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Introduction

Substitutionally incorporated transition metal impurities into semiconductor nanocrystals (NCs) have
opened possibility to development of new nanocrystalline materials as semimagnetic Pb,.,Mn,S [1,2],
Pb,..Mn,Se [3,4] Cd;,Mn,S[5], Cd;.Co,S[6] and Bi,,Mn,S;[7] NCs. The semimagnetic nanocrystal can be
engineered to manipulate a small number of spins trapped in the hosting zero-dimension
semiconductor structure, allowing for instance the onset of paramagnetism, ferromagnetism,
antiferromagnetism or spin-glass behavior, depending on the impurity concentration and on the
magnitude of the d—d (J) and sp—d (a, B) exchange interactions between the magneticimpurity and the
hosting crystal lattice[8-10]. Once set in the above-mentioned exchange interaction enables the control
of both the magnetic and optical properties of the end material using external fields in regimes hardly
achieved with other classes of materials. These structures are also good candidates for quantum
computation, spin filters and quantum information, and other spintronic devices[11]. The
investigations of PbSe semiconductor have attracted much attention due to the large exciton Bohr
radius (46 nm) and the band-gap of Egpus. = 0.28 eV, at room temperature [12]. By varying the
material’s doping profile (x), in Pb;,Mn,Se and Pby,Co,Se semimagnetic, a fine tuning of the
semiconductor band gap energy can be achieved. Furthermore, quantum size effects caused by
shrinking bulk semimagnetic, as in nanoparticles, enhance the optical and the magnetic properties even
further. As far as the physical properties are concerned undoped NCs are quite different from magnetic
ion doped in NCs, as expected from the strong sp-d exchange coupling between the localized doping
species and the carriers in the hosting NC band structure. The results of this chapter confirm the high
quality of the semimagnetic Pb,.,Mn,Se and Pb,,Co,Se NCs that were successfully grown by the fusion
method. We report the synthesis process of nanocrystals in a glass matrix, the synthesis routes of
semimagnetic nanocrystals grown in glass matrix and their investigation by experimental techniques of
x-ray diffraction (XRD), atomic force microscope/magnetic force magnetic (AFM/MFM), optical
absorption (OA) and photoluminescence (PL) investigations. We believe that this chapter can motivate
further investigations and applications of other systems containing NCs.

Synthesis of semimagnetic nanocrystals in glass environment

The advanced in chemical synthesis controlled of nanostructured materials providence a way of
produce nanocrystals in function of size, shape and composition by various methodologies. In
particular, a route of synthesis very attractive of semimagnetic NCs is obtained by fusion method in
glass matrix with posterior thermal treatment, permitting the formation of NCs with excellent control
and small dispersion of size [1-7]. We report the study of Pb;,Mn,Se and Pb,.,Co,Se NCs synthesized in
borosilicate glass matrix template using the fusion method.

Synthesis of Pb;,Mn,Se Nanocrystals

Semimagnetic Pb;.,Mn,Se NCs were synthesized in a glass matrix (SNABP) with a nominal composition
of 40Si0,¢30Na,C0O5;¢1Al,05225B,03¢4Pb0 (%mol) + 2[Se] (%wt), and Mn-doping concentration (x)
varying with respect to Pb-content from 0 and 5%. The first step of sample preparation consisted of
melting powder mixtures in an alumina crucible at 1200 °C for 30 minutes. 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 500 °C for different timesin
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order to enhance the diffusion of Pb2+, Mn2+, and Se” species into the host matrix. As a result of the
thermal annealing, Pb;.,Mn,Se NCs were formed in the glass template.

Synthesis of Pb1-xCoxSe Nanocrystals

Semimagnetic Pb,,Co,Se NCs were produced by the fusion method in the glass matrix with the
following nominal composition: 40Si0,¢30Na,CO5¢1Al,05225B,03¢4Pb0O (%mol), herein quoted as
SNABP glass matrix. The nominal composition of the nanocomposite was achieved by adding 2Se (%wt)
plus xCo with respect the (1-x)Pb, with x=0and 0.05. The samples were produced following two major
preparation steps. In the first step the powder mixture was melted in an alumina crucible at 1200°C for
30 minutes, following a quick cooling of the crucible containing the melted mixture from 1200 °C down
to room-temperature. In the second step thermal annealing of the previously-melted glass matrix was
carried out at 500 °C for different times, with the purpose to enhance the diffusion of Pb**, Co**, and
Se” species within the hosting matrix. Due to the thermal annealing procedure Pb,,Co,Se NCs were
formed within the glass template.

