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1. Introduction

Diluted magnetic semiconductor (DMS), are semiconductors in which a magnetic impurity
is intentionally introduced; a small fraction of the native atoms in the hosting non-magnetic
semiconductor material is replaced by magnetic atoms. The main characteristic of this new
class of compounds is the possibility of the onset of an exchange interaction between the
hosting electronic subsystem and electrons originating from the partially-filled d or flevels
of the introduced magnetic atom (Erwin et al., 2005; Norris et al., 2008). Once that onset is
reached in the above-mentioned exchange interaction, it enables the control of both the
electronic, and the optical properties of the end material, using external fields in regimes
hardly achieved with other classes of materials. Slightly transitions in metal-doped II-VI and
IV-VI semiconductor, as for instance, Cd;.,Mn,S, Pbi..Mn,S, and Pbi..Mn,Se, is a typical
diluted magnetic semiconductor, in which a small amount of Mn?* is substitutionally
incorporated into the hosting CdS, PbS and PbSe semiconductor crystal structure (Ji et al.,
2003; Silva et al., 2007; Dantas et al., 2008; Dantas et al., 2009).

Quantum confinement effects can be considered with the incorporating of magnetic ions in
semiconductors NCs, modifying the optical, magnetic, and electronic properties in
relationship to semiconductor bulk. The transition metal ion (Mn2*) d-electrons, usually
located in the band gap region of the hosting semiconductor, are available to promote
exchange interactions to the sp-band electrons of the hosting semiconductor (Fudyna, 1988).
The sp-d exchange interaction taking place in II-VI, and IV-VI DMS (as for instance in
CdiMn,S, Pbi,Mn,S and Pb;..Mn,Se) provides a unique interplay between optical
properties and magnetism, which could be strongly-dependent upon the doping mole
fraction (x) (Silva et al., 2007; Dantas et al., 2008; Dantas et al., 2009). By varying the
material’s doping profile (x) a fine tuning of the semiconductor band gap energy can be
achieved. Furthermore, quantum size effects caused by the shrinking in DMS bulk II-VI and
IV-VI, as in nanosized particles, enhance the optical and the magnetic properties, even
further. In addition, in the presence of applied magnetic fields the sp-d interaction involving
electrons, holes, and the hosted magnetic ions is affected, as a result modifying the DMS
properties and providing the material basis for new applications in magneto-optical,

www.intechopen.com



144 Nanocrystals

magneto-transport, spintronics, lasers, and infrared devices. Theoretical models to explain
the incorporation of magnetic impurities in nanocrystals are reported in the literature
(Erwin et al., 2005; Dalpian & Chelikowsky, 2006; Norris et al., 2008), such as the “self-
purification” mechanisms which are explained through energetic arguments. These
mechanisms show that the formation energy of magnectic impurities increases when the
NCs size decreases. Moreover, the binding energy of the impurities in the crystalline faces is
highly dependent on the semiconductor material, such as the crystal structure, and NCs
shape.

Nanocrysttaline structures doped with a small amount of magnetic impurities are obtained
from a controlled process known as thermal diffusion of precursor ions, for NC formation in
conditions of thermodynamic equilibrium. In this context, Cdi..Mn,S, Pbi..Mn,S, and
Pb1..Mn,Se NCs have been synthesized by fusion method in glass matrixes. In this chapter
we report the synthesis process of nanocrystals in a glass matrix, the synthesis routes of
diluted magnetic semiconductor Cd;..Mn,S, Pb;.,Mn,S, and Pb;..Mn,Se nanocrystals grown
on a borosilicate glass matrix and their investigation by experimental techniques of optical
absorption (OA), photoluminescence (PL), electron paramagnetic resonance (EPR) spectra,
atomic force microscope (AFM), and x-ray diffraction (XRD).

2. Synthesis of nanocrystals in glass

Nowadays, one of the biggest interests is the nanostructured systems production which
present desired physical properties to technological applications, and that are of low cost.
Among the materials, which satisfy these necessities, there are nanocrystal-doped glasses
(Woggon, 1997; Gaponenko, 1998). These are interesting in the physical property studies of
low-dimensionally structures, and its optical transitions of electrons in quantum
confinement regime (Banyai & Koch, 1993; Woggon, 1997, Gaponenko, 1998). Since the
origin of nanocrystal-doped glasses, the optical fiber-based communication systems, which
before had the entire amplifying process and optical signal processing performed in an
electronically way, begin to amplify and process the optical signals through the use of fully
optical devices, in which the use of those devices considerably enhance the quality in signal
transmission. The first evidences of nanocrystals existence in glasses undergone through
thermal annealing were given by Rocksby at about 1930’s (Woggon, 1997). Since the second
half of 20th century, companies like Corning Glass Industries, Schott Optical Glass, Hoya,
and Toshiba, have been using quantum dot-doped glasses (Gaponenko, 1998). Although, the
semiconductor-doped glasses potential to application in optical devices still be a well
discussed subject in diverse papers, the research continues focused in the direction of a more
primary stage, where the main objective is the understanding of physics involved in this
kind of material.

2.1. Nanocrystals’ growth kinetics

The semiconductor nanocrystals” growth kinetics in doped glass matrixes is the resulted
precipitation in a supersaturated solid solution by dopers, controlled by the diffusion
process of the solved semiconductor materials in the glass matrix (Woggon, 1997;
Gaponenko, 1998). The solid solution is defined as been constituted by a unique phase in
which more than one atomic specie is inserted, and for which the atom identity, that occupy
one or more sites, in the solution is variable (Zarzycki, 1991). In this solid solution, the
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Diluted magnetic semiconductor nanocrystals in glass matrix 145

precursor elements in the glass matrix, which can move, themselves by diffusion, are
considered the solutes the glass matrixes are the solvents while the quantum dots are the
solid phase or the precipitated from the process. For an occurrence of precipitation, the
solution must be supersaturated, i. e., the solute concentration must exceed the saturation
value at a given temperature and pressure. The appearing of a new phase happens by the
discreet particles formation with well-defined, well-arranged interfaces, in an aleatory way,
within the original phase.

These growth kinetic processes, in general, can be divided in three different stages: the
nucleation, the normal growth, and the coalescence or competitive growth (Zarzycki, 1991;
Gaponenko, 1998).

2.1.1. Nucleation

In the temperature, where there is an appreciable atomic mobility, there is also a continuum
rearrangement of atoms in thermal disturbance. If the phase is thermodynamically
unstable, these rearrangement domains have a temporary existence, so then they are
destroyed, and replaced by others. When the phase is metastable, such fluctuations are
potential sources of a stable phase, and don’t become permanent. The fluctuation effects can
produce dots that are different in size, shape, structure, or composition.

