emission and excitation spectra of EuS nanoparticles in
acetonitrile at room temperature. Excitation wavelength for measure-
ment of emission spectrum is a 290 nm. Monitor wavelength for
measurement of excitation spectrum is a 360 nm.

9010 J. Phys. Chem. B, Vol. 110, No. 18, 2006 Hasegawa et al.
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1.6  Nanoaggregates 

 

Recently, nano-assembles composed of semiconductor, metal, or magnetic 

nanocrystals have been studied extensively for potential applications in fields such as 

optoelectronics, nanoelectronics, storage systems, biological labels, and 

three-dimensional waveguides[68-72]. These nanocrystals can be used as “building blocks” 

for larger nano-assembles (Figure 1-7), and they show not only enhanced of physical 

properties but also the emergence of novel physical properties due to the interactions 

between nanocrystals. For example, Koole and co-workers reported effective exciton 

energy transfer and electronic coupling of aggregates of semiconductor CdTe 

nanocrystals in solution (Figure 1-8)[71]. Kelley and co-workers observed drastic 

red-shifts of absorption and emission bands of nanosized aggregates composed of 

semiconductor GaSe nanocrystals[69]. Chaudret and co-workers reported on the 

formation and magnetic properties of superlattice structures comprising cubic iron 

nanocrystals[70]. Talapin and co-workers reported self-assembled binary superlattices of 

CdSe and Au nanocrystals, and their changed fluorescence properties[72]. 
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Figure 1-7.  A schematic illustration of nano-assembles. 

 

 

Figure 1-8.  A schematic illustration of CdTe nano-assembles linked by hexanedithiol, and 
contour-plot of the electron wave functions in two neighboring nanocrystals. 

 
 

Superlattice structures composed of cubic EuS nanocrystals have been 

reported by Hasegawa and co-workers as well (Figure 1-9)[73]. Superlattice structures of 

EuS nanocrystals were prepared successfully via slow evaporation of a toluene solution 

containing EuS nanocrystals. When using an alcohol solution, they reported that they 

could successfully tune the particle aggregate size and interparticle distances of 
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superlattice structures by manipulating the alkyl chain length of the solvent alcohol[74]. 

The optical band gap and the active wavelength of magneto-optical properties of EuS 

nanocrystal aggregates showed a characteristic red shift. 

 

 

Figure 1-9.  TEM images of EuS nano-aggregates and band gap energy of monomeric EuS 
nanocrystals of 14 nm, EuS NCs-aggregates with a cubic superlattice structure, and bulk EuS[74]. 
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1.7  Objectives 
 

As mentioned above, the formation of nano-assembles could be effective for 

enhancing the photophysical properties of lanthanide magnetic semiconductor 

nanocrystals. Although the nano-assembles reported in previous works were composed 

only of EuS nanocrystals, hybrid nano-assembles composing different nanocrystals and 

photo-functional molecules as building blocks are expected not only to combine the 

properties of the constituent building blocks but also to generate new, collective 

phenomena based on interparticle interactions at the nanoscale. The study and 

development of novel hybrid nano-assembles composed of magnetic semiconductor 

nanocrystals, metal nanocrystals, and linker molecules as building blocks are expected 

to open up a new field of photophysics and photonic science (Figure 1-10). 

In this thesis, the author investigated the synthesis and 

surface-functionalization of magneto-optical lanthanide nanocrystals were investigated. 

In particular, (1) the formation of lanthanide magnetic semiconductor nano-assembles 

with photo-functional linker molecules, (2) the formation of hybrid nano-systems 

composed of magnetic semiconductor and metal nanocrystals, and (3) the synthesis and 

characterization of novel terbium nanocrystals with magneto-optical properties are 

demonstrated.  
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Figure 1-10.  A schematic illustration of formation of novel hybrid nano-assembles composed 
of (1) linker molecules, (2) metal nanocrystals, and (3) magnetic semiconductor nanocrystals as 
building blocks. 
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1.8  Contents of this thesis 

 

This thesis consists of six chapters. Chapter 1 presents a review of existing 

literature on the topic and describes the significance and objectives of this study. In 

Chapter 2, the author proposes the use of EuS nano-assembles with photo-functional 

naphthalenedithiol as linker molecules to control the aggregate size of EuS 

nano-assembles. In addition, the characteristic photophysical properties of EuS 

nano-assembles with naphthalene obtained using the emission spectra and emission 

quantum yields are demonstrated. In Chapter 3, EuS nanocrystals linked directly with 

gold nanocrystals (EuS-Au nanosystems) based on the molecular synthetic technology 

are described. Au nanocrystals are well known to show localized surface plasmon 

resonance (LSPR) leading to unique and unusual photophysical enhancement. The 

enhanced magneto-optical properties of a EuS-Au nanosystem dependent on the 

interparticle distance between EuS and Au and Au nanoparticle size are demonstrated 

for the first time. Chapter 4 presents the photo-switching magneto-optical properties of 

EuS-Au nanosystems based on the results in Chapter 3. The observed drastic change in 

the absorption band and magneto-optical properties might be related to enhanced LSPR 

and specific interaction between EuS and Au in the nanosystem under irradiation. In 

Chapter 5, novel nano-materials composed of Tb lattice structures, namely, TbX 

nanocrystals (terbium oxides (TbOn: 1.5 ≤ n ≤ 2), terbium fluorides (TbF3) and terbium 

oxyfluorides (TbOF)), are reported. The TbOn, TbF3 and TbOF nanocrystals were 

synthesized by the thermal decomposition of the following single-source precursors: 
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Tb(III) complex [Tb(acac)3(CH3OH)2], [Tb(acac)3(tppo)2], [Tb(hfa)3(CH3OH)2], and 

[Tb(hfa)3(tppo)2]. The prepared TbOF and TbF3 nanocrystals showed effective Faraday 

rotations under a magnetic field. Finally, all the results and achievements of this study 

are summarized in Chapter 7.  
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Chapter 2 
 

EuS Nano-assembles Linked with 
Photo-functional 

Naphthalenedithiols 
 

 

 

 

2.1  Introduction 

 

Semiconductor nanocrystals have attracted considerable attention in the field 

of advanced materials science because of their remarkable optical, electric, and 

magnetic properties[1-7]. In particular, the potential applications of magnetic 

semiconductor nanocrystals with magnetic and optical properties include use as optical 

isolators and magneto-optical memories in photo-magnetic devices[8-10]. Europium 

chalcogenides, EuX (X = O, S, Se, and Te), comprise one of the most important series 

of intrinsic magnetic semiconductors[11-13]. EuX is a magnetic semiconductor 

characterized by degenerate 4f orbitals of Eu(II) ions existing between the conduction 

band (5d orbitals of Eu(II)) and the valence band (p orbitals of O2-, S2-, Se2-, or Te2-). 
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The 4f–5d electronic transition and spin configuration result in the generation of a large 

magneto-optical effect, which makes EuX promising candidates as active materials in 

future optical isolators[14-18]. Among them, EuS nanocrystals have been focused on as 

promising materials because of their ferromagnetic properties and characteristic Faraday 

effects in the visible region[15,16]. 

As described in Chapter 1, various types of nano-assembles composed of 

colloidal nanocrystals (such as semiconductor, metal or magnetic nanocrystals) have 

been studied extensively for potential applications in fields such as photovoltaic, 

biological labels, and three-dimensional waveguides[19-21]. They show unique and 

remarkable coupled properties, optical, electric, and magnetic properties, as well as 

originally properties of only nanocrystals[20-22]. In particular, magnetic semiconductor 

nanocrystals are expected to be active materials having various potential applications 

including use in photo-magnetic devices as optical isolators and magneto-optical 

memory because of their magnetic and optical properties. The EuS nanocrystal is one 

such material. Hasegawa and co-workers have also reported size-controlled EuS 

nano-assembles[23,24]. They successfully prepared EuS nano-assembles with tunable 

aggregation sizes and interparticle distances depending on the solvent alcohol used. The 

active wavelength of magneto-optical properties of EuS nano-assembles showed a 

characteristic red shift in the aggregated structures. Such a shift is caused by exciton 

coupling and specific magneto-interactions between EuS nanocrystals. To analyze the 

optical and magnetic interactions in EuS nano-assembles, specific functional molecules 

linked with EuS nanocrystals are required.  
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In this chapter, the author focuses on photo-functional naphthalenedithiol 

(NpDDT) as a linker for the formation of EuS nano-assembles (Figure 2-1). 

Naphthalene molecules show photo-luminescence with high emission yield in terms of 

quantity, which is dependent on surrounding environment, that is, dielectric constant of 

the matrix. The dithiol unit has also been used as an ideal linker part for creating 

chemical connections between semiconductor nanocrystals and organic molecules. The 

NpDDT molecule is expected to be a sensing linker unit in the analysis of EuS 

nano-assembles. NpDDT is synthesized by a reaction in which hydroxyl groups of 

1,4-dihydroxynaphthalene are replaced by dithiol groups[25]. Self-assembled structures 

of the EuS nano-assembles with NpDDT were characterized with powder X-ray 

diffractometer (XRD) and transmission electron microscope (TEM). Photophysical 

properties of EuS nano-assembles with naphthalene were characterized using the 

emission spectra and the emission quantum yields. Here, synthesis and photophysical 

properties of EuS nano-assembles with photo-functional NpDDT have been 

investigated.  
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Figure 2-1.  Illustration of the EuS nano-assembles linked with photo-functional linker, NpDDT.  
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2.2  Experiments 
 

2.2.1  Materials 

Europium(III) chloride hexahydrate (EuCl3·6H2O) and sodium 

N,N-diethyldithiocarbamate trihydrate (Na(S2CNEt2)·3H2O) were purchased from 

Kanto Chemical Co. Inc. Tetraphenylphosphonium bromide (BrPPh4) was purchased 

from Wako Pure Chemical Industry, Ltd. Oleylamine (OLA) and 1,10-decanedithiol 

(DDT), 1,4-naphthalenediol and p-toluenesulfonic acid was obtained from Tokyo 

Chemical Industry Co., Ltd. p-Toluenesulfonic acid was purified by recrystallization 

from ethyl acetate and dried under vacuum before use. All other chemicals and solvents 

were reagent grade and were used without further purification. 

 

2.2.2  Apparatus 

Fourier-transform infrared spectroscopy (FT-IR) measurements were 

performed at room temperature using a Perkin-Elmer system 2000 FT-IR spectrometer. 

Hydrogen nuclear magnetic resonance (1H NMR) spectra were measured using JEOL 

AL-300 (300 MHz). 1H NMR chemical shifts were determined by using 

tetramethylsilane (TMS) as an internal standard. Elemental analyses were performed on 

a J-Science Lab JM 10 Micro Corder and an Exeter Analytical CE440. XRD 

patterns were characterized by Bruker AXS using Cu Ka radiation source (λ = 0.15418 

nm) and identified using the International Centre for Diffraction Data (ICDD). 

Ultraviolet-visible (UV-vis) absorption spectra were measured using a JASCO V-570 
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spectrophotometer at room temperature. Emission spectra were measured using a 

JASCO F-6300-H spectrometer and corrected for the response of the detector system. 

The emission quantum yields excited at 330 nm were calculated using a JASCO 

F-6300-H spectrofluorometer attached with a JASCO ILF-533 integrating sphere unit (φ 

= 100 mm). The wavelength dependences of the detector response and the beam 

intensity of Xe light source for each spectrum were calibrated using a standard light 

source. EuS nano-assembles were identified using a TEM (JEOL JEM-2010 FASTEM 

200 kV) with an energy dispersive X-ray spectroscopy (EDS) detector. The chemical 

compositions of EuS nano-assembles were determined by inductively coupled plasma 

optical emission spectroscopy (ICP-OES, Shimadzu ICPE-9000) and the EDS analysis. 
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2.2.3  Syntheses 

Synthesis of Tetraphenylphosphonum Tetrakis(diethyldithiocarbamate) 

Europium(III) ((PPh4)[Eu(S2CEt2)4]): 

 

Scheme 2-1.  Reaction scheme of (PPh4)[Eu(S2CEt2)4]. 

 

A solution of Na(S2CNEt2)·3H2O (14 g) in 30 mL of methanol was added to 

EuCl3·6H2O (5.6 g) dissolved in 30 mL of methanol while stirring and reacted for 3 h. 

After the reaction mixture was filtered, a solution of BrPPh4 (6.4 g) in 30 mL of 

methanol was added to the filtrated solution and stirred for 9 h. The resulting precipitate 

was separated by filtration and washed 2 times with ethanol. Yield: 30%. 1H NMR (300 

MHz, CDCl3, 25˚C, TMS): δ = 7.91–7.70 (m, 20H; Ar-H), 3.17 (m, 16H; CH2), 1.61 

ppm (t, 3J (H,H) = 7 Hz, 24H; CH3); IR (KBr): ν̃ = 1485–1482 cm-1 (C–N), 1442 cm-1 

(P–Phenyl), 1007 cm-1 (C–S); elemental analysis calcd (%) for C44H60EuN4PS8: C 48.73, 

H 5.58, N 5.17, S 23.65; found: C 48.55, H 5.51, N 5.00, S 23.41. 
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(a) 

 

(b) 

 

Figure 2-2.  Photographs of the synthesis of (PPh4)[Eu(S2CEt2)4] (a) before and (b) after 
reaction. 

 

Preparation of Cube-Shaped EuS nanocrystals: 

 

Scheme 2-2.  Reaction scheme of EuS nanocrystals. 