Structural and Morphologic Properties of Semimagnetic Nanocrystals

The structural and morphologic properties of Pb,.,Mn,Se and Pb,.,Co,Se nanocrystals were investigated
by X-ray diffraction and Magnetic Force Atomic techniques.

X-Ray Diffraction and Magnetic Force Atomic of Pb1-xMnxSe Nanocrystals

The XRD patterns of the SNABP: Pb,.,Mn,Se NCs samples for x =0 and x=0.05 are shown in Figure 3.1.
Itis noted that the typical PbSe rock salt crystal structure is preserved in the Pb;,Mn,Se NCs. The XRD
peaks (111), (200), (220) and (311) of NCs samples has been identified in the host amorphous glass
matrix. Nevertheless, the characteristic XRD peaks shift towards lower diffraction angle values as the
Mn-ion concentration in the hosting PbSe structure increases clearly indicating a change of the lattice
constant. Nevertheless, the characteristic XRD peaks shift towards lower diffraction angle values asthe
Mn-ion concentration in the hosting PbSe structure decreases clearly indicating an increase of the
lattice constant. Using the Vegard’s law or rock salt PbSe and zincblende MnSe we performed the
estimation of the lattice constant from the selected XRD peak (111). One found that the average lattice
crystal constant of the x=0 and 0.05 Pb;,Mn,Se NC samples 6.130 A and 6.088 A respectively. This
monotonic change observed in the lattice crystal constantis attributed to the replacement of the Pb**-
ion, with larger ionic radius (119 pm) in the orthorrombic PbSe crystal structure, by Mn**-ion with
smaller ionic radius (83 pm). By Mn-concentration to be very small, the crystalline structures for doped
and undoped NCs are similar.
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FIGURE 3.1

XRD measurements of PbSe (x=0) and PbggsMnggsSe (x = 0.05) NCs embedded in glass matrix. The effects
associated to the incorporation of Mn”" jons into PbSe NCs are seen as an intensity increase and a shift to higher
20 diffraction angle of the (111) peak. Probably, the diffusion is enhanced along the (111) direction

Figure 3.2 presents the AFM/MFM images for the Pbg 9sMng osSe NCs samples subjected to the thermal
annealing for 10 h, where we confirmed the high density of the nanocrystals with quantum
confinement properties as well as bulk-like properties. AFM images for the Pbg 9sMng osSe NCs samples
are shown in Figure 3.2(a). MFM images in Figure 3.2(b)
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FIGURE 3.2

AFM/MFM images of Pbg o5Mng 05Se NCs embedded in the glass matrix for average size of 6 nm. In (a) thisinfluence
is zero since the magnetic tip is lifted 24 nm from the sample; (b) the signal of the magnetic interactions is
influenced by the sample topography in semimagnetic NCs
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regarding magnetic phase, present some contrasts that correspond to magnetic nanocrystalline
structures. This observation can be attributed to the fact that samples containing magnetic ions
respond magnetically when induced by tip magnetization. Thus, the dark (light) contrasts shownin the
AFM/MFM images, indicate that Pbg 95Mng ¢sSe NCs are magneticin a direction parallel (antiparallel) to
tip magnetization. These results strongly indicate the formation of magnetized Pbg gsMngsSe NCs in
the SNABP glass matrix and the average size for Pb;,Mn,Se NCs as 6 nm.

X-Ray Diffraction and Magnetic Force Atomic of Pb,Co,Se Nanocrystals

The XRD patterns of the SNABP: Pb;,Co,Se samples for x=0and x = 0.10 are shown in Figure 3.3. Itis
noted that the typical bulk PbSe rock salt crystal structure is preserved for the Pb,.,Co,Se dot samples
observed the (111), (200), (220) and (311) peaks. Nevertheless, the characteristic XRD peaks is shifted
towards lower diffraction angle values as the co™* incorporation in the hosting PbSe structure increases,
and this is a clear indication that a decrease in the lattice constant is occurring. We have estimate the
lattice constant of the structure using the (111), (200), (220) and (311) peaks of the XRD spectrum.
Using the Vegard’s law for rock salt PbSe and cubic CoSe; crystal phases we performed the estimation
of the lattice constant from the selected XRD peak (111) plane system change as the x-concentration.
Here, the average lattice crystal constant found for Pb.,Co,Se samples is 6.130 A for x = 0.00 (PbSe)
and 6.103 A for x = 0.10 incorporation of Co’* into the NCs. This monotonic decrease observed in the
lattice constant can be attributed to the replacement of Pb**-ions, having larger ionic radius (119 pm)
in the rock salt PbSe crystal structure, by Co’*-ions with smaller ionic radius (75 pm). Once the grown
samples have very small Co-concentration, the crystalline structures for undoped and doped NCs
remained rock salt and showed similar values for the lattice constants.
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FIGURE 3.3
XRD measurements of PbSe and Pbg 99Coq.105e NCs embedded in glass matrix
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(a) Topographic MFM image showing a high amount of Pbg 99Coq 105 NCs samples at sample’s surface, and (b) the
corresponding phase MFM image where the contrast between the South (S) and North (N) magnetic poles
identifies the orientation of total magnetic moment of semimagnetic NCs