In the simplest classical model, which was proposed by Volmer and Weber (Volmer &
Weber, 1926), and Becker and Doring (Becker & Doring, 2006), it is assumed that embryos of
the processes have uniform structure, composition, and identical properties to those of
future phase, and only differ in shape and size. The shape, in question, is the one that results
from the minimum free energy formation, which will be connected to the interface nature. If
it is assumed that, in first approximation, the surface energy is independent of
crystallography orientation, and the elastic deformation energy is negligible, the embryos
will have a spherical shape. The embryos’ size is dependent of the thermodynamic stability
condition. When two phases coexist in different homogeneous regions, a phase transition or
formation of a different phase within another can occur. “Nucleation”, is the process of
forming a new phase within an existing phase, separated by a well-defined surface.

In a supersaturated solid solution there is an excess of solute in the solvent (the solute
concentration exceeds the saturation value at a given temperature and pressure). This excess
can be turned into a precipitate, if the nucleation process happens. The quantum dots-doped
glasses are examples of materials created by nucleation in a supersaturated solid solution,
where there is the coexistence of phases: the solvent (glass matrix), the solute (doper), and
the precipitate (quantum dots).

Assuming that within a determined volume (matrix) a coexistence of disperse atoms
(solvent) with particles forming atoms (doper) occur, and defining g™ as a free energy per
disperse atom, and g° as the free energy per crystal atom, it is obtained that the free energy
of the compound of particles varies from an amount AG, when the quantum dot nuclei are
formed. This variation can be given by:

3 c m
AG:AG'=[4”3R ][g ‘-/g J+47ZR2;/ (1)
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146 Nanocrystals

The term (gc-g"/V) of the Eq. (1), represents the free energy variation per unit of volume, R is
the radius of quantum dot nucleus, V is the volume per particle in the quantum dots, y is the
surface energy per area unit.

When the matrix is supersaturated by dopers which will form the semiconductor crystalline
phase, the first term of the Eq. (1) is negative, while, the second one is positive. As the terms
are proportional to R3 and R? respectively, it can be concluded that the second term
influence will be lower when R increases and the curve AG versus R will increase until it
reaches a maximum value and after it will decrease, as it is represented in Fig. 1.

Fig. 1. Free energy variation AG as a function of the particle radius (R) (Christian, 1965).

The position of this maximum is given by:

OAG 0 )
OR

what leads to a critical radius R. of the quantum dot nucleus, given by:

29V

R =———=
(g-8")

3)

A particle of radius R. will be in a instable equilibrium situation. If the radius is lower than
R., the particle tends to be re-dissolved, once an increase in radius leads to an increase of
AG. If the radius is greater than R, the particle tends to grow, once an increase in radius
leads to decrease in AG. The particles with R < R. are called “embryos”, while the ones with
R > R. are called “nuclei”.

The free energy variation, in a transformation, also depends on quantum dot size, which are
formed in the semiconductor phase. The quantum dot radius depends on the number of
particles that are dispersed in the glass matrix, and also on equilibrium concentration for the
semiconductor phase. Therefore, from Gibss-Thomson’s equation, the free energies can be
related to semiconductor concentration in the glass matrix, as follows:

(8"-8)=KTIn[N(R)/N(=)] (4)
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Here, N(R) is the equilibrium concentration for the semiconductor species in quantum dots
with radius R, N(«) is the equilibrium concentration for the semiconductor species that are
dispersed in the glass matrix, K is the Boltzmann constant, and T is the temperature.

The critical radius (R.) for any volume, in terms of this equation, is expressed by:

_ 2yv
R KT I[N R) N @) ()
which results in:
N(R)=N(00)exp(;%j ©)

According to Eq. (6), it is possible to determine the equilibrium concentration for quantum
dots of radius R. In the equilibrium, the quantum dots should not increase or decrease in
size, i. e., the absorbed species rate must be equal to released species rate. In Fig. 2 is
presented a typical curve of these concentrations.

It is observed, in Fig. 2, that the point, where the curve intercepts the line of doping
concentration existing in the matrix, and this point defines the critical radius, from which
the quantum dot nuclei will grow. It is also observed that the quantum dots are completely
re-dissolved when the temperature is increased from T, to T3. In this case, the dissolution
rate is proportional to the difference between the equilibrium concentration and the existing
concentration in matrix.

Ti<T;<T;

Log (concentration of atoms)

vRC1 Rc2

Quantum Dot Radius
Fig. 2. The equilibrium concentration of the atoms dispersed in the matrix as a function of

the quantum dot radius for three different temperatures (Barbosa et al., 1997).
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148 Nanocrystals

Thus, the quantum dots with smaller radii will be re-dissolved much faster than those with
larger radii, which would lead to their size dispersion. It is clear that, when N(R) is below of
N(x), there will be no growth of any quantum dot nucleus. The ratio between N(R) and N(x)
is used as a supersaturation measure, given by:

_N®R)
A N(0) )

A matrix always will be supersaturated when A > 1. In terms of supersaturation, the critical
radius can be written as:

B 2yV
k.= kT In(A) ®)

The supersaturation degree is also defined as follows:

[N(R) - N()]
A =2 A
S ©)

2.1.2. Growth

The theoretical considerations, on crystals growth description, are based on three general
models, on the type of liquid-crystal interface and the nature of active sites for
crystallization (Zarzycki, 1991): normal growth (or continuum growth); growth determined
by processes of bi-dimensional nuclei formation and subsequent increase; and coalescence
or competitive growth. For briefly, it will be considered just the first, and last mechanism.

2.1.2.1. Normal growth

With the decrease in solution supersaturation during the initial stages of nucleation, the so
called normal growth process starts. During this process, the nuclei that reached a critical
radius increases in size, while the others are re-dissolved in the matrix (Zarzycki, 1991).

2.1.2.2. Coalescence or competitive growth

When the supersaturation degree of the matrix decreases a lot, i. e., almost all
semiconductor material is already incorporated in a nucleus, the stage denominated as
coalescence or competitive growth takes place. There is a competition in which the larger
nanocrystals grow from the smaller ones. The study of this process is known as Coarsening
Theory of Lifshitz-Slyozov, and leads to a size distribution with same name (Zarzycki, 1991 ;
Gaponenko, 1998). This distribution has the peculiarity of being asymmetric around its
average values, with an sudden cut to the particles with larger size, and a huge dispersion to
the smaller ones. In practice, these different stages occur simultaneously in the real growth
process, however, it is possible to consider each stage separately for theoretical purposes.
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2.2. Diluted magnetic semiconductor nanocrystals formation: magnetic impurities
incorporation

A study of Mn incorporation in semiconductors II-VI and IV-VI was performed, assuming
that the adsorption of this magnetic ion occurs on surface of the three crystallography faces
(111),(110), and (0 0 1)) of these semiconductors. The obtained results, from the density
functional theory, show that the binding energy of Mn, on surface of the crystallography
faces, is dependent of the crystalline structure of the semiconductor materials. For
crystalline structures of zinc-blend type (ZnS, CdS, ZnSe, and CdSe), the binding energy is in
the range of 2 to 7 eV. While, for the crystalline structures of rock-salt type (PbS, and PbSe),
this energy is around of 2 eV (Erwin et al., 2005).

The magnetic impurities incorporation in nanocrystals, produces changes in optical,
magnetic, and structural properties of these materials (Furdyna, 1988; Bacher et al., 2005).
The exchange interactions, between the levels sp of atoms in semiconductor nanocrystals
and the level d of Mn2* ions, completely modify these nanocrystals properties. Most of the
semiconductor nanocrystals have a diamagnetic phase. However, with the magnetic
impurities incorporation, forming a diluted magnetic semiconductor, this material starts to
present paramagnetic, ferromagnetic, anti-ferromagnetic, or spin glass phases, even more,
they modify the lattice parameter of semiconductor nanocrystals, and Mn-Mn exchange
interactions in closer Mn ions also occur.

The electronic configuration on Mn ions introduced in diluted magnetic semiconductor is A-
(3d%) or A, (3d> + h (holes)) (A- is the negatively charged c, and A, denotes the neutral
center). Studies show that there are three types of Mn centers, when it is incorporated to
semiconductor materials. The first is formed to the Manganese in Mn3* state, which is found
in 3d# electronic configuration with the spin in ground state S = 2, considered as a neutral
accepter center A, (3d%). The second type of center occurs when the Manganese, in Mn3*
state, imprisons an electron and strongly bind it to the d layer, where it starts to show an
electronic configuration 3d> with S = 5/2, denoted by A-(3d5). This second type of Mn center
become negatively charged, been able to attract and weakly bind a hole, forming a third
center , denoted by Ag (3d5 + h) (Sapega et al., 2002).

2.3. Synthesis of DMS NCs in a glass matrix

In this section, we describe the main synthesis of DMS NCs in glasses, methods which have
been being developed in recent years, by our research group. From the adequate
composition, the masses of powder compounds, that will form the glass matrix as well as
the DMS NCs, are measured, mixed, and homogenized.

The first step of sample preparation consisted of melting powder mixtures in an alumina
crucible at high temperature for a determined time. In the sequence, a quick cooling to room
temperature was undergone to the crucible containing the melted mixture. In the second
step, was carried out a thermal annealing of the previously melted glass matrix at specific
temperature for several hours aiming to enhance the diffusion of precursor ions into the
host matrix.

The DMS NCs, which were synthesized by this methodology, growth kinetics can be
explained based on the described models in sections 2.1 and 2.2. The optical, magnetic, and
structural properties of these DMS NCs will be presented in the following sections.
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150 Nanocrystals

2.3.1. Synthesis of Pb1xMn,S NCs

Pb1-.Mn,S NCs embedded in an oxide glass matrix were synthesized by the fusion method.
The synthesis process proceeds as follows. First, the Mn-doped SiO,-NaxCO;-Al,O3-PbO>-
B2O3+S (wt %) powder was melted in an alumina crucible at 1200°C for 30 min. Then, it was
cooled down to room temperature. After that, thermal annealing treatment proceeded at
500°C. Finally, spherically shaped Pb;-.Mn,S NCs were formed in the glass matrix. In order
to study the effects of the synthetic process on the magnetic properties of DMS NCs, four
Pbi-Mn,S samples with x-concentration varying from 0% until 40% denominated as
SNABP: Pbi.Mn,S, have been synthesized under different thermal treatments, with
annealing times of 2, 4, 8, and 10 h, respectively (Silva et al., 2007).

2.3.2. Synthesis of Pby.xMn,Se NCs

The semimagnetic Pb;-.Mn,Se samples were synthesized in glass matrix SNABP with
nominal compositions 40Si0; - 30Na;CO3 - 1ALO3 - 25B03 - 4PbO (mol %) adding 2Se
(wt %), in which the incorporation of Mn2* ions varies between 0 < x < 5%. The preparation
process consisted of melting the powder mixtures in an alumina crucible at 1200°C for 30
min. In the sequence, the crucible containing the melted mixture underwent quick cooling to
room temperature. In a second step, thermal annealing of this melted and cooled glass
matrix was carried out at 500°C for several hours, in order to enhance the diffusion of Pb2+,
Mn2*, and Se? species into the host matrix, or produce a rearrangement of ions entering the
formation of the NCs. This annealing process produces good quality Pb;-,Mn,Se NCs
showing small size distribution of dots. The same process holds for undoped PbSe quantum
dot formation. Two types of Mn-doped samples were grown: (i) SNABP matrix only doped
with x-content of Mn, and labeled SNABP: xMn; (ii) SNABP templates, labeled SNABP:
Pbi-xMn,Se containing Pb;-,Mn,Se NCs with the percentage of manganese-to-lead in the
range 0 < x <5% (Dantas et al., 2009).

2.3.3. Synthesis of Cd.xMn,S NCs

Cd;-xMn,S NCs were synthesized in a glass matrix SNAB with a nominal composition of
40SiO, - 30Na;CO3 - 1ALO; - 29B2Os (mol %) adding 2(CdO+S) (wt %), and Mn-doping
concentration (x) varying with respect to Cd-content from 0% to 10%. The first step of
sample preparation consisted of melting powder mixtures in an alumina crucible at 1200°C
for 30 min. Then, the crucible containing the melted mixture underwent quick cooling to
room temperature. In the second step, thermal annealing of the previously melted glass
matrix was carried out at 560°C for 10 hours in order to enhance the diffusion of Cd?*, Mn?2*,
and S2- species into the host matrix. As a result of the thermal annealing, Cd;-xMn,S NCs
were formed in the glass template. There were two classes of samples for different Mn
concentrations: (i) doped with Mn and denominated SNAB: xMn and (ii) NC samples
Cd1-Mn,S NCs were denominated SNAB: Cd;-.Mn,S (Dantas et al., 2008).

3. Optical Properties of DMS NCs

The optical properties with the Mn2?* ions incorporation in Pb;,Mn,S, Pb;,Mn,Se, and
Cd1Mn,S NCs, which were grown in glass matrixes through the methodologies described
in section 2.3, were investigated by Optical Absorption (OA), and/or Photoluminescence
spectroscopy techniques. The obtained results will be presented and discussed as follows.
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3.1. Optical Absorption (OA) of Pb1xMn,S NCs

The optical absorption spectra of samples SNABP: Pb;.,Mn,S (x = 0, 0.003, 0.005, and 0.010)
are shown in Fig. 3. Strong blue shift with respect to the optical absorption of bulk PbS
(band gap at 0.28 eV) is clearly observed (see Fig. 3) in all SNABP: Pb;.Mn,S samples,
indicating the quantum confinement effect of carriers within the as-produced PbS NCs.

Energy (eV)
1.55 1i24 1.|03 0i88 0i77 O|'69 0.62

500°C/10h

(A) SNABP: PbS
(B) SNABP:Pby gg-Mng 005

(C) SNABP:Pby g95Mng 055
D) SNABP: Pby ggoMNg 9105

Absorption (a. u.)

800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

Fig. 3. Room temperature optical absorption spectra of SNABP: Pb;..Mn,S samples. (Silva,
2008)

Furthermore, with the introduction of the magnetic impurity (Mn2*) in the PbS NC lattice
the optical properties are completely modified due the exchange interaction (sp-d) between
the electronic subsystem of the PbS NC and electrons originated from the partially-filled
Mn?* ions (Lee et al., 2005). This exchange interaction, scaling with the x-content, responds
for the relative blue shift of the effective band gap observed in the OA spectra of samples
SNABP: PbiMn,S, as shown in Fig. 3. More specifically, effective band gaps of 0.95 eV
(1307 nm), 1.00 eV (1238 nm), 1.07 eV (1158 nm) and 1.12 eV (1111 nm) were observed for x-
contents of 0, 0.003, 0.005 and 0.010, respectively.

3.2. Optical Absorption (OA) of Pb1xMn,Se NCs

Optical absorption spectra recorded for different samples have provide strong evidences of
Mn2* ion incorporation into the PbSe NCs samples, labeled as SNABP: Pb;, Mn,Se (x>0).
Due to the exchange interaction (sp-d hybridization) between electronic subsystems, the
incorporation of magnetic ion in NCs modify the confined electronic states and thus, the
optical properties of the quantum dots (Furdyna, 1988; Ohno, 1998). This exchange
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interactions causes the blue shift of optical resonance, proportional to the Mn-concentration
x, between Pb1,,Mn,Se and PbSe NCs.

Figure 4 shows this effect for SNABP: Pb;.,Mn,Se samples embedded with Pb; Mn,Se with
x =0, 0.005, 0.01 and 0.05%. The observed NC blue shift changes from 0.84 eV (1476 nm) for
x=0 to 0.89 eV (1398 nm) for x = 0.05%. Effects associated to the spatial confinement can be
estimate since bulk semiconductor lead-salt Pbi..Mn,Se samples have rock salt crystal
structure with a direct band-gap, at the L-point of the Brillouin zone, with a value ranging
between 0.28 eV, for bulk PbSe, and 3.4 eV, for the bulk MnSe which displays hexagonal
structure. The appearance of well defined subband peaks in the absorption spectra
demonstrates a relatively small size distribution and good quality of these SNABP:
Pbi.Mn,Se samples synthesized by fusion method. The absorption peak observed near
570 nm, for SNABP: xMn sample, is attributed to the presence of 0.05% of Mn2?* ion.

Energy (eV)

248 165 124 099 083 071 0.62
' 1 1 I & I 1 I 1 I

500°C/10h
a) SNABP

(
(b) SNABP: 0.05Mn
(c) PbSe NCs

©) Pbo_ggMnO_mSe NCs
) Pb0.95MnO'O5Se NCs

Absorption (a. u.)

5(I)0 7éO 10I00 12I50 15I00 17I50 2000
Wavelength (nm)
Fig. 4. Room temperature optical absorption spectrum as a function of the wavelength: for a
(@) glass matrix; (b) for glass matrix doped with x = 0.05% Mn (SNABP: xMn) and
Pb1..Mn,Se NCs (SNABP: Pb;..Mn,Se) for Mn-concentration: (c) x = 0; (d) x = 0.005%; (e)
x =0.01%; and (f) x = 0.05%. (Dantas et al., 2009)

Atomic force microscopy (AFM) images of these samples (shown in section 5.2) confirm the
same average size for both the PbSe NCs and Pb:..Mn,Se NCs. Then, this blue shift in the
OA spectra (Fig. 4), between PbSe and PboosMngosSe NCs, was associated to the
incorporation of Mn?* ions in the PbSe dot structure.
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3.3. Optical Absorption (OA) of Cdy.xMn,S NCs

The OA spectra of the Cd;xMn,S NC samples, that were synthesized as described in section
2.3.3, were obtained using a spectrophotometer Varian-500 operating between 175-3300 nm.
OA spectra provided other evidence of Mn?* ion incorporation in the SNAB: Cd;-.Mn,S and
SNAB: xMn samples.(Wang et al., 2004; Levyayb et al., 1998) The introduction of magnetic
impurities in semiconductors modified NCs” optical properties as a result of sp-d exchange
interactions between electrons confined in dot states and located in the partially filled Mn2*
states, causing a blue shift with increasing x in the band gap of Cdi-:Mn,S samples
compared to undoped CdS NCs.

Energy (V)

496 413 354 310 275 248 225 206
P IR IR R I S R

Cd4i,Mn, S NCs

Ly | ,? .
p wﬁ.zﬂf%; . 5B0°C/10h
L 5
N CdS (Bulk)
3218V :
e MEAN F.SB Y
", ",
et i
-~ L | |“i—'- ."k'. \?‘1'\-.
== —1"\,@-.-&4",{?-‘5%&*,]_:;(;" - Y 51'-4.1\-. l\l oy — 4
o 1"m_._ ,_‘l : “m._‘i LW 0.10
— il . : \-.'
% N3 18V 1\ x=005
s Bl et T | N\ x=001
= 307ev~. s xX=U00
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| " e o
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Wavelength (nm)
Fig. 5. OA spectra of Cd;-xMnS NCs embedded in a glass matrix for samples with

concentrations: x = 0, 0.005, 0.01, 0.05, and 0.10. The blue shift is marked by lines and arrows.
(Dantas et al., 2008)

Figure 5 shows this effect in embedded Cd;-yMn,S NCs samples, for x=0, 0.005, 0.01, 0.05,
and 0.10. Note the blue shift of band gap varying from 3.07 eV (403 nm) to 3.22 eV (385 nm).
The band gap of Cd;-,Mn,S semiconductor varies between 2.58 eV (CdS bulk) and 3.5 eV
(MnS bulk). The appearance of well defined subband peaks in the absorption spectrum
demonstrates the high quality of the synthesized samples and the relatively small
distribution of the NCs.
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Using a simple confinement model based on effective-mass approximation (Brus, 1984), the
energy of the lowest exciton state in the microcrystallites of radius R smaller than the
exciton Bohr radius ap can be estimated by the following expression:
E.;=E, +(h27r2 /2 sz)_Lg(eZ /gR) , where E . is the energy gap of material (bulk), x the reduced

‘conf
effective mass; e the elementary charge, ¢ the dielectric constant, and the estimated
average radius for CdS NCs was R ~ 2.2 nm.

As all samples were subjected to the same thermal annealing at 560°C for 10 hours, is
expected that the Cd;.Mn,S NCs have the same size as the corresponding CdS NCs, in
agreement with AFM data which will be shown in section 5.3. Therefore, the OA resonance
blue shift that was observed in Fig. 5, which increases with increasing Mn2?* concentration,
occurred due to the incorporation of Mn2* ions into CdS NCs.

3.4. Photoluminescence (PL) of CdixMn,S NCs

Through the OA spectra, shown in Fig. 5 (section 3.3), we have confirmed that there was the
formation of CdiMn,S NCs with quantum confinement properties as well as bulk-like
properties. The formation of these NCs can also occur, even in the quick cooling, for
unannealed samples, which we shall call of Cd;.MnS NCs as-grown samples. The room
temperature PL spectra of the Cdi,MnS NCs as-grown samples were acquired with a
spectrofluorometer (NanoLog - Horiba JY).

Figure 6(a) shows the PL spectra at room temperature of Cd;..Mn,S NCs as-grown samples
with different nominal x-concentrations: 0, 0.005, 0.050, and 0.100. The samples were excited
at the absorption band edge of the NCs with bulk-like properties (510 nm), which implies
that the electrons are occupying the bottom of conduction band (CB).

Our results clearly indicate that nonradiative decay paths are present, alongside the
radiative recombination of the electron-hole pairs (E.;), which implies that the energy levels
Mn2+ (4T), trap (1), and trap (2) are occupied by electrons. The recombination aspects are
well described in the diagram depicted in Fig. 6(b) which shows the emission I between the
levels 4T; and ¢A;, characteristic of the d orbital of Mn2* ion when it is substitutionally
incorporated in semiconductors II-VI (Zhou et al., 2006, Beaulac et al., 2008; Archer et al.,
2007). In these materials the Mn2* ions can be substitutionally incorporated in two distinct
sites: one in the NC-core (labeled as S), and other near the NC-surface (labeled as S).

The traps (1) and (2) are deep defect levels attributed to the CdS (Smyntyna et al., 2007),
whose origins are not quite clear until the moment. Despite of its not so clear origin, we
assume that, these two defect levels are possibility related to the Vcg-Vs divacancy centers
with different orientations, in analogy to the studies performed for CdSe NCs with
hexagonal wurtzite structures (Babentsov et al.,, 2005), a material that presents great
similarities with ours. It was shown that there are two energetically different divacancies: an
oriented along the hexagonal c-axis (assigned to trap (1)), and other oriented along the basal
Cd-Se bond directions (assigned to trap (2)). This divacancy model could also be used to
explain the origins of the two deep traps (1) and (2) in CdS NCs with hexagonal wurtzite
structures as well as DMS Cd;..Mn,S NCs. These considerations are quite reasonable since
the wurtzite structure is a common phase for CdS NCs grown in a glass matrix (Cheng et al.,
2006; Xue et al., 2009) as well as for Cd;..Mn,S NCs (0 < x <0.500) (Jain, 1991).
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Fig. 6. (@) Room temperature PL spectra of as-grown Cdi,Mn,S NCs embedded in the glass
matrix SNAB for samples with x = 0, 0.005, 0.050, and 0.100. (b) Schematic diagram showing the
radiative recombinations I, E;, and E; by the straightened arrows. The nonradiative transitions
from the level 4T; to trap-levels (1) and (2) are represented by the wavy arrows. (c) Relative
intensities between the emissions I and E; (solid line), and the emissions I and E, (dashed line).

From these two traps, there are the emissions E; and E, which can be observed in Fig. 6(a)
for all samples. The PL spectra of CdS NCs (x = 0.000) were fitted using three like-gaussian
components associated to these emissions (E; and E;) as well as the radiative recombination
of the electron-hole pairs (E..). It is clear that the emissions E; and E; are more intense than
the emission E..;, showing that the nonradiative processes are dominant from the CB bottom
to trap-levels (1) and (2). Figure 6(a) also shows that an overlap, between the emissions E..;
and I for the Cdi.Mn,S NCs samples with x = 0.005, 0.050, and 0.100, takes place.
Undoubtedly, this overlapped band is more intense than the band of the emission E.j
observed for CdS NCs samples, which indicates that majority contribution of the
overlapped band can be attributed to emission of M2* ion (4T1 - 0Ay).

Related to I emission was observed that for Cd;..Mn,S NCs grown in a colloidal solution, it
is suppressed due to nonradiative processes when the Mn2* ions are incorporated in the site
Su (Zhou et al.,, 2006). Thus, the strong emission I, observed in the PL spectra of the Cdi.
Mn,S NCs samples (see Fig. 6(a)), gives evidence that the Mn2* ions are substitutionally
located in the core of nanoparticles, i.e., in the site S;. Figure 6(c) shows the behavior of
relative intensity between the emissions I and E; (I/E;), and the emissions I and E; (I/E»), for
different x-concentration. The enhancement in relative intensity I/E; shows that the
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increasing in x-concentration favors the incorporation of Mn2* ions in the NC-core (S;). On
the other hand, the I/ E; relative intensity curve presents a completely different shape, where
a decrease in the I/E; is followed by an increase with the augment of x-concentration. Such
kind of behavior can be understood taking into account nonradiative processes, in order that
electron transfers occur from the level 4T; to the trap-levels (1) and (2), as schematically
depicted in the Fig. 6(b) by the wavy arrows. The values I/E; are larger than I/E; for x =
0.005 and 0.100, indicating that, there is a smaller energy transfers (via electrons) to trap (2)
than to trap (1) for these two x-concentrations. While for x = 0.050, the energy transfers from
the level 4T, to the trap-levels (1) and (2) are practically equals. These results indicate that
possibly there is a competition between the electron transfers for the trap-levels dependent
of the x-concentration.

4. Magnetic properties of DMS NCs

The physical properties of semiconductor nanocrystals change with the incorporation of
magnetic impurities, making them diluted magnetic semiconductors. This phenomenon
occurs due to the sp-d exchange interaction, which involves Mn ions and electrons in
conduction band or holes in the valence band, when there are Mn-doped semiconductors II-
VI or IV-VI. This exchange interaction causes changes in the magnetic properties of the
nanocrystals, influencing the sp-d exchange interactions of these materials.

4.1. Electron Paramagnetic Resonance (EPR)

A study of the Manganese’s magnetic properties in host matrixes can be performed from the
EPR technique. The studies by this technique, to the obtained results, confirm that the
oxidation state of Mn is 2+, in which the Mn?* ions belong to the group 3d. The free ions of
this group present, in their ground configuration, the 3d incomplete layer, which is
responsible for the paramagnetism. In the presence of a crystalline lattice, the Mn?2* ions start
to have the splitted by the crystalline field. This splitting produces a reduction in the orbital
movement contribution of the magnetic moment, been the magnetism from these ions
fundamentally attributed to the electronic spin (Silva, 2008).

The crystal structure of the hosting semiconductor has a strong influence into the
incorporated Mn2*-ions, as observed in the EPR spectrum recorded from the glass sample
embedded with Pbi.,.Mn,S, Pbi.Mn,Se, and Cd;..Mn,S NCs, favouring a strong electron
spin-nucleus spin interaction. The experimental spectra of Mn-doped in NC samples can be
modelled by the spin Hamiltonian (Dantas et al., 2008):

H=uS-g,-B+D[S?-5(S+1)/3]|+E(S:-S2)+AS-I, (10)

where the first term is represent the Zeeman interaction with x, , g, and B being the Bohr

magneton, the Lande factor and the applied magnetic field, respectively., in which the
second and third two terms describe the zero-magnetic field fine-structure splitting due to
spin-spin interaction of electrons, which is nonzero only in environments with symmetries
lower than cubic, and the fourth term (Aéf ) is stemmed from the hyperfine interaction
between electron and nuclear spins. In a magnetic field the spin degeneracy of Mn2*-ions
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will be lifted by the Zeeman splitting, resulting in six energy levels classified by magnetic
electron spin quantum number Ms. Due to hyperfine splitting, each of these transitions will
be split into six hyperfine levels characterized by the magnetic nuclear spin quantum

number M; The main hyperfine lines in the spectra are due to allowed Ms == 1 transitions
with AM; = 0, whereas other lines from forbidden transitions (due to breakdown of selection
rule) with nonzero AM; may also be observed. Hence, the typical EPR of Mn2* with electron
(S = 5/2) and nuclear (I = 5/2) spins is composed of 30 lines - five fine structure transitions,
each splitting into six hyperfine lines. The incorporation of metal-transition in NC sites
cause changes in coordination states modifies the crystal field. These changes are analyses
by EPR spectra. Typical EPR of Mn2* with electron (S = 5/2) and nuclear (I = 5/2) spins is
composed of 30 lines - five fine structure transitions, each splitting into six hyperfine lines.
For the Mn-doped in PbS, PbSe and CdS NCs the hyperfine lines were only observed for the
central Ms=1/2 < -1/2 transition. The location of Mn?* is presented in two different sites
(surface and core) in NCs can be determinate by EPR measurements. In addition, the
interaction constants A, D, and E depend strongly on the characteristics of the crystal field.
For instance, when a Mn?* ion is located close to or on the NC surface, a large structural
difference between the NC and the glass matrix results in a larger hyperfine constant A and
larger D and E values. Hence the EPR spectrum varies when the local structure of Mn2* ion
in the NC changes (Silva et al., 2007; Dantas et al., 2008; Dantas et al, 2009).

4.1.1. EPR of Pb1xMn,S NCs

Figure 7 shows the EPR spectra for different Mn-concentrations in Pb..Mn,S NCs, to the
samples that were annealed at 500°C for 10 hours. The six hyperfine transitions were
observed due to the electron spin-nucleus spin interaction. The lines width comes from the
sum of two contributories, AH = AH; + AHp , where AH is the width which appears in the
spectra cause intermolecular processes, and AHp is the width related to “spin-spin”
interaction between the first neighbours of Mn (Hinckley & Morgan, 1965). These “spin-
spin” interactions are proportional to r3, where r is the average distance between the
Manganese atoms (Mn-Mn). To bigger distances than 55 A (r > 55 A) the lines are narrow
and exclusively determined by AH|. In this case, the EPR spectra of Mn2* ion are sixtet
degenerated spin what assures the presence of six hyperfine interaction lines. On the other
hand, to smaller distances than 9 A (r < 9 A), the six hyperfine interaction lines become
wider and due to the hyperfine structure collapse, the spectra appear as a single line as
observed for samples with Mn-concentration of x = 0.40. The arrow-indicated structures
which appear around 345 mT, are caused by different Mn2* ions localizations in PbS
quantum dots (core or surface).
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Fig. 7. EPR spectra of Pb;,.MnS NCs for x = 0.001, 0.003, 0.005, 0.007, 0.01, 0.05, and 0.40.

(Silva, 2008)

Figure 8(a) shows the EPR spectra for the SNABP: PbS, SNABP: 0.005Mn, and SNABP:
Pbo.99sMnyg 00sS samples, that were annealed at 500°C for 10 hours. It can be perceived that the
hyperfine interactions are more clearly observed to SNABP: Pbgg9sMno0sS samples. These
interactions, caused by the Mn2* ion presence in the crystalline field from PbS quantum
dots, produce a splitting in this fine structure (electronic transition +1/2 « -1/2) into six
hyperfine transitions due to electron spin-nucleus spin interaction.
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Fig. 8. (a) EPR spectra for the SNABP: PbS, SNABP: 0.005Mn e SNABP: Pbg99:Mno 0055
samples (Silva, 2008). (b) Changing in the EPR intensity signal of the SNABP: Pbg 99sMng 0055
sample that were annealed at 500°C by increasing times [modified from (Silva et al., 2007)].
(c) Experimental and calculated EPR spectra of Pbo.g9sMno00sS NCs [modified from (Silva et
al., 2007)].
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The EPR spectra intensity modifies with the increasing in the annealing time at 500°C, as
shown in Fig. 8(b). This increasing in intensity of EPR signal is caused by a greater
incorporation of Mn2* ions, in PbS NCs which increase their density in the glass matrix, as
observed by Atomic Force Microscopy images in Fig. 12.

For Pb;..Mn,S NCs that were grown in the glass matrix SNABP, the EPR spectra are caused
by the contributions of Mn2* ions incorporated in the core (Signal Sj), and/or on the surface
(Signal Sy) of the PbS NCs. The signals S and Sp simulations was performed using the
WINEPR and SINFONIA Brucker’s softwares, being the resulting simulated signal
compared with the obtained EPR spectrum to the SNABP: Pbg99sMng 00sS sample and shown
in Fig. 8(c). It was observed the signal Sy predominance over the signal S;, giving strong
evidences of a higher Mn2?*-concentration near to the NC-surface. The average values
obtained to hyperfine constants (A) are of Ag; = 8.20 mT and Asy = 9.37 mT, with the electron
g-factor equal to 2.005 (Silva et al., 2007). The different hyperfine constant values between
the Pbi,Mn,S quantum dots and the respective bulk material, are attributed to quantum
confinement of the electrons, promoting a higher interaction between the electron spin and
the Mn2* ion nucleus (Ji et al., 2003).