 

Under N2 atmosphere, (PPh4)[Eu(S2CNEt2)4] (0.5 g) was dissolved into 

oleylamine (4.5 g), and the mixture was heated at 180˚C and stirred for 20 min. After 

the reaction solvent was heated to 300˚C and stirred for 6 h, the purple liquid was 

centrifuged at 4000 rpm for 10 min. The precipitation was added to 8 mL of chloroform 

and centrifuged at 4000 rpm for 15 min, and the clear purple liquid of oleylamine 

capped EuS nanocrystals was obtained. 
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(a) 

 

(b) 

 

Figure 2-2.  Photographs of the synthesis of EuS nanocrystals (a) before and (b) after reaction. 

 

Synthesis of 1,4-bisdecanethionaphthalene (NpDDT): 

 

Scheme 2-3.  Reaction scheme of NpDDT. 

 

1,4-bisdecanethionaphtale (NpDDT) was prepared by the similar method as 

previously reported[25]. Under N2 atmosphere, 1,4-dihydroxynaphthalene (0.81 g, 5.0 

mmol), p-toluenesulfonic acid (0.48 g, 2.5 mmol) and 1,10-decanedithiol (10 mL, 46 

mmol) were dissolved into benzene (50 mL), and the mixture was refluxed at 80˚C for 1 

h. After aqueous workup, the product was purified by column chromatography on silica 

gel using ethyl acetate as an eluent. The collected product was crystallized from a 

mixture of ethyl acetate and hexane to give NpDDT as a white solid. 1H NMR (300 

MHz, CDCl3, 25˚C, TMS): δ = 1.2-1.4 (m, 26H), 1.5-1.7 (m, 8H), 2.5-2.6 (m, 4H), 
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2.9-3.0 (m, 4H), 7.5 (s, 2H), 7.5-7.6 (m, 2H), 8.4-8.5 (m, 2H); IR (KBr): ν̃ = 2924, 2849 

cm-1 (C–H), 2567 cm-1 (S–H), 1564 cm-1 (C=C of Ar), 1466 cm-1 (C–H); elemental 

analysis calcd (%) for C30H48S4: C, 67.10; H, 9.01; N, 0; S, 23.89; found: C, 66.87, H, 

9.06, N, 0.00, S, 24.00. 

 

Preparation of EuS nano-assembles: 

 

Scheme 2-4.  Reaction scheme of EuS nano-assembles. 

 

EuS nano-assembles were formed by adding NpDDT (0.14 g, 0.25 mmol) 

dissolved in 10 mL of THF to a solution of 30 mg of oleylamine capped EuS 

nanocrystals dissolved in 120 mL of THF. After the reaction solvent was stirred at room 

temperature for 20 min (EuS-NpDDT-20min) and 3 h (EuS-NpDDT-3h), the resulting 

solution was centrifuged at 4000 rpm for 10 min. The precipitation was added to 20 mL 

of chloroform and EuS nano-assembles were obtained. 
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2.2.4  Preparation of Polymer Thin Films 

The obtained EuS nano-assembles (20 mg) were added to a chloroform 

solution (1 mL) of polymethylmethacrylate (PMMA) (2.0 g) and dispersed well under 

ultrasonic treatment, giving the colloidal suspension. The PMMA thin films were 

prepared on a glass substrate from the colloidal suspension using drop-casted method 

for measurements of photophysical properties. The thickness of the PMMA thin films 

containing EuS nano-assembles were measured by a surface profiler KLA Tencor 

ALPHA STEP 500. 

The Faraday effect measurements were performed using a measurement 

system for Faraday and Kerr effects (JASCO, Model K-250). A Xe lamp was used as 

the light source. The external magnetic field was 15000 Oe. 

 

 
Scheme 2-2.  A photograph of the PMMA thin films containing EuS nano-assembles. 
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2.3  Results and Discussion 
 

2.3.1  Synthesis of EuS Nanocrystals 

Cubic EuS nanocrystals with oleylamine were prepared by thermal reduction 

of the single source precursor, (PPh4)[Eu(S2CNEt2)4], in oleylamine under N2 

atmosphere at 300˚C for 6 h. The formation of crystalline EuS nanocrystals was 

confirmed with XRD (Figure 2-3). Diffraction peaks 2θ of the XRD patterns at 25.5, 

29.8, 42.6, 50.6, 53.1, 62.1, and 70.5 degree were assigned as (111), (200), (220), (222), 

(400), (420), and (422), respectively, of NaCl-type EuS (ICDD 26-1419, Fm3m). The 

crystal grain size of the EuS nanocrystals was calculated from the XRD pattern using 

the Scherer equation (equation (2-1)). 

 

! = !"
!! !  !"#!             (2-1) 

 

where D, K, λ, β1/2, and θ denote crystal grain size, shape factor (0.9), X-ray wavelength 

(0.154056 nm), line broadening at half the maximum intensity, and Bragg angle, 

respectively. The crystal grain size was found to be 18 nm. 
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Figure 2-3.  XRD pattern of EuS nanocrystals and ICDD data (EuS, 26-1419, Fm3m). 
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A typical TEM image, electron diffraction pattern, and a size distribution 

histogram of EuS nanocrystals are shown in Figure 2-4.  Cubic images were observed 

and their electron diffraction pattern was found agree well with the isometric EuS lattice. 

The crystal size determined from TEM observations was found to be approximately 

18.5 nm and similar to the size measured by XRD (18 nm).  

 

 

(a) 

 

(b) 

 

(c) 

 

  

Figure 2-4.  (a) TEM image, (b) the electron diffraction pattern, and (c) size distribution 
histogram of cubic shaped EuS nanocrystals.  
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2.3.2  Formation of EuS Nano-assembles 

Naphthalenedithiol, NpDDT, is a promising photo-functional linker with a 

luminescent naphthalene unit and two dithiol units as a connecting part to EuS 

nanocrystals. NpDDT was synthesized by the reaction of 1,4-dihydroxynaphthalene 

with 1,10-decanedithiol in benzene at 80˚C for 1 h. 

Prepared NpDDT linkers were added into THF solution of EuS nanocrystals 

at room temperature for 20 min (EuS-NpDDT-20min) and 3 h (EuS-NpDDT-3h). Each 

THF solution containing EuS-NpDDT-20min or EuS-NpDDT-3h were separated by 

centrifugation and re-dispersed into chloroform. The TEM images of 

EuS-NpDDT-20min and EuS-NpDDT-3h are shown in Figures 2-5, respectively. The 

aggregation size of EuS-NpDDT-3h was estimated to be greater than 1000 nm. The 

author observed that the average aggregation size of EuS-NpDDT-3h was much larger 

than that of EuS-NpDDT-20min. Aggregation growth of EuS nano-assembles was 

found to be dependent on the replacement reaction time of NpDDT from oleylamine on 

the EuS nanocrystals’ surfaces.  
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(a) 

 

(b) 

 

Figure 2-5.  TEM images of (a) EuS-NpDDT-20min and (b) EuS-NpDDT-3h. 

 

 

To confirm the chemical bonding of EuS-NpDDT nano-assembles, UV-vis 

absorption spectra of PMMA thin films containing EuS nanocrystals, 

EuS-NpDDT-20min and EuS-NpDDT-3h, were measured (Figure 2-6 and Table 2-1). 

All of them showed the broad absorption bands assigned to the electronic transition 

between 4f7 and 4f6(7FJ)5d(t2g)[11,12,24].  

The active wavelength of the UV-vis spectra of EuS-NpDDT nano-assembles 

were red-shifted depending on the replacement time of oleylamine with NpDDT. 

Specific red shift of the absorption spectra of EuS-NpDDT nano-assembles might have 

been caused by the binding energy of EuS-NpDDT and exciton coupling between EuS 

nanocrystals. The binding energy of Eu-NpDDT might be higher than that of 

Eu-oleylamine. Additionally, the characteristic red shift of the active wavelength 

depending on the condensed structures of semiconductor nanocrystals has been 

elucidated in terms of exciton coupling between nanocrystals[24,26,27]. Thus, the energy 
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gap of 4f-5d bands in the EuS-NpDDT nano-assembles might be smaller than that in 

monomeric EuS nanocrystals.  

  

Figure 2-6.  UV-vis absorption spectra of PMMA thin films containing EuS nanocrystals (black), 
EuS-NpDDT-20min (red) and EuS-NpDDT-3h (blue). 

 

Table 2-1.  Peak top wavelength of UV-vis absorption spectra of PMMA thin films containing 
EuS nano-assembles depended on the replacement time of oleylamine with NpDDT. 

Reaction time / min Peak top wavelength / nm 

0 531 

10 532 

20 533 

60 542 

180 562 

300 562 

 



 48 

The author measured the concentration ratio of Eu and S using inductively 

coupled plasma optical emission spectroscopy (ICP-OES). For EuS-NpDDT-3h, the 

Eu/S ratio was found to be 1/2.2, although the Eu/S ratio for EuS nanocrystals was 1/1 

according to EDS analysis. Since NpDDT has two sulfur atoms in one molecule, 

EuS/NpDDT is estimated to be 1/0.6. The author calculated the number of atoms in 

cubic EuS nanocrystals (average diameter: 18 nm). The total number of Eu atoms in the 

EuS nanocrystals was approximately 100,000; in contrast, the number of Eu atoms on 

the EuS surface (Eusurface) is 10,000. From this estimate, the author determined the 

excess amount of NpDDT on the surface of the EuS nanocrystals (Eusurface/NpDDT = 

1/6), even after the purification of EuS-NpDDT via centrifugation of the THF solutions. 

Oleylamine molecules on the EuS nanocrystals might have been replaced by large 

amounts of NpDDT molecules. In contrast, the peak-top wavelength of the 4f-5d 

transition band in EuS-NpDDT-20min is considerably similar to that in EuS-oleylamine. 

Thus, the surface of EuS-NpDDT-20min might be covered with large amounts of 

oleylamine. 
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2.3.3  Magneto-optical properties of EuS nano-assembles 

The wavelength dependence of the Faraday rotation angle was measured for 

the PMMA thin films containing the EuS nano-assembles. The Faraday rotation 

spectrum at room temperature under an external magnetic field of 15,000 Oe had clear 

positive and negative peaks, which could have contributed to the 4f–5d transition in the 

EuS nanocrystals. The Verdet constant, which indicates the strength of the Faraday 

rotation, is calculated using the following equation (2-2). 

 

V = θ/Hl             (2-2) 

 

where θ, H, and l denote the Faraday rotation angle, the external magnetic field and the 

thickness of the thin film, respectively. To estimate the Faraday rotation efficiency of 

the EuS nano-assembles, the author considered that the Verdet constant should be 

normalized by the photon-absorption ability of the EuS nano-assembles, which contains 

information on the absorption coefficient ε of EuS, concentration of EuS and 

optical-pass length l. The normalized Verdet constants (Vabs) can be re-written as 

follows. 

 

Vabs = θ/HA             (2-3) 

 

where A is the absorbance of the PMMA thin films containing the EuS nano-assembles. 

The calculated Vabs values are shown in Figure 2-7 and Table 2-2.  
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Figure 2-7.  The calculated Vabs constants of polymer thin films containing EuS nanocrystals 
(black) and EuS nano-assembles with reaction time for 10 (purple), 20 (blue), 60 (green), 180 
(orange), and 300 min (red) under an external magnetic field of 15000 Oe.  

 

Table 2-2.  Magneto-optical properties of PMMA thin films containing EuS nano-assembles 
depended on the replacement time of oleylamine with NpDDT. 

Reaction time / min Vabs Peak position  

λmax / nm 

Vabs, peak 

/ 10-6 degree Oe-1 abs-1 

0 561 10.1 

10 595 12.5 

20 592 9.68 

60 593 7.16 

180 614 6.14 

300 627 3.70 
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The active wavelength of the EuS nano-assembles’ Faraday rotation spectra is 

markedly longer than that of monomeric EuS nanocrystals in PMMA, as well as that of 

the UV-vis spectra of the EuS-NpDDT nano-assembles. In addition, the characteristic 

red shifts in the Faraday rotation spectra of EuS nano-assembles were observed 

depending on the replacement time of oleylamine with NpDDT. These shifts might be 

related to the formation of nano-assembles, as reported by Hasegawa and co-workers, 

who suggested that the red shifts in the Faraday rotation spectra are caused by exciton 

coupling between the EuS nanocrystals[24]. The author considers that changing of the 

Faraday rotation spectra might be caused by the ligand field of Eu(II) ions on the EuS 

surface, as shown in Figure 2-6, and exciton coupling between the EuS nanocrystals.  

In addition, the author observed that the Faraday rotation angle was, first, 

increased at 10 min; subsequently, it decreased with increasing replacement time. These 

results might also be related to the ligand change and the subsequent formation of EuS 

nano-assembles. These results suggest that control over the formation of EuS 

nano-assembles is important for enhancing magneto-optical properties of the EuS 

nano-assembles. 
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2.3.4  Emission properties of EuS nano-assembles 

The emission spectra of PMMA thin films excited at 330 nm are shown in 

Figure 2-8. The emission spectra are normalized at the absorption bands of the π-π* 

transition of naphthalene units in NpDDT linkers. The author observed the 

characteristic emission band at 392 nm, which is also assigned to the π-π* transition of 

naphthalene units. The emission intensity of the PMMA thin films with 

EuS-NpDDT-3h was much lower than that of the PMMA thin films with 

EuS-NpDDT-20min. Additionally, the emission wavelength of NpDDT molecules 

excited at 330 nm in chloroform was found to be 403 nm, longer than that of NpDDT 

linkers in PMMA thin films with EuS nano-assembles. The characteristic red shift of 

the emission spectrum of naphthalene units in PMMA films with EuS nano-assembles 

might have been affected by the aggregation of NpDDT units on the EuS nanocrystal 

surface. 