In addition, AFM/MFM images, represented in Figure 3.4, were measurements to the Pbg ¢5Cog.105e NCs
samples. The AFM image is also influenced by the sample topography, while in the MFM images there
are only the magneticinteractions. The estimate average size for Pbg 9C0g.105€ NCs was 2.5 nm, in good
agreement with average values obtained from calculation using k.p model for PbSe NCs[13]. In an
attractive configuration, the NCs have magnetization in a parallel direction to the tip magnetization,
resulting in dark areas of the MFM image. However, in a repulsive configuration, the NCs have
magnetizationin an antiparallel direction to the tip magnetization, resulting in bright areas of the MFM
image. Therefore, the formation of the dark and bright fields related to a single spin domain in the
Pbg.90C00.105€ NCs is shown by the clear contrast in these MFM images. These results confirm the high
quality of the synthesized PbggyCog.105e NCs which show a uniform distribution of total magnetic
moments antiparallel to the tip magnetization direction.

Magnetic Properties of Semimagnetic Nanocrystals

The magnetic properties of semimagnetic nanocrystals are influenced by exchange interactions sp-d
between the electronic subsystems of magnetic ions with the NCs, changing the configuration of
confined electronic states. The Pb,,Mn,Se NCs NCs were investigation by Electron Paramagnetic
Resonance measurements.

Electron Paramagnetic Resonance of Pb;.,Mn,Se Nanocrystals
The crystal structure of the hosting PbSe has a strong influence into the incorporated Mn**-ions, as

observed in the EPR spectrum recorded from glass sample embedded with Pb;,Mn,Se NCs, favoring a
strong electron spin-nucleus spin interaction. The experimental spectra of Mn-doped in NC samples can
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H:Hz +H0,Where H: :ﬂeg.ge.é

be modeled by the spin Hamiltonian [1, 4] is the Zeeman term

with He , B¢, and B being the Bohr magneton, the Lande factor and the applied magnetic field,

3 G- 2 2 Q2 5.7
respectively. H, D[Sf S(S - 1)/3]+ E(Sx Sy )+ AS -1 , in which the first 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 third term (4S5 1) is stemmed from
the hyperfine interaction between electron and nuclear spins. In a magnetic field the spin degeneracy
of Mn”*-ions will be lifted by the Zeeman splitting, resulting in six energy levels classified by magnetic
electron spin quantum number M. Due to hyperfine splitting, each of these transitions will be splitinto
six hyperfine levels characterized by the magnetic nuclear spin quantum number M, The main

hyperfine linesin the spectra are due to allowed Ms= * 1 transitions with A M, =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 Mn®* 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 Mn’* with electron (S = 5/2) and nuclear (I = 5/2)
spinsis composed of 30 lines — five fine structure transitions, each splitting into six hyperfine lines. For

the Mn-doped in PbSe 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 Aand larger D and E values. Hence the EPR spectrum varies when the local structure of Mn**
ion in the NC changes.

In Figure 3.5 are show the EPR spectra for the SNABP: Pb,,Mn,Se and SNABP: x Mn, for x = 0.05
samples synthesized by fusion method. The located of Mn®* ions is induced for surface of PbSe NCs.
The broad background signal observed in the EPR spectra is due to the electron spin-spin interaction of
Mn-ions incorporated into the Pb;.,Mn,Se NCs structure. While the six-line structure confirms the
uniform incorporation of Mn** ions in the hosting PbSe NCs structure the broad EPR line indicates the
presence of exchange magnetic Mn-Mn interaction between Mn-ions agglomerated in small islands.
The different between the glass samples SNABP: Pb,,Mn,Se and SNABP: x Mn is observed in EPR
spectra shows that the hyperfine interactions of Mn”" ions is due the presence of PbSe NCs. The
distance peak at peak of hyperfine structure for Pb;,Mn,Se NCs is 9.3, 9.3, 7.8, 7.6 and 6.5 mT with
average value of 8.1 mT. The hyperfine interactions observed for glass samples doped with Mn*" are
not evident as observed in presence of Pb,.,Mn,Se NCs and can be due the formation of small island of
MnO in crystalline phase.
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FIGURE 3.5
EPR spectra of glass matrix doped with xMn and Pb,.,Mn,Se NCs for x = 0.05

Optical Properties of Semimagnetic Nanocrystals

The optical properties of semimagnetic nanocrystals Pb;,Mn,Se and Pb;.,Co,Se embedded in glass
matrix were investigated by Optical absorption and Photoluminesce techniques.

Absorption and Photoluminescence of Pb;,Mn,Se Nanocrystals

Transition metal (TM) ion-doped II-VI or 1V-VI semiconductors create new opportunities for optical
applications. Recently, TM ion-doped chalcogenide semiconductor quantum dots (QDs) have attracted
increasing attention because of their unique optical and electronic properties compared to their bulk
counterparts that leads to high luminescence quantum efficiency, high optical gain with lower
threshold [14-18]. Their optical and electronic properties, generally controlled as a function of QD size
and shape, have applications in telecommunication [14], photovoltaic detectors [15], saturable
absorbers for near-infrared passively mode-locked and Q-switched solid-state lasers [16], fluorescence
biological labels [17], and cancer therapy [18]. Among these, diluted magnetic semiconductors (DMS)
are expected to be key materials to future spintronic devices, because they possess charge and spin
degrees of freedom in a single media with interesting magnetic, magneto-optical, magneto-electronic
properties, among other [19-23].
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From the viewpoint of the optical properties, TM ion-doped II-VI or IV-VI NCs can be classified in two
regimes depending on the position of the energy level of the dopant ion in relation to the energy gap of
the NC. These regimes define the photophysical and magneto-optical properties of NCs. In the first
regime, named regime |, the energy level of the dopant ions is within the NC optical gap and in the
regime Il in the conduction band of the NC. Figure 3.6(a) shows a simplified comparison between band-
gap energy of an II-VI or IV-VI semiconductor material and the energy of the Mn”* 4T1 ligand-field
excited state. For ZnS, ZnSe and CdS the *T; state is into the band gap energy (regime |) and for CdSe,
CdTe, PbS, PbSe and PbTe the “T; state is into the conduction band of bulk semiconductors (regime I).
In the first regime, after semiconductor excitation leads to rapid energy transfer (~10™s) to the Mn®*
dopants, which leads to fluorencence with high quantum yields [24-28]. Thus, efficient energy transfer
guenches excitonic emission and sensitizes the Mn** or Co”* ligand-field dopant estates, internal d-d
transition with a slow decay (microseconds to milliseconds)[29,30]. In the regime Il, the size-tunable
emission and other attractive photophysical properties of undoped semiconductor QDs can be
explored, while the TM ions introduce an additional degree of freedom to control these and other
physical properties such as magnetic effects. In this scenario, encountered for narrow-gap
semiconductor such as Cd;,Mn,Se, Cd;.«Mn,Te, Zn;«Mn,Te and Pb;.,Mn,Se, where the lowest excitonic
states occur below all of the Mn** d-d
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(a) Simplified comparison between the energy band-gaps of several [I-VI and IV-VI semiconductor materials and
the energy of the Mn?H T, ligand-field excited state. Figure 3.5.1(b) shows the energy calculation, using a K.P 4x4
method, as a function of PbSe QD size. Schematic representation of the recombination process in PoMnSe DMS
QDs for diameter D > 3.2 nm (Fig. c) and D < 3.2 nm (Fig. d). Figure (d) shows a possible dual emission in PbMnSe
QDs

excited states, alloys in the bulk form, the excitonic emission is not quenched by energy transfer to
internal d-d excited states. The quantum size effect presented by QDs can change a material from
regime Il to regime |. More recently, a new relaxation scenario (regime Ill), for photoexcited Mn*"-
doped semiconductors was observed: small Cd; ,MnxSe nanocrystals possessing electronic structures
like that in scenario | exhibited excitonic luminescence like in scenario II[28]. This luminescence was
characterized by extremely long excitonic PL decay times of up to ~15 ps, of magnitude longer than the
intrinsic excitonic lifetimes. In this case, the slowly decaying Mn*" excited state was shown to act as a
population storage reservoir from which an excitonic population could be regenerated thermally,



Nanomagnetism 62

showing tunable dual emission in doped semiconductor nanocrystals[28]. Energy calculations (K.P, 4x4)
method [13], as a function of PbSe QD size, showed that the luminescence of the “T;=> °A; state may
occur at diameters smaller than 3.2 nm in PbMnSe QD systems, see figure 3.6b and 6d. Therefore, itis
expected that very small lead-salt PbMnSe QDs may have *T,= °A, state luminescence resulting in the
dual emission as that observed in colloidal ZnMnSe and CdMnSe Qds [28, 31] or CdMnSe and ZnMnTe
QDs disperse throughout the glass template [32-34].

Figure 3.7 shows the room temperature optical absorption spectrum as a function of annealing time for
(a) PbSe and (b) PbggsMnggsSe NCs embedded in glasses-SNABP. The annealed temperature was T =
500 °C. The spectra of the PbSe samples exhibit a single, pronounced peak whose intensity and position
in energy are strongly dependent on annealing time. These shifts in optical features at low energy are
due to longer annealing time and indicate increases in QD size [4]. At annealing time of 5 h there is
more homogeneous size distribution of the PbSe NC, as can be seen by smaller line width of the OA
spectra. Figures 3.7 (a) and 7(b) also show the OA spectra of the SNABP glass matrix. The structure in
the near infrared spectral range (1350 nm) is related to the optical transition of the PbMnSe NCs [4].
Figure 3.7 shows that the undoped PbSe NCs and the Mn2+—doped PbSe NCs exhibit confinement
energy, indicated by the redshift of the OA band peak with increasing annealing time. Using the values
of OA band peak and a confinement model based on effective mass approximation [13, 35], the
average NCradius (R) was estimated. In this model the energy difference between electron and heavy

2.2 2
=E, +h—”—1.86—

E 2
2uR &eR

hole states, confined to a spherical region, is given by “ ,Where Ris the radius
of the modeled spherical region, E, is the energy gap of bulk semiconductor, € is the dielectric constant,
L is the electron-heavy hole reduced effective mass and the third term is the electron-hole Coulomb
interaction contribution[13,35]. For PbSe annealed for 3h (R=5.0nm); 4h (R=5.4nm); 5h (R=5.7
nm); 9h (R=6.2nm); 12 h (R=6.4 nm) and for Pbg gsMng ¢5Se annealedfor3h (R= 5.7 nm); 4h (R=5.9
nm); 5 h (R= 6.0 nm) and for 10 h (R = 6.1nm).

Figure 3.7 (c) shows that the Mn”* impurity affects nucleation dynamics. Here, the Mn2+—doped sample
causes a redshift after a short annealing period and a blueshift after a long annealing period compared
to undoped PbSe NCs. A characteristic blueshift has been reported in the literature with increasing xin
the band gap of Pb;_,Mn,Se NCs [4], in the Cd;,Mn,S compared to undoped CdSe NCs[5], or in the Zn,.
«Mn,Se Ncs[36]. The blueshift was observed between the OA peaks of PbSe and PbggsMng osSe samples
only after long thermal treatment times, see Figure 3.7 (c). The rapid saturation in the OA band peak
observed, in this figure, as annealing time increases (Pbg 9sMnggsSe NCs) is related to reduced Mn?*
concentration in the core of NCs, which reduces the sp-d interaction.
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OA spectra of: (a) SNABP:PbSe and (b) semimagnetic SNABP:Pbg 95Mn o5Se NCs annealed for different time at 500
°C. (c) OA-peak as a function of annealing time for PbSe (blue circle) and Pbg.gsMng osSe (black square) NCs. [Ref.3]-
Reproduced by permission of the PCCP Owner Societies:
http://pubs.rsc.org/en/Content/ArticleLanding/2012/CP/c2cp40850c#!divAbstract

Figure 3.8 presents PL spectra at 10 K of PbSe and Pbg ssMng osSe NCs annealed at 500 °C for different
times. Anincrease in annealing time leads to a redshift in the optical features of the PbSe and PbMnSe
samples, similar to what happened with PbS NCs in a glass matrix [37]. For PbSe NCs, two types of dot
families with different sizes and size dispersions were identified by spectral deconvolution in Gaussian
components at 5 hours of annealing (blue-dashed lines and A’ and B’) and four types of dot families at
9 hours of annealing (red-dashed lines and A, B, C and D), (Figure 3.8 (a)). For PbggsMngosSe NCs a
smaller increase in annealing time leads to greater size dispersion of the dot family, which affects the
position of PL peak energy. For both samples, FWHM of Gaussian components show that smaller dot
families have greater size dispersion. In addition to redshift, increasing thermal treatment time due to
quantum size effect, clearly reveals additional, larger families, (A and B in Figure 3.8 (a) and 3.8 (b)).
Increases in NC size and the appearance of larger NCs contribute to the total redshift of the PL peak.
Figures 7 and 8 show that samples with Pb;,Mn,Se NCs, containing or not containing Mn ions and
grown by fusion method, require different thermal treatment times for the nucleation of the same
number of NC families. On the other hand, manganese incorporation modifies nucleation behavior, as
previously observed in the OA spectra.
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PL spectra of: (a) PbSe and (b) Pbg.gsMng 0sSe NCs at two different annealing times and at 500 °C. The thick red and
blue lines represent experimental data. Circles and squares represent convolution fittings of Gaussian components
at 5 and 9 h (PbSe), and at 3 and 4 h (PbgosMng osSe), respectively. The thin dashed lines represent Gaussian
components. [Ref.3]-Reproduced by permission of the PCCP Owner Societies:
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Figure 3.9 shows the PL spectra of PbSe annealed for 5 h (Figures (a) and (b)) and for 9 h (Figures (c)
and (d)) as a function of temperature. At both treatment temperatures, the thermal evolution of the PL
intensity appears "anomalous" compared to traditional IlI-V or |-Vl semiconductors materials such as
GaAs [38]. In other words, PL intensity generally decreases with increasing temperature [38]. In
coupled quantum dot assemblies, generally the intensity of the PL spectraincreases with temperature
up to a certain temperature (Ty). At higher temperatures, PL intensity decreases, as it does in
traditional semiconductor materials.

The above mentioned PL results can be interpreted by considering the following processes:
thermalization and state broadening in the NCs, thermally activated charge carrier transfer from
intrinsic trapping states and energy transfer between different sized NCs. Trapping states may generally
be present in glass containing NCs due to NC surface states and an intrinsic glass defect that acts as a
carrier reservoir [39]. In strongly coupled quantum dot assemblies, electronic excitations can, in
principle, delocalize across multiple dots. This leads to new states described by coherent superposition
of individual dot wave functions that, as yet, are not well understood. In Figs. 9(a) and 9(c), the right
side of PL spectra has a blueshift and the left side is almost constant in the 10— 70 K range. These shifts
are associated with carrier redistribution in the NC density states and energy transfer from surface
states to dots. This can be seen in Figure 3.10 (b) where the PL intensity of both NC families increases
until 70 K for samples annealed for 5 h. Both sides of the PL spectra have blueshifts at T> 70, leading to
higher PL peak energy for type-A’ and -B’ NCs. This can be seen in Fig. 10(a), where -B" has a larger
blueshift than -A’. Above 70K, in addition to carrier redistribution in the NC states and carrier transfer
from defect states, carrier transfer begins from type-A’ to type-B’ NCs. Above this temperature, type-A’
PLintensity reduces considerably, whereas type-B' PL intensity continues to increase up to 170K, (Fig.
10(b)). Thus, 70 K (KT ~ 6 meV) activates the carrier transfer process from larger NC families to smaller
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NC families and 170 K (KgT ~ 15 meV) is probably related to the escape of carriers from smaller NCs to
nonradiative defect states.

Figures 3.11(a), (b) and (c) show the PL spectra at different temperatures for the Pbg gsMnggsSe sample
annealed at 500 °C for 4 h. Similar to that observed in the PbSe NCs, Figs. (b) and (c) show that PL
intensity of PbMnSe NCs increases up to temperature T,. At higher temperatures, PL intensity
decreases. For the PbMnSe NCs, annealed for 3 h, T, is 80 K (KgT=6.89 meV) and for 4 h T, =100 K (KgT
= 8.61 meV). Careful analysis of Fig. 11 shows that as the temperature increases, parts of the PL
spectrum increase in intensity (B and Cin Fig. 11 (b)) and other parts of the PL spectrum decrease in
intensity (A and D in Fig. 11 (a)). These increases and decreases in the PL spectrum provide clear
evidence of charge carrier thermal transfer between different sized NCs. The Ty values show that
increases in annealing time raise the activation energy (potential barrier) needed to initiate carrier
transfer between different sized NCs. These values also show that manganese ions decrease this barrier
height.
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FIGURE 3.9

PLspectra of PbSe annealed for 5 h ((a) and (b)) and 9 h ((c) and (d) as a function of temperature. Circles represent
convolution fittings of Gaussian components. The thin dashed lines, with peaks A’ and B’ (annealed for 5 h) and A,
B, C, D (annealed for 9 h), represent the Gaussian components
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(a) PL peak energy as a function of temperature for PbSe NCs, (b) temperature dependence of the integrated PL
intensity for PbSe NCs annealed for 5 h. The red and blue lines in (a) represent a linear fit.
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These results for the Mn2+—doped sample are in agreement with other analyses of the energy-
dependent transfer rate of excitons from smaller to larger dots via electronic coupling [13, 40]. It has
been predicted that further improvements in size selectivity, luminescence quantum yield, and well-
controlled growth would enable highly efficient inter-dot energy transfer. For PoMnSe NCs annealed
for 3 h, it can be see that as the temperature increases (from T= 10 K), carriers are thermally
transferred from lower- to higher-energy states of the QD ensemble (type-B’). They then tunnelinto a
QD ensemble (type-A’) through QD surface defect states or through the second energy level of a type-
A’ ensemble [40]. In this way, the quantity of carriers is reduced in the higher energy states of the type-
B’ ensemble leading to a reduction in radiative recombination in this spectral range. This shifts the
peak-B’ position to lower energies and reduces the FWHM value, (fig. 12(c)). On the other hand, the
occupation of higher energy state of the QDs ensemble type-A’ shifts the PL peak position to higher
energy values and FWHM increases. In addition to the higher energy shift of the PL peak-A’ with
increasing temperature, due to carrier transfer, there is also a shift of the PL peak to higher energy due
to the size- and temperature-dependence of the lowest energy state in the lead-salt QDs[41]. As
annealing time increases, new families appear in the low spectral range energy. Fig. 8(b) shows that
type-A’ and type-B’ QDs (PbMnSe annealed for 3 h) share important similarities with type-Cand type-D
QDs (PbMnSe annealed for 4 h), that is, these new families are type-A and type-B QDs. Actually, the PL
peak energy of the type-D QDs redshifts
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as temperature increases, similar to type-B’QDs, (Fig. 11(a)), and FWHM (Fig. 11(c)). FWHM of the type-
C QDs increases up to 60 K and then decreases. This peak C behavior shows that above 60 K this QD
family initiates carrier transfers to type-B QDs. This in turn, leads to additional line width increases for T
> 60K, (Fig. 12 (d)). Thus, the Mn2+—doped samples cause cascade carrier transfers from smaller QDs to
larger QDs with increasing temperature. Increasing thermal annealing time allows for reorganization of
the NCs into two new families, type-A and type-B. This leads to an increase in the energy level
difference between neighboring QDs, which inhibits energy transfer between them.

In contrast to the sigmoid temperature dependence of the PL peak energy (Ep (T)) of type-D, type-Cand
type-B QDs, the Ep(T) for type-A QDs, Fig. 12 (b), is linear. It is known that PbSe QDs have a
temperature dependence of the excitonic transition energy with a positive coefficient for R>3 nmand
a negative coefficient for R < 3 nm [41]. After a linear fit, we obtained a coefficient of 23 peV/K for the
Pbg.9sMng gsSe system, which is consistent with values obtained for PbSe QDs with R =5.9 nm, Ref. [41].
Itis also consistent with our experimental data presented in Figure 3.10(a) for PbSe NCs annealed for 9
h. Thus, we can see that the Ep (T) of type-A QDs does not involve energy transfer from other families
or from surface defects. Furthermore, due to low Mn?* concentration, the PbggsMnggsSe system
presents temperature dependence of excitonic transition energy similar to that of PbSe QDs. The low
dE/dT coefficient obtained for PbSe NCs is linked to the high exciton Bohr radius, ag = 46 nm.
Consequently, confinement is extreme in these QD’s (e.g. this value is 8 times larger than it is for
CdSe)[41]. It is well known that the optical properties of NPs can be significantly changed by
interactions between nanostructures and their host material. This is mainly due to the formation of
surface defects [42]. These surface defects are heavily dependent on NP size and become more
significant with higher surface to volume ratios, which may lead to changes in vibrational mode, for
example [43]. Thus, larger type-A QDs may have fewer surface defects and consequently lower energy
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transfer from surface defects to NC states. Gradual reduction in the dE/dT coefficient, for 70 K < T <
200 K, with increasing NC size, (PbSe system annealed for 9 h, Fig. 10(a)), provides additional evidence
of carrier transfer reduction with increasing QD size.

However, the PbSe system annealed for 5 and 9 h demonstrates carrier transfer from larger QDs to
smaller QDs, contrary to that observed in the PbMnSe system. This difference may be explained by
increased coupling between PbMnSe NCs. The PbMnSe NCs have larger surface states than the PbSe
NCs because surface Mn”* ions produce the greatest number of defect states. This increases carrier
transfer between PbMnSe NCs.
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(a) and (b) show the PL peak energy as a function of temperature for PbMnSe NCs. In (c) and (d), it is showed the
temperature dependence of FWHM. [Ref. 3] - Reproduced by permission of the PCCP Owner Societies:
http://pubs.rsc.org/en/Content/ArticleLanding/2012/CP/c2cp40850c#!divAbstract

Absorption and Photoluminescence of Pb,,Co,Se Nanocrystals

Cobalt doped materials attract the greatest interest in the last years. co™* doped YAG[44], co™* doped
LaMgAIO [45], Co™ doped MgAIO [46], and Co>* doped ZnSe and ZnS [47,48] have been studied. Co”*
(*d,) in ZnS, ZnSe, CdSe and others II-VI or IV-VI semiconductors substitute the cations (Zn**, Cd*" Pb>")
ions which are in tetrahedral sites. The tetrahedral site in the chalcogenides provides a higher oscillator
strength for the 3d—3d transitions. The energy-level diagram of Co”*(*d-) in tetrahedral sites is shownin
inset of Figure 3.13. The ground level 4F of a free ion Co’*is split into three levels, 4T1, 4T2 and 4A2, by
the crystal field. In this materials, the broad absorption band at 1300 —2000 nm corresponds to A, to
*T, transition and that ~700 nm absorption band from *F(*A,) to *P(*T,) transition[49].

The long lifetime of *F(*A,) states, 290 s for Co>*:ZnSe NCs [50], make this an important new saturable
absorber device for infrared lasers[45-49]. The luminescence properties of visible light-emitting Co™* -
doped QDs have been studied in the last years. There have, however, been few investigations of IR
emission from of Co ion-doped chalcogenide QDs. Figure 3.13 shows optical obsorption of Co™*:PbSe
NCs embedded in glass matrix. Inthe absorption spectrain visible light region (Fig. 13 (B)), a structure
absorption band in the range from 680 to 780 nm is observed, which is attributed to the spin and
electric-dipole allowed *A(F)>*T1(P) Co™ ligand-transition[50].

The near-infrared broad absorption band centered at 1500 nm can be attributed to the spin and
electric-dipole allowed 4Aze"Tl(“F) transition. This complicated structure of absorption bands has been
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explained by the splitting of “T;(*P) and *T1(*F) levels in slightly distorted tetrahedral crystal field of
oxygen environment around the Co’* ions[49].
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Room-temperature absorption spectra of Co™":PbSe NCs embedded in SNABP glass matrix annealed for 200 min,
500°C. Inset in Fig. A shows the energy level diagram of co* (3d7) doped in tetrahedral host. Figure B shows the
optical absorption at room and photoluminescence at low temperatures of Co”":PbSe NCs

The emission from “T,(*F) level to the ground *A,(*F) was observed in the range of 2.9 to 3.7
um[30,47,49]. The room temperature lifetime of the Co’*ions in ZnSe was measured as 290 us [30].
Tsai et al.[49], have related that for low temperature emission lifetime of the *T,is 1170 psinZnSand
1173 usin ZnSe, while at 300 K their lifetimes drops to 100-200 ps. According to observation of Tsai et
al.[49], and Burshtein et al. [51], the initially excited “T;(*F) state is assumed to decay nonradiatively and
very fast to the lower *T,(*F) state. This picture is based on the fact that fluorescence from the “T.('F)
state has not been detected.

Conclusions

In conclusions, we report the successfully synthesis of semimagnetic Pb;,Mn,Se and Pb,,Co,Se
nanocrystals in glass matrix by fusion method. Our results confirm that the magnetic doping, Mn** and
Co™ ions localization, and quantum confinement play important roles on the magneto-optical
properties of these NCs. The investigation of semimagnetic NCs provided by the experimental
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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.

The temperature-dependent PL spectra show that the PL quenching temperature for different dot
families is different and that the coupling between QDs plays a key role in the unusual temperature
dependence of the PL spectra. Larger QDs have lower energy transfer, which can be explained by the
dependence of the surface states on the NC surface to volume ratio. The coupling level between
neighboring QD families apparently can cause energy transfer from lower to higher energy states or
from higher to lower energy states. This coupling is affected by the dispersion and size of the QD
families and in Pb;,Mn,Se and Pb,_.,Co,Se nanocrystals specific case by manganese doping and intrinsic
glass defects. We believe that this chapter can motivate inspire further investigation of these systems
in a search for possible device applications.
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