4.1.2. EPR of PbyxMn,Se NCs

A high sensitivity Bruker ESP-300 spectrometer, operating in the X-band microwave
frequency (9.5 GHz), with swept static field and the usual modulation and phase sensitive
detection techniques, was used to record the EPR spectra of the Pb;..Mn,Se NCs samples
that were synthesized by methods described in section 2.3.

i i SNABP: Pbj g5Mn, o5Se NCs
o . :
1R w— Exp
—. — 5] a
o Cal OOOOO
= H2 "::"_*503: s"...‘..
5 e ) N
S [per: Phygogpops™ T %2 2 !
g SNABP: 0.005Vin 2
(] \"\—_ 9
€ £
¢ |sneeP: 0.01vn o
L] [SNABP: Pby o M |
(@) (b)
T 1 T T T T 17 e
300 320 340 360 380 400 300 320 340 360 380 400
Magnetic Field (mT) Magnetic Field (mT)

Fig. 9. Left panel: EPR spectra for pure PbSe and for semimagnetic Pb;-.Mn,Se NCs, with
x = 0.005, x = 0.01, and x = 0.05. In each panel, lines show the difference between undoped
and doped PbSe samples. Right panel: EPR spectra of PbggsMngosSe NCs measured in the X-
band and at room temperature and the computed EPR spectra obtained by a summation of
two spectra with A = 7.3 mT and 7.9 mT, corresponding to Mn?* sites inside labeled as S;
and on the surfaces labeled as S;; of NCs, for a system with S =5/2, 1 =5/2, D = 30 mT,
E=4mT, and g = 2.005. (Dantas et al., 2009)
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Figure 9(a) shows EPR spectra of a set of Pb;-xMn,Se NCs. The broad background line, in all
spectra, indicates the magnetic interaction between Mn2* ions inside the Pb;-,Mn,Se
structure.

The presence of the six hyperfine lines, as shown in the inset, confirms the uniform
incorporation of Mn2* ions into the dot. Figure 9(b) shows fairly good agreement between
experimental (theoretical) spectrum of PbyosMngosSe NCs, measured in the X-band and at
room temperature and shown as solid blue (dotted green) line. This EPR simulation is
composed of two spectra: i) A broad line that uses a fine structure constant,
A =7.3 mT corresponding to Mn2* ions inside the NG, ii) a stronger fine structure constant
A =7.9 mT corresponding to ions located close to the surface. The hyperfine parameters are
D =30 mT, E =4 mT, and the Mn parameters are Sy, =5/2, [ =5/2, and gwvn = 2.005.
Analysis of the EPR spectra (shown in Fig. 9) provided further evidence for the presence or
absence of doped PbSe dots. The incorporation of Mn2* ions in Pb;-xMn,Se NCs is confirmed
by the presence of the six central hyperfine lines in the EPR spectrum. These hyperfine lines
are not present in glass samples only doped with Mn2* ions.

4.1.3. EPR of Cdy.xMn,S NCs

The room-temperature modifications in the electronic states induced by Mn?* ion
incorporation into CdS NCs (forming Cd;..Mn,S NCs) were examined by EPR using a high
sensitivity Bruker ESP-300 spectrometer operating in the X-band microwave frequency (9.5
GHz).

Figure 10(a) shows EPR spectra for the synthesized sample set. The broader background
signal observed in the EPR spectra is due to the spin-spin interaction between Mn2*
electrons when they are incorporated into the Cd;-,Mn,S NCs.
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Fig. 10. Panel (a) room temperature EPR spectra of Cd;-xMn,S NCs for samples with
concentration: x = 0, 0.005, 0.01, 0.05, and 0.10. Panels (b) and (c) EPR spectra of glass matrix
doped with xMn and Cd;-:Mn,S NCs for x=0.05 and 0.10, respectively. (Dantas et al., 2008)
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The six line structure confirms the uniform incorporation of Mn2* ions into the host CdS NC
structure, whereas the broader EPR line indicates the presence of magnetic exchange
interaction when two Mn?* ions get close enough and are found in small agglomerate
islands. The difference between the glass samples (SNAB: xMn and SNAB: Cd;-,Mn,S NCs)
is observed in the EPR spectra [Figs. 10(b) and 10(c)]. Note that the hyperfine interaction due
to Mn2* ions results from the presence of a crystalline field in CdS NCs. The hyperfine
interaction observed in the spectrum of glass samples doped with Mn?* is not as evident as
those observed for Cd;-.Mn,S NCs. This difference could possibly be attributed to the
formation of small islands of crystalline phase MnO. (Mukherjee et al., 2006)

It has already been reported that Mn2* ions are incorporated into two distinct sites of NCs;
when found at the dot core, it produces the EPR signal S;, when located on or near the NCs
surface it produces the EPR signal Sy. (Silva et al., 2007; Zhou et al., 2006) This analysis is
strongly supported by good agreement between the experimental EPR spectrum and the
simulated one. In Fig. 11, the EPR spectrum of Cdo.9sMnosS NCs, measured in the X-band
and at room temperature, is shown as a solid blue line and the calculated one as a solid
green line.
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Fig. 11. Experimental and simulated EPR spectra of Cdo.9sMng.0sS NCs. The simulation uses
superposition of two spectra with A = 7.6 mT and 8.2 mT, corresponding to Mn2* ions

located inside (labeled as Si) and on the surfaces (labeled as Si) of NCs for a system with
parameters: S=5/2,1=5/ 2, D =40 mT, E =5 mT, and g.= 2.005. (Dantas et al., 2008)

The EPR simulation was obtained by a sum of two spectra with A = 7.6 and 8.2 mT,
corresponding to Mn2* ions located inside the NC (labeled as S;) and near the NC surface
(labeled as Sy) for a dot system with parameters: S=5/ 2,1=5/ 2, D =40 mT, E =5 mT, and
ge = 2.005. On the other hand, as the annealing time increases, the probability of finding
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magnetic ions inside NCs occupying neighboring lattice sites as well as the number of
antiferromagnetic spin correlated clusters increases. This combination of effects enhances
the dipolar interaction and increases the lattice distortions on the Mn?* sites. Furthermore,
the accumulation of Mn2* ions on the NCs surfaces also strengthens Mn-Mn interactions.
(Silva et al., 2007; Zhou et al., 2006; Jian et al., 2003) As a consequence, the intensity of the
broader background peak is increased.

EPR spectra provided evidence that Mn2* ions are incorporated at two distinct sites: at the
core and/or at the surface of CdS NCs. Influences of CdS NCs crystalline field and the
presence of MnO cluster phases could be confirmed by the presence of six hyperfine lines
assigned to the Mn2* ions in the samples.

5. Structural properties of DMS NCs

The structural properties of the PbiMn,S, Pbi,Mn,Se, and Cd;xMn,S nanocrystals that
were grown in glass matrixes, through the methodologies described in section 2.3, their
spatial distribution, size homogeneity, and the nanocrystal shapes were analyzed by Atomic
Force Microscopy using the contact mode. It was also employed the X-Ray Diffraction
technique to investigate the crystalline structure of the Pb;..Mn,Se NCs samples.

5.1. Atomic Force Microscopy (AFM) of Pb.xMn,S NCs

In the Fig. 12 are shown atomic force microscopy (AFM) images that were obtained for the
SNABP: Pbg.99sMng 0055 NCs samples, which were annealed at 500°C for 2, 4, 8, and 10 hours.
It can be observed that with the increase in annealing time, the Pbg 99sMn ¢,00sS NCs density
increases as well as their average size. The obtained values were 4.2 nm (2 hours), 4.3 nm (4
hours), 4.4 nm (8 hours), and 4.8 mn (10 hours).

(a)

Fig. 12. AFM images of SNABP: Pbg 99sMny 00sS NCs samples that were annealed at 500°C for
(@) 2, (b) 4, (c) 8 and (10) hours (Silva, 2008).
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The increase in the PbogosMn 00055 NCs density within host glass matrix results in the
intensity increase of optical absorption spectra (see Fig. 3), as well as, the increase in EPR
signal intensity (Fig. 8(b)).

5.2. Atomic Force Microscopy (AFM) of Pb.xMn,Se NCs
To confirm the NCs formation on glass templates we have taken AFM images, as shown in

Fig. 13, for (a) PbSe NCs and (b) PbogosMngosSe NCs samples. The 3D and the 2D (inset)
morphologies of Pbi..Mn,Se NCs can be noted. As shown in Figures 13(a) and 13(b), is
possible to estimate the average size for PbSe and Pbi.\Mn,Se NCs as 5.2 nm, and with 6%
the size distribution, from these AFM images.

5180 nm

: Grrain size
E174 nm
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Depth (mum)
Fig. 13. AFM images of NCs showing size distribution below 6% for: (a) PbSe (b)
Pbo.osMng 0s5e. AFM image in 3D e 2D (inset) illustrates the morphology of Pbi..Mn,Se NCs,

for x = 0 and 0.05. (Dantas et al., 2009)

These AFM data have confirmed that both PbSe NCs and Pb;.,Mn,Se NCs have the same
average size (5.2 nm). Thus, undoubtedly, the observed blue shift in OA spectra of these
samples, shown in Fig. 4 (section 3.2), is related to incorporation of Mn2* ions into PbSe NCs.

5.3. Atomic Force Microscopy (AFM) of Cdy.xMn,S NCs
Figure 14 shows the AFM images that were recorded for glass samples embedded with CdS

NCs [Fig. 14(a)] and CdoosMnoosS NCs [Fig. 14(b)] in order to confirm both the NCs
formation and OA data for size distribution, shown in Fig. 5 (section 3.3).
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The average NCs size estimated from these AFM images is at around R ~ 2.3 nm with
corresponding size distributions of 5% and 9%, respectively. The AFM morphology of
isolated NCs is shown in two-dimension (2D) and three-dimensions (3D) images. Thus, is
observed that all samples are single-phase materials with hexagonal wurtzite structure,
which is a very common phase for CdS NCs grown in glass matrix (Cheng et al., 2006; Xue
et al., 2009), as well as for Cd1..Mn,S NCs (0 < x < 0.500) (Jain, 1991).
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Fig. 14. AFM images showing nearly 5% size distribution and dot size R ~ 2.3 nm. The 2D
and 3D images illustrate the morphology of (a) CdS NCs and (b) Cdo.9sMng5S NCs. (Dantas
et al., 2008)

As it was expected, the AFM data confirm that both CdS NCs and Cdi,.MnS NCs have the
same average size. Thus, it was proved that the incorporation of Mn2* ions into CdS NCs
provokes a blue shift in OA spectra of nanoparticles, according to the results shown in
Fig. 5.
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6. X-Ray Diffraction (XRD) of Pb,.,Mn,Se NCs

The XRD patterns of the SNABP: Pbi..Mn,Se samples (x = 0) for x = 0 and x = 0.05% are
shown in Fig. 15(a). It is noted that the typical bulk PbSe rock salt crystal structure is
preserved for the Pb;..Mn,Se dot samples having Mn-concentration x < 0.05%. Nevertheless,
the characteristic XRD peaks is shifted towards lower diffraction angle values as the Mn2*
incorporation in the hosting PbSe structure increases, as shown in Fig. 15(b), and this is a
clear indication that a decrease in the lattice constant is occurring. We have estimate the
lattice constant (Cohen Method) of the structure using the (111), (200), and (220) peaks of the
XRD spectrum. Here, the average lattice crystal constant found for Pb;..Mn,Se samples is
6.130 A for x = 0% (PbSe) and 6.127 A for 0.05% incorporation of Mn2* into the NCs. This
monotonic decrease observed in the lattice constant can be attributed to the replacement of
Pb2*-ions, having larger ionic radius (119 pm) in the rock salt PbSe crystal structure, by
Mn?2*-ions with smaller ionic radius (83 pm).
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Fig. 15. (a) XRD measurements of PbSe (lower line) and PbpgosMnoosSe (top line) NCs
embedded in glass matrix. (b) The effects associated to the incorporation of Mn2* ions into
PbSe NCs are seen as an intensity increase (left panel) and a shift to higher 20 diffraction
angle (right panel) of the (111) peak. Probably, the diffusion is enhanced along the (111)
direction. (Dantas et al., 2009)

Once the grown samples have very small Mn-concentration, the crystalline structures for
undoped and doped NCs remained rock salt and showed similar values for the lattice
constants. However, it is expect a decrease in the crystalline quality of samples containing
higher concentration of Mn, with the possible occurrence of MnSe clusters inside the
Pb1..Mn,Se NCs.
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7. Conclusions

In this chapter, it was presented the main advances, which have been obtained by us in last
few years, related to study of Diluted Magnetic Semiconductor Nanocrystals (DMS NCs) in
glass matrixes.

Probably the first time, Pb;..Mn,S, Pb1.,.Mn,Se, and Cd;..Mn,S DMS NCs were successfully
grown in a glass matrix by the fusion method, when subjected to an adequate thermal
annealing.

Our results, obtained by the experimental techniques, showed that it was possible to control
the optical, magnetic, and structural properties of these DMS NCs, confirming the high
quality of the synthesized samples.

Therefore, we have proved that the use of glass matrixes, as host material for DMS NCs, is
an excellent alternative, since they provide great stability to the nanoparticles, with a
relatively low cost of synthesis.

We believe that this chapter may be useful for further investigations on the optical,
magnetic, and structural properties of Mn-doped nanocrystals.
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