The emission quantum yields of NpDDT and PMMA thin films with 

EuS-NpDDT-20min and EuS-NpDDT-3h are summarized in Table 2-3. The emission 

quantum yield of NpDDT excited at 330 nm in chloroform was found to be 16%. The 

emission quantum yields of PMMA thin films with EuS-NpDDT-20min and 

EuS-NpDDT-3h were estimated to be 11 and 6%, respectively. The excited state of the 

naphthalene units in NpDDT may have been quenched by the adsorption of EuS 

nanocrystals because of EuS nanocrystals’ broad absorption bands at around 400 nm. 

Moreover, the emission quantum yield of EuS-NpDDT-3h with larger aggregation size 

was lower than that of EuS-NpDDT-20min. The emission quantum yield of NpDDT 
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might be related to the size of EuS nano-assembles. 

 

 

Figure 2-8.  Emission spectra of PMMA thin films containing EuS-NpDDT-20min (blue), 
EuS-NpDDT-3h (orange), and EuS-NpDDT-5h (red). The emission spectra were measured by 
excitation at 330 nm at room temperature.  

 

Table 2-3.  Photophysical properties of NpDDT in chloroform and PMMA thin films with EuS 
nanocrystals, EuS-NpDDT-20min and EuS-NpDDT-3h. 

sample matrix 
emission 

wavelength / nm 

emission quantum 

yield / % 

NpDDT chloroform 403 16 

EuS-NpDDT-20min PMMA 392 11 

EuS-NpDDT-3h PMMA 392 6 

The emission quantum yields were measured by excitation at 330 nm at room temperature. 
PMMA film thickness using surface profiler was found to be 10 mm. 
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2.4  Conclusions 
The author has successfully observed the aggregation growth of EuS 

nanocrystals using luminescent NpDDT linkers. The novel luminescent NpDDT linker 

is an effective material for the formation and observation of EuS nano-assembles.  

The formation of EuS nano-assembles using NpDDT linkers was confirmed 

with TEM observations and UV-vis absorption measurements. The author observed that 

the peak position and angle of Faraday rotation were dependent on the ligand 

replacement time of oleylamine to NpDDT on the surface of EuS nanocrystals and the 

subsequent formation of EuS nano-assembles. These results mean that the control over 

the formation process is important for amplifying the magneto-optical properties of EuS 

nano-assembles. The emission quantum yields of naphthalene units in NpDDT were 

found to be dependent on the aggregation size of EuS nano-assembles.  

The quenching mechanism in the emission process of naphthalene molecules 

on semiconductor nano-assembles has not been reported thus for. Based on this work, 

the author can observe and control the formation of nano-assembles using the novel 

luminescent NpDDT linker.  
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Figure 2-9.  Illustration of the observation of the aggregation growth of EuS nanocrystals using 
luminescent NpDDT linker. 
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Chapter 3 
 

Enhanced Magneto-optical 

Properties of Semiconductor EuS 

Nanocrystals Assisted by Surface 

Plasmon Resonance of Gold 

Nanoparticles 
 

 

 

 

3.1  Introduction 

 

Modern optical telecommunication systems are playing an ever-increasing 

role in our information-intensive society[1]. In recent years, intense worldwide effort has 

been focused on researching optical telecommunication devices such as lasers, optical 

fibers, and photonic devices[2-8]. In particular, the optical isolator is a key device that 

allows the transmission of light in only one direction, which is essential for high-speed 

and highly accurate optical information technology. The performance of an optical 

isolator is based on the optical Faraday effect. The optical Faraday effect causes rotation 



 60 

of the plane of polarized light, and the magnitude of this rotation is linearly proportional 

to the component of magnetic field in the direction of propagation. Various types of 

magneto-optical materials showing the Faraday effect have been reported over the past 

few decades[9-19]. In particular, the preparation of semiconductor materials with 

magnetic dopants has been investigated for the development of optical isolators. In 

addition, stochastic control of a number of magnetic dopants in II–VI or III–V systems 

has also been investigated[20-22]. Currently, fiber-optic communication systems in the 

visible region are focused on wavelength division multiplex (WDM) technology for 

telecommunications and optical sensors for medical equipment[23-25]. Previous 

semiconductor CdTe:Hg nanocrystals showed a large Faraday effect in the visible 

region (150 degree cm-1 at 633 nm, 0.1 T)[26,27]; however, concerns about the toxicity of 

these materials hampered their application. Optical glass containing paramagnetic 

Tb(III) ions, currently used in the visible region, has a low Faraday effect efficiency (7 

degree cm-1 at 633 nm, 0.1 T)[28,29]. Thus, effective new materials with a high Faraday 

effect efficiency in the visible region are crucially required for future photonic science 

and engineering development. 

A promising and important material for use in optical isolators is EuS, a 

magnetic semiconductor with favorable magnetic and optical properties[30-35]. EuS is 

characterized by degenerate 4f orbitals of Eu(II) ions existing between the conduction 

band (5d orbitals of Eu(II)) and the valence band (3p orbitals of S2-); the 4f–5d 

electronic transition and spin configuration leads to the generation of a strong 

magneto-optical (Faraday) effect, which makes this a promising active material for 



 61 

future optical isolators[36-55]. In particular, EuS nanocrystals are distinctly characterized 

by their ferromagnetic properties and strong Faraday effect in the blue-light region[56]. 

In this chapter, the author proposes a new optical isolator composed of the 

intrinsic magnetic semiconductor EuS nanocrystals, which are intrinsic magnetic 

semiconductor, and brilliant gold nanoparticles. That the brilliance of gold is caused by 

localized surface plasmon resonance (LSPR), an electromagnetic excitation existing on 

the surface of a gold, is well known (Figure 3-1). These electromagnetic field is 

confined to the near vicinity of the interface that leads to unique and unusual 

photophysical enhancement[57]. This LSPR-based photophysical enhancement has 

recently been focused on in the areas of photophysics, materials chemistry, biological 

science, and advanced photonics, for enhancing luminescence and photo-catalytic 

properties[58-61]. Artemyev and co-workers revealed that excitation of the LSPR band of 

gold nanoparticles promotes efficient luminescence of neighboring CdSe 

nanoparticles[58]. Small magneto-optical enhancements of Bi:YIG and iron oxide 

crystals covered with gold layer or thin-film have also reported, preliminarily[62-66]. 

However, direct evidence of amplification of the Faraday effect assisted by LSPR is not 

clear currently. To analyze and estimate magneto-optical signal amplification by LSPR, 

precise control of gold particle size and the distance between gold and magnetic 

materials at the nanoscale would be required.  
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Figure 3-1.  Illustration of the LSPR excited on the Au nanoparticle. 

 

Here, the author reports on the successful and remarkable magneto-optical 

property of a new isolator material based on molecular synthetic technology, that is, 

EuS nanocrystals directly linked with gold nanocrystals (EuS-Au nanosystems, Figure 

3-2). The distance between the EuS and Au nanocrystals is controlled accurately using 

organic molecules, namely, 1,2-ethanedithiol (EDT), 1,6-hexanedithiol (HDT), 

1,10-decanedithiol (DDT), 1,4-bisethanethionaphthalene (NpEDT), or 1,4-bisdecane- 

thionaphthalene (NpDDT). The Faraday effect is estimated using polymer thin films 

containing the EuS-Au nanosystem (matrix: polymethylmethacrylate (PMMA)). 

Efficient Faraday rotation results from a specific spin configuration of the EuS-Au 

nanosystem under photo-irradiation. The characteristic spin configuration was also 

investigated using photon-assisted electron spin resonance (ESR). The study and 

development of LSPR-assisted magneto-optical enhancement of EuS is expected to 

open up a new field of photophysics and photonic science. A practical and scientific 

method of photo-signal amplification using EuS-Au nanosystems controlled based on 

the interparticle distance is described in this chapter. 
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Figure 3-2.  Illustration of the EuS-Au nanosystems linked with linker molecule. 
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3.2  Experiments 

 

3.2.1  Materials 

Europium(III) chloride hexahydrate (EuCl3·6H2O) and sodium 

N,N-diethyldithiocarbamate trihydrate (Na(S2CNEt2)·3H2O) were purchased from 

Kanto Chemical Co. Inc. Tetrachloroaurate(III) tetrahydrate (HAuCl4·4H2O), 

tetraphenylphosphonium bromide (BrPPh4), triphenylphosphine (PPh3), 

1,6-hexanedithiol (HDT), and chloroform were purchased from Wako Pure Chemical 

Industry, Ltd. Oleylamine (OA), 1,2-ethanedithiol (EDT), 1,10-decanedithiol (DDT), 

1,4-dihydroxynaphthalene, and p-toluenesulfonic acid were obtained from Tokyo 

Chemical Industry Co., Ltd. All other chemicals and solvents were reagent grade and 

were used without further purification. 

 

3.2.2  Apparatus 

FT-IR measurements performed at room temperature using a JASCO 

FT/IR-350 spectrometer. 1H NMR data were measured by a JEOL AL-300 (300 MHz). 

1H NMR chemical shifts were determined by using TMS as an internal standard. 

Elemental analyses were performed on a J-Science Lab JM 10 Micro Corder and an 

Exeter Analytical CE440. XRD patterns were characterized by a RIGAKU X-ray 

diffractometer RINT 2200 using Cu Ka radiation source (λ = 0.15418 nm). 

High-resolution images of the EuS-Au nanosystems were obtained with TEM, the JEOL 

2010 FASTEM (200 kV), and high-resolution TEM (HR-TEM), the JEM-ARM1300. 
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UV-vis absorption spectra were measured on a JASCO V-570 spectrophotometer at 

room temperature. The thicknesses of the PMMA thin film containing the EuS-Au 

nanosystem were obtained by using a surface profiler (KLA Tencor ALPHA-STEP IQ). 

Electron spin resonance (ESR) spectra of EuS-Au nanosystems were measured using a 

JEOL JES-TE200 ESR spectrometer. 
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3.2.3  Syntheses 

Preparation of Cube-Shaped EuS nanocrystals: 

EuS nanocrystals were used as same as described in Chapter 2. They were 

synthesized by the thermal reduction of the single source precursor, 

(PPh4)[Eu(S2CNEt2)4], in oleylamine under N2 atmosphere at 180˚C for 20 min and 

then at 300˚C for 6 h. Prepared EuS nanocrystals was formed monodisperse 

nanocrystals with cubic shape, and the crystal size of EuS nanocrystals was found to be 

approximately 18.5 nm evaluated by the TEM observations. 

 

Synthesis of Chloro(triphenylphosphine) Gold(I) ([PPh3AuCl]): 

 

Scheme 3-1.  Reaction scheme of [PPh3AuCl]. 

 

A solution of HAuCl4 (10.0 g, 24.3 mmol) in ethanol (150 mL) was added, 

with stirring, to PPh3 (12.7 g, 48.6 mmol) dissolved in ethanol (100 mL) heated under 

reflux for several hours, and cooled to room temperature. The resulting precipitate was 

separated by filtration and washed 2 times with ethanol. Recrystallization from hexane 

gave white crystals of [PPh3AuCl]. 1H NMR (300 MHz, CDCl3, 25˚C, TMS): δ = 7.50 

ppm (m, 15H, Ar-H); IR (KBr): ν̃ = 1407 cm-1 (P–Phenyl); elemental analysis calcd (%) 

for C18H15AuCl: C 43.70, H 3.06, N 0; found: C 43.58, H 3.02, N 0. 
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(a) 

 

(b) 

 

Figure 3-3.  Photographs of the synthesis of [PPh3AuCl] (a) before and (b) after reaction. 

 

Synthesis of Au Nanoparticles: 

 

Scheme 3-2.  Reaction scheme of Au nanoparticles. 

 

Under N2 atmosphere [PPh3AuCl] (0.50 g, 1.01 mmol) was dissolved into 

oleylamine (30 mL, 91.2 mmol), and the mixture was heated at 180˚C and stirred for 10, 

30 or 60 min to synthesize for the Au nanoparticles with different crystal sizes. After 

the solution was cooled to room temperature, the red liquid was centrifuged at 4000 rpm 

for 10 min. The precipitation was added to chloroform (20 mL) and centrifuged at 4000 

rpm for 15 min, and the clear red liquid of oleylamine capped Au nanoparticles was 

obtained. 
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(a) 

 

(b) 

 

Figure 3-4.  Photographs of the synthesis of Au nanoparticles (a) before and (b) after reaction. 

 

Synthesis of 1,4-bisethanethionaphtalene (NpEDT): 

 

Scheme 3-3.  Reaction scheme of NpEDT. 

 

1,4-bisethanethionaphtalene (NpEDT) was prepared by previously reported[67]. 

Under N2 atmosphere, 1,4-dihydroxynaphthalene (0.16 g, 1.0 mmol), p-toluenesulfonic 

acid (0.095 g, 0.5 mmol) and 1,2-ethanedithiol (EDT, 1.0 mL, 12 mmol) were dissolved 

into benzene (10 mL), and the mixture was refluxed at 80˚C for 1 h. After aqueous 

workup, the product was purified by column chromatography on silica gel using ethyl 

acetate as an eluent. The collected product was crystallized from a mixture of ethyl 

acetate and hexane to give NpEDT as a white solid. 1H NMR (300 MHz, CDCl3, 25˚C, 

TMS): δ = 8.4-8.5 (m, 2H, CH), 7.5-7.6 (m, 2H, CH), 7.5 (s, 2H, CH), 3.1-3.2 (m, 4H, 
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CH2), 2.6-2.7 (m, 4H, CH2), 1.7 (t, 2H, SH) ppm; IR (KBr): ν̃ = 2930, 2850 cm-1 

(C-Hst), 2540 cm-1 (S–Hst), 1550 cm-1 (arC-C), 1490 cm-1 (C-Hδip). 

 

Synthesis of 1,4-bisalkanethionaphthalene (NpDDT): 

1,4-bisdecanethionaphtalene (NpDDT) was used as same as described in 

Chapter 2.  

 

Ligand Exchange Reactions: 

Dithiol capped EuS nanocrystals were obtained by adding 0.08 g of EuS 

nanocrystals dissolved in chloroform (20 mL) to a solution of 0.01-0.03 mole 

equivalents of dithiol ligand (1,2-ethanedithiol (EDT), 1,6-hexanedithiol (HDT), 

1,10-decanedithiol (DDT), 1,4-bisethanethionaphthalene (NpEDT), or 

1,4-bisdecanethionaphthalene (NpDDT)) in chloroform. After the reaction solvent was 

stirred for 5 h at room temperature, the resulting solution was centrifuged at 4000 rpm 

for 10 min. The precipitation was added to 20 mL of chloroform, and the liquid of 

dithiol capped EuS nanocrystals (EuS-EDT, -HDT, -DDT, -NpEDT, or -NpDDT) was 

obtained. 
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Synthesis of EuS-Au Nanosystems: 

 

Scheme 3-4.  Reaction scheme of EuS-Au nanosystems. 

 

The EuS-Au nanosystems were formed by adding the solution of Au 

nanoparticles in chloroform to the solution of alkanedithiol capped EuS nanocrystals in 

chloroform, and then the mixture was stirred for 5 h at room temperature. The solution 

was added to 1-dodecanethiol (1 mL), which keeps EuS nanocrystals from aggregation 

of themselves, and stirred for 1 h. The resulting solution of EuS-dithiol-Au nanosystems 

(dithiol: EDT, HDT, DDT, NpEDT, or NpDDT) in chloroform was obtained. 

 

Synthesis of EuS-Au Nanosystems Consisted of Different Au 

Nanoparticles: 

Au nanoparticles with different grain size were prepared by reaction time 

changing for 10, 30, and 60 min, and their particle sizes were estimated to be 8, 18.5, 

and 73 nm by TEM measurements, respectively. EuS-DDT-Au nanosystems were 

prepared by same method. 
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3.2.4  Preparation of Polymer Thin Films 

The obtained EuS-Au nanosystems (2 mg) were added to a chloroform 

solution (8 mL) of PMMA (2.0 g) and dispersed well under ultrasonic treatment, giving 

the colloidal suspension. The PMMA thin films were prepared on a glass substrate from 

the colloidal suspension via a casting method for the Faraday rotation measurements. 

The Faraday effect measurements were performed using a measurement system for 

Faraday and Kerr effects (JASCO, Model K-250). A Xe lamp was used as the light 

source. The external magnetic field was 15,000 Oe. 

 

 

Figure 3-5.  Photographs of the prepared PMMA thin film containing EuS-Au nanosystems. 
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3.3  Results and Discussion 

 

3.3.1  Synthesis of Au Nanoparticles 

In the typical method, monodisperse Au nanoparticles was synthesized via 

thermal reaction of the chloro(triphenylphosphine) gold(I) complex (PPh3AuCl) as a 

single source precursor in oleylamine at 180˚C for 30 min in N2 atmosphere. The 

prepared powder was separated by centrifugation and washed with toluene. After 

washing, a red Au powder was obtained. XRD confirmed the formation of crystalline 

Au nanoparticles (Figure 3-10). The diffraction peaks at 2θ = 38.3, 44.4, 64.4, 77.6, and 

81.6 degree were assigned to the (111), (200), (220), (311), and (222) planes, 

respectively, of face-centered-cubic (fcc) Au (ICDD 4-0784, Fm3m). The intensity 

ratios of the diffraction patterns agreed with those of bulk Au. The author evaluated full 

width at half maximum (FWHM) of the 2θ = 38.3 degree peak, which corresponded to 

Bragg diffraction from the Au (111) plane. The crystal grain size of Au nanoparticles 

calculated from the XRD pattern using the Scherer equation was 16.4 nm. 
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Figure 3-6.  XRD pattern of Au nanoparticles. Black line in XRD pattern is based on the ICDD 
(4-0784, Fm3m) for Au crystals. 

 

TEM images and size distribution histograms of Au nanoparticles are shown 

in Figure 3-7. TEM observations showed that all Au nanoparticles had typically 

spherical shapes, and their average particle sizes for reaction times of 10, 30, and 60 

min were 8, 18, and 73 nm, respectively. Thus, spherical Au nanoparticles of different 

particle sizes (8, 18, and 73 nm) were synthesized successfully.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

Figure 3-7.  (a, c, e) TEM images and (b, d, f) size distribution histogram of sphere-shaped Au 
nanoparticles with different particle size, 8, 18, and 73 nm, respectively. 
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3.3.2  Preparation of EuS-Au Nanosystems 

The prepared EuS nanocrystals were attached to Au nanocrystals using a 

self-assembly technique. First, as a pretreatment, the surfaces of the EuS nanocrystals 

were covered with alkanedithiols, namely, 1,2-ethanedithiol (EDT), 1,6-hexanedithiol 

(HDT), 1,10-decanedithiol (DDT), 1,4-bisethanethionaphthalene (NpEDT), or 

1,4-bisdecanethionaphthalene (NpDDT), as linker molecules. To confirm the presence 

of dithiols on the EuS surface, the author carried out IR measurements (Figure 3-9). 

Characteristic IR absorption bands of dithiol-capped EuS nanocrystals (EuS-NpDDT) 

after centrifugation process were observed at 2670 cm-1 (S–H st) and 1470cm-1 (Ar). IR 

band shapes of EuS-NpDDT at 1470 cm-1 and 2670 cm-1 are much different from those 

of NpDDT molecules. These different shapes and wavenumber shifts might have been 

caused by stacking of naphthalene units on the EuS surface. The author considered that 

NpDDT was attached onto the EuS surface.  
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(a) 

 

(b) 

 

Figure 3-9.  IR spectra of oleylamine-capped EuS nanocrystals (EuS-OA, black), 
dithiol-capped EuS nanocrystals (EuS-NpDDT, red) and NpDDT (blue). (b) The magnification of 
IR spectra between 2400 and 3000 cm-1. The IR spectra show the existence of the naphthalene 
unit (1470 cm-1, Ar) and thiol unit (2670 cm-1, S–H st). 

 

After pretreatment with linker-molecules, the surface-modified EuS 

nanocrystals were attached to Au nanocrystals in a chloroform solution. High-resolution 

TEM (HR-TEM) images of the prepared EuS-Au nanosystems are shown in Figure 3-10. 

The author observed cubic EuS nanocrystals attached to spherical Au nanocrystals with 

clear lattice fringes. In the HR-TEM image, the crystallinity was clear and well-resolved, 

and lattice planes of EuS (0.21 nm (220)) and Au (0.24 nm (111)) were observed.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 3-10.  (a and b) TEM images of EuS–Au nanosystems. (c and d) High-resolution TEM 
images of EuS–Au nanosystems.  

 

The average distances between EuS and Au in EuS-EDT-Au (linker: EDT), 

EuS-HDT-Au (linker: HDT), EuS-DDT-Au (linker: DDT), EuS-NpEDT-Au (linker: 

NpEDT), and EuS-NpDDT-Au (linker: NpDDT) estimated from TEM observations 

were 0.97, 1.54, 1.91, 1.81, and 3.52 nm, respectively (Figure 3-11). Thus, the author 

successfully prepared EuS-Au nanosystems with various distances between the EuS and 

Au nanocrystals (Figure 3-12). 
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(a) 

 
(b) 

 

(c) 

 

(d) 

 

(e) 

 

Figure 3-11.  TEM images (left) and interparticle gap distribution histogram (right) of EuS-Au 
nanosystems linked by (a) EDT, (b) HDT, (c) DDT, (d) NpEDT and (e) NpDDT. 
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Figure 3-12.  The relationship between interparticle gap measured from TEM images and 
length of dithiol used for formation of EuS-Au nanosystems. 

 

To evaluate the optical properties of EuS-Au nanosystems, polymer thin films 

containing the EuS-Au nanosystems were prepared by casting EuS-Au nanosystems 

with polymethylmethacrylate (PMMA) in chloroform. The thickness of the PMMA thin 

film containing the EuS-Au nanosystem, as obtained using a surface profiler, was 10 

µm. The absorption spectra of the PMMA thin films containing EuS-Au nanosystems 

are shown in Figure 3-13. The broad absorption band at 513 nm was assigned to the 4f–

5d transition in the EuS nanocrystals. In addition, the author also found a specific 

absorption band at around 700 nm, which is much different from the wavelength of the 

LSPR band of the prepared Au nanocrystals. Such a red shift of the LSPR band is 

observed in dielectronic surroundings[68-70]. The specific absorption band at 700 nm 

might have been caused by the LSPR band of the Au linked to large dielectric EuS 

nanocrystals. Moreover, the distance between EuS and Au was dependent on the length 
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of the dithiols. The dependence of the characteristic red shifts of LSPR and distance on 

the thiol moiety suggests that the Au nanoparticles were directly linked with the 

dithiol-covered EuS nanocrystals. 

 

 

Figure 3-13.  UV-Vis absorption spectra of EuS nanocrystals (blue) and EuS–Au nanosystems 
(red). 
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3.3.3  Magneto-optical Properties 

The wavelength dependence of the Faraday rotation angle was measured for 

the PMMA thin films containing the EuS-Au nanosystems. The Faraday rotation 

spectrum at room temperature under an external magnetic field of 15,000 Oe showed 

clear positive and negative peaks, which could have contributed to the 4f–5d transition 

in the EuS nanocrystals. Verdet constants were normalized by the photon-absorption 

ability of the EuS-Au nanosystems, as well as EuS nano-assembles described in Chapter 

2, and the normalized Verdet constants (Vabs) are expressed as the following Equation 

(3-1). 

 

Vabs = θ/HA             (3-1) 

 

Before accounting for the influence of linker molecules, the author confirmed 

that the Vabs of polymer thin films with mixtures of EuS and Au nanocrystals 

(non-linked particles) was very similar to that of polymer thin films with EuS 

nanocrystals (Figure 3-14). 
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Figure 3-14.  The calculated Vabs of polymer thin films containing EuS nanocrystals (red) and 
mixtures of EuS&Au nanocrystals (blue) under an external magnetic field of 15000 Oe.  

 

The calculated Vabs of the EuS-Au nanosystems are shown in Figures 3-15, 

3-16 and 3-17, and Table 3-1. First, the author observed that the Faraday rotation angle 

was dependent on the interparticle distance between the EuS and Au nanocrystals 

(Figure 3-15). Remarkable enhancement of the Faraday rotation angle of the polymer 

thin film with the EuS-DDT-Au nanosystems was observed, although the EuS-Au 

nanosystems with shorter interparticle distances (EuS-EDT-Au and EuS-HDT-Au 

nanosystems) yielded a smaller Faraday rotation angle than the EuS-DDT-Au 

nanosystems. Generally, the electric field associated with LSPR is affected by the 

interparticle distance between gold and functional materials such as semiconductors, 

luminescent dyes, and photochromic molecules. A small interparticle distance promotes 

quenching of the excited state of functional materials, resulting in decreased 

luminescent and photocatalytic efficiency. In contrast, the LSPR electric field does not 

affect materials with long interparticle distances[68,71-74]. The author observed that the 



 83 

Vabs of EuS-NpDDT-Au nanosystems decreased as the distance between EuS and Au 

increased (Table 3-1 and Figure 3-16). Therefore, the author considers that 

amplification of the Faraday rotation angle is also dependent on the interparticle 

distance.  

 

(a) 

 

(b) 

 

Figure 3-15.  The calculated Vabs of polymer thin films containing EuS–Au nanosystems linked 
with (a) alkanedithiol (EDT (blue), HDT (green), and DDT (red)) and (b) naphthalenedithiol 
(NpEDT (blue) and NpDDT (red)) under an external magnetic field of 15000 Oe.  
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Table 3-1.  Molecular length (d) and magneto-optical properties of EuS nanocrystals and EuS–
Au nanosystems linked with EDT, HDT, DDT, NpEDT and NpDDT.  

Sample 
Molecular length 

d / nm 

Vabs Peak position 

λmax / nm 

Vabs, peak 

/10-6 degree Oe-1 abs-1 

EuS – 563 14.8 

EuS-EDT-Au 0.407 565 8.29 

EuS-HDT-Au 0.937 565 11.1 

EuS-DDT-Au 1.469 567 18.1 

EuS-NpEDT-Au 1.356 567 14.4 

EuS-NpDDT-Au 3.155 572 10.0 

 

 

 

Figure 3-16.  The relationship between calculated Vabs, peak constants and molecular length of 
linker dithiols (EDT, HDT, DDT, NpEDT and NpDDT) of EuS-Au nanosystems.  
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Amplification of the Faraday effect of EuS-Au nanosystems is also dependent 

on Au particle size (Figure 3-17, Table 3-2, and their TEM images are shown in Figure 

3-18). Au nanoparticles with a diameter of 18.5 nm yield greater amplification of the 

Faraday effect compared to those with diameters of 8 nm and 73 nm. For the size 

dependence of plasmon absorption, El-Sayed reported that the plasmon bandwidth of 

gold nanoparticles increases as the intrinsic size region decreases (mean diameter 

smaller than 25 nm) and increases as the extrinsic size region increases (mean diameter 

longer than 25 nm)[75]. The broadening of the plasmon band is caused by transformation 

of the excitation energy into adsorbate levels located above the Fermi level. Therefore, 

effective LSPR is achieved using gold nanoparticles with a smaller plasmon band and 

particle diameter of around 25 nm. The author proposes that the observed amplification 

of Faraday effect of the EuS-DDT-Au nanosystems composed of 18.5 nm Au 

nanoparticles might have been caused by LSPR on Au nanoparticles with a smaller 

plasmon bandwidth. 
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Figure 3-17.  The calculated Vabs of polymer thin films containing EuS–DDT–Au nanosystems 
consisted of same EuS nanocrystals (particle size: 18.5 nm), but different particle size of Au 
nanoparticles, 8 nm (green), 18.5 nm (red), and 73 nm (blue).  

 

 

Table 3-2.  Particle size of Au nanoparticles in EuS-Au nanosystems and magneto-optical 
properties of EuS nanocrystals and EuS–Au nanosystems linked with EDT, HDT, DDT, NpEDT 
and NpDDT.  

Sample 
Particle size of Au 

/ nm 

Vabs Peak position 

λmax / nm 

Vabs, peak 

/10-6 degree Oe-1 abs-1 

EuS – 563 14.8 

EuS-DDT-Au 8 575 11.2 

 18 567 18.1 

 73 579 5.63 
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(a) 

 

(b) 

 

(c) 

 

  

Figure 3-18.  TEM images of EuS- DDT-Au nanosystems consisted of different particle size of 
Au nanoparticles: (a) 8, (b) 18, and (c) 73 nm.  
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3.3.3  Estimation of Spin Configuration under Photo-irradiation 

To estimate the spin configuration of the EuS-Au nanosystems in the excited 

state, the author performed ESR measurements in the dark and under irradiation with a 

halogen lamp (150 W, λ = 520 nm; FWHM = 10 nm using a bandpass filter). The dark 

ESR spectra are shown in Figure 3-19. The signals at around 350 and 870 mT were 

caused by the characteristic spin configuration of Eu(II). The observed ESR signal from 

the EuS-Au nanosystems is larger than that from the corresponding EuS nanocrystals. 

The enhancement of the ESR signal in EuS-Au nanosystems might have been caused by 

specific 4f-5d spin-interactions on the EuS surface attached to the Au nanoparticles. 

Figure 3-19b shows the difference between the ESR spectra under dark and light 

conditions. For the EuS-DDT-Au nanosystem, large and small enhancements of the 

peaks at 350 mT and 870 mT, respectively, were observed. In contrast, for the EuS 

nanocrystals, only a small enhancement of the Eu(II) signal at 350 mT was observed. 

Signal enhancement of the EuS-Au nanosystem is linked directly to an increase in the 

magnetic spin polarization under irradiation. Recently, Hasegawa and co-workers 

reported that enhanced spin polarization in EuS nanoscale aggregates leads to an 

increase in the Faraday rotation signal[56]. The author considers that large spin 

polarization in EuS nanocrystals leads to strong magneto-optical properties. The spin 

polarization of EuS nanocrystals in the electronic transition state can be estimated from 

the ESR spectra obtained under irradiation[76]. An increase in the ESR signal due to 

irradiation may be one of the most important indicators of an enhanced Faraday effect 

in gold-assisted EuS, as observed in this chapter. 
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(a) 

 

(b) 

 

Figure 3-19.  (a) ESR spectra of EuS nanocrystals (blue) and EuS-DDT-Au nanosystems (red). 
(b) The difference between the ESR spectra under dark and light condition with a halogen lamp 
(150 W, λ = 520 nm; FWHM = 10 nm using a band-pass filter) of EuS nanocrystals (blue) and 
EuS–DDT–Au nanosystems (red). The microwave frequency was 9.39 GHz, and the incident 
microwave power was 2.0 mW at room temperature.  
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3.4  Conclusions 

Gold materials have attracted the attention of many researchers because of 

their brilliance resulting from LSPR. For the first time, this study suggests that brilliant 

gold can accelerate optical telecommunication systems. Here, the author successfully 

prepared cubic EuS nanocrystals attached to spherical Au nanoparticles to produce 

EuS-Au nanosystems. The magneto-optical properties of a EuS-Au nanosystem are 

dependent on the interparticle distance between EuS and Au, as well as the Au 

nanoparticle size. The enhanced spin-polarization of the EuS-Au nanosystems excited at 

the LSPR band of the Au nanoparticles was confirmed by photo-assisted ESR 

spectroscopy. New EuS-Au nanosystems amplify Faraday rotation under irradiation in 

the plasmon band of the gold parts. By controlling of irradiation in the plasmon band, 

the author fine tuned the Faraday rotation angle of EuS-Au nanosystems. The 

photo-switching system for the Faraday rotation angle could be employed in high-speed 

photonic routers for future photo information technology. Based on this work, the 

EuS-Au nanosystem is anticipated to open up new fields of innovative 

photo-information science and technology. 
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Figure 3-20.  TEM image of EuS-Au nanosystems and illustration of the magneto-optical 
enhancement of EuS assisted by LSPR of Au nanocrystals. 
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Chapter 4 
 

Photo-switchable Faraday Effect in 
EuS-Au Nanosystems 

 

 

 

 

4.1  Introduction 
 

In Chapter 3, the author prepared EuS nanocrystals attached to Au 

nanoparticles using dithiol joint molecules (EuS-Au nanosystems). Au nanoparticles are 

known to exhibit localized surface plasmon resonance (LSPR), which leads to unique 

and unusual photophysical enhancements such as enhanced luminescence and 

photo-catalytic properties[1-5]. In addition, the author observed enhancement of the 

Faraday rotation angle and an increase in the effective signals on the electron spin 

resonance (ESR) under irradiation with visible light. The enhanced Faraday effects of 

EuS-Au nanosystems under visible light irradiation are expected to open up new optical 

devices that use optical switching materials for fiber-optic communication systems. 

In this chapter, the photo-switching Faraday effects of EuS-Au nanosystems 

are demonstrated (Figure 4-1). EuS nanocrystals and Au nanoparticles were synthesized 
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via thermal reduction of the following single-source precursors; tetraphenylphos- 

phonium tetrakis(diethyldithiocarbamate) europium(III) ((PPh4)[Eu(S2CEt2)4]) and 

chloro(triphenylphosphine) gold(I) (PPh3AuCl), respectively. The EuS-Au nanosystems 

were prepared via ligand exchange reaction of 1,10-decanedithiol. The prepared 

EuS-Au nanosystems were characterized using TEM and XRD. The Faraday effects of 

toluene solution containing EuS-Au nanosystems were estimated by performing 

magnetic circular dichroism (MCD) measurements using a system with an attached 

visible light irradiation system (> 440 nm). The photo-switchable Faraday effects of 

EuS-Au nanosystems, which might have applications in optical devices, were 

demonstrated. 

  

 

Figure 4-1.  Illustration of photo-switch and TEM image of EuS-Au nanosystems. 
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4.2  Experiments 
 

4.2.1  Materials 

Europium(III) chloride hexahydrate (EuCl3·6H2O), sodium N,N-diethyl- 

dithiocarbamate trihydrate (Na(S2CNEt2)·3H2O) and 1-dodecanethiol were purchased 

from Kanto Chemical Co. Inc. Tetrachloroaurate(III) tetrahydrate (HAuCl4·4H2O), 

tetraphenylphosphonium bromide (BrPPh4) and triphenylphosphine (PPh3) were 

purchased from Wako Pure Chemical Industry, Ltd. Oleylamine and 1,10-decanedithiol 

(DDT) were obtained from Tokyo Chemical Industry Co., Ltd. All other chemicals and 

solvents were reagent grade and were used without further purification. 

 

4.2.2  Apparatus 

Infrared spectra were recorded on a JASCO FT/IR-350 spectrometer. 1H 

NMR data were measured by a JEOL AL-300 (300 MHz). 1H NMR chemical shifts 

were determined by using tetramethylsilane (TMS) as an internal standard. Elemental 

analyses were performed with a Yanaco CHN corder MT-6. XRD patterns were 

characterized by a Rigaku SmartlLab X-ray diffractometer. High-resolution images of 

the EuS-Au nanosystems were obtained with TEM, JEOL 2010 FASTEM (200 kV). 

UV-vis absorption spectra were measured on a JASCO V-570 spectrophotometer at 

room temperature. 
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4.2.3  Syntheses 

Syntheses of EuS and Au Nanocrystals: 

(a) 

 
(b) 

 

Scheme 4-1.  Reaction schemes of (a) cube-shaped EuS nanocrystals and (b) sphere-shaped 
Au nanoparticles. 

 

Single source precursors, tetraphenylphosphonium tetrakis(diethyldithio- 

carbamate)europium(III) complex ((PPh4)[Eu(S2CNEt2)4]) and chloro(triphenyl- 

phosphine) gold(I) complex (PPh3AuCl), were synthesized as Chapter 2 and 3. 

Monodisperse EuS nanocrystals and Au nanoparticles were synthesized by the thermal 

reaction of the (PPh4)[Eu(S2CNEt2)4] and PPh3AuCl in oleylamine at 300˚C for 6 h and 

180˚C for 30 min, respectively, under a N2 atmosphere. The precipitation was added to 

solvent (toluene (EuS) and THF (Au), 10 mL) and centrifuged at 4000 rpm for 15 min, 

and oleylamine capped EuS nanocrystals and Au nanoparticles were obtained, 

respectively.  
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Ligand Exchange Reaction: 

Prepared EuS nanocrystals suspended in toluene solution (20 mL) with EuS 

nanocrystals (0.08 g) was added into toluene (5 mL) with DDT (0.1 mL). After 5 min, 

the toluene solution including EuS-DDT was added into excess amount of 

1-dodecanethiol, and the liquid of dithiol capped EuS nanocrystals (EuS-DDT) was 

obtained.  

 

Synthesis of EuS-Au Nanosystems: 

 

Scheme 4-2.  Reaction scheme of EuS-Au nanosystems. 

 

The EuS-Au nanosystems were formed by adding the solution of Au 

nanoparticles (0.05 g) in THF (20 mL) to the solution of EuS-DDT in toluene. The 

mixture was stirred for 30 min at room temperature. The solution was added to 

1-dodecanethiol (1 mL) and stirred for 1 h. The resulting solution of EuS-Au 

nanosystems in toluene was obtained. 

 

4.2.4  MCD measurements 

MCD measurements were performed using a JASCO J-1500 

spectrodichrometer equipped with a JASCO permanent magnet (0.47 T). For MCD 
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measurements under light irradiation, a metal halide lamp (> 440 nm, Moritex, 

MHF100L II) was employed as the excitation light source. The schematic view of 

experimental setup is shown in Figure 4-2. 

 

 

Figure 4-2.  Schematic view of experimental setup for MCD measurements under light 
irradiation. 
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4.3  Results and Discussion 
 

4.3.1  Preparation of EuS-Au Nanosystems 

Monodisperse EuS nanocrystals and Au nanoparticles were� respectively 

synthesized by the thermal reaction of Eu(III) dithiocarbamate complex 

((PPh4)[Eu(S2CNEt2)4]) and Au(I) triphenyl complex (PPh3AuCl) as single source 

precursors in oleylamine (as same as Chapter 3). The prepared EuS nanocrystals were 

connected with Au nanoparticles using dithiol joint molecules (DDT), resulting in the 

formation of EuS-Au nanosystems. The XRD patterns of the EuS nanocrystals, Au 

nanoparticles, and EuS-Au nanosystems are shown in Figure 4-3. The diffraction peaks 

at 2θ = 25.8, 29.9, 42.8, 50.6, 53.1, 62.2, 68.5, and 70.5 degree were assigned to the 

(111), (200), (220), (311), (222), (400), (331), and (420) planes, respectively, of NaCl 

type EuS (ICDD 26-1419). The diffraction peaks at 2θ = 38.2, 44.4, 64.7, and 78.5 

degree were assigned to the (111), (200), (220), and (311) planes, respectively, of 

face-centered-cubic (fcc) type Au (ICDD 4-0784). The author evaluated FWHM of the 

2θ = 25.8 and 38.2 degree peaks, which correspond to Bragg diffraction from the EuS 

(200) and Au (111) planes, respectively. The FWHM of EuS and Au nanocrystals in the 

EuS-Au nanosystems were 0.49 and 0.50 degree, respectively, although the FWHM of 

the previous EuS and Au nanocrystals were found to be 0.58 and 0.67 degree, 

respectively. Smaller EuS-Au nanosystems might be removed by centrifugation for 

purification of EuS-Au nanosystems. The EuS and Au crystallite sizes calculated from 

XRD data using the Scherer equation were 16.6 and 16.8 nm, respectively. 
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Figure 4-3.  XRD patterns of EuS-Au nanosystems, EuS nanocrystals, and Au nanoparticles. 
Square and circle in XRD pattern are based on the JCPDS data for EuS and Au crystals, 
respectively. 

 

The author observed cubic EuS nanocrystals and spherical Au nanoparticles 

using TEM (Figure 4-4a and b). The author estimated the average crystal grain sizes of 

EuS and Au nanocrystals to be 19.5 and 18.5 nm, respectively, from TEM images. The 

TEM image of the EuS-Au nanosystem is shown in Figure 4-4c. The image indicates 

the formation of EuS-Au nanosystems composed of cubic EuS nanocrystals and 

spherical Au nanoparticles. The spherical Au nanoparticles (black circles) were 

surrounded with cubic EuS nanocrystals. The sizes of the EuS nanocrystals 

(approximately 19.5 nm) and the Au nanoparticles (approximately 18.5 nm) were 

similar to values estimated by performing XRD measurements. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 4-4.  TEM images of (a) EuS nanocrystals, (b) Au nanoparticles, and (c) EuS-Au 
nanosystems. (d) Illustration of the EuS-Au nanosystems linked with 1,10-decanedithiol (DDT). 
Inset of Figure 4-4a and b show the size distributions of EuS and Au nanocrystals, respectively. 

 

  



 108 

4.3.2  Photophysical Properties of EuS-Au Nanosystems 

The prepared EuS-Au nanosystems were dispersed homogeneously in toluene. 

The absorption spectra of the toluene solution containing the EuS nanocrystals and the 

EuS-Au nanosystems, and that of the THF solution containing the Au nanoparticles are 

shown in Figure 4-5a and b, respectively. The broad absorption band at 510 nm was 

assigned to the 4f–5d transition in the EuS nanocrystals. Broadening of absorbance of 

the EuS-Au nanosystems was observed at around 600 nm, although the LSPR band of 

only Au nanoparticles is shown at around 535 nm (Figure 4-5b). The broad absorbance 

band of EuS-Au nanosystems might have been caused by the dielectric surroundings of 

the Au nanoparticles[6-8]. The red shift of the LSPR band implies that the Au 

nanoparticles were directly linked to EuS nanocrystals in a highly dielectric 

environment. Thus, the author successfully synthesized DDT-linked EuS-Au 

nanosystems. Additionally, the EuS nanocrystals can potentially be affected by the 

LSPR of Au nanoparticles between 530 and 800 nm.  

Under visible light irradiation, the author observed a drastic change in the 

absorption band of the EuS-Au nanosystems (Figure 4-5b). The absorption intensity 

changed under visible light and dark at around 600 nm, and this change was repeatable 

and reversible. In contrast, a drastic change in the absorption band of the toluene 

solution containing EuS nanocrystals was not observed. The drastic change in the 

absorption band change of the EuS-Au nanosystems at around 600 nm might be 

ascribed to LSPR enhancement and a decrease in the ground state density of EuS-Au 

nanosystems under irradiation. 
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(a) 

 

(b) 

 

Figure 4-5.  UV–Vis absorption spectra of toluene solution containing (a) EuS nanocrystals and 
(b) EuS-Au nanosystems under dark (blue line) and light irradiation (red line) with an external 
magnetic field of 0.47 T. Gray line in Figure 4-5b is UV–Vis absorption spectrum of THF solution 
containing Au nanoparticles. 

 

The MCD spectra of EuS nanocrystals and EuS-Au nanosystems under 

irradiation and in dark are shown in Figure 4-6a and b. To estimate the ratio between 

MCD spectra under dark and light irradiation, the author considered that the MCD 

spectra should be normalized by the peak values of the dark condition. The EuS-Au 

nanosystems exhibited positive and negative rotation signals, as did the EuS 

nanocrystals. This indicates that the aforementioned signals can possibly be ascribed to 

the excited state degeneracy of Eu ions, which is assigned to the 4f–5d transition in the 

EuS nanocrystals. The rotation wavelengths of the EuS-Au nanosystems (positive and 

negative rotation signal at around 670 and 550 nm, respectively) are longer than those 

of EuS (610 and 510 nm). Additionally, the ratio of negative to positive rotation angles 

of the EuS-Au nanosystems (1.04) is about twice as large as that of the EuS 

nanocrystals (0.56). These results indicate that the Au nanoparticles affect the excited 

and ground states of EuS nanocrystals, resulting in a changed MCD spectrum[9].  
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Under irradiation, effective changes in the MCD spectrum of the EuS-Au nanosystems 

in toluene solution were observed at around 670 and 550 nm (maximum positive and 

negative rotation wavelength), whereas the MCD spectrum of the EuS nanocrystals in 

toluene solution showed a slight change at around 610 nm.   

 

(a) 

 

(b) 

 

Figure 4-6.  MCD spectra of toluene solution containing (a) EuS nanocrystals and (b) EuS-Au 
nanosystems under dark (blue line) and light irradiation (red line) with an external magnetic field 
of 0.47 T. 

 

 

Figure 4-7.  The reversible changes in MCD spectra of EuS-Au nanosystems at 670 nm with 
the alternative irradiation cycles of visible light (> 440 nm) and dark. 

 



 111 

The effective reversible changes in the MCD spectra at 670 nm under the 

alternative irradiation cycles of visible light (> 440 nm) and dark are shown in Figure 

4-7 as well. From these alternative irradiation experiments, reversible change in the 

rotation angles of the EuS-Au nanosystems may not have been caused by aggregation or 

decomposition of the EuS-Au nanosystems. In addition, the author estimated the rate of 

decrease in the rotation angle of the EuS-Au nanosystems using Equation (4-1). 

 

Δθ = (θdark/Adark – θlight/Alight)/(θdark/Adark)             (4-1) 

 

where θ and A are the rotation angle of the MCD spectra and absorbance at maximum 

positive rotation wavelength (670 nm), respectively. To estimate Faraday rotation 

without any effect on the absorption band, the author calculated the rate of decrease 

using equation (1). The rate of decrease (Δθ) of the EuS-Au nanosystems was found to 

be 38.0%, although the relationship between the rates of decrease in absorbance and 

MCD intensity might be linear[9]. This result indicates that the rate of decrease of the 

rotation angle of the EuS-Au nanosystems at 670 nm is larger than rate of decrease in 

absorbance. The author considered that the effective change in the MCD spectra of 

EuS-Au nanosystems would be dominated not only by a drastic change in absorption 

band due to the enhanced LSPR of Au nanoparticles but also by specific interactions 

between EuS and Au in the nanosystem under irradiation. There are mainly two specific 

interactions between EuS nanocrystals and Au nanoparticles, the mixing of electronic 

state between EuS and Au nanocrystals and the influence of LSPR on EuS nanocrystals. 
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In particular, the LSPR of Au nanoparticles might induce a change in absorption of the 

EuS nanocrystals. Although it is difficult to determine the exact origin of the 

phenomenon, LSPR is one of the origins inducing the weak MCD intensity[9]. 
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4.4  Conclusions 
 

In this chapter, novel photo-switching Faraday effects in the EuS-Au 

nanosystems were successfully observed. The drastic change in the absorption band 

may be related to the enhanced LSPR of Au and specific interactions between Au and 

EuS in the nanosystems under irradiation. The photo-switchable EuS-Au nanosystems 

with Faraday effects are expected to be used as novel photo-switching materials in 

advanced fiber-optic communication systems. 

 

 

Figure 4-8.  Illustration of photo-switching Faraday effects in EuS-Au nanosystems. 
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Chapter 5 
 

Terbium Oxide, Fluoride, and 
Oxyfluoride Nanocrystals with 

Magneto-optical Properties 
 

 

 

 

5.1  Introduction 
 

Optical isolators for high-speed and highly accurate optical information 

technology are promising devices that allow transmission of light in only one 

direction[1-3]. The optical communication performance of an optical isolator is based on 

the Faraday effect; the rotation of the plane of polarized light is linearly proportional to 

the component of magnetic field in the direction of propagation. Practical application of 

optical isolators has led to considerable attention being focused on the preparation and 

properties of magnetic semiconductor nanomaterials. Currently, various types of 

structured magnetic materials have been prepared[4]. The preparation of II–VI or III–V 

semiconductor nanoparticles with magnetic dopants has been studied as well[5-9]. Wang 



 116 

and co-workers reported on the Zn0.93Mn0.07S cluster, a dilute magnetic semiconductor[5]. 

Rajamanickam and co-workers reported the synthesis and magneto-optical properties of 

(Li, Mn) co-doped ZnO nanoparticles[9]. EuX  (X = O, S, Se and Te) nanocrystals have 

been also studied intensively due to their 4f-5d electronic transitions and spin 

configuration, which lead to strong Faraday effects in visible region[10-15]. 

In this chapter, the Faraday effects of terbium (Tb) nanocrystals are discussed. 

The effective number of Bohr magnetons of Tb(III) ions is 9.72, higher than those of 

other paramagnetic metal ions (Eu(II): µeff = 7.94 µB, Mn(II): µeff = 5.92 µB, and Fe(II): 

µeff = 4.90 µB). This leads to enhanced Faraday effects and the development of optical 

isolators in the visible region. Watarai and co-workers reported the Faraday effect for 

lanthanide(III) chloride (Ln(III)Cl3) in aqueous solution in the visible region between 

410 and 640 nm[16]. Zou and co-workers reported the preparation and magneto-optical 

properties of terbium-doped borate glass[17]. Li and co-workers reported on 

high-terbium-content apatite crystals, Tb5Si2BO13 and Tb4.66Si3O13, which show strong 

Faraday effects upon an increase in the concentration of Tb(III) ions[18]. Various types 

of Tb inorganic glass materials have been studied as well[19,20]. 

Recently, Nakanishi and co-workers reported that nonanuclear Tb(III) clusters 

with lanthanide–oxygen lattice structures show strong Faraday rotation under magnetic 

fields[21]. The enhanced Faraday effect is based on the specific magnetic exchange 

interaction between Tb ions in the Tb-O lattice structures, and these interactions depend 

on the geometric, electronic, and spin structures. Preparation of novel nano-materials 

composed of Tb lattice structures, TbX nanocrystals, is expected to open up a frontier 
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between inorganic nanomaterials and photonic science. Here, the author reports on TbX 

nanocrystals, terbium oxides (Tb2O3), terbium fluorides (TbF3), and terbium 

oxyfluorides (TbOF). The Tb2O3, TbF3, and TbOF nanocrystals were synthesized by the 

thermal decomposition of the following single-source precursors; tris(acetylacetonato)- 

dimethanolterbium(III) ([Tb(acac)3(CH3OH)2]), tris(acetylacetonato)bis(triphenylphos- 

phineoxide)terbium(III) ([Tb(acac)3(tppo)2]), tris(hexafluoro-acetylacetonato)- 

dimethanolterbium(III) ([Tb(hfa)3(CH3OH)2]) and tris(hexafluoroacetylacetonato)bis- 

(triphenylphosphineoxide)terbium(III) ([Tb(hfa)3(tppo)2]), respectively. Decomposition 

temperatures of Tb(III) complexes for preparation of TbX nanocrystals were estimated 

by using thermogravimetric (TG) analysis. The prepared TbX nanocrystals were 

characterized by using XRD, TEM, EDS, X-ray photoelectron spectroscopy (XPS), and 

ESR. Polymer thin films containing the TbX nanocrystals (matrix: PMMA) were 

evaluated for estimating the Faraday effect under a magnetic field (15000 Oe). The 

author successfully observed high transparency and remarkable Faraday rotation of the 

polymer thin films with TbOF and TbF3 nanocrystals. In this chapter, the syntheses and 

magneto-optical properties of TbX nanocrystals are demonstrated. 

  



 118 

5.2  Experiments 
 

5.2.1  Materials 

Terbium(III) acetate tetrahydrate (Tb(CH3CO2)3·4H2O) was purchased from 

Wako Pure Chemical Industry, Ltd. Acetylacetone (acac, CH3C(O)CH2C(O)CH3), 

hexafluoroacetylacetone (hfa, CF3C(O)CH2C(O)CF3), triphenylphosphine oxide (tppo, 

Ph3PO) and oleylamine were obtained from Tokyo Chemical Industry Co., Ltd. All 

other chemicals and solvents were reagent grade and were used without further 

purification. 

 

5.2.2  Apparatus 

FT-IR measurements performed at room temperature using a ThermoNicolet 

Avatar 320 FTIR spectrometer. Mass spectra were measured using a JEOL 

JMS-T100LP. Elemental analyses were performed on a J-Science Lab JM 10 Micro 

Corder and an Exeter Analytical CE440. TG-DTA were measured using Seiko 

Instruments Inc. EXSTAR 6000 (TG-DTA 6300) at heating rate of 1˚C min-1. XRD 

patterns were characterized by a Rigaku SmartlLab X-ray diffractometer using Cu Ka 

radiation source (λ = 0.15418 nm).  X-ray photoelectron spectroscopy (XPS) were 

performed with a JPS-9200 using unmonochromatized Al Ka X-ray. High-resolution 

images of TbX nanocrystals were obtained with a TEM, JEOL 2010 FASTEM (200 kV). 

UV-vis absorption spectra were measured on a JASCO V-570 spectrophotometer at 

room temperature.  
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5.2.3  Syntheses 

Synthesis of tris(acetylacetonato)dimethanolterbium(III) 

([Tb(acac)3(CH3OH)2]): 

 

Scheme 5-1.  Reaction scheme of [Tb(acac)3(CH3OH)2]. 

 

Terbium(III) acetate tetrahydrate (2.61 g, 7.4 mmol) was dissolved in distilled 

water (40 mL) by stirring. Acetylacetone (1.94 mL, 23 mmol) was added dropwise to 

the above solution. The pH value of this solution was adjusted at pH 7 by adding NH3 

aqueous solution. The mixture produced a white precipitate after stirring for 3 h. The 

resulting precipitate was separated by filtration and washed 2 times with distilled water. 

Reprecipitation from methanol gave a white precipitate of [Tb(acac)3(CH3OH)2]. IR 

(ATR): ν̃ = 1650 (C=O), 1390 (–CH3), 1020 (–CH3), 920 (C–CH3) cm-1; ESI-MS: m/z: 

calcd for C12H22O6Tb [M–(acac)]+: 421.07; found: 421.10; elemental analysis calcd (%) 

for C17H29O8Tb: C 39.24, H 5.62 N 0.00; found: C 39.03, H 5.44, N 0.00. 

 

 

 

 



 120 

 

Synthesis of tris(acetylacetonato)bis(triphenylphosphine 

oxide)terbium(III) ([Tb(acac)3(tppo)2]): 

 

Scheme 5-2.  Reaction scheme of [Tb(acac)3(tppo)2]. 

 

Methanol solution (40 mL) containing [Tb(acac)3(CH3OH)2] (0.52 g, 1.0 

mmol) and triphenylphosphine oxide (tppo) (0.56 g, 2.0 mmol) was refluxed under 

stirring for 3 h. The reaction mixture was concentrated using a rotary evaporator. 

Reprecipitation by addition of excess hexane produced crude crystals, which were 

washed in toluene several times. Recrystallization from hot methanol gave green 

translucent crystals of [Tb(acac)3(tppo)2]. IR (ATR): ν̃ = 1650 (C=O), 1125 (P=O), 920 

(C–CH3) cm-1; elemental analysis calcd (%) for C51H51O8P2Tb: C 60.48, H 5.08, N 

0.00; found: C 60.52, H 4.86, N 0.00. 

 

Synthesis of tris(hexafluoroacetylacetonato)dimethanolterbium(III) 

([Tb(hfa)3(CH3OH)2]): 

 

Scheme 5-3.  Reaction scheme of [Tb(hfa)3(CH3OH)2]. 
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Terbium(III) acetate tetrahydrate (5.00 g, 12 mmol) was dissolved in distilled 

water (40 mL) by stirring. Hexafluoroacetylacetone (7.78 g, 37 mmol) was added 

dropwise to the above solution. The mixture produced a white green precipitate after 

stirring for 3 h. The resulting precipitate was separated by filtration and washed 2 times 

with distilled water. Reprecipitation from methanol gave a white precipitate of  

[Tb(hfa)3(CH3OH)2]. IR (ATR): ν̃ = 1650 (C=O), 1255–1141 (C–F) cm-1; ESI-MS: m/z: 

calcd for C12H10F12O6Tb [M–(hfa)]+: 636.95; found: 637.01; elemental analysis calcd 

(%) for C17H11F18O8Tb: C 24.19, H 1.31, N 0.00; found: C 23.91, H 1.36, N 0.00. 

 

Synthesis of tris(hexafluoroacetylacetonato)bis(triphenylphosphine 

oxide)terbium(III) ([Tb(hfa)3(tppo)2]): 

 

Scheme 5-4.  Reaction scheme of [Tb(hfa)3(tppo)2]. 

 

Methanol solution (40 mL) containing [Tb(hfa)3(CH3OH)2] (0.84 g, 1.0 

mmol) and triphenylphosphine oxide (tppo) (0.56 g, 2.0 mmol) was refluxed under 

stirring for 3 h. The reaction mixture was concentrated using a rotary evaporator. 

Reprecipitation by addition of excess hexane produced crude crystals, which were 

washed in toluene several times. Recrystallization from hot methanol gave green 
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translucent crystals of [Tb(hfa)3(tppo)2]. IR (ATR): ν̃ = 1650 (C=O), 1255–1150 (C–F), 

1125 (P=O) cm-1; elemental analysis calcd (%) for C51H33F18O8P2Tb: C 45.83, H 2.49, 

N 0.00; found: C 45.66, H 2.55, N 0.00. 

 

Synthesis of TbX nanocrystals: 

 

Scheme 5-5.  Reaction scheme of TbX nanocrystals. 

 

Under N2 atmosphere, precursor Tb(III) complex ([Tb(acac)3(CH3OH)2], 

[Tb(acac)3(tppo)2], [Tb(hfa)3(CH3OH)2] or [Tb(hfa)3(tppo)2], 0.5 mmol) was dissolved 

into oleylamine (15 mL, 46 mmol), and the mixture was heated at 300˚C for 3 h while 

stirring. Then, the resulting liquid was centrifuged at 4000 rpm for 10 min. The 

precipitate was added to n-hexane (10 mL) and ethanol (20 mL), and centrifuged at 

4000 rpm for 10 min. The solvent was decanted, and this washing treatment was carried 

out for four times. The white powder were separated and redispersed by n-hexane (20 

mL). 

 

5.2.4  Preparation of Polymer Thin Films 

The obtained TbX nanocrystals (2 mg) were added to a solution of 

polymethylmethacrylate (PMMA) (2.0 g) in chloroform (8 mL) and dispersed well 
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under ultrasonic treatment, giving a colloidal suspension. The PMMA thin films were 

prepared on a glass substrate from the colloidal suspension by means of a casting 

method for the Faraday rotation measurements.  

The Faraday rotation measurements were performed using a measurement 

system for Faraday and Kerr effects (JASCO, Model K-250). A Xe lamp was used as 

the light source. The external magnetic field was 15000 Oe. 
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5.3  Results and Discussion 
 

5.3.1  Preparation of TbX Nanocrystals 

Single source Tb(III) complexes, [Tb(acac)3(CH3OH)2], [Tb(acac)3(tppo)2], 

[Tb(hfa)3(CH3OH)2], and [Tb(hfa)3(tppo)2], were synthesized by the reacting terbium 

acetate with β-diketone, methanol, and tppo ligands. Their chemical structures were 

identified using IR spectra and elemental analysis. The TG profiles of the Tb(III) 

complexes are shown in Figure 5-1. [Tb(acac)3(CH3OH)2] and [Tb(hfa)3(CH3OH)2] 

decomposed at around 100˚C, resulting in the elimination of coordinated methanol 

molecules. The percentage weight-losses were 14% and 7%, respectively. The mass of 

[Tb(acac)3(CH3OH)2] decreased gradually with increasing temperature between 100˚C 

and 500˚C. In contrast, [Tb(hfa)3(CH3OH)2] decomposed at about 150˚C. The 

decomposition temperatures of [Tb(acac)3(tppo)2] and [Tb(hfa)3(tppo)2] were found to 

be 235˚C and 276˚C, respectively. The characteristic weight-loss of [Tb(hfa)3(tppo)2] at 

around 300˚C, found to be 95%, might have been caused by sublimation of the Tb 

complex. 
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Figure 5-1.  Thermogravimetric profiles of [Tb(acac)3(CH3OH)2] (green), [Tb(acac)3(tppo)2] 
(yellow), [Tb(hfa)3(CH3OH)2] (blue) and [Tb(hfa)3(tppo)2] (red). 

 

TbX nanocrystals (TbX1, 2, 3 and 4) were prepared via the thermal reaction 

of single source precursor Tb(III) complexes, [Tb(acac)3(CH3OH)2], [Tb(acac)3(tppo)2], 

[Tb(hfa)3(CH3OH)2], and [Tb(hfa)3(tppo)2], respectively, at 300˚C for 3 h. To estimate 

the effect of decomposition temperature, the author synthesized TbX nanoparticles 

using same conditions at 280˚C. The prepared powders were separated by centrifugation 

and washed four times with n-hexane and ethanol. After washing, a white TbX 

nanocrystals powder coated with oleylamine molecules was obtained. The amount of 

oleylamine was estimated using TG-DTA (Figure 5-2). The author could not observe an 

effective weight loss in the TbX nanoparticles until 550˚C. According to these results, 

TbX nanoparticles were modified by small amounts of oleylamine, and oleylamine 

might have no influence on the Faraday effects of TbX nanoparticles.  
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Figure 5-2.  Thermogravimetric profiles of TbX3 nanoparticles. 

 

The powder XRD patterns of TbX1, 2, 3, and 4 are shown in Figure 5-3. The 

diffraction peaks of TbX1 and 2 at 2θ = 20.2, 28.1, 32.5, 48.1, and 57.0 degree were 

similar to the (211), (222), (400), (440), and (622) planes, respectively, of the cubic 

phase of Tb2O3 (ICDD 01-076-0156, I213). The calculated lattice constant of TbX1 and 

2 was 10.84 Å (lattice constant of Tb2O3 = 10.72 Å). The broadening and small shifts of 

the XRD signals might be ascribed to the amorphous phase of Tb-O lattices including 

impurities. The diffraction peaks of TbX3 at 2θ = 28.0, 32.0, 45.7, 46.1, 54.8, and 66.8 

degree were assigned to the (012), (104), (018), (110), (116), and (208) planes, 

respectively, of trigonal TbOF (ICDD 01-085-0851, R-3m). In the case of 

decomposition at 280˚C, the resultant TbX nanoparticles contained residual products. 

Accordingly, 300˚C might be suitable for the decomposition of Tb complexes. In 

contrast, the diffraction peaks of TbX4 were different from those of Tb2O3, TbOF, and 

orthorhombic TbF3 (ICDD 01-084-0179, Pnma) crystals. These peaks at 2θ = 25.1, 25.8, 
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28.8, 36.5, 45.7, 47.0, 53.1, and 55.0 degree agreed well with those of the (002), (110), 

(111), (112), (300), (113), (302), and (221) planes, respectively, of hexagonal SmF3 

(ICDD 01-072-1439, P6322). The calculated lattice constants of TbX4 were a = 7.19 Å 

and c = 7.24 Å (lattice constants of SmF3, a = 6.99 Å and c = 7.16 Å). Thermal 

decomposition of [Tb(hfa)3(tppo)2] in oleylamine at 300˚C might lead to formation of 

the hexagonal structure of TbF3 lattice with slightly increased lattice constants. EDS and 

XPS confirmed the presence of fluorine atoms in the TbX3 and 4 nanocrystals (Figures 

5-4 and 5-5). The elementary Tb/F ratios of TbX3 and 4 were estimated using EDS 

spectra. The Tb/F ratios of TbX3 and 4 were 1.11 and 0.75, respectively. These results 

were higher than the stoichiometric ratio, 1.0 (TbOF) and 0.33 (TbF3), respectively. The 

author considered that TbX3 and 4 might be formed partly from Tb2O3 crystals. The 

FWHM of the 2θ = 48.1, 32.0, and 28.8 degree peaks, which correspond to Bragg 

diffraction from Tb2O3 (440), TbOF (012) and TbF3 (111) planes, respectively. The 

TbX1, 2, 3 and 4 crystallite sizes calculated using the Scherer equation from the XRD 

data using the Scherer equation were 6.3, 6.5, 11.0, and 10.3 nm, respectively.  
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Figure 5-3.  XRD patterns of TbX1, 2, 3 and 4 nanocrystals. 
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Figure 5-4.  The energy dispersive X-ray analysis (EDX) spectra of TbX1, 2, 3 and 4 
nanocrystals. The EDX spectra confirmed the presence of Tb of all TbX nanocrystals (blue 
region). On the other hand, the absence (TbX1 and 2) and presence (TbX3 and 4) of fluorine 
were observed (red region).  
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(a) 

 

(b) 

 

 

Figure 5-5.  X-ray photoelectron spectra of [Tb(hfa)3(tppo)2] (green), TbX3 (blue) and TbX4 
nanocrystals (red). In order to correct the charge shift, all samples were coated with 
evaporated gold, and charge shift corrections were made on all samples by assuming a Au 
4f7/2 signal of 83.0 eV. The author compared electron state of terbium and fluorine between 
TbX3, TbX4 nanocrystals and [Tb(hfa)3(tppo)2] as a precursor complex by using XPS. In the 
result, electron state of Tb 3d5/2 shows same binding energy in all samples. In contrast, 
electron state of F 1s shows difference binding energy between complex (680.7 eV) and 
nanocrystal (679.0 eV) due to stabilization of crystallization.  
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TEM images of TbX1, 2, 3, and 4 are shown in Figure 5-6. The TEM images 

of TbX1 and 2 show cloud-liked aggregations without clear particle shapes. The TEM 

images of TbX3 and 4 show spherical TbX nanocrystals of various sizes. The average 

particle sizes of TbX3 and 4 were 7.1 and 8.8 nm, respectively. Previously, the 

formation of LnOF and LnF3 nanocrystals (Ln = Ce, Nd, Sm, Gd, Ho, and Yb) from 

lanthanide trifluoroacetates has been reported[22,23]. The introduction of fluorine atoms 

in Tb compounds might be caused by the elimination of fluorine anions from the 

trifluoromethyl groups of the organic ligands. The author successfully synthesized 

Tb2O3, TbOF, and TbF3 nanocrystals using single source precursors, 

[Tb(acac)3(CH3OH)2], [Tb(acac)3(tppo)2], [Tb(hfa)3(CH3OH)2] and [Tb(hfa)3(tppo)2], 

respectively. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5-6.  TEM images of (a) TbX1, (b) TbX2, (c) TbX3 and (d) TbX4 nanocrystals. Insets in 
Figure 5-6c and d show size distribution histogram of TbX3 and TbX4 nanocrystals, 
respectively. 
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5.3.2  Absorption and magneto-optical properties of TbX 

nanocrystals 

The TbX nanocrystals were dispersed homogeneously in n-hexane. The 

absorption spectra of TbX3 and 4 nanocrystals in n-hexane are shown in Figure 5-7. 

Intense absorption between 230 and 330 nm was observed in the solutions of both TbX3 

and TbX4. These peaks are due to 4f8 → 4f75d transitions, with their exact positions 

being dependent on the crystal field of the lattice[24,25]. In addition, a weak broad band 

between 400 and 600 nm would be indicative of the presence of Tb(IV) ions.  

 

 

Figure 5-7.  UV-Vis absorption spectra of the n-hexane solution containing TbX3 (blue) and 
TbX4 (red). 
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To evaluate the magneto-optical properties of TbX (TbX1, TbX2, TbX3 and 

TbX4) nanocrystals, PMMA thin films containing TbX nanocrystals were prepared. The 

TbX nanoparticles and PMMA were well dispersed in chloroform under ultrasonic 

treatment, and the prepared PMMA thin films with TbX nanoparticles showed high 

transparency in the visible region (Figure 5-8).  

 

 

Figure 5-8.  Transmittance spectrum of PMMA thin films containing TbX3 nanoparticles. It 
shows no characteristic peak in visible region. This result means that large aggregation doesn’t 
exist in the PMMA thin films.  
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The thickness of the PMMA thin films containing TbX1, 2, 3, and 4 

nanocrystals were 330, 360, 460 and 270 µm, respectively. The wavelength dependence 

of the Faraday rotation angle was measured for the PMMA thin films containing the 

TbX nanocrystals. The Faraday rotation spectrum at room temperature under an 

external magnetic field of 15,000 Oe showed clear negative peaks. The Verdet constant, 

which indicates the strength of Faraday rotation, was calculated by using Equation (5-1), 

in which θ, H, and l denote the Faraday rotation angle, external magnetic field, and 

thickness of the thin film, respectively. 

 

V = θ/Hl               (5-1) 

 

Here, the author normalized the Verdet constant in proportion to the Tb ion 

concentrations, which were estimated by ICP-AES, thus defining the Verdet constant 

normalized by Tb ion concentrations (Vc) as follows. 

 

Vc = θ/HlC              (5-2) 

 

where C is the Tb ion concentration in the PMMA thin films containing TbX 

nanocrystals. The calculated Vc constants are shown in Figure 5-9 and Table 5-1. The Vc 

values of TbX1 (-0.24 ×10-4 degree Oe-1 cm-1 mol-1 L), TbX2 (-0.33 ×10-4 degree Oe-1 

cm-1 mol-1 L), TbX3 (-4.83 ×10-4 degree Oe-1 cm-1 mol-1 L), and TbX4 (-1.65 ×10-4 

degree Oe-1 cm-1 mol-1 L) at 445 nm are much higher than those of the corresponding 
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mono-nuclear Tb(III) complex, [Tb(hfa)3(tppo)2] (Vc = -0.02 ×10-4 degree Oe-1 cm-1 

mol-1 L). The enhancement of the Faraday effects of TbX1, 2, 3, and 4 might have been 

caused by the enhancement of magnetic exchange interaction between Tb atoms in 

Tb-O or Tb-F lattice structures. The author considered that the values of Vc to depend 

on the distance between Tb atoms (Figure 5-10). The distance between Tb atoms in 

trigonal TbOF (3.84 Å measured using CIF of LaOF crystals, Identifier 9009071, R-3m) 

is shorter than that in hexagonal TbF3 (4.04 Å measured using CIF of SmF3 crystals, 

Identifier 1010986, P6322). Thus, the author considered that TbX3 (TbOF) shows a 

higher maximum Vc than TbX4 (TbF3).  

The Verdet constant can be also divided into three parts, Faraday A-, B-, and 

C-terms[26,27], in particular, the Faraday rotation angle of a lanthanide(III) ion that has a 

degenerate ground state is theoretically represented by the Faraday C-term given by 

Equation (5-3), in which g, χ, and J are the Landé splitting factor, magnetic 

susceptibility, and the total angular momentum quantum number, respectively[16,28]. 

 

θ � gχ/(2J + 1)              (5-3) 

 

Of the lanthanide(III) ions Gd(III) shows the highest value of gχ/(2J + 1). The 

author considered that the enhanced Faraday rotations of TbX3 and 4 might be affected 

by the presence of small amount of Tb(IV) ions in the TbX3 and 4 nanocrystals. 
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Figure 5-9.  The calculated Vc constants of the PMMA thin films containing [Tb(hfa)3(tppo)2] 
(black), TbX1 (green), 2 (yellow), 3 (blue) and 4 (red) under an external magnetic field of 15000 
Oe. Inset shows the magnified Vc constants of the PMMA thin films containing [Tb(hfa)3(tppo)2] 
(black) and TbX1 (green).  

 

Table 5-1.  Particle sizes, peak positions and normalized Verdet constants of [Tb(hfa)3(tppo)2], 
Tb1, 2, 3 and 4 nanocrystals. 

sample compound 
Particle sizeb)  

/ nm 

Vc peak 

positionc)  

 λmax / nm 

Vc
 c)  

/ 10-4 degree Oe-1 

cm-1 mol-1 L 

[Tb(hfa)3(tppo)2] Tb complexa)  - 445 -0.02 

TbX1 Tb2O3 6.3 445 -0.24 

TbX2 Tb2O3 6.5 445 -0.33 

TbX3 TbOF 11.0 445 -4.83 

TbX4 TbF3 10.3 445 -1.65 

a) The X-ray single crystal structure of [Ln(hfa)3(tppo)2] is shown in reference[29]. b) Calculated by 
Scherer equation from the XRD data. c) The thickness of the PMMA thin film containing TbX1, 2, 
3 and 4 nanocrystals were 330, 360, 460 and 270 μm. The external magnetic field: 15000 Oe. 
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Figure 5-10.  Lattice images based on the CIF data of (a) LaOF (9009071, R-3m) and (b) SmF3 
(1010986, P6322). The blue, yellow, and red spheres in Figure are Lanthanide (La or Sm), 
fluorine (F), and oxygen atoms. 
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5.4  Conclusions 
The author successfully synthesized TbX (Tb2O3, TbOF, and TbF3) 

nanocrystals via thermal decomposition of single-source Tb(III) complexes 

[Tb(acac)3(CH3OH)2], [Tb(acac)3(tppo)2], [Tb(hfa)3(CH3OH)2], and [Tb(hfa)3(tppo)2]. 

In particular, Tb(III) complexes with fluorine atoms, [Tb(hfa)3(CH3OH)2] and 

[Tb(hfa)3(tppo)2] provided TbOF and TbF3 nanocrystals, respectively, for the first time. 

These methods using Tb(hfa)3 derivatives are superior to those reported previously for 

LnOF and LnF3 (Ln = Ce, Nd, Sm, Gd, Ho, and Yb) due to simple and safe preparation 

procedure involved. The prepared TbX3 (TbOF) and TbX4 (TbF3) nanocrystals show 

effective Faraday rotation under a magnetic field. One of the reasons for the higher 

maximum Vc of TbX3 (TbOF) is that the distance between Tb atoms in trigonal TbOF is 

smaller than the corresponding distance in hexagonal TbF3. Moreover, the author is now 

trying to observe the evidence of Tb(IV) in TbX3 and 4 using magnetic measurements. 

These TbX nanocrystals are expected to open up a new frontier field involving 

inorganic chemistry, photophysical chemistry, material science, and optical device 

engineering and technology. 
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Figure 5-11.  Illustration of the formation of TbX nanoparticles. 
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Chapter 6 
 

Summary 
 

 

 

 

Hybrid nano-assembles composed of different nanocrystals and 

photo-functional molecules are expected not only to combine the properties of the 

constituent building blocks but also to generate new, collective phenomena based on 

interparticle interactions at the nanoscale. In this thesis, the synthesis and surface 

functionalization of magneto-optical lanthanide nanocrystals have been described. The 

results obtained in this study are summarized briefly below. 

 

In Chapter 1, the scientific background about lanthanide magnetic 

semiconductor nanocrystals was provided. Studies on the magneto-optical properties of 

europium chalcogenide nanocrystals were introduced as well. Then, strategies for 

forming nano-assembles of lanthanide nanocrystals, metal nanocrystals, and linker 

molecules as building blocks were described. 

In Chapter 2, photo-functional naphthalenedithiol (1,4-bisdecanethio- 

naphthalene: NpDDT) was used as a linker molecule to form EuS nano-assembles. The 
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formation of EuS nano-assembles using NpDDT linkers was confirmed using TEM and 

UV-vis absorption measurements. The peak position and angle of Faraday rotation were 

found to depend on the ligand replacement time of oleylamine to NpDDT on the surface 

of EuS nanocrystals and the subsequent formation of EuS nano-assembles. Additionally, 

the emission quantum yields of naphthalene units in NpDDT were found to depend on 

the aggregation size of EuS nano-assembles. According to these results, the NpDDT 

molecule is expected to be a sensing linker unit for analysis of EuS nano-assembles. 

In Chapter 3, EuS nanocrystals linked directly with gold nanocrystals 

(EuS-Au nanosystems) were synthesized successfully. The distance between the EuS 

and the Au nanocrystals was controlled accurately using the organic molecules 

1,2-ethanedithiol (EDT), 1,6-hexanedithiol (HDT), 1,10-decanedithiol (DDT), 

1,4-bisethanethionaphthalene (NpEDT), and NpDDT. The magneto-optical properties 

of a EuS-Au nanosystem depend on the interparticle distance between EuS and Au and 

the size of the Au nanoparticles. The enhanced spin-polarization of the EuS-Au 

nanosystems excited at the LSPR band of the Au nanoparticles was confirmed by 

photo-assisted EPR spectroscopy. The results obtained in this chapter will provide new 

EuS-Au nanosystems with amplified Faraday rotation under irradiation in the plasmon 

band of the gold parts. 

In Chapter 4, novel photo-switching Faraday effects of EuS-Au nanosystems 

were demonstrated. The Faraday effects of the toluene solution containing EuS-Au 

nanosystems were estimated using a MCD measurement system equipped with a visible 

light irradiation system (> 440 nm). The author found a drastic change in the absorption 
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band and the MCD signal of the EuS-Au nanosystems under irradiation. Additionally, 

effective reversible changes in the MCD spectra at 670 nm under alternating irradiation 

cycles of visible light (> 440 nm) and dark were shown. These results imply that the 

effective change in the MCD spectra of the EuS-Au nanosystems would be dominated 

not only by a drastic change in the absorption band related to the enhanced LSPR of Au 

nanoparticles but also by specific interactions between EuS and Au in the nanosystem 

under irradiation. 

In Chapter 5, novel nano-materials composed of Tb lattice structures, TbX 

nanocrystals (terbium oxides (Tb2O3), terbium fluorides (TbF3) and terbium 

oxyfluorides (TbOF)), were synthesized successfully via thermal decomposition of 

single-source precursors Tb(III) complex [Tb(acac)3(CH3OH)2], [Tb(acac)3(tppo)2], 

[Tb(hfa)3(CH3OH)2], and [Tb(hfa)3(tppo)2]. In particular, Tb(III) complexes with 

fluorine atoms, [Tb(hfa)3(CH3OH)2] and [Tb(hfa)3(tppo)2], provided TbOF or TbF3 

nanocrystals for the first time. These methods using Tb(hfa)3 derivatives are superior to 

those reported previously for LnOF and LnF3 (Ln = Ce, Nd, Sm, Gd, Ho, and Yb) given 

the simple and safe preparation procedures involved. The prepared TbOF and TbF3 

nanocrystals showed effective Faraday rotation under magnetic field. 

 

A variety of nano-assembles composed of semiconductors, metals, and 

magnetic nanocrystals have been studied extensively. However, magnetic 

semiconductor nano-assembles may not have been studied extensively because few 

classes of materials exhibit both intrinsic magnetic and semiconducting properties. In 
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this thesis, the formation of lanthanide magnetic semiconductor nano-assembles with 

photo-functional linker molecules and the formation of hybrid nano-systems composed 

of magnetic semiconductors and metal nanocrystals were demonstrated. Additionally, 

the synthesis and characterization of novel terbium nanocrystals with magneto-optical 

properties were described as well. This thesis is the first systematic report on the 

synthesis and surface-functionalization of magneto-optical lanthanide nanocrystals. 

The author believes that the strategies for hybrid nano-assembles of 

magneto-optical lanthanide nanocrystals described in this thesis would contribute to the 

development of applications involving novel magnetic semiconducting devices, such as 

optical isolators, circulators, photo-switches, hard drives, transistors, and catalysts. The 

photochemistry of hybrid nano-assembles of magneto-optical lanthanide nanocrystals is 

expected to open up new fields of inorganic nanomaterials and photonic science. 
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