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1.INTRODUCTION 1
1. Introduction

Porous materials play a special role in material seiemecause of their wide
applicability in size- and shape-selective applicatiohke IUPAC nomenclature
divides porous substances into three different classaterials with micropores (< 2
nm), mesopores (2-50 nm) and macropores (> 50 nm) [1]. The prominent
members from the group of microporous substances ardezgdh the synthesis of
which single, solvated organic molecules or ions actraplétes for the formation of a
regular arrangement of micropores with a narrow poze slistribution and with
crystalline pore walls. In the macroporous region pomgels and glasses with much
broader pore size distributions are known. The gapdmtwnicro- and macropores was
closed when researchers of Mobil Oil Company reportedgsyhthesis of mesoporous
materials with a narrow pore size distribution by usingf-assembled arrays of
amphiphilic molecules (lyotropic liquid crystals) asusture directing agerit§SDAS)
[2,3]. Their removal leads to mesoporous solids with adjustadile sizes ranging from
2 to 10 nm. The very regular pore arrangements and naoosvsize distributions of
these new materials, denoted as M41S phases, are a@lomgarable to microporous
zeolites [4]. Due to their larger pores and high surfaeasathese new materials are of
great interest for different fields of materials scie, such as catalysis [5-7], sorption

[8-15] or host/guest chemistry [16].

1.1. Mesoporous silica

The original concept for the synthesis of mesoporolisaswas based on an
electrostatic templating route where the cationicglohain tetraalkylammonium
micelles (S) act as structure directors for the anionic inorganicyssees (1) on the

mesoscopic scale. This assembly, which is driven byreketic and steric interactions

& A template leads to one particular, structurally uniqugstalline) product while a structure directing
agent gives one or more periodically ordered, but usualbrpgimous structures with respect to the short-

range atomic structure.
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leading to charge-matching at the organic-inorganic interfaes, extended to further
combinations of ion pairs, including charge-reversetl(&nd counter-ion mediated
(S'X1" and SX'I") synthetic pathways [17,18]. To change the charge ofrihganic
building blocks, the pH of the synthesis mixture has tocle@nged from basic (I
MCM-materiald) to acidic conditions {| SBA-material®. Also neutral surfactants
(), like primary long-chain (€to Cg) alkylamines, can be utilised to form mesopores
in a neutral (pH = 7) synthesis with neutral inorganic prsars (!, HMS*-materials)
[19], or non-ionic surfactants @) like different polyethylene oxides (PEO), can be
used as SDAs in a synthesis procedure based on hydrogendaondractions between
the SDA and the inorganic precursof, (MSU-material® [20]. The utilisation of
polymers finally lead to a new material denoted as SBAvitb pore sizes of up to 30
nm [21]. In contrast to the strong ionic interactionhie electrostatic templating route,
the neutral and the non-ionic surfactants interact thighinorganic building blocks via
weak hydrogen bonds. Compared to electrostatically teetplaesoporous silica, these
materials exhibit thicker framework walls, smaller X-rsgattering domain sizes and

substantially improved mesoporosity.

In the synthesis procedure of SBA-15 so-called Plurniese used as SDAs.
Pluronics are triblock copolymers, consisting of two blookspolyethylene oxide
(PEO) and, in between these two, one block of polypropytxide (PPO), resulting in
a PEQ-PPQ-PEQ, polymer. The PEO parts of the block copolymer are more
hydrophilic than the PPO part, therefore the whole polymerapable of building
micelles in solution. Many different compositions ¢ietPEO and PPO blocks are
possible, resulting in a variety of Pluronics with diffdr@noperties in terms od.g.
solubility or aggregate state. figure 1-1different types of Pluronics are complied in
the so called "Pluronic-grid” of the BASF corporatiorepgending on the length of the
building blocksx andy, different aggregate states of the resulting polymeipassible.

For a typicals synthesis of SBA-15 silica Pluronic P-X2&ost commonly used. The

& MCM stands foMobils Composition ofMatter.

® SBA stands foSantaBarbara.

¢ HMS stands foHexagonaMesoporousSlica.

4 MSU stands foMichiganSateUniversity.

® Pluroni€ is a registered trademark of the BASF company.
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first two digits (or first digit in a two-digit numberp the numerical designation,
multiplied by 300, indicates the approximate molecular tteaf the hydrophobe part
(vertical axis at the left of the grid). The last digvhen multiplied by 10, indicates the
approximate ethylene oxide content in the molecule, reach the horizontal axis.

Pluronic P-123 therefore consists of 30 % PEO and the PR@gsaa molecular weight
of 3600 g/mol.
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Figure 1-1: Pluronic-grid, © BASF corporation.

Extended information and a more comprehensive descriptiothe variety of
different synthetic pathways for mesoporous materiaisre given in various

publications within the last years [5,6,16,22-29].

Originally, the M41S family was divided into three subgroupshexagonal (space
group p6mm MCM-41), a cubic (space grodp3d, MCM-48) and a lamellar phase
(MCM-50). MCM-50 cannot be obtained in a porous form, becthesseparated layers
collapse upon surfactant removal. Only the other twacsires yield stable porous
materials after solvent extraction or thermal decasitfpm (calcination) of the SDA.

Since the first report from 1992, a variety of other quid structures have been
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synthesised: 2D hexagongl6mn) FSM-16' [30], SBA-3 [18,31], and SBA-15 (in
which the mesopores are additionally interconnected byopuces) [32]; cubicKFm3r)
SBA-1 [18]; cubic Pm3n) SBA-11 [33]; cubic m3m) SBA-16 [33,34]; 3D hexagonal
(P6s/mmq@ SBA-2 [31] and other structureSigure 1-2gives a comparison of some of

these structures.

The hexagonal MCM-41 silica phase with its one-dinerai channel system is a
promising host structure for the formation of nanopadiae even nanowires [35],
whereas the cubic MCM-48 silica phase with its threeedisional pore system is a

very interesting matrix to immobilise catalyticallyti@e species [36].

Figure 1-2: Comparison of different phases observed in mesoporous materials. a) 2D-
hexagonal (p6mm, MCM-41, FSM-16, SBA-3 and SBA-15), b) cubic (la3d, MClg)-48),
cubic (Pm3n, SBA-1) and d) lamellar (MCM-50).

A mechanism for the electrostatic templating routemelsoporous materials was
proposed in 1995 as so-called "cooperative templating” (@dghanism [37] and is

shown as a scheme Fkigure 1-3 Starting from a solution of surfactant molecules

2 FSM stands foFolded SheetMechanism.
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(which may be present as single solvated moleculesaalles) and another solution of
the inorganic precursor (A) an ion exchange occurs upaimgnihe two solutions. lon
pairs, consisting of inorganic anions and surfactant cgtene formed (B). After a self-
organisation process in which larger aggregates and finaftyteopic liquid crystal are
formed, condensation of the inorganic precursor takes P@&cerhe properties of the
surfactant in solution are considerably altered due tprésence of different anions. In
case of the hexadecyltrimethylammonium bromide (catytthylammonium bromide,
CTAB) — the commonly used surfactant in the first syswise— the bromide is
exchanged for anionic silicate species during the synthddis. fact that the
mesostructures can be synthesised with surfactanentratons far below the critical

micelle concentration (cmc) shows the strong infl@eocthe inorganic species [38,39].

Precursor solutions

Micelles and isolated cationic  Inorganic silicate anions
surfactant molecules  (for example, D4R oligomers)

B lon exchange

Lamellar SLC Heonal SLC
Figure 1-3: "Cooperative templating” (CT) mechanism [37].

An alternative synthesis for preparing mesoporous siliaa described in 1990

before the syntheses of the M41S phases were published MOEyhthesis utilised the



6 1. INTRODUCTION

layered silicate kanemite, which consists of singleedayof SiQ tetrahedra. The
surfactants molecules are intercalated between tlerigalof the layers ("folded sheet
mechanism"), hence transforming this material into theastructured material [30,41].
A so-called “true liquid crystal templating” route wasdebed in 1995, when Attard et
el. used a surfactant solution with a much higher cdragon, so that the liquid
crystalline phase had already formed before the additidhe inorganic precursor was
carried out. This lyotropic liquid crystal then servesthe actual structure director.
After hydrolysis and condensation of the inorganic builddarks, an inorganic solid

which is a direct moulding of the structure of the sugilatmolecules is obtained [42].

One interesting point in the synthesis of mesoporousnait is the fact that the
pore size can be controlled very easily just by varyimg mature of the structure
directing agent (SDA). At first, in the synthesesthé M41S family long-chain
tetraalkylammonium halides were used as SDAs. By varyiagchain length of the
hydrophobic alkyl group (usually containing 12 to 22 carbon atonespore size can
be altered very precisely in the range of about 1 nm [3]l4. overall pore size is
limited to about 4 nm when using these kind of surfactantsjgh. The utilisation of
swelling agents offered the possibility to expand the pes to about 10 nm, but
always accompanied with a broadening of the size distoibnd an overall loss of
structural order which was achieved in the first instaRmzently, block copolymers
were used to synthesise large-pore mesoporous materials ieghibitbic la3d

symmetry [43] as well aBm3msymmetry [44] with pore sizes of up to 12 nm.

The synthesis of SBA-15 silica offers the possibildyfine-tune the pore size just
by varying the synthesis temperature [21]. Pore diamefgr® than 10 nm can be
achieved with a narrow size distribution. When going ghér mean diameters the
distributions broaden though. With auxiliary chemicalssieven possible to prepare

SBA-15 silica with pore sizes of over 40 nm [45].

Synthesising mesoporous materials with well defined paameters,.e. narrow
pore size distributions, is the first step to prepaesarable hosts for the intra-pore

synthesis of nanoparticles.
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1.2. Semiconductor nanopatrticles

1.2.1. Chemistry in confined spaces

The fabrication of ordered assemblies of semiconductdicies in the nanometre
scale is a challenge in material science which hasrbe more and more important
over the last decades. With highly ordered arrays of sie#-defined particles in a
specific range of only a few nanometres available thgerstanding of the unusual
dependence of electronic, optical and magnetic propestiesize and shape of those
nanoparticles has increased significantly. Most ofpifeeedures to obtain 1D- or 2D-
nanostructures,e. quantum dots and quantum wells, require non-equilibriumviiro
conditions, which can be realised by molecular beamtaxpunder ultra high vacuum.
In order to fabricate 3D quantum wires the easiest way start with two-dimensional

quantum wells and to use a subsequent etching procedure.

The direct chemical synthesis of a nanoparticle cary del realised by the
utilisation of size-limiting matrices, which serve askind of "mini-reactor”. Narrow
particle size distributions can be obtained if a high igualf this nano-reactor is
achieved. As hosts for a size-limited synthesis onlyew possibilities are worth
considering: firstly the utilisation of reverse miesll("water-in-oil" droplets), which
are already used widely in the synthesis of nanoparfid&%5], and secondly the use
of a porous substance which does not react with the pogsus the actual synthesis.
In the large group of different porous substances, anogisesls alumina [56] and
mesoporous materials [16], for instance, seem to be & pmomising approach for
nanoparticle syntheses since the size range, in whetpones — and therefore the

nanoparticles — can be synthesised, covers a largecfcaleometres.

In the case of reverse micelles the size of theelteiés governed by the volume of
the water molecules inside and by the surfactant m@&eailthe surface of the micelle,
i.e. the space inside the micelle where the chemical oeacti coprecipitation takes
place can be varied for example by changing the amofintater in the original

solution [57]. One of the surfactants often used to fa@wense micelles is sodium di(2-
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ethylhexyl) sulfosuccinate, mostly denoted as Aerosol ©NafAOT). In a typical
synthesis (se€igure 1-4, two micellar solutions, having the same water cdnfirat
is to say the same micelle size) and each containiegobrihe reactants, are mixed.
When two of these micelles collide, they exchanger thaier contents in a micellar
exchange process and the desired reaction occurs. Aftew amicroseconds the
previously formed "double-micelle” dissociates to form twmlependent reverse

micelles, one containing the product while the other is bitdg with water.

&

Figure 1-4: Micellar exchange process (redrawn from Ref. 57).

In the case of mesoporous materials as hosts forytitbesis of nanoparticles the
narrow size distribution of the guest species is acHielg a narrow pore size
distribution of the respective host material. In k& twelve years it has been a major
goal in the synthesis of mesoporous substances to ebéderials which contain a high
degree of long range order on the one hand and a narm@asige distribution on the
other. The quality of mesoporous materials has risem fpoorly ordered so-called
"disordered mesoporous foams" to high quality materials twhave very sharp pore
size distributions. The high degree of long range orderbeapointed out via TEM
investigations. A perfect arrangement of the pores over 30@nmumore is state of the

art [7].

At this, introducing the precursor compounds into the poréseofespective size-
limiting matrices is the mayor problem in the syntheSike utilisation of reverse
micelles has the advantage of a two phase system. Esprgcursor which is only
soluble in one of the phases (in this case water)eptevforming the desired materials
outside the mini-reactor and results in a very definedh®gis exclusively inside the

size limiting matrix.
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In the case of mesopores as the size limiting matdxgh, the formation of bulk
materials outside the pore system can never be fullidedoOnly after the synthesis
one can estimate the amount of bulk material formednguthe synthesis. Wet
impregnation techniques are the most commonly used procedunesotuce guest
molecules into the pores of the host material. Dryhmg impregnated materials is the
crucial step in the synthesis to prevent forming bulk naten the outer surface of the
host structure. After the introduction of the precursw other reactants have to be
introduced via the gas phase, which is to prevent the &rimaaf the first precursor
from the pores and the consecutive precipitation outbel@ares if the second reactant
is introduced in a liquid formFigure 1-5 gives a schematic representation of a

mesopore directed synthesis of nanopatrticles.

4/ 1. precursor solution,
drying

2. second reactand,
AT

Figure 1-5: Schematic representation of nanoparticle synthesis inside a mesoporous
host.

One of the most investigated semiconductor nanoparsidadmium sulphide, CdS
[46,47,55]. The occurring quantum confinement, which is mostigated by a blue-
shift of the band gap energy, has been discussed extgn&8e55]. Other nanoscale
semiconductor compounds, such as 1lI/V semiconducts GaAs or InP) or other
[I/V1 semiconductors €.9. CdSe, CdTe, ZnS, ZnSe, ZnTe), have also been studied in

great detail (see recent reviews [54,66-69]).

1.2.2. Nanostructured diluted magnetic semiconductors

The synthesis of the so called "diluted magnetic semdigctor” (DMS)
nanostructures is of great interest as semiconducting naagnetic properties are

combined in one and the same nanostructure. These nmt@mmabbtained, when a
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cation A of a binary semiconductor AB is randomly subsid by a magnetic ion M,

leading to a AxMB formula (sed-igure 1-6.

il o
random substitution of
group Il cations
/; by Mn?* ions ;
11/VI semiconductor DMS compound

Figure 1-6: Schematic representation of the formation of a DMS compound (wurtzite
structure).

Physical properties, like for example band gap energyagmnetism, are now not
only a function of the particle size but also of theidg levelx. Therefore ordered
arrays of nanometre sized magnetic semiconductors angiging components for new
devices in magneto- or spin electroniesg( magnetic hard disk media, non-volatile

computer memory chips) [70].

An early review on doped II/VI semiconductors was given Bnandt and
Moshalkov [71]. Later on, the investigations were extdnidevards different magnetic
ions as dopands in the [I/VI host material, like Fe [72,2C3),[74,75] and Cr [76,77].
Even the narrow gap IV/VI DMS became attractive, aadious magnetic ions as
dopands have been investigatedy(Mn [78], Eu [79] or Gd [80]). Rare-earth doped
[I/VI semiconductors have never reached the concemtratiosolid solutions, but
remained rather in the doping regime. The main intenesthose materials was
exploiting the luminescence properties of the intermahditions rather than the
magnetic properties [81]. Very recently a review ondependence of the electronic
and magnetic properties on the particle size of mangatwsed nanostructured II/VI

semiconductors was presented [82].

In the following a brief overview on manganese doped IlI/é¢mgonductor
nanostructures will be given. More detailed accountsudk imagnetic semiconductors

are given in the reviews on 11/VI [71,83-85] and III/V [86-8&ded materials.
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[I/V1 semiconductors can form different crystal sttwes and for almost every
compound more than one structure is known. The most peminones are zinkblende
and wurtzite (each known for ZnS and CdS), both contaim@trghedrally coordinated
metal cations, but the zinkblende structure constiéta oubic lattice, whereas the
wurtzite structure is hexagonal. The binary compound MnS foam a rocksalt
structure (with a light-pink colour), which converts at rotemperature slowly into

green the wurtzite phaseigure 1-7depicts the different crystal structure types.

i &

Figure 1-7: Crystal structures of wurtzite (left), zinkblende (middle) andksalt
(right).

The solubility of MA* in the 11/VI semiconductor is a synthetical problenfjich
has to be addressed. Although the widest range of corntemsétacompared te.g. Fe,
Co or Cr, can be achieved with Mn, there are mistybijaps. InFigure 1-8 the
solubility limits of Mrf* in 11/VI semiconductors are shown. The crystal suite of the
ternary compound with low Mn-concentration is alwalysgkllende or wurtzite. At high

concentrations also rocksalt or NiAs structures are known

The first preparation of manganese doped ZnS nanopartigtbsparticle sizes
ranging between 3.5 nm and 7.5 nm was reported by Bhargavareti894 [89]. The
quantum dots were synthesised by a precipitation approaetiah diethylzinc and
diethylmanganese in a toluene solution were treated wigh Hh the case of liquid
solution precipitation or self-organised growth metho@spgarticle size distribution is
not very well defined though, in particular, there issth@arp upper limit for the size.
Very similar results were also found in other approad®®-93]. Contrary to these
approaches are syntheses of nanostructures within a eackonr such as reverse

micelles or mesoporous materials. The existence of i@ sh@per limit is desired in



12 1. INTRODUCTION

most investigations of the effects of reduced dimensionthe magnetic properties as

the largest particles usually determine the results.

ZnTe A MnTe
ZnSe A\ N MnSe
ZnS A& MnS
e //‘ ‘MnTe [~~"1zincblende
CdSe MnSe [ >Jwurtzite
CdS Mns  EZINaCl
HgTe MnTe LIINiAs
HgSe MnSe
HgS MnS

! T

. A :
0,0 0,2 0,4 0,6 0,8 1,0
Mn” -concentration

Figure 1-8: Solubility limits of MA* in 1I/VI semiconductor compounds and
corresponding crystal structures.

A synthesis of CdyMn,S nanopatrticles with a very sharp size distribution was
reported by the group of Pileni by applying the reverse mitedlenique [94,95]. The
obtained particle sizes could be varied from an averageo$ about 1.8 nm to 3.2 nm

and the reported manganese contents werg ©0.23.

DMS nanoparticles were also synthesised inside mesoporosts structures.
CdixMn,S was firstly incorporated inside the 3 nm wide pores of M@Mkilica in
2002 [96]. First, calcined MCM-41 silica was impregnated wittagmneous solution of
cadmium and manganese acetate in the desired motar Adftierwards the precipitate
was filtered off, thoroughly dried and treated withSHat T< 100 °C. Powder X-ray
diffraction and nitrogen physisorption proved the preseamwaif the host structure after
the intra pore formation of the guest species and shthvatdhe reaction had only taken
place inside the pores and no bulk material was formieel. complete transformation of
the acetates to the sulphides was proved by infraredrepeapy. Similar results were
obtained for other host/guest system based synthesemoparticles, like GdMn,Se

within MCM-41 silica [97] and CdMn,S within mesoporous thin films [98].



1. INTRODUCTION 13

A more detailed discussion on the size dependence ofa@iext magnetic and
optical properties was given in 2004, when the DMS compoumdMNh,S was
synthesised inside mesoporous hosts with different poge f8,100]. For an accurate
study three different mesoporous materials, each witmdrytal pores, were used:
MCM-41 silica with 3 nm pores and furthermore two SBA-1%cailstructures with
6 and 9 nm pores, respectively. A very high degree of orddreohost materials was

achieved and proved by X-ray diffraction, sorption analgss TEM investigations.

The intra-pore formation of the nanoparticles wasiedrout the same way as
described for the GdMn,Y (Y =S, Se) nanoparticle preparation, only this tirhe t
impregnation/conversion cycle was repeated severastimachieve a better filling of
the pores. Again, no bulk material was formed outsider¢bpective pore system and

the mesostructure was still found to be intact aftersynthesis.

1.3. Aim of this work

The aim of this work was the synthesis and charaet@is of high quality
hexagonal mesoporous silica matrices and the synthesischaracterisation of

manganese doped II/VI semiconductor nanostructures irgdeotre structures.

In order to study in detail the effects of miniaturisation the properties of the
incorporated DMS materials, high-quality mesoporous hosticeatwith pore sizes in
the range of 2-10 nm and narrow pore size distributions dndw tsynthesised, so the

size dependence could be investigated thoroughly.

The wet impregnation technique of the mesoporous host wtegcfollowed by a
thermal treatment with hydrogen sulphide was applied toeptbe capability of this
synthesis method for producing highly ordered arrays of Dt#®structures with high

size selectivity.

The size dependent changes in the physical propertiehieoin@anostructured

materials were investigated with respect to the electrgmalities,i.e. the band gap of
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the semiconductor, the optical behavioure. energy transfer between the
semiconductor band states and 8ek levels of the manganese, and the magnetic

characteristicg,e. phase transitions between different magnetic states
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2. Experimental

2.1. Synthesis of mesoporous host structures
2.1.1. Synthesis of MCM-41 silica (3 nm pores)

The syntheses of the pristine MCM-41 silica matenadse carried out by mixing
reactands with the following relative molar compositiarD silicon dioxide (Cab-O-
Sil) : 0.25 hexadecyltrimethylammoinium bromide (CTABB.2 tetramethylammoni-
um hydroxide (TMAOH, 25 % in water) : 35,8.

0.25 mol hexadecyltrimethylammonium bromide (Merck) was digsbin 35 mol
water by stirring and heating to 65 °C. 0.2 mol tetramethylanumm hydroxide
(Merck) and, under vigorous stirring, 1 mol Si(Riedel-de-Haen) were added. The
mixture was kept stirring at 65 °C for 30 minutes, transfeméo a Teflon-lined steel
autoclave and stored at room temperature for 24 hours. Thelewgtowas then
statically heated to 150 °C for 24 hours. The resultantewdrecipitate was filtered and
washed several times with warm deionised water. Dryingp@in temperature under
vacuum gave a white powder. The removal of the surfagtaa carried out by storing
the product for 24 h at 120 °C, followed by statically heatm 550 °C (heating rate
1°/min) or by calcination in flowing air at 550°C for 24 he(ineating rate 1 °/min).

2.1.2. Synthesis of SBA-15 silica (6 and 9 nm pores)

The syntheses of the pristine SBA-15 silica materadse carried out by mixing
reactands with the following relative molar compositidnO tetraethylorthosilicate

(TEOS) : 17.95-1® Pluronic P-123 : 3.27 HCI : 187.58

0.8 g P-123 (Aldrich) were dissolved in 24 g of water and 2.86apwéentrated
hydrochloric acid at 35 °C on a water bath. After the tamidiof 1.6 g TEOS (Merck)
the reaction mixture was stirred for 24 hours at 35 & resulting gel was transferred

into a Teflon-lined steel autoclave and heated up to 8@rr@4 hours to obtain 6 nm
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pores and up to 140 °C for 24 hours to obtain 9 nm pores.e€Bdting white powder
was washed three times with deionised water and thectmfawas removed by

calcination in flowing air at 550 °C for 24 hours (heatiate 1 °/min).

2.2. Synthesis of DMS compounds within mesoporous hosts

The intra-pore formation of the different semiconducompounds was carried out
applying the wet impregnation technique. Metal acetate eokitwere used as
precursors. The impregnation step was followed by a thewonversion of the
incorporated acetates with,8l to the respective sulphides, or withSd to the

respective selenides.

The impregnation procedure was carried out by stirring 0o tipe porous host
material (MCM-41 silica or SBA-15 silica) in a 0.5 molaslgion of zinc acetate
(Merck) and manganese acetate (Merck) with the desatexlaf Zn/Mn for 10 minutes.
No further tuning on the pH value was carried digble 2-1summarises all relevant
parameters. The dispersion was separated by centrifugatienresidue was dried in
vacuum and stored in a8l or HSe atmosphere, respectively, at 100°C for 24 hours.
The impregnation/conversion cycle was carried outeviac MCM-41 silica as the host
structure, three times for SBA-15 silica with 6 nm wideggsoand four times for
SBA-15 silica with 9 nm pores. After the complete impreémméaconversion cycle the
sample was washed free of remaining acetate by stirria@ ml of deionised water for

30 min.

The conversion of the acetates to the sulphides or defenrespectively, was

proved by FT-IR spectroscopy exhibiting no corresponding Cx@sa
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Table 2-1: Relative ratios of the amounts of metal acetates and water usetiefor t
differently high manganese doped DMS compounds. All mixtures result irala tot
concentration of the respective metal cations of 0.5 mol/L.

doping level x amount Cd acetate amount Mn acetate amount water
0 1.333 g 0g 10 ml
1 2.639 g 0.025 g 20 ml
5 2.532 g 0.123 g 20 ml
10 2.399 g 0.245g 20 ml
15 2.265¢ 0.368 g 20 ml
20 2.132 g 0.490 g 20 ml
25 1.999 g 0.613 g 20 ml
30 1.866 g 0.735g 20 ml
100 0g 1.226 g 10 ml
doping level x amount Zn acetate amount Mn acetate amount water
0 1.098 g 0g 10 ml
1 2.173 g 0.025 g 20 ml
5 2.085¢ 0.123 g 20 ml
10 1.975¢ 0.245g 20 ml
15 1.866 g 0.368 g 20 ml
20 1.756 g 0.490 g 20 ml
25 1.646 g 0.613 g 20 ml
30 1.536 g 0.735g 20 ml

100 0g 1.226 g 10 ml
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2.3. Characterisation methods

2.3.1. Powder X-ray diffraction (P-XRD)

Powder X-ray diffraction (P-XRD) patterns were recarddgth a Bruker/AXS D8
advance diffractometer using filtered Cuydlédiation in 6/6 geometry in reflection
mode. The diffractometer was equipped with variable siitshe tube and detector side
and a secondary monochromator. The data were takest@pacan mode with20 =

0.02 ° and a counting time of 1 s per step as standard conifigurat

2.3.2. Physisorption measurements

Physisorption is based on the weak bond of an inert gaglpash a surface with
adsorption heats of about 5 - 10 kJ/mol. In the caseesbporous materials the binding
force is of a van-der-Waals-type, whereas in the cdsmicoporous materials the
adsorptions heats of up to 25 kJ/mol are extended in theisbm®ption area. Different
types of isotherms and hysteresis loops can appedfigire 2-1the characteristic
types of isotherms are shown. Type | is typical feokely microporous material with a
high specific surface area; type Il is characetrrikiica non-porous or macroporous
substance. Isotherms of the type Il are undesirable sgmar if the interaction
between adsorbens and surface is too weak. Their occairtanamostly be avoided by
choosing a different kind of adsorbens. Mesoporous mitevith a narrow pore size
distribution cause the isotherm type IV. Type V is, ligpe Ill, unwanted and occurs
also if the adsorbens-surface interaction is too wégge VI, finally, is a sequence of
type Il isotherms and is caused by consecutive monokysurption on uniform non-

porous su bstances.
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Figure 2-1: Diagram of the characteristic types of isotherms [1].

While measuring adsorption isotherms hysteresis loops cam doe to capillary

condensatiorkigure 2-2gives an overview of the different possible types.

Figure 2-2: Overview of the different types of hysteresis loops [1].



20 2. EXPERIMENTAL

The hysteresis loop H1 is attributed to a mesoporous sulestath a narrow pore
size distribution, H2 is characteristic for a mesoporooaterial with a broader
distribution or with non-cylindrical pores. Larger slitrps cause the hysteresis loop of

type H3, microporous slit pores cause type H4.

Specific surface areas and pore diameters were deterntyedhitrogen
adsorption/desorption measurements at 77 K using a Qbheaotae Autosorb 6
instrument. Nitrogen (purity 99.999 vol%), used as adsorpitnd feelium (purity
99.999 vol%), used as backfill gas, were supplied by Messesli&im. Before each
sorption measurement the sample was outgassed at 120 &Cléast 24 hours under

vacuum.

The surface areas were calculated applying the theagtiation of Brunauer,
Emmet and Teller (BET) [101] for relative pressures betw®.03 and 0.2-0.3,

depending on the number of data points that were apprfwiad linear fit.

For the calculation of the mean pore diameter thelehby Barrett, Joyner and
Halenda [102] was used for all samples, despite of ttie that this well established
theory is actually only valid for materials with pores4 nm and underestimates the
diameter of smaller mesopores by approximately 1 nm [103,104]evwit is an
appropriate method for determining changes in the porastaéutions [14] and is the

only model which is independent on the kind of adsorbent.

All calculations were achieved with the AUTOSORB 1twafe for Windows,
Version 1.5 (January 9, 2004).

2.3.3. Transmission electron microscopy (TEM)

For electron microscopic measurements the samples evashed in ethanol and
the ground material was dispersed on a holey copper gré&l.trahsmission electron

micrographs were recorded on a Philips CM 300 UT instrumeetating at 300 kV.
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2.3.4. X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopic measurements were ¢ateat the storage ring
DORIS Il (HASYLAB, DESY, Hamburg, Germany) at the bdae Al, which was
equipped with a silicon (111) double-crystal monochromator. MhgZn and Cd K-
edge spectra were recorded at room temperature in fluocesosde. Each spectrum
was calibrated against the first inflection point of t@rresponding K-edge of a
reference metal foil, which was measured simultaneolsshly prepared sulphides
(precipitated with HS from an aqueous solution of the respective metal ajeatagre
used as a reference for the guest compounds. All sampeles measured as pressed
polyethylene pellets in which the metal content was agljust give an absorption jump

Aud=0.4-0.9.

The reduction of the raw data takes place in diffeeps. First, an energy
calibration of the measured spectra has to be carriedF@mure 2-3 3. Therefore, a
reference compound with an exactly defined edge energyasuresl beside the actual
sample. After that, a background correction of the ergjpectrum (carried out with a
Victoreen-fit) and a normalisation of the edge jump Xeceited Figure 2-3 ). To
compare different measurements, the spectra have dorbverted into a form which is
independent on the original edge energy. This is implerddnta transformation to the
k-space FFigure 2-3 ¢. By means of a spline function, the atomic absorptmefficient
Lo(K) is then adapted to the spectrum in k-space. After thisledgs,-fit, the EXAFS
oscillations are obtained in @k)-function Figure 2-3 ¢. By a Fourier transformation
of these EXAFS oscillations a radial distributiomdtion is obtained, in which the
shells of the neighbouring atoms are visible as disgred&s Figure 2-3 ¢. This radial
distribution function can now be fitted with proposegstal structure parameters of the

respective material.

For data analyses the programs FEFF 7.01 [105] and WinXAS \i€Xeé] used.
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Figure 2-3: Processing of the raw EXAFS-data:(a) energy calibrated spectrum; (b)
background corrected and normalised spectrum; (c) spectrum after camvéosthe
k-space; (d(k)-function (after thes-fit); (e) radial distribution function.

2.3.5. Infrared and Raman spectroscopy

Infrared spectroscopy was carried out using a Perkin-EFielR 1720 in the

range from 400-4000 cfin shuttle mode.

Phonon Raman spectra were obtained at room temper&nurargon-ion laser
(Coherent Innova Sabre) operating single line at 364 nmtli® Zn samples) and at

488 nm (Cd samples) with an output power of about 100 m\Wusexd for excitation. A
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triple Raman spectrometer was used for light dispemsm@hdetection. It consisted of a
subtractive double stage (ISA 1680B) employed as band passaadd?5 m
monochromator stage (Spex 1250m) equipped with a nitrogen-c@@d (ISA

Spectrum One) for detection.

2.3.6. Photoluminescence spectroscopy (PL/PLE)

Photoluminescence (PL) is a method for the determinaticGanergetic transitions
within semiconductors and isolators. By irradiation afaanple with monochromatic
light of an energ¥g; = hu;, which is higher than the band gap endegyelectrons are
promoted from the valence to the conduction band. Theefdratectron-hole-pairs are
mobile within the bands and recombine after a short pefitiche in a photon-emitting
transition. The energy of the emitted photBnresembles the difference of the two

energy band states within the samplgy(re 2-9.

o€ ia. conduction band
o

valence band

Figure 2-4: Schematic representation of the basic processes in photoluminescence.

Therefore PL measurements are a very effective rdetbo investigations of
electronic properties of materials. When performing plbat;mescence excitation
(PLE) spectroscopy the intensity of a specific emisdiand in dependence on the

irradiation wave length is measured, while the irraoliaintensity is kept constant.

In the case of a manganese-doped II/VI semiconductor theaBd states of the

Mn®* are located in the band gap region of the semicondulherefore very complex
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optical processes can occuiigure 2-5shows a schematic diagram of the possible

transitions observable in widegap (II,Mn)VI semicondusto

Mn?* centres in different crystal fields

energy
intra 3d shell transitions

transfer

energy

4 A1 ,4E " transfer

absorption

(I,Mn)V1
band gap

4T absorption

absorption

yellow

PL GPL <1
0 20 40 0 20 40 0 20 40

Xy, | %o

Energy / arb. units

Figure 2-5: Schematic diagram of the optical processes observable in widegap
(I1,Mn)VI semiconductors. The abscissa values are the same foresl graphs.

The semiconductor band states with a direct band gagittoenand the 3d shells of
the Mrf" ions with their internal transitions form subsyssemf the (II,Mn)VI
semiconductor which are coupled by energy transfer processesddition to
semiconductor band gap related luminescence and absorpiimimescence and
absorption bands due to the intra-3d-shell transitiétiseoMrf* ions are observed. The
states within the 3d shell are strongly affected by tlstal field of the lattice site of
the corresponding M#i ion. The majority of the Mii ions are incorporated on cation
sites with a tetrahedral crystal field. The lowestestis the’A; state originating from
the °S state of the free ion, and the next higher states'Tar “T, , “A; and “E
originating from the®G state of the free ion. Absorption processes can jpédee
between théA: ground state and the excited states. A yellow luminesceetween the
“T, first excited state and tffé\; ground state is observed for all widegap (Il,Mn)VI
compounds, independent of Mn concentration. In additieere are a few M ions
on other sites. These "defect" sites show a diftecgystal-field splitting between the
states of the 3d shell, and this leads to other absorptidnluminescence bands. A

prominent example is the red Kinuminescence. Energy-transfer processes can take
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place between the band states and th& I@a shells, as well as between #M8ad shells

corresponding to different sites.

In Figure 2-6the experimental setup is shown.

He/Cd-LASER

photo-multiplier

@ ( \

I
lamp for sample spectrometer EDP
absorption

>

lamp and spectro-
meter for PLE

Figure 2-6: Schematic diagram of the PL/PLE experimental setup.

The photoluminescence-based optical measurements gared out in the
temperature range from 10 K to 300 K (Cd samples) and at 1@ Kg@ples) with the
specimen mounted in a contact-gas He-cryostat (Cryd¢atl04 C). Tuneable
monochromatic excitation light with a band width of 5 mmas provided either by a
tungsten lamp (for PLE measurements) or by a deuterium (fon PL measurements)
followed by a 0.32 m monochromator (ISA Triax 320). The sanyhinescence was
detected using a 0.5 m spectrometer (Zeiss) with a resoltter than 1 nm equipped

with a GaAs photomultiplier (Hamamatsu).

For the Zn samples the PL measurements were cartriday@xciting the specimen
with the 325 nm light (3.81 eV) of a HeCd laser (Kimm#nskries) or with the lamp
system set to 470 nm (2.63 eV). The PL signal was thexcteet in the range from 500
nm to 700 nm. For the PLE measurements the PL intensit/ detected at 600 nm

varying the wavelength of the excitation light from 27680 nm.

For the Cd samples the PL measurements were cartidry @xciting the specimen

with 420 nm light (2.95 eV) and detecting the PL signalha tange from 450 to
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900 nm. For the PLE measurements the PL intensity wastddteither at 580 nm or at
700 nm varying the wavelength of the excitation light fr850 to 560 nm and 350 to

680 nm, respectively.

2.3.7. Electron paramagnetic resonance spectroscopy (EPR)

EPR spectroscopy is a technique which offers access tatasplestructure, of
molecule and lattice dynamics and of reaction dynawficeaterial systems. It is based
on measurements of the magnetic moment of an etedtne electron spin. Already in
1896 Zeeman discovered the splitting of lines in an dpspactrum by applying a
magnetic field. This so-called "normal Zeeman effeeti be explained with the orbital
angular momentum of the electrons, but later on almmaZeeman effects with more
complicated splitting patterns were observed. In 1920 SimairGerlach showed with a
basic experiment of the early quantum mechanics, ttl®tmagnetic moment of an
electron in a magnetic field can only acquire discogientations. These results and the
anomalous Zeeman effect were interpreted to thattetffat a, to that point unknown,
quantum number of the electron had to exist. This nunseharacteristic for the
angular momentum of the electron, its spin. This spiould not be imagined as a self-
rotation of the electron, in reality the electronns{s a quantum mechanical angular

momentum which has no analogue in classical physics [107].

If an electron is exposed to a magnetic field, its rrigrmoment causes an energy

term, which is dependent on the magnetic quantum numbef the electron spin
E = msQeti5Bo Equation 2-1
with 1 = Bohr magneton an8, = magnetic field strength.

The g-value of an electron can be determined experimgrtad is a correction

factor for relativistic effects. The g-value of adrelectron ige = 2.002319315.
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In EPR spectroscopy energies are often stated in fnege magnetic field units
rather than in wave numberEduation 2-2. Figure 2-7 shows the typical scopes of

these energies in comparison with the NMR frequencies.
1G=01mT=28MHz=9.34 tem*=1.12- 16 J mot* Equation 2-2

The measurement is carried out by applying a continuous odpelsetromagnetic
field to the sample. If the field energy complies vitlke energy difference between two
states withdms = 1, resonance absorption of the field energy occihe. resonance
frequency is dependant on the environment of the elespion A coupling between the
spin and orbital angular momentum leads to deviatioh@fjtvalue from that of a free
electron. Furthermore the magnetic moment of thervks electron spin interacts with
other magnetic moments within the sample, which arecaded with other electron or
nuclear spins. Also an excited electron spin can givaya®s energy to the atomic
lattice in a relaxation process. By careful observatibthese processes information on

structure and dynamic can be obtained.

'H frequencies / MHz
o

m, = +1/2

. =
0 B,/ T

m, = -1/2

500
EPR frequencies / GHz

Figure 2-7: Splitting pattern of the energy levels of an electron spin in a magredtic f
and comparison of the NMR and EPR frequencies.

100
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The electron spin is related to another important ptgpdématerials, the magnetic

susceptibility. When an external magnetic fielglis applied to a substance a magnetic
inductionBo arises within the structure. In vacuum it can be Wriaxe§0 = /,JOH—0 , With

Lo = induction constant. When a substance is introducedtidield, the magnetic

induction can be written as
B =@+, )i H Equation 2-3

Xm is called the magnetic susceptibility and can be dividediamagnetic X < 0)
and paramagneticxg > 0) susceptibility. A diamagnetic contribution to theatot
susceptibility is always present, arising from the magmabments of the nucleus, the
nuclear spins. If the electron spins do not mutually mehgenselves due to spin
coupling the substance is called paramagnetic. Only in tlsie ea EPR signal is
observable. The paramagnetic susceptibility is mugetathan the diamagnetic and is
dependent on the temperature (Curie-Weiss behaviouf)e IEkectron spins strongly
couple, so called ferro- or antiferromagnetic ordering @evelop. In the former case
the spins tend to orient themselves parallel in therglesef the magnetic field, in the

latter case they align anti-parallel.

Mn®* is the most important ion wittd® electron configuration for EPR
spectroscopy. Its total angular momentur #5/2 which splits in a magnetic fieRlto
2J+1 statesKigure 2-8. The transitions compliant with the selection iyias = +1 can

be detected via EPR.
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Figure 2-8: Zeeman splitting of the 2J+1 states of Mim a magnetic field.

The interaction between the= 5/2 spin of the manganese nucleus withSke5/2
spin of the electrons results in a hyperfine structisery mg state splits into 121
hyperfine statesHigure 2-9 and an additional selection rule arises, given vith = 0.
The allowed transitions within hyperfine coupled Ware therefore given hgim = 0

andAms = +1, forbidden transitions are those wdthm, = +1 andAmg = +1.

E
3 _
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:3/2 + 1 / 2
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2 o
/
312 -1/2
512

0

Figure 2-9: Hyperfine coupling between the Kimucleus and the electrons.

Wy

With no Mn-Mn interaction within the respective speemi.e. with only a little
amount of manganese in the sample, the spectrum wouogistmf a sextet of sharp

lines which can be satisfactorily described with a Latient shape. With increasing
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Mn®* concentration the inter-manganese interaction becomes stronger, resulting in one
broad Lorentzian shaped background. Depending on the strength of the Mn-Mn
interactions the real spectrum can therefore consist of a superposition of the sextet from
the hyperfine coupled Mn?* over the background due to strong inter-manganese

interactions (Figure 2-10).

no Mn-Mn —T—
interaction

— VWV ———

strong Mn-Mn
interaction

possible superposi-
tion in real system

. 1 . 1 . I . 1 .
3000 3200 3400 3600 3800 4000

H [Oe]
Figure 2-10: Dependence of the spectra on the strength of the Mn-Mn interactions.

A schematic representation of the experimental setup for EPR measurements is

giveninFigure 2-11.

microwave @ )
source 9 GHz diode

N e

sample ESR signal
magnet
0...10 kOe /!

resonator
microwave field <10e
Figure 2-11: Schematic representation of the EPR measurement setup.

Electron paramagnetic resonance (EPR) measurements were performed using a

Bruker Elexsys 500 CW spectrometer at X-band frequencies (9.48 GHz) and magnetic
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fields up to 1 Tesla at temperatures between 4 K and 200 Kcantnuous-flow He
cryostat. As the signal-to noise ratio is improvedabyock-in technique with field
modulation, the EPR spectra represent the field derévaf the microwave power
absorbed by the sample from the transverse magneticwaiceofield as a function of

the external static magnetic field.
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3. Results

3.1. Mesoporous host structures
3.1.1. Powder X-ray diffraction

Powder X-ray diffraction is one of the main charasttion methods for
mesoporous materialskigure 3-1 shows typical XRD patterns of high-quality
hexagonally ordered mesoporous silica. The samples watkesysed using CTABr
(MCM-41 silica) as SDA or Pluronic P-123 (SBA-15 silica)spectively and calcined
in air at 550 °C after the synthesis.
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Figure 3-1: P-XRD patterns of (a) MCM-41 silica (3 nm), (b) SBA-15 sil&anih) and (c)
SBA-15 silica (9 nm).

The main diffraction peak at approximatelyg2 2° (MCM-41 silica) or 20= 0.8°
(SBA-15 silica) arises from the (100) plane of the makand shows the high degree of
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long-range order. Inmable 3-1lall detected peaks in the P-XRD patterns with the

respectived values are listed.

Table 3-1: Miller indices hkl, 2 &y, dtw values and calculated unit cell
parameter a for the different mesoporous host structures.

sample hk 26w!"° dhia / NmM a/nm
100 2.11 4.17
110 3.62 2.44
MCM-41
200 4.17 2.12 4.82
(3 nm)
210 5.48 1.61
300 6.29 1.40
100 0.87 10.09
SBA-15 110 1.49 5.91
11.65
(6 nm) 200 1.71 5.16
210 2.44 3.65
100 0.88 9.08
SBA-15 110 1.48 5.96
11.52
(9 nm) 200 1.70 5.18
210 (2.25) (3.93)

The similarity of thed;op values for the two different SBA-15 materials can be
explained as follows: The difference in the pore siz@ot reflected in the value,
because in almost the same amount the pore size iesréhs pore wall thickness,
decreases, resulting in a very similar unit cell patang and hence in a very simildr
value. This is effect will also be discussed later when the results of the nitrogen

physisorption measurements are presentedii@ele 3-2.

The calcination procedure does not only yield a porous rahtetiis also

responsible for a shrinkage of the unit cell of the retSpe material. This is apparent
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from Figure 3-2 where a comparison of the P-XRD patterns of MCM-ditasbefore
and after calcination is given. The calcination pro@skigh temperatures leads to a
further condensation of the silanol groups within the aili@ll of the structure. This
effect can be seen in the decrease ofdialue of the (100) plane and hence in the

decrease of the unit cell paramedér

In addition, the intensity of the diffraction peakiicreased after the surfactant
removal. This is due to a decrease of the destructigefénence between the scattering
power of the pore walls and the pore itself, which iedilwith the surfactant. This

effect will be discussed more thoroughlyGhapter 3.2.1

100

dm/nm a’/nm

as synthesised 4.42 5.10
calcined 4.23 4.88

intensity / cps

as synthesised
T T T T T
3 4 5 6
241°

Figure 3-2: Comparison of the P-XRD patterns of MCM-41 silica as synthesised and
after calcination.

3.1.2. Nitrogen physisorption

Apart from X-ray diffraction studies physisorption me&sunents are the most
powerful tool for the investigation of the pore systeitm@soporous materials. Upon
the variety of gases which can be applied as adsorptivéhis method the most
commonly used is nitrogen. The evaluation of the specifidace areas is mostly
carried out applying the BET theory [101] and the pore sizgilalisons are usually
calculated with the BJH algorithm [102]. The BJH caldalatis based on the Kelvin

equation and underestimates the mean pore diameter af smsopores by the

2
: :g\/émloo
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magnitude of at least 1 nm, as mentioneClvapter 2.3.2 Nevertheless, it allows the
determination of relative changes of the pore sizeibligions. The application of other
methods which correct the underestimation of the BJHaakgtlike for instance non-
local density functional theory (NLDFT) [108,109], would bettbr for the pristine
mesoporous silica phases, but inappropriate for the hodtfguepounds. The NLDFT
method is based on calculated isotherms with a given gewenetry €.g. cylindrical)
and pore wall surfacee(g. SIiO;), i.e. based on defined and known pore wall/adsorptive
interactions. In the case of host/guest compounds tresditions are not fulfilled.
Nevertheless, comprehensive studies have shown thBHhenethod gives appropriate
results to determine the differences between diffenegsoporous materials [14,110],
and it can be applied by all commercially available porgtion computer programs.
Therefore this method was chosen for the determinatiwh comparison of the pore

sizes of all mesoporous compounds in this work.

Figure 3-3shows the nitrogen physisorption isotherms and theesponding pore size
distributions of MCM-41 silica (3 nm) and two SBA-15 silioaterials (6 and 9 nm).
All materials show a type IV isotherm after the IUPAomenclature [111], which is
characteristic for mesoporous materials. The strongase in the adsorbed volume is
due to pore condensation during the adsorption process.d~twdalSBA-15 materials a
hysteresis loop of the type H1 is observed between aatsoignd desorption branch,
whereas no hysteresis loop is observable for MCM-4lasibiecause the pore diameter
of this material is smaller than in SBA-15 silica madksti Pore condensation in
MCM-41 silica materials takes place at valy#g, < 0.4. The lower closure point for
nitrogen physisorption hysteresis at 77 K g = 0.42, which was originally
considered the limit of the thermodynamic stabilitytbé liquid nitrogen meniscus,
hence no hysteresis is visible for MCM-41 silica. Tle¢ioal studies [112] and
computer simulations [113] indicate that the pore wall roeghrand details of the
fluid-wall interaction may also be significant for thasappearance of nitrogen

physisorption hysteresis in MCM-41 silica materials @eseReference 14
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An H1 hysteresis is typical for a material with cylimdd mesopores with a narrow
pore size distribution. In the right part Bigure 3-3the distributions are shown. All

three materials exhibit sharp distributions, with largeres the distributions broaden

though.
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Figure 3-3: Nitrogen physisorption isotherms (77 K) of MCM-41 silica (3 nm),-$BA
silica (6 nm) and SBA-15 silica (9 nm) (left); and corresponding pore degme
distributions calculated by BJH from the desorption branch (right).

The specific surface are@g and the mean pore diamet®y calculated from the
maximum of the pore size distribution are compared &dttvalues, the unit cell
parametea and the pore wall thickness, in Table 3-2 The pore wall thicknedsy is
calculated aftert,y = a — D,. The determination of the unit cell parameteis not
absolutely accurate with measurements on a standard powdky diffractometer.
Also the determination of the pore diamedlgrmay have a significant error, as pointed
out earlier. However, as long as the obtained valteesa@t regarded as absolute values,

they can be used for comparative investigations.

The pore wall thickness of MCM-41 silica is consideraldwer than for the

SBA-15 materials. This is a result of the differeninthgsis conditions, for the
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hydrolysis and condensation behaviour of ionic silica speoiejueous solution is
strongly determined by the pH value. MCM-41 silica is sysidex in a basic approach,

whereas SBA-15 silica comes from an acidic synthesiire.

Table 3-2: digo values, calculated unit cell parameter a and pore
characterisation by nitrogen physisorption data for MCM-41 silica (3 nm),
SBA-15 silica (6 nm) and SBA-15 silica (9 nm).

sample  doo/ nm alnm A/milg D,/nm tow / NM

MCM-41

4.17 4.82 1108 3.08 1.74
(3 nm)
SBA-15 10.09 11.65 753 5.80 5.85
(6 nm)
SBA-15 9.98 11.52 401 9.07 2.45
(9 nm)

The synthesis of SBA-15 silica with different pore sinaly varies in the synthesis
temperature and not in the initial mixture, hence thmesamount of silica is available
for the different structures. The increase in the gae is accompanied with a decrease
of the pore wall thickneds,, so the unit cell parametaremains almost unaffected by

this. In both SBA-15 structures the unit cell is about 10argel

The fact that higher temperatures or longer reactimoadiresult in larger pore sizes
(and thus in thinner silica walls) is caused by the temperatiependence of the
hydrophilicity of the PEO block in the Pluronic polymer [21,11Phe PEO parts are
expected to interact more strongly with the silicd #ms be more closely associated
with the inorganic wall than the more hydrophobic PPOKdodhe PEO chain may
exist in a large number of confirmations, which have edéft energies. The
conformation of an EO group which is gauche around the @A@ &nd anti around the
C-0O bond has the lowest energy of all conformeérgure 3-4 top). This low-energy

conformation, which is dominant at low temperatures, Hasga dipole moment. With
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increasing temperature, other conformations with smatl@o dipole moments like the

anti-anti-anti conformationF{gure 3-4 bottom) will become more important [115].

Figure 3-4: Different conformations of an EO group have different stabilities and
polarities. The upper anti-gauche-anti conformation has a lower energy andrés mo
polar than the lower anti-anti-anti conformation [115].

Thus, at higher temperatures, the PEO blocks become hgdrephobic, resulting
in increased hydrophobic domain volumes, smaller length &f B&gments associated

with the silica wall and hence in increased pore siZegife 3-5.

increase of
temperature

Figure 3-5: Increase of the hydrophobic domain volume of a block copolymer micelle
in solution due to increase of the temperature.
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To investigate the influence of temperature and duration efhydrothermal
treatment on the pore size of SBA-15 silica more thghly, further syntheses were
carried out. While the initial synthesis mixture was Képtsame, the temperature of the
hydrothermal treatment was raised from 60 °C up to 140 °@e(aperatures higher
than 140 °C the Teflon from the autoclave is decomposimg)Xfze synthesis at 140 °C
was carried out for 24, 48 and 72 hours.Higure 3-6 the nitrogen physisorption
isotherms together with the BJH pore size distributafnthe different synthesis
approaches are shown. It can clearly be seen, thacesase in the temperature results
in an increase of the pore diameter. Also an increbdeauration of the synthesis at a
constant temperature results in an increase of the ghaneeter, but not in the same

amount as the temperature. With increasing pore dianieg¢edistributions broaden

though.
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Figure 3-6: Nitrogen physisorption isotherms (left) and BJH pore size distributions
(right) of different SBA-15 synthesis approaches. An offset of 250,1600, 1700,
2300 and 2900 cify was added to the volumes of the approaches at T > 60 °C.

Figure 3-7 depicts the change of the pore diameter depending osytitbesis
temperature. In the range of 60-140 °C a linear fit givetope of 0.05 nm and a y-

intercept of 1.68 nm and yields a good agreement with therimgugal data. A
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prediction of the pore size of SBA-15 silica over ageanf about 5 nm within a narrow
error margin is now possible even before the synthestarried out. This opens the
door for a much more reasonable synthesis of well-defiostl materials in the field of

host/guest chemistry.

= experimental data
linear fit

pore diameter / nm
~
1

y =0.05x + 1.68

T T T T T T T T T
60 80 100 120 140
temperature / °C

Figure 3-7. Change of pore diameter with increasing temperature of the hydrothermal
treatment during the synthesis of SBA-15 silica with linear fit.

3.1.3. Transmission electron microscopy

Transmission electron microscopy (TEM) is another péweool to investigate
mesoporous structures. The results from powder X-rayadtitrn and physisorption are
substantiated by TEM analysis. All pictureBigure 3-§ were taken after the
calcination process and show a perfect arrangementqidfes over several hundreds
of nanometres. All materials are stable even afeethtrsh condition applied during the
calcination process. Furthermore, EDX analyses shaivttie amount of manganese
within the nanostructured samples is in good agreementtigtmount of manganese

which was started with in the initial synthesis mixt(see alsdable 2-).

It is also visible that the calculated values for ploge diameteD, and the pore

wall thicknesd,, (Chapter 3.1.2are in good agreement with the micrographs.
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Figure 3-8 Transmission
SBA-15 silica (6 nm) and (c) SBA-15 silica (9 nm).

3.1.4. Conclusions

In Chapter 3.1 the successful syntheses of differenomoesus materials with

varying pore diameters were shown.

Powder X-ray diffraction proved the high long-range ordérthe synthesised
MCM-41 and SBA-15 silicas. Nitrogen physisorption measurésnggicated that the

structures have high specific surface areas and allriadatexhibit cylindrical pores
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with a narrow pore size distribution. The pore diamekeISBA-15 silica strongly
depends on the temperature and duration of the hydrothémasinent of the initial

synthesis mixture.

With this kind of highly ordered and stable material avadatible conduction of
further syntheses with MCM-41 and SBA-15 silica as htisiciires is a promising
approach for the formation of highly size-defined nanogladiinside the respective

pore systems.

3.2. Host/guest compounds

3.2.1. Powder X-ray diffraction

In Figure 3-9the P-XRD patterns, taken after each impregnation&rsion cycle
of the intra-pore formation of various DMS compoundslifferent mesoporous hosts,
are shown. In all samples the main diffraction peakhef mesoporous host matrix is
still visible after the respective impregnation/conigiscycles, which is an indication
for the preservation of the mesoporous hosts. Withyaugpregnation/conversion cycle
the intensity of the X-ray reflections decreasespaganied by a slight shift to smaller
d spacings (exemplarily shown féigure 3-9c¢). The latter effect can be attributed to
the thermal treatment which is associated with the ignq@Bon/conversion procedure.
Thus, like after the calcination process, the connegtivithin the silica is increased,
resulting in a small contraction of the overall hatsticture. The effect, that mesoporous
structures contract upon calcination or treatment idi@solutions, is consistent with

literature reports [116].
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Figure 3-9: P-XRD patterns taken at different steps of the synthesis of {(@y1dsS in
MCM-41 silica (3 nm), (b) GghsMngosS in SBA-15 silica (6 nm), (c) &Mno2S in
SBA-15 silica (9 nm) and (d) high angle region of élling osS in SBA-15 silica (6 nm)
together with bulk CdS.

The loss in intensity of the X-ray peaks corresponds toeasing destructive
interference by subsequent filling of the pores with tespective sulphides. The
introduction of scattering material into the pores ledds an increased phase
cancellation between the scattering from the silicksveand the pore regions. Therefore
the intensities for the Bragg reflections are reducedt theoretical models have shown
that this phase relationship is very sensitive and teatiéigree of cancellation is mainly
determined by the scattering contrast between the frankemnd the pores [117]. The
reverse effect is responsible for the increase ofréflex intensities in the pristine

mesoporous material after the calcination processGkapter 3.1.1L

Apart from the typical reflections of the mesoporoosthmaterials, no additional
peaks are observed in tB& region between 20 and 60° for all samples (Sgere
3-9d). This is an indication that no crystalline sulphidegehbeen formed outside the

respective pore structures. In the case of the 3 nm partidide the pores of MCM-41
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silica the crystals are simply too small to give X-raftections (assuming they are of
spherical shape). For 9 nm particles inside the respectigesystem of SBA-15 silica
very broad Bragg reflections can be observed in somes,chaethey still have a too
low signal-to-noise ratio for the determination of tparticles size according to

Scherrer's formula.

3.2.2. Nitrogen physisorption

In Figure 3-10the nitrogen physisorption isotherms at 77 K for threéerint
host/guest compounds are shown. All isotherms arepef iy, typical for mesoporous
materials [1]. This is a proof for the preservationtltd mesoporous hosts after the
respective impregnation/conversion cycles. A well defined steurs ap/p, = 0.3-0.4
for the 3 nm samples, ptp, = 0.5-0.7 for the 6 nm samples anggth = 0.7-0.9 for the
9 nm samples, associated with the filing of the mesapodee to capillary
condensation. Especially in the case of the 6 nm saraglbange of the hysteresis type
from H1 to H2 can be observed. This is caused by an inhamogs filling of the
mesopores with the respective guest compound and the themabgd less uniform
remaining pore size (see alsGhapter 2.3.2 Depending on the number of
impregnation/conversion cycles the amount of adsorbettogen decreases
accompanied with a shift of the inflection point to deralvalues ofp/py. Both effects
can be attributed to the introduction of the sulphides the mesopores. The reduced
amount of physisorbed nitrogen is caused by a smaller sude® while the

occurrence of the step at lower relative pressurmadisative of smaller pore sizes.
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Figure 3-10: Nitrogen physisorption isotherms (77 K) at different steps ofythiasis
of (&) Cah.9Mng 1S in MCM-41 silica (3 nm), (b) GdoVng01S in SBA-15 silica (6 nm)
and (c) Zp.9dMing 0sS in SBA-15 silica (9 nm).

The calculated surface areas after each impregnatio@icon cycle are listed in

the respective figures. At this point it must be kept indhthat the introduction of the

heavy sulphides itself causes a reduction of the surfaeeod the mesoporous matrices.
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The largest reduction of the inner surface occurs witHitsieimpregnation step due to

a better mobility of the acetates within the poresi@atieginning.

In the case of the 6 nm samples a strong broadening diytteresis loop can be
observed caused by the so-called "cavitation” phenomeHRos is observed, when
smaller pores ("necks") are interconnecting wider meses (with pore sizes > 5 nm)
[118]. In the case of nitrogen physisorption measureméetetnecks have to exhibit
pore sizes <4 nm for this effect to take place. Due ® itliroduction of the
nanoparticles into the 6 nm mesopores this conditioalfigldd to that effect, that the
pore texture is altered and constrictions with widthslen than 4 nm are created,
which then control the accessibility of the 6 nm mesapdrethe case of the 3 nm and
the 9 nm samples, this effect is negligible, becabsegobres are too small, or too large,
respectively, for this effect to be relevant. The etéhce between "cavitation” and
"pore blocking" is determined by a critical width of thecke or constrictions. Pore
blocking appears if this critical width is >4 nm (for nitragephysisorption
measurements). In that case the width of the necksrndietes, at which relative
pressure the evaporation of the fluid from within thekseand the pores takes place,
"pore liquid" and "neck liquid" evaporate at the same tifrteerefore the desorption
pore size distribution can only give a statement atb@utvidth of the necks.

In the case of "cavitation” the metastable "pore ligeddporates before a relative
pressure is reached at which the "neck liquid" can do se.rébiults in the formation of
"bubbles" (from the "pore liquid") which diffuse throughrethtill liquid-filled necks.
The evaporation of the "neck liquid” then takes pldce lawer relative pressure. In the
case of cavitation controlled desorption no statemantbe made about the pore size
when calculating it from the desorption branch. Thisomees obvious in the following,

when the pore size distributions of the different ljustst compounds are analysed.
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Figure 3-11: BJH pore size distributions of the nitrogen physisorption data at
different steps of the synthesis of (a) @diny 1S in MCM-41 silica (3 nm), (b) and (c)
Cdp.9gMng 01S in SBA-15 silica (6 nm) and (d)o&8Mne.0sS in SBA-15 silica (9 nm). All
distributions calculated from the desorption branch, except (c) fronadserption

branch of the respective isotherms.

During the different impregnation cycles the reductidntlee inner surface is
accompanied with a broadening of the pore size distribatioha small decrease of the

pore diameterKigure 3-1). This is understandable, because at first, smaliciestare
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formed mainly at the pore walls, leading to a smatkrease of the pore diameter. With
each following impregnation cycle the particles gramd the pores are slowly filling.
Hence, the number of freely accessible pores is decgeds the case of the 6 nm
samples though, a dramatic decrease of the pore diametdserved after the first
impregnation, when calculating the pore size distributiom the desorption branch of
the sorption isothermFgure 3-11 B. The calculated value of the pore size is not
trustworthy though, because in this case the desorptamisolled by the widths of the
cavitations (which are caused by the incorporation of theopwaticles). When
calculating the pore size distribution from the addormpbranch this effect is avoided.
Normally the calculation of the pore size from thdsaption branch is not an
appropriate method, because the adsorption branch iemdured in thermodynamic
equilibrium, whereas the desorption branch is [119]. Téssilts in a calculation of too
large pore sizes (in this case the pore size is aboutléngey whereas the calculation
from the adsorption branch results in a value ajdathan 7 nm). However, it allows
the comparison of the pristine mesoporous silica nateand the host/guest
compounds. It can be seen, that the behaviour obsesweldef 3 nm and 9 nm samples
is the same for the 6 nm series, when comparing the @@sopore size distribution

(Figure 3-11 ¢.

3.2.3. Transmission electron microscopy

In Figure 3-12 transmission electron micrographs of different Ilgusdst
compounds are shown. All pictures reveal that thedwxal order of the host structures

has been maintained after the respective impregnabioveécsion cycles.
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(3 nm), (b and c) GhdMing 01IS@SBA-15 silica (6 nm), (d) MNS@SBA-15 silica (6 nm),
(e) MnS@SBA-15 silica (8 nm) and (fhdWn ;.S@SBA-15 silica (12 nm).
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The TEM images ifrigure 3-12b andf are cross sectional views of the host/guest
compounds. The narrow ‘white’ lines represent the, 8/@lls of the pore systems. The
dark regions are the respective DMS nanoparticles. This pggpendicular to the pores
reveals that the aligned pore channels are filled thehDMS compounds. It can clearly
be seen that single ‘sphere-like’ nanoparticles aesegmt, but also that there is a
tendency of these nanopatrticles to agglomerate to devisedlike’ structures. There is
no evidence for larger particles being formed outside the pgstem,.e. the entire

DMS compound is confined inside the channels of the mesoporstis ho

3.2.4. Infrared spectroscopy

To confirm the fact, that the conversion of the aest#o the sulphides by thermal
treatment in an b6 atmosphere is a quantitative process, infrared spe&ea after the
various preparation steps during the impregnation/conversiore ayete recorded
(Table 3-3summarises the relevant IR bands). It can be Hemnthe spectra of the
MCM-41 silica/metal acetate host/guest compound is alaastm of the mesoporous

silica and the bulk metal acetate spechigifre 3-13.

Table 3-3: Observed IR bands and corresponding
type of modes.

wavenumber / cni* type of mode
1570/1558 Vas C=0
1423/14486 vs C=0
1229 0 Si-O
1084 v Si-O
802 0 Si-O
460 0 Si-O

& The first value applies to cadmium acetate, thersktm zinc acetate.
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After the HS/thermal treatment the symmetrical and asymmetric®) @alence
vibration bands of the acetate (1420-1580"krhave vanished. Potentially formed
acetic acid is removed by washing the samples with aioestmount of water for 30
minutes. As there are no phonon modes of the respettiphides above 400 ¢nthis
suggests the quantitative conversion of the acetatestsulphides within the pore

structure.

a b
pristine pristine
MCM-41 silica MCM-41 silica
<
2 =
8 bulk % bulk
= Cd(OAc),- 2H,0 g Zn(OAc),- 2H,0
0
c
© Cd(OAc), - 2H,0 2
= in MCM-41 silica g Zn(0Ac), - 2H,0
& < in MCM-41 silica
(=)
Cd(OAc),-2H,0 Zn(OAc), -2 H,0
in MCM-41 silica in MCM-41 silica
after thermal after thermal
treatment in H,S treatment in H,S
T T T T T T T T T T T T T T
2000 1500 1000 500 2000 1500 1000 500

-1 -1
wavenumber / cm wavenumber / cm

Figure 3-13: IR spectra taken at different steps of the synthesis of (a) Cd@exbinii
MCM-41 silica and (b) ZnS confined in MCM-41 silica.

3.2.5. Raman spectroscopy

Figure 3-14depict Raman spectra in the vicinity of the LO (loandihal optical)
phonon of bulk ZpMnS and Zp.Mn,S@SBA-15 (6 nm), respectively, witk
ranging from 0.01 to 0.2. The Raman spectra of bulk.dm,S are well understood
[120]. The feature at about 350 ¢neorresponds to the LO-phonon mode from the
centre of the Brillouin zone (reciprocal vectpx 0). This mode slightly shifts to lower
frequencies, broadens with increasing Mn-cornxearid develops a shoulder on the low-
frequency side. The LO-phonon mode of ZnS transfolonsimuously into that of MnS,
i.e. the ZnxMn,S system shows a one-mode behaviour. The only weak depenalienc
the LO-phonon frequency or is explained by the similarity of the LO-phonon

frequencies of ZnS and MnS. A value of 343cimas been determined for the
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LO-phonon frequency of tetrahedrally coordinated MnS Wy feflectivity
measurements [121]. It can be seen that with increasauglitional modes develop in
the range between 310 ¢rand 330 ci. These modes arise from the X- and L-points
of the Brillouin zone, where the corresponding denstitgtates is large, and become
Raman-active by Mn substitution, which perturbs the tetioslal symmetry. The
Raman spectra of the ZiMn,S@SBA-15 (6 nm) also show clearly the LO-phonon
mode. The phonon mode is considerably broadened compaiezidorresponding bulk
modes, but with increasing also develops a shoulder on the low-frequency side.
Furthermore, there is no indication of the Mn-inducedl-Xodes at lower Raman
shifts. The strong broadening of the LO-phonon mode andhalbsence of the Mn-
induced X,L-modes are due to the reduced dimensions of theparéiotes. The
reduction of the lateral dimensions should eventually kead break-down of the
concept of lattice periodicity and reciprocal space. Mimeinduced modes result from
the density of states with higlhvalues which become ill-defined and thus unobservable

when the concept of reciprocal space breaks down.

a Zn, Mn S bulk Zn, Mn S 6 nm b

intensity / a.u.
intensity / a.u.

I I
300 350 400 300 350 400
Raman shift / cm™ Raman shift / cm™

Figure 3-14: Raman spectra of (a) bulk ZgMn,S of various x in the vicinity of the LO
phonon and (b) ZnMn,S@SBA-15 silica (6 nm) in the vicinity of the LO phonon at
T = 300 K and laser excitation at 364 nm (3.41 eV).
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The reduction of the lateral dimensions of the sendootor structure leads to
phonon confinement. This results in an additional coutioln of phonons with small
non-zeroq to the mode witly = 0 [122]. This effect is a common characteristic 671l
nanoparticles [123-125]. The admixture of modes of highesually leads to a red-shift
of the peak position and to a broadening and conconyitem# low-frequency wing of
the LO-phonon mode as its frequency usually decreasds imgreasingg. These
features of phonon confinement are observabl&igure 3-15 a It shows the LO-
phonon spectra of bulk ZBdMnNg oS, ZnygdMNng i S@SBA-15 silica (6 nm) and
ZNo 9dMnNp 0:S@MCM-41 silica (3 nm). The spectra of they4dving0:S nanoparticles
are strongly red-shifted and broadened with respect toulkeréference. As expected,
both effects are more significant for &aMnNeo:S@MCM-41 (3 nm) than for
ZNo 9dMnNp 0:S@SBA-15 (6 nm).
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Figure 3-15: a) Raman spectra in the vicinity of the LO phonon of bubedging 01S,

ZNp 9dMNg 0:S@SBA-15 (6 nm) and ZadMng i S@MCM-41 silica (3 nm). T =300 K

and laser excitation at 364 nm (3.41 eV). b) Lorentzian fit of the LO-phdnbullo

ZnpodMno 0:S. Calculated LO-phonon lineshapes for spherical 9.9d¥ing 01S
nanoparticles and cylindrical ZrRdMng 01S wires with diameters of 3 nm and 6 nm.
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The confined-phonon model introduced by Campbell and Fayadlds different
results for wire-like cylindrical and spherical nanop#tc[122]. The model assumes
that theq =0 phonon can be described by the lattice-periodic glakiulk material
u(g=0y) multiplied by an envelope functio®’ (q=0,). The envelope function is
determined by the shape and the dimensions of the nanapaitiw corresponding

lineshape of the LO-phonon in a nanoparticle is given by

| (w) O d*g [C(0.9)

Equation 3-1
1* Brillouin-zone (wo - w(q))z + (r0/2)2

where @y is the frequency of the LO-phononat 0; afq) is the (spherical) bulk LO-
phonon dispersion[o is the full-width at half maximum of the bulk LO-pham
(Lorentzian) lineshapeC(0,g) are the Fourier-coefficients of the envelope fumctio
¥ (g=0,r). Campbell and Fauchet give the following expressimnsa sphere and a

cylindrical wire of infinite length:

2 0 A
Csphere(o! CI)‘ U ex{ - ﬁj

Equation 3-2
Cure (0.0, 4)f Dexg -3 5 q)

wire ! ’ 16772
wheredsphereanNddyire are the diameters of the sphere and the wire, regplgcig; and
0. are theg-vectors perpendicular and parallel to the wire axis. Uiegfq = 4mgdq
for the sphere and’q = 2rondqodg;, for the infinite wire allows one to calculate th+L
phonon lineshape for wire-like and spherical nanopesiolf different diameters using

Equation 3-1

The model was applied to analyse the lineshapes @§d¥dng 0:S nanoparticles
shown inFigure 3-15 a For the phonon-dispersiai(q) that along thé\-direction of
the Brillouin-zone of zincblende ZnS bulk was used [126].d&terminel o, the LO-
phonon spectrum of bulk deMno oS (Figure 3-15 @ was fitted by a Lorentzian
lineshape. The fitRigure 3-15 B yielded, = 6 cni'. However, the linewidths of the
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confined-phonon lineshapes calculated using these pararasteis narrow compared
to the experimental results. A better agreement wesrenl by using’o = 20 cni'. It is
well known that the linewidths of the bulk LO-phonon &esy sensitive to the degree
of crystallinity of the material and that the degréergstallinity itself usually increases
with increasing synthesis temperature. Thus, the lafgerfor the ZrgdMnoo:S
nanostructures reflects simply the differences insgrghesis of the nanostructures and
the bulk reference samples used in the Raman expesnidm latter were synthesised
at much higher temperatures (about 1@)0 The synthesis temperature of the
nanostructures was considerably lower to minimize ddfusf the Mn to the surface,
which, in contrast to bulk-material synthesis, is wese problem in the synthesis of
nanostructures because of their larger surface to volatize It is worth noting that the
red-shift of the maximum of the confined-phonon lineshajié vespect tow as a
function of the diameter exhibits only a weak dependemc€, for both wires and
spheres.Figure 3-15 b depicts LO-phonon lineshapes for sphericab ¢@dng 0iS
nanoparticles and cylindrical ggMno oS wires with diameters of 3 nm and 6 nm
calculated using, = 20 cnt'. It demonstrates that with respectdgpthe red-shift of the
maximum of the confined-phonon lineshape is smaller foesmihan for spheres of the
same diameter. The red-shifts observed in the experishemv a better agreement with
those calculated for wire-shaped nanostructures of the saminal diameter. The red-
shifts calculated for spherical particles are too latglee already described i@hapter
3.2.3 this does not support the concept of "nano-wires" insiel@rtesoporous matrices,
but can be tentatively interpreted as a sign thatatleage (Zn,Mn)S nanoparticles
incorporated into the SiOpores have an elongated spherical or ellipsoidal shape,
the lateral extensions are close to the pore dianagigithe extensions along the pore

axis are larger than the pore diameter.
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3.2.6. X-ray absorption spectroscopy

X-ray absorption spectroscopy is the method of chaicdidtinguish whether the
pore system contains two binary sulphides, AS (A = CAmrand MnS, or the ternary
(I,Mn)VI compound, A.Mn,S, with the MA* ions distributed randomly inside the AS
matrix. In order to investigate the local structure arcimedMrf” ions, X-ray absorption
spectroscopy at the K-edges of manganese, zinc and cadwas carried out-igure
3-16displays the normalized X-ray absorption near edgetstiei(XANES) regions of
the spectra of GdMnpsS and Zg/Mno sS confined in 3, 6 and 9 nm pores, recorded at
the respective K-edges of Cd, Zn and Mn. The XANES regibthe spectra can be
used as a “fingerprint” of the respective material. It ci@arly be seen, that the spectra
of Cdh./Mno3S and Zp;Mng3S at the K-edges of the Cd and Zn are very similaheo t
respective binary bulk sulphid&igure 3-16a). This is an indication that the crystal
field around the respective A cation of the nanostredwamples is the same as the

bulk binary II/VI compound (CdS or ZnS, respectively).

In contrast to that it can be seen fréigure 3-16b, that exactly the same features
in the XANES region of the MnS reference (wurtziteusture) are not found in the
spectra of the nanostructured manganese doped II/VI setoictoms. Hence,
manganese must be present in the samples, giving raidee tabsorption edge at
6539 keV, but the crystal structure around the Mn ions differs that of the binary
bulk MnS. The energy position of the absorption edgkeesame for all nanostructured
samples as well as the reference MnS, indicatinghawacteristic valence shift of the
incorporated manganese; hence only?Mis present in the nanostructured.Mn,S

compounds.
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Figure 3-16: Normalised XANES spectra of {zWny sS and Za/Mng 3S confined in 3,

6 and 9 nm pores at (a) the Cd K-edge (top) and Zn K-edge (bottom) and (bjvat the
K-edge, together with the respective binary sulphides CdS, ZnS and Mma&ir(aite
structure).

The results from the XANES region of the X-ray aipsion spectroscopy are a first
indication for the doping of the I1/VI semiconductorstwiandomly distributed M7

ions.

If CdS and ZnS, respectively, are doped with*Mans, the crystal structure of the
nanostructured AMn,S compounds can only be those of the binary sulphidetsistha
zincblende or wurtzite. The zincblende structure candseribed as consisting of a ccp
array of the sulphide anions with the tetrahedral ditlexl with the A cations. The
wurtzite structure consist of a hcp array of sulphuierss also with the tetrahedral sites
filled with the A cations. Thus, both structures congi$ ions with tetrahedrally
coordinated next neighbours. The atomic distances dfitbestructure types are very
similar in the first three coordination spheres, tlifeeitnce in the structures is only
visible from the coordination number of the third cooatiion sphere onl@ble 3-4and

alsoFigure 1-7).
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Table 3-4: Comparison of the calculated values for the atomic distances (R) and
coordination numbers (CN) for the first three coordination spheres (CSheof
respective metal ion (Cd, Zn or Mn) in zincblende and wurtzitetstres of CdS, ZnS
and MnS.

Cds ZnS MnS
zincblende wurtzite zincblende wurtzite wurtzite
(ccp) (hcp) (ccp) (hcp) (hcp)

CS R/A CN R/A CN CS R/A CN R/A CN CS R/A CN
S 252 4 253 4 S 231 4 234 4 S 243 4
Cd 411 12 4.13 12 Zn 378 12 3.82 12 Mn 3.96 12

S 482 12 485 10 S 443 12 448 10 S 466 12

For a detailed analysis of the local geometry of M&" ions inside the 11/VI
semiconductor compounds, the EXAFS (extended X-ray absorfine structure)
region of the X-ray absorption spectra recorded atMineK-edge of the different
host/guest compounds have to be evaluated. After conwahtdata analyses,e.
energy calibration, background subtraction and normalisatf the edge- jump, thek
weighed data were Fourier transformed using a Bessel windowigure 3-17the not
phase-corrected radial distribution functions of the Khedge spectra of GgMn,S

and Zn.xMn,S incorporated within three different pore structureshosvn.

The small particle size and a certain degree of disandigre nanoparticles is the
reason for the lack of peaks for the higher coordinatreres in the radial distribution
functions. In the case of the ZiMn.S samples the first two shells (Mn-S and Mn-Zn)
are visible, in the GdMn,S particles even only the Mn-S shell. This restricts the
EXAFS evaluation in such a way that no statement lm@amade about the crystal
structure of the nanoparticles, for both eligible strietunave the same number of

nearest neighbours and very similar atomic distances.
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Figure 3-17: Modified radial distribution functions (m-RDF, not phase-corrected) of
the Mn K-EXAFS spectra of (a) £&nysS and (b) ZeMnosS confined in 3, 6 and
9 nm mesoporous silica.

Table 3-5summarises the fit results for all samplesFigure 3-18the fits are
shown. The first shell (Mn-S in all nanopatrticles}lightly shifted to smaller distances
for all incorporated samples, compared to the Mn-S distampure MnS (2.42 A for
wurtzite). For the 3 nm patrticles the shift is largemtliar the 6 and 9 nm samples,
indicating a stronger distortion of the crystal struetdue to the even more reduced
dimensions. In the case of theGllng 3S nanoparticles the deviation from the distance
between cadmium and sulphur, which would be observedhtrbinary compound
(2.53 A for wurtzite), is strong, whereas in the casthefZr ;MnsS nanoparticles the
extracted value lies in between the distance of zicsallphur in pure ZnS (2.34 A for
wurtzite) and manganese and sulphur in pure MnS. For katbparticle series the
observed distances are close to the values for bMa& which is an indication for a
distorted local "MnS" geometry around the respectivegaaese atoms in the ternary

compounds.

In the case of the nanostructured (@dnysS the next-nearest neighbour

coordination sphere is not visible, probably due to thgelamount of the strongly
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absorbing cadmium atoms in the samples and the onllf seraentage of manganese.
For the incorporated diluted magnetic semiconductorg/,Mny S the next-nearest
neighbour distance (Mn-Zn) is within a minor deviationiagaearly the same as in
pure bulk MnS. The corresponding Mn-Mn distance would be A96énd a good

agreement can be observed for all samples. The assaoordination numbers are
only slightly smaller than in MnS. These effects candxplained by a small local
disorder in the ZnS matrix arising from the substitutid zinc by manganese leading to

a distorted "MnS" geometry.

Table 3-5: Fit results of the Mn K-EXAFS measurements. Abbreviations:
N = coordination number, R = atomic distane&s = Debye-Waller factor.

sample shell N R/IA A/ -10° A?
CdhMngsS@MCM-41 (3nm) Mn-S 4.00 2.36 9.3
Cdh/MnosS@SBA-15 (6 nm) Mn-S 4.00 2.42 6.2
Cdh./Mny sS@SBA-15 (9 nm) Mn-S 4.00 244 9.9

Mn-S 4.00 2.38 6.0
Zno Mng3sS@MCM-41 (3 nm)

Mn-Zn 11.10 3.95 17.1

Mn-S 4.00 241 8.3
Zno Mng sS@SBA-15 (6 nm)

Mn-Zn 11.40 3.98 16.6

Mn-S 4.00 241 6.6
Zno Mng sS@SBA-15 (9 nm)

Mn-Zn 10.24 3.98 16.9

From these results it can be concluded that the amotinhanganese ions
aggregated at the surface of the nanoparticles is very; $onghe fits would not yield
such a good congruence with the experimental data itdleedination number was
significantly lower than 4, which had to be the casestoface-near manganese atoms.
It can be concluded that manganese really substitutes Athcations in the

nanocrystalline structure and nanocrystals of @x,S type are formed.
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Figure 3-18: Radial distribution functions (RDF), Fourier transforms (FT) and fits of
Cdy/Mny3S nanoparticles confined in (&) 3 nm, (b) 6 nm and (c) 9 nm mesoporous
silica and of Zp/MnysS nanoparticles confined in (d) 3 nm, (e) 6 nm and (f) 9 nm
mesoporous silica, regardless of multi-scattering paths. Where podsiél fit was
carried out for two shells.
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However, it is not possible to distinguish whether rihaocrystals are of wurtzite
or zincblende structure. For bulk ZMn,S the crystal structure is known to be
zincblende forx < 0.1 and wurtzite for 0.1 x < 0.45. With the passage from bulk to
nanocrystals the crystal structure changes though [127,12%).tRere are reports on
manganese doped CdS nanoclusters confined in mesoporous sitiizesnwith both

zincblende and wurtzite structure [96,129].

3.2.7. Band gap and optical properties

With photoluminescence (PL) and photoluminescence ¢aita (PLE)
spectroscopy it is possible to measure the band gap wariatdependence on particle
size and doping leved. Figure 3-19and Figure 3-20depict exemplarily the PL and
PLE spectra of GdAMn,S@MCM-41 silica (3 nm) and ZaMn,S@SBA-15 silica (6
nm) for differentx. The PL spectraFgure 3-19 of the samples witlk > 0.01 consist
basically of one emission band at about 600 nm. Thixaed yellow PL band
originates from théT; to °A; transition within the 8 shell of Mrf* on a cation site
with tetrahedral symmetry (see alB@ure 2-95. It is a common feature in wide-gap
manganese doped II-VI semiconductors [84,130,131]. No band-gagdrebatitonic PL
is observable due to the efficient energy transfemftbe Zn.Mn.S band states into

the Mrf* subsystem.
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Figure 3-19: (a) PL spectra of GAMn,S@MCM-41 silica (3 nm) for various x. (b) PL
spectra of Zp.Mn,S@SBA-15 silica (6 nm) for various x. T =10 K.

The PLE spectra of the ZgMn,S samplesKigure 3-20 B show a distinct series of
peaks. The direct absorption of the #18d° shell causes the signals at lower energies.
They correspond to transitions from fife ground state to the higher excited stéfas
“T, and®E, “A;1. The energy positions of the Kirinternal transitions serve as a probe of
the crystal field at the Mn site. Assuming that extitorecombination processes and
the energy transfer into the Mn-system only showeakndependence onthe increase
in intensity of the internal transitions with respectth® band-gap related feature
reflects the increase of the direct absorption of3thshell of Mrf* with increasing. It
confirms that most of the Mn-ions are incorporatethenZn..Mn,S, i.e. that there is no
significant Mn-diffusion to the surface. Thus, the resdiom the X-ray absorption
measurements that the Krions are incorporated on the tetrahedrally-coordindred
sites of the ZnS lattice forming a ZMnS semiconductor, are confirmed. The
transition energies of the Mn-internal transitions approximately independentofip
to x = 0.3. The increase in intensity is only due to the irsingaoverall amount of

manganese throughout the series.
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Figure 3-20: (a) PLE spectra of GAMn.S@MCM-41 silica (3 nm) for various x. (b)
PLE of Zn.Mn,S@SBA-15 silica (6 nm) for various x. T = 10 K.

The broader excitation band at the highest energie iband-to-band transition of
the nanoparticlesHgure 3-20 a and b This signal is only observed because of the
efficient energy transfer from the band states ineN’* 3d° shell (see als&igure
2-5). The band gap shows quantum confinement, but in the dadee &Zn.\Mn,S
samples only a weak dependence on Mn concentration. STHisei to the fact that the
band gaps of bulk ZnS and MnS are very similar, 3.78 ¥ i eV, respectively
[132,133]. In the case of @gMInS nanoparticles the dependence of the band gap
energy on the doping levelis much more distinctive (see algure 3-23, because
the difference in the respective band gap energieseobitary compounds is much

higher (2.45 eV for CdS) [96, 134].

In Figure 3-21the PLE spectra of GddVing 0:S and Zp/Mngp3S confined within 3,
6 and 9 nm pores are shown. The band gap related featusetshiigher energy with
decreasing particle diametere. shows a quantum confinement effect. However, the
energy positions of the Mhinternal transitions remain unaffected by the partide, s

demonstrating again that the energy positions are onlyrndieed by the local
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tetrahedral crystal field of the Mn site (shown foe thn..Mn,S samples irFigure
3-21 b). Again, the increase in intensity can be explained leyiticreasing overall

amount of manganese, when going from the 3 nm over thet6 tira 9 nm particles.
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Figure 3-21: PLE spectra of (a) GohdVing 01S and (b) Z§Mng sS confined within 3, 6
and 9 nm pores of MCM-41 silica and SBA-15 silica, respectively.

The fact that the energy positions of the Mn-intetresitions depend strongly on
the crystal field of the Mn-site can be analysed usiegrdmabe-Sugano model [135] as
a function of the crystal-field parameteq with the Racah parameteBs= 50 meV and
C = 434 meV. InFigure 3-22the calculated energies of the excited states ofid 3d°
ion in a Ty symmetric ligand field are depicted as a functionrDgf Comparing the
calculated energy positions with the experimentallgeoked positions allows one to
deduce the crystal-field parameteg. For the 3 nm and 6 nm ZgMn,S patrticles the
best agreement is obtained f@gq=0.64 and in case of the 9 nm particles for
Dgq=0.65. For bulk ZgMny;S Dg=0.64 was obtained. Aq is indirectly
proportional to the fifth power of the anion-cation diste it can be concluded that the

Mn-S bond length in all ZnMn,S wires is comparable to that of bulk ;ZMn.S
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within about+1%. The good agreement between experiment and theorga@téioms

that the majority of the Mn-ions in the nanoparscége tetrahedrally coordinated.
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Figure 3-22: Energies of the internal transitions of frions in a § symmetric crystal
field versus the field parameter Dq using the Racah parameters B e\bGnd

C = 434meV, calculated in the framework of the Tanabe-Sugano model (sadid line
Experimental points for zrMng 1S bulk and Zg/Mny sS nanoparticles of 3, 6 and 9
nm.

Figure 3-23gives a comparison of the energy positions of the bapd gf three
different DMS nanoparticles series with differerdrdeters as a function of Mn-content
X. The quantum confinement of the excitons in the nanofest&vokes an increase in
the direct band gap of about 350 meV for 3 nm_®th,Se nanoparticles compared to
bulk. For the corresponding €dMn.S nanoparticles the confinement is only about 200
meV. In case of the 3 nm ZxMn,S the confinement energy compared to bulk is about
180 meV. The decrease of the confinement energy going(€anvin)Se via (Cd,Mn)S
to (Zn,Mn)S has two major reasons: (1) the excit@mrBradius decreases throughout
the series and (2) the corresponding bulk band gap iese&s reduces the height of
the confining potential given by the band gap differendevéxen the Si@ barrier and
(ILMn)VI semiconductor. The (Cd,Mn)S as well as tl@,Mn)S nanoparticle series

clearly show, as mentioned above, that the confineeféetts increase with decreasing
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particle diameter. For both series the energy positionthe 9 nm particles correspond

almost to those of the bulk band gaps.
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Figure 3-23. Band gaps of GdMn,Se nanoparticles (left), GdMnS nanoparticles
(middle) and Zp,MnS nanoparticles (right) of different diameters as a function of
composition x at T = 10 K. The solid lines are guide to the eye.

An interesting result is that both Cd-based systexhib@ a larger bowing of the
band gap depending on the Mn-concentration than do the pondiag bulk samples.
This agrees with results reported for (Cd,Mn)S quantura dyptLevy et al. [95], who
also showed that the exchange interaction-induced band gapgbbecomes stronger
with decreasing diameter for (Cd,Mn)S quantum dots syrséesn reverse micelles.
Such a bowing is known for various bulk wide-gap (I, MhBémiconductors [136-
139]. Bylsma et al. derived the following expression fa bland gap as a function of

temperaturd and Mn-concentratior in DMS [140]:

AT?
T+B

E,(xT)= E+AEXx - T Equation 3-3
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where Bk is the band gap energy of the binary 1lI/VI comphuAE the linear shift

towards the band gap energy of MnS and A, B andeG/arshni-parameters. The first
three terms represent the commonly used descrippbrthe energy gap of a
semiconductor compound comprising a linear shiftamposition and a Varshni-like
temperature dependence. The last term is speoif@MS and causes the bowing. It
describes a contribution due to the magnetic sy x of the Mn ions. Both, the

coupling constantC as well as magnetic susceptibiligy may be affected by the

reduction of the lateral dimensions. The couplingstantC is given by:
2 2 2 -
cu3ma +( M +§ n,],j,é’ Equation 3-4

wherem,, myy, andmy, are the conduction-band and valence-band masses andf3
are thes-d andp-d coupling parameters. As << [3 andmy,, mp > mein (II,Mn)VI, the

magnitude ofC is mainly determined bf for which Larson et al. give the following

expression [141]:

V2, 1 1
— +
No| B +Us— By E-Ey

B=-32 Equation 3-5
whereV,q andUes are hopping parameters depending on the manganése-distance
and an electron-electron interaction parametehenHubbard fashior, and Ezy are
representative energies of tpdike valence-band edge states and the Mrre8ated

valence-band states, respectively.

The p-d coupling parameteB strongly depends on the energy separation between
the p-like and d-like valence-band states (seguation 3-%. The modified positions
(compared to bulk) of thep- and d-related bands in the band structure of the
nanoparticle causes an increase ofgfieexchange interaction, resulting in a possible
contribution to the enhanced band-gap bowing inmdn@ostructures={gure 3-29. Due
to the quantum confinement, the lowest valence-batate of the CdMn,S

nanostructures may shift significantly towards Me 3d states, which are positioned
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about 3 eV below the valence-band edge of bulk matd his enhancement effect is
similar to that in bulk CdMn,Y with Y = Te, Se, S where an increaspdl

hybridization is observed with increasing band gamg from Te to S [142]. Similar
results were also reported for the correspondingseties where the main Mnd3
photoemission feature was found at 3.5, 3.6 and e3/8below the valence-band

maximum of (Zn,Mn)Te, (Zn,Mn)Se and (Zn,Mn)S, regpely [143].
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Figure 3-24: Schematic representation of the parameters cortiriguto the p-d
exchange parametg?in the model by Larson et al. [141].

The susceptibilityk itself is also affected by the reduced dimensioynain virtual

crystal and mean-field approximation, the expresfox is given by:

N, S(S+1) dua
3k, (T +O(x)

X = Xt Equation 3-6

with S= spin of the 3d electrongg = Bohr magneton an® = Curie-Weiss parameter.

Xert (Which is an magnetically effective Mn concenwati accounting for
antiferromagnetic pairing) as well &x) are modified in a nanostructure due to the

increase of the surface-to-volume ratio. The nunaferearest neighbours on the cation
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sublattice is reduced at the surface leading tinarease of the effective. This also
causes a reduction of the Curie-Weiss param@tdn a similar fashion (see also
Chapter 3.2.8 The combination of both effects results in astyer increase of with x

in the nanostructures compared to bulk.

Therefore, both the dependence of phd exchange paramet@ and that of the
susceptibility x on reduced dimensionality are in concordance wfth observed
enhancement of the band gap bowing in.&#h.S and CgMn.Se nanostructures as a
function of x. It is worth mentioning here that the former efféx probably of less
importance because a good description of the magpeiperties of the paramagnetic
phase of the (I, Mn)VI nanostructures is obtaineeeChapter 3.2.8 assuming that the
coupling between adjacent Mn-iodg (which is proportional t@?) is not altered in the
nanostructures. However, the dependence of the gapdf bulk Zp,MnS and the
corresponding nanostructured samples on the Mnestdration x seems to be an
exception from a general rule. Although bulk (Zn)Vie [136,144] as well as
(Zn,Mn)Se [137,140] exhibit considerable bowingeefs, neither the bulk ZMn.S
[145] nor the nanostructured sampled-igure 3-23exhibit significant bowing effects

with increasing x.

The signal of the band-to-band transition of theamarticles is only observed
because of the efficient energy transfer from thrdbstates into the internal KirSd®
shell (see above and alsmure 2-5. However, the mechanism of this energy transfer
in wide band gap (II,Mn)VI semiconductors — althbugnown for decades — is not at all
understood [146-149]. As demonstrated, théMons are incorporated on cation sites
of the 1l/VI hosts. The tetrahedral crystal fielitbe cation site shifts and splits theé 3
states in energy compared to the fre¢Mon. The®S ground state of the free Kirion
(which according to Hund’s rule has all five electrspins aligned in parallel, giving
rise to a total spils = 5/2) is shifted down in energy by the crystaldiand is referred
to as’A;. The first excited quartet stal@ of the free ion is split into four states which
with increasing energy are labelled according t® itheducible representation af

symmetry by*Ti, “T,, *A; and“E (all having a total spin 08 = 3/2). In wide-gap
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(Cd,Mn) and (Zn,Mn) chalcogenide compounds the céffe energy transfer is
manifested by the broad yellow luminescence bareltduthe transition from th&r,
first excited state to th&A; ground state of the Mh3d® shell. This transition occurs
although the internal optical transitions withire thl shell are in principle forbidden by
parity and spin selection rules. Various mechanifims weakening of these selection
rules have been discussed, which eventually ledthite transition probabilities and
finite lifetimes. The most likely mechanisms foetrelaxation of the selection rules are
the spin-orbit coupling, thp-d hybridization of the Mn &-states with the p-states of
the surrounding anions and the lack of inversiomragtry [83,84]. For smallest Mn-
concentrations and dominantly isolated Mn-ion cethe decay time of th&; — °A;
transition was found to be about 1.8 ms [150] aaduces into the ps range with
increasing Mn-concentration, mainly caused by theadled "concentration quenching”
[151,152]. At higher doping levels the energy can be transported between different

Mn-ion sites by a non-radiative resonant energystier process [153].

It can be anticipated that the energy transfer fitbe band states (or excitonic
states) into the Mn-internal transitions as welltlas energy transfer within the Mn-
subsystem will strongly depend on the dimensiopatf the system. Quantum
confinement of the excitons might increase the lapeof the excitonic wavefunction
with the Mn-ions in the dot and thus make the epdrgnsfer more efficient. On the
other hand, the reduction of the dimensionalityuces the number of neighbouring
Mn-ions at a given doping levelprobably leading to a suppression of the conctotra
qguenching. There are a few preliminary results glidwese lines in the literature, which
have to be considered very cautiously as the ndiatige processes at the surface will

also become more important as the dimensions ateefureduced [89,91,154,155].
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3.2.8. Magnetic properties of nanostructured DMS compounds
3.2.8.1. General discussion of the EPR data

The magnetism of atoms, molecules and solids isthas the coupling between
the spin and the angular orbital momentum of tleectedbns. The different types of
magnetism can be described as the different reladnentations of these magnetic
momentums. By reducing the size of a solid theectile behaviour of all magnetic
momentums ("macromagnetism”) passes through a ptrassition at the Curie-
temperature (for ferro- and ferromagnetic compoumgsor the Néel-temperature (for
antiferromagetic compoundsly) to an individual behaviour of single magnetic
momentums ("nanomagnetismBigure 3-25gives a schematic representation of this

process.

1
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Figure 3-25: Schematic representation of the phase transitiomfmacromagnetism
to nanomagnetism.

At what size this phase transition takes placeegeddent on the strength and scope
of the magnetic interactions, as well as on thallamymmetry. Diluted magnetic
semiconductors are ideal model systems for thestigagtion of magnetic effects at
reduced dimensions. They exhibit unusual magnetpegties, like the so-called giant
Zeeman splitting and have rich magnetic phase amgr Besides, in the case of
(ILMn)VI semiconductors the manganese serves aseéul probe, because of its half

filled 3d shell with itsS= 5/2 spin and the internal transitions.
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Undoped II-VI semiconductors & 0) are diamagnetic whereas Mn-VI compounds
(x = 1) are paramagnetic at high temperatures andbieam antiferromagnetic phase at
low temperatures. The degree of magnetic coupletgvéen the spins of the Mn-ions
depends strongly on the average distance between ite. onx. Consequently, a very
rich magnetic phase diagram as functionxodnd T arises for a typical (II,Mn)VI
semiconductor compound such as (Cd,Mn)S (Begure 3-26. Decreasing the
concentratiorx of magnetic ions in diluted magnetic 1I-VI compaigirestricts the spin
ordering effects to the lower temperature regiorveNtheless, phases determined by
collective magnetic behaviour such as antiferrorigr{AF) phases as well as a spin-
glass phase (SG) are commonly observed in addiidme paramagnetic phase (P). The
P-phase extends to lower temperatures with decigaskor example, for (Cd,Mn)S, a
(disordered) AF-phase which has a long-range spilerong occurs below a critical
temperatureTn(x) for a sufficiently high Mn-concentratiom > 0.8 (beyond the
miscibility gap). The corresponding phase transiti characterised by peaksTat in
both the magnetic susceptibility and the speciéathFor Mn-concentrations below the
miscibility gap a SG-phase is observed for tempeeat belowTsg(X). In the case of
(Cd,Mn)Te even a transition to the AF-phase has beported fox = 0.7 [156], which
means that it is still below the miscibility gaphd spin-glass phase is characterised by
an antiferromagnetic short-range ordering of thessas well as by frustration effects.
The somewhat diffuse phase transition from the mpagmetic into the spin-glass phase
leads to a peak dise(X) in the temperature dependence of the magnetaeptibility,
but no anomaly in the specific heat is observakiutron-scattering experiments have
shown that small antiferromagnetically ordered teltss already appear aboveg,
which grow in size with decreasing temperature. tAap surprising fact is that a spin-
glass phase is observable not only above the aei@ollimit (x = 0.2), but also below.
In the very low concentration range, a rather logmgge interaction is necessary, in
addition to the short-range superexchange intenacto yield a spin-glass phase. The
spin freezing temperatures below the percolationcentration are very small, for
example, between 0.1 K and 1 K for 0.01. The magnetic dipole-dipole interaction

between more distant Mhions is proposed to be the required long-rangeraation
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responsible for this spin-ordering mechanism, desgtie fact that the dipole-dipole

interaction might be too weak to cause the ordeainfinite temperatures [157].
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» formation of nn pairs -
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» short-range order,
but no long-range 0 SG S .
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Figure 3-26: Schematic representation of a typical magnetic phdmgram of a
(11,Mn)VI semiconductor.

As in bulk (1,Mn)VI materials, the integral EPRysial corresponding to the ¥
absorption has a Lorentzian lineshape in the pagaet& regime [158]. The overall
intensityly: as well as linewidtlH of the Lorentzian are very sensitive to the spims
correlations between the Kfnions. Not only changes of the magnetic order with
temperaturee.g.transitions from the paramagnetic phase to thagtass phase or from
the paramagnetic phase to the antiferromagnetiseplae reflected by the temperature
dependence oflH and |y, but also changes of the magnetic interactiongimithe

paramagnetic phase itself due to a reduction oftileeal dimensions.

The EPR spectra for (II,Mn)VI nanoparticles synibed either in reverse micelles
or inside mesoporous hosts are very similar. Agp&cal example, the EPR spectra of
CdixMn,S and ZpMnS nanoparticles withx varying from 0.01 to 0.2 or 0.3,
respectively, synthesised inside the 6 nm wide p@feSBA-15 silica are shown in

Figure 3-27 All spectra were taken at 4 K and normalisecheodame amplitude.
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Figure 3-27: EPR spectra of (a) 3 nm €@MnS and (b) 6 nm 2aMn,S nanoparticles
with x varying from 0.01 to 0.2 and 0.3, respedyivad T = 4 K.

The EPR spectra are typical for exchange-coupled®Noms in (Cd,Mn) and
(Zn,Mn) chalcogenide mixed crystals [159-161]. Téatures in the EPR spectra can be
best explained in the spectrum of the 0.01 samples. This spectrum consists of a
sextet of sharp lines with a splitting of about T tmetween neighbouring lines, each
line with a pair of satellites at lower magnetic @rbroad background, which is well
described by a Lorentzian line. The whole spectisigentred around gfactor of g =
2.00(1) in the case of the Cd-sample and g = 1i898e case of the Zn-sample. The
sharp lines and their satellites correspond td'alewed” (Ams = +1, Am, = 0) and the
“forbidden” (Ams=+1, Am = x1) hyperfine transitions of the six Zeemanispd
ms = -5/2,..., +5/2 levels (see also Figure 2-3) of i8g, (or °A1) ground state of the
Mn®* 3d-electrons. The hyperfine structure arises from ititeraction between the
S=5/2 spin of the unpairedi&lectrons with thé = 5/2 spin of théMn nucleus. The
hyperfine splitting characteristic for Mhin ZnS amounts aboutBurs= 7.0 mT
between neighbouring allowed transitions in zinodke as well as in wurtzite structure
[162]. The splitting observed in the spectrum of #gample with 1% Mn agrees well

with this value. Thédms = +1 transition energies between the Zeeman laugls +5/2
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and mg=%3/2 as well asms=+3/2 andms=+1/2 vary with changing crystal
orientation in the range of about 2 mT with respctthe ms=-1/2 to mg= +1/2

transitions [159]. Therefore, the correspondingtetsxof lines cannot be distinguished
in the spectrum of powdered samples, but theirammeg determines the width of the
six resonance lines. The spectrunxaf 0.01 is typical for Mfi” ions in the tetrahedral
environment of a zincblende crystal [159,163]. Thtise crystal structure of the
nanoparticles withx=0.01 is zincblende, which is often found for,Nh)VI

nanoclusters containing only little manganese [159]

With increasing Mn content the dipolar interactieamd exchange coupling merge
the hyperfine structure into one broad resonance Idue to the increasing
superexchange interaction between the”Mons [158,164]. This is documented best
for x = 0.3, but this broad line can already be idesdifiorx = 0.01. The spectrum for
x=0.01 is satisfactorily described by the sum of tiroad line and the hyperfine
structure of six lines. Both the broad line and ligperfine lines were assumed to be of
Lorentzian shape. With increasinghe broad background line strongly increases and
the “forbidden” hyperfine transitions become moreminent forx=> 0.1. These are
typical features of Mfi on a Cd- or Zn-site in a wurtzite crystal [158,],84hich is
also tetrahedrally coordinated, but with a strogtgaigonal distortion. Such a tetragonal
distortion gives rise to a much stronger crysteldfisplitting of the MA" ground state
compared to that in a zincblende structure. Dueh® stronger crystal field the
orientation dependent EPR spectrum in wurtzitereldeover a field range of about 150
mT [159]. In the powder average this yields a resme line, approximately 30 mT
broad. Besides the hyperfine structure describexvegba second hyperfine structure
with a larger splitting of about 9 mT can be aigtiished and gains weight with respect
to the first one at higher Mn concentrations. Tieiature is assigned to Mn loosely
aggregated at the surface of the nanostructureh@uld not be confused with Mn

incorporated into the crystal lattice in the vitynof the surface).
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Figure 3-28: (a) Normalised EPR spectra of bulk o&Mng,S and nanostructured
ZnpMng 3S in MCM-41 silica (d = 3 nm), SBA-15 silica (d =nf), SBA-15 silica (d =

9 nm); (b) Plot of intensity ratioskd/lo between hyperfine structure and full spectrum
as a function of the inverse pore diameter 1/d.

To clarify this, the spectra of ZAVingsS nanostructures with different pore sizes
were compared, as shown kigure 3-28 a All spectra were taken at 4 K, where the
hyperfine structure can be best identified in thaastructures, because with increasing
temperature it becomes more and more smeared rothelbulk sample ZrMn,S,
which was used for comparison, no hyperfine stmgctmas visible at all. The spectra
were again fitted by the sum of one broad Lorentze& and a hyperfine structure of six
Lorentz curves. All spectra can be satisfactoridgatibed in this way. The intensity,
which is proportional to the spin susceptibilitydahence to the number of spins,
corresponds to the area below the absorption cuirvs.given by the two-fold field
integration of the EPR signal, which itself reprasethe field derivative of the
absorption. The fit allows to separate the intgnsitthe hyperfine structurkyrs from
the intensity of the full spectrutg and hence to determine the relative number of'Mn
ions, which give rise to the hyperfine structufégure 3-28 b exhibits a linear
dependence of the intensity ratlprdlp on the inverse pore diameterdl1/This

corroborates the assumption that the hyperfinesitre arises from manganese spins on
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the surface of the nanoparticles instead of inteispositions, because the surface-to-
volume ratio also varies withd./For the bulk sample this is by far smaller thanthe
nanoparticles and therefore the hyperfine structargshes. The absolute value of the
intensity ratio is only about 20 % of the value,iethone would expect for the full
surface layer of approximately 0.3 nm thicknass,only 20 % of the Mn ions at the
surface are bound weakly enough to give rise tdimerfine structure. From the EPR
results we can deduce that the majority of thé'Maons is well incorporated into the
nanostructures and only a small amount remains lwdakund at their surface. This
amount of aggregated Mn-ions at the surface ofndn@oclusters corresponds to less
than 4%, 2% and 1% of the total Mn-content foe t3nm, 6 nm and 9 nm

nanoparticles, respectively.

3.2.8.2. Analysis of the Curie-Weiss parameter

The Curie-Weiss parameté of the paramagnetic phase is a measure for the typ
and strength of the interaction between the marsganens. It can be obtained
experimentally either from plots of the inverse EiRRNsityl,, " versus temperature
or from plots of the inverse susceptibiljfy* versus temperature determined by SQUID
measurements. It is found that the experimentadlgminined Cure-Weiss parameter is

usually well described usirgquation 3-7165,166].
2 -
O(x) = "3 S(SHD) X o &t e %l Equation 3-7
B

Jon @and Junn are the exchange parametet, and 2., are the number of next
neighbours and next-nearest neighbours on thenc#ditice, respectively. For both

wurtzite and zincblende crystafs, andZ’,., are 12 and 6 respectively, in the bulk.
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Figure 3-29: Temperature dependence of the inverse EPR intehsityf (a) 6 nm
CdixMn,S nanoparticles and (b) 9 nmZMnS nanoparticles.

Figure 3-29 shows exemplarily plots of the inverse EPR intgnsi;; of 6 nm
CdixMn,S nanoparticles witlx ranging from 0.09 to 0.2a) and of 9 nm ZnMn,S
nanoparticles withx ranging from 0.01 to 0.3bf as a function of the temperature.
Similar results were also obtained for all othemo®tructured samples. As in the case of

bulk (11,Mn)VI, the slope of thel : (T) curve decreases with increasing doping level
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and, at low temperatures, deviates from the Cur@s¥/behaviour giving the curves a
somewhat negative curvature. At first sight sumpgly, the Zn..Mn,S particles with
x> 0.2 do not show any indication for a phase tramsiinto a spin-glass phase, in

contrast to bulk material [167]. This result wile liscussed further, when the EPR
linewidth is analysed. Fitting the_;(T) plots in the high temperature regime (150 K to

300 K) following the Curie-Weiss dependence
It (M) ~ X' (M) ~ (T +06) Equation 3-8
yields the Curie-Weiss paramet@ras a function ox.

The corresponding plots for various particle disanelD (obtained by analysing the
corresponding EPR data) are shownFigure 3-31and show some clear trends. As
expected,d| increases with increasingin each series. Th®|values obtained for the
nanostructures are considerably lower than thasedfdn corresponding bulk (II,Mn)VI
samples. These are represented by the solid Im&gure 3-31and are calculated
using Equation 3-7 The exchange parameters are taken from thetlirer§166,168].
Moreover, in the figure, it appears that t®¢-/alues show a tendency to decrease with
decreasing particle diameter d at constar@oth effects are due to the reduced lateral
dimensions of the nanostructures. They occur becMisions on the surface of the
(ILMn)VI nanostructures incorporated inside the so@orous Si@ matrices have
reduced numbers of nearest neighbous=2" /2 and next-nearest neighbours

z2 =z [2 compared to the bulk of the material. This becomsigsificant as the

nnn nnn
surface-to-volume ratio is strongly increased i tlanostructuregigure 3-30shows a

schematic drawing of this effect.
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Figure 3-30: Schematic drawing of the reduced number of nexghheurs (z,) and
next-nearest neighboursp{f at the surface (s) and in the bulk-like (b) votuof a
nanoparticle.

The effect can be estimated by dividing the volwnef the nanostructure into a
volume \® close to the surface (where the exchange effatfer drom bulk) and a
remaining bulk-like voluma/® = V - \2. The choice of the two volumes will differ for
nearest neighbours and next-nearest neighboursidethe length scales involved.
the nearest neighbour distandg and the next-nearest neighbour distadgg, are
different. In the following the wurtzite structuie approximated by a zincblende
structure for simplicity. This is a good approximat here as only nearest and next-
nearest neighbours are considered. It hdigs= (1/2f°a anddn.n = a wherea is the
lattice constant of the zincblende lattice. las 0.55 nm for (Zn,Mn)S and = 0.58 nm
for (Cd,Mn)S [126]. These values of the lattice stant were used for ¢gvin,S and
Zn;,,Mn,S independent of in the following because its dependencexas not known
for the zincblende modification. Two limiting caskes the shape of the nanostructure

shall be considered:
(i) an ideal wire structure of infinite length adémeterd and

(i) a spherical nanoparticle with diametgrwhered is the pore diameter of the

SiO, host matrix.
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The following definitions are obtained:

o o
V., :V{l—(d Zd““J } Ve = V(l— (%J } Equation 3-9

d d

with =2 for infinite wires andd= 3 for spheres. In both cases it holds that

Vbnn =V - Vsnn andVbnnn =V- Vsnnn-

Rewriting Equation 3-7including surface effects yields [134]:

Using Equations 3-7and3-10the Curie-Weiss parameters have been calculated fo
CdixMn,S and Za.,Mn,S nanostructures assuming a wire-like and a s@iesi@pe.
The results of the calculation are also plotte&igure 3-31 In both graphs, the dotted
and dashed lines represent the results for a wieeahd a spherical shape, respectively.
In the right graph, there are three calculat@ecurves for wire-shaped and three
calculated @-curves for sphere-shaped nanoparticles. In botiessehe curves are
assigned as follows to the corresponding d-vallibs. steepest curve corresponds to
d =9 nm, the intermediate curve tb= 6 nm and the least steep curvedte 3 nm.
Comparing experimental data and theoretical cuimdgates that the theoretically
derived reduction of the Curie-Weiss parame&rdue to surface effects are, as
expected, larger for spherical nanoparticles coegh&r wire-shaped nanoparticles. The
calculated reductions are of the right magnitude,shill smaller than those found in the
experiment. Assuming spherical particles yieldstdr but yet not perfect agreement,
which is in concordance with the TEM analysis of {fl,Mn)VI nanostructures (see
Figure 3-10 b and f). It can be concluded, thatpdueicles are of elongated spherical or

ellipsoidal shape.



3.RESULTS 83

Cd, Mn S

=X X g .

200 F ok o 200
--- wire theory LB '
---- sphere theory /,77-",

150 e 150

100 < 100

(@)
o

3 nm
6 nm
9 nm

Curie-Weiss temperature ® / K
Curie-Weiss temperature ® / K

0k
! ! | |
0,00 0,06 0,170 0,15 0,20 0,0 0,1 0,2 0,3

Mn-concentration x

Figure 3-31: Plots of the Curie-Weiss temperatui@ || versus Mn-content x obtained
by analysing the EPR data of 3, 6 and 9 nm. @S nanoparticles (left) and
Zn,Mn,S nanoparticles (right). The solid line is calc@dtusing Equation 3-7, the
dashed and dotted lines are calculated using Equé&i10.

3.2.8.3. Analysis of the EPR linewidth

In paramagnetic systems such as the (II,Mn)VI sendactors, the EPR linewidth
behaviour depends intimately on the physics of th&r-manganese spin-spin
interactions. The EPR linewidth of bulk (Cd,Mn)-dafZn,Mn)-chalcogenides has been
widely studied [158,169-172]. The experimental liessgive a consistent picture, which

can be summarized as follows:

(i) In general, the EPR linewidth is found to irese with increasing Mn-content
and with decreasing temperature. The EPR linestsaperentzian for all samples

in the paramagnetic regime.

(i) The EPR linewidth depends very strongly on #meon,i.e. Te, Se and S. For
comparable Mn-contentsand temperaturg, it is found that the EPR line becomes

broader as the atomic number of the anion increfagesS via Se to Te [158,169].
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(i) There is a much weaker dependence on the tfpgon-magnetic cation. The
EPR line broadens as the atomic number of the calgrreasex.g. Zn . Mn,S
signals are somewhat weaker and broader thagMddS signals for the same

andT [169].

As a further complication in (I,Mn)VI semiconducsowith a high doping leve{,
the EPR linewidth is found to diverge at low tengtaresT due the magnetic phase
transition from the paramagnetic phase to the gfzins phase, in particular fer> 0.2,
i.e. above the percolation threshold in three dimerssidimis additional broadening of
the EPR linewidth occurs due to the divergencénefspin-spin correlation length in the
vicinity of the paramagnetic to spin-glass phasadition. It is accompanied by a

change of the EPR lineshape which becomes asynemetri

The divergence of the EPR linewidth is often actedrior empirically by adding a

contribution4Hs40f the form [172]:

C

H, =—+— i -
€T (T _ng)v Equation 3-11

where Tsq is the spin-glass transition temperatu@ejs a constant and is a critical
exponent. As already indicated in the discussiorthef magnetic susceptibility data,
none of the Zp,Mn,S and CdMn,S nanoparticle samples wikx 0.3 show signs of
the paramagnetic to spin-glass transition. This fusther corroborated by the
corresponding EPR linewidths dataRigure 3-32where the linewidth remains finite
even at the lowest temperature. The critical Mneemitrationx, above which the phase
transition occurs, corresponds to the percolativeshold for the Mn-ions on the cation
sublattice. Obviously, the percolation thresholintseased due to the reduction of the
lateral dimensions of the nanostructures and, tthes,magnetic phase transition is
suppressed. Therefore, the linewidth behaviouhénnanoparticles is solely determined

by the spin-spin interactions within the paramaignéin-subsystem.

Based on spin-spin interactions, Samarth and Fardyplained qualitatively the

experimental findings for the EPR linewidth in bulgaramagnetic (II,Mn)VI
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semiconductors in the high temperature reginge T >> Tsg) [158]. Their explanations
were confirmed on a more quantitative basis by ritgzal calculations of Larson and
Ehrenreich [173]. At high temperatures, the isatrgxchange interaction, in the sense
of motional narrowing, suppresses the broadenirteoEPR-line due to the anisotropic
interactions, dipolar and a contribution due to satibpic exchange. At low
temperatures, the nearest neighbour Mn-ions fortifiean@magnetic pairs witlgo = 0
due to the isotropic exchange interaction and @mesno longer magnetically active.
Therefore, the linewidth narrowing due to the iptay of dipolar interaction and
exchange interaction is reduced. This explainsgemeeral temperature dependence of

the EPR linewidth.

The dependence on Mn-concentration is explainedha same fashion: The
linewidth increases with increasing at low temperatures because the anisotropic
interactions become stronger as the mean distagtveebn Mn-ions is reduced. The
observed dependence on the type of group Il caaonbe explained as well along these
lines. Broadening effects for (Zn,Mn)-chalcogenides bigger than for corresponding
(Cd,Mn)-chalcogenides as the lattice constantsaualer for the Zn-based compounds.
The observed dependence of the linewidth on thenasiat first sight counter-intuitive
as the linewidth decreasase(the interactions become weaker) with decreasingnan
size. The reason is that different anisotropic -spim interactions contribute to the

linewidth and their relative importance changeswilite anion type.
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Figure 3-32: Plots of the EPR linewidth 4H versus temperature for Zn;MnS
nanoparticles of different doping levels x and diameters of 3 nm (left), 6 nm (middle)
and 9 nm (right).

Figure 3-32 depicts plots of the EPR linewidth 4H versus temperature for various
Zn;xMn$S nanoparticle samples with different doping levels x and diameters. The
temperature trends of AH for these samples can be explained qualitatively in the same
fashion as for bulk (I1,Mn)VI. At low temperatures, when nearest-neighbour Mn-ions
have dimerised to antiferromagnetic pairs, dipolar broadening dominates for the
remaining unpaired Mn-spins. With increasing temperature, an exchange-narrowing
effect is observed due to the nearest-neighbour exchange at temperatures, when the
thermal energy is sufficient to break up antiferromagnetically coupled nearest-

neighbour pairs.

In the following, the concentration dependence of the linewidth at low temperatures
(T =30K) and at high temperatures (T = 290 K) will be analysed in more detail. Figure
3-33 shows plots of the linewidth at these temperatures for Cd;.xMnS and Zn M nS
nanoparticles with different diameters. It can be seen from the left graph of the figure
that, a T = 30 K, the linewidth depends almost linearly on x. This can be understood as
follows. At these temperatures the broadening is determined by a dipolar contribution in

addition to an almost constant hyperfine contribution Hyr. Exchange narrowing effects
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due to nearest-neighbour exchanfje are negligible as basically all Mn-ions with

manganese nearest neighbours have formed antifegroatic pairs.
The linewidth at low temperature can be descritsed a
AH = Hye + Hgip = Hug + Caip - X Equation 3-18

whereHygj, is the dipolar field at the site of a Mn-ion in amefield approximation and

Cuip is a proportionality factor used as fitting paraend174].

Dipolar effects seem to be smaller for the 3 nmosamictures. Moreover an
additional constant broadening effect whose origianclear at present, occurs in these
very small nanostructures. Nevertheless, the riitthe left graph oFigure 3-33show
that the low temperature approximationdquation 3-18well describes the observed
linewidth behaviour in the nanoparticles, in parkie for the 6 nm and 9 nm samples of
both series. For the (Zn,Mn)S system, the valudgfof about 150 Oe determined for
the 6 nm and 9 nm samples corresponds to halfxtension of the six fine structure
satellites inFigure 3-27 The value for the 3 nm samples is slightly largéhe
linewidths of the CdiMnS nanoparticles show a similar dependence as the
corresponding Zn-based series, but the linewidtivigys smaller. It is worth pointing

out that, as in bulk material, this simply refletite difference in the cation size.
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Figure 3-33: (a) Left: Plots of the EPR linewidiiH as a function of the doping level x
at T =30 K for Cd.MnsS nanoparticles with different diameters. The sthes are
linear fits. Right: Plots of the EPR linewidiiH as a function of the doping level x at
T =290 K for Za.,Mn,S nanoparticles with different diameter. The lirdepict the
results of model calculations described in the .t€k) corresponding graphs for
Zn,Mn,S nanoparticles with different diameters.
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The high temperature behaviour can be explained i-geantitatively by
considering the effect of the nearest-neighboueratdtionJ,,, which determines the
linewidth behaviour at temperatures, where the Marest-neighbour pairs are broken
up. For this purpose, the Mn-ions in the nanostmecican be divided up into two

classes:
(i) isolated {s) Mn-ions without Mn nearest neighbours) and
(i) Mn-ions with one or more nearest neighbours.

Furthermore, as in the case of the discussioneoCilirie-Weiss paramete®|, the
volume of the nanostructure will be divided inteadume close to the surfad&’,, and
a bulk-like volumeV®,, (seeEquation 3-9 and the discussion will again be based on a

zincblende lattice for simplicity.

The probabilities for the occurrence of the twessts of Mn-ions as a functionof

at the surface and in the bulk of the nanostruciteegiven by:

pe=(@-X"  p}=1-p}

Equation 3-19
pe =@=x)*  pp,=1-pg
whereZ’,, = 12 is the number of nearest neighbours on ttierckattice in the bulk of a

zincblende or a wurtzite lattice agt, = 2°,v/2.

It is assumed that in both volumes the linewidthtabution AH;s of the isolated
Mn ions is well described by fits of the low temgkerre linewidth data according to
Equation 3-18 The linewidth contribution of the Mn ions with arest neighbours is
calculated in the same fashion as Reference 175put extended to account for
additional broadening effects due to anisotrop&hexge. In both regions it holds:
AH — LI? Hjip,nn :
nn H

ex,nn

R ()

ex,nn

Equation 3-20
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where Hgipnn IS the mean dipolar field for a Mn-ion with at $¢aone Mn nearest

neighbour. For the bulk-like volume, it is definast

b _ b b
(Hgpn)® = S(S+1)/J§/J§ { ! +X2{Z"” Ly B, Z“””“H Equation 3-21

dr,ds g, e,

where only the nearest neighbour%,{= 12, dn, = (1/2f°a), next-nearest neighbours
(Znn = 6, dhnn = @), and  next next-nearest neighboWsnfn = 24, dunnn = (3/2f°a) are
taken into account. In the surface regicbﬁdi(,,nn) is obtained by replacing the bulk
neighbour number® of each shell by the corresponding vattifor the surface region.
For simplicity, all the neighbour-numbersare set to half the bulk valublyr is the
constant value for the hyperfine and crystal-fiddtbadening determined at low
temperatures for each series, affd,nn and H'exnn are the anisotropic and isotropic

nearest-neighbor exchange fields. The latter isutated according to Anderson and

Weiss [175]:

i Jin .
H = 2.839— S(S+1) Equation 3-22

ex,nn .
Using | = 10.6 K for (Cd,Mn)S andlj| = 16.1 K for (Zn,Mn)S vyields an
isotropic nearest-neighbour exchange-field of abd@@000 Oe, or 90000 Oe,
respectively. The total linewidth as a function fand diameterd is calculated

according to:

AH (x,d) =V (AH p2)* + (AH ;. ph)”
Equation 3-23

+VE(AH, p)? +(BHE p3)?

For both (II,Mn)VI systemsiH?,, is the only free parameter in the calculation. Its
value is determined by the linewidth limit at higim the right graphs dfigure 3-33 It
iIs assumed that in both volumes the linewidth dbution AH;s of the isolated
manganese ions is well described by fits of the Immperature linewidth data

according taequation 3-18
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The calculations were carried out for all nanopées. In each case, they were
performed for bulk as well as for spherical andewike nanostructures. Constant

values for the anisotropic exchange figld®,, were used throughout for both materials.

In the case of the Zn-based nanostructures, theadgesement was obtained for
AH%,, = 3000 Oe, while, for the Cd-based series, thé dgreement was obtained for a
smaller values assuming 2500, 2200, and 2100 Odhf®r3, 6, and 9 nm series,
respectively. This suggests that the anisotroparast-neighbour exchange-field might
increase slightly with decreasing diameter for ¢heanostructures. For both materials,
the value is about one order of magnitude largan tine corresponding dipolar field
AHbdip,nn for x = 0.3 and in reasonable agreement with the theatdindings of Larson

and Ehrenreich [173].

The theoretical curves for €gMnS nanoparticles as well as for 14Mn,S
nanoparticles are also plotted in the right gragftfsigure 3-33 It can be seen that in all
three cases the agreement between theory and memeris best when a spherical shape
of the magnetic nanoparticles is assumed. In pdatic the linewidth decrease with
increasingx is too rapid when a bulk-like situation is consa&te The corresponding
slope is reduced by surface effects as the pratyalbddr Mn-ions with manganese
nearest neighbours is much lower in the surfacemned,, than in the bulk-like volume

VP, for 0 <x < 0.2.

In conclusion, changes of the macroscopic obsesgalel.g. the Curie-Weiss
parameter @| and the EPR linewidtlH of the paramagnetic phase of (II,Mn)VI
nanoparticles with sizes below 10 nm due to redutietknsions are observable. It
appears that the microscopic coupling between thadvls €.g.the nearest neighbour
and next-nearest neighbour exchange-constintand J,n) is not altered to a first
approximation. The macroscopic modifications arisainly due to geometrical
restrictions,.e. the number of neighbours in the various shellsiiadoa manganese ion

in the surface region are considerably reduced eo@dapto a manganese ion in the bulk



92 3.RESULTS

of the structure. This effect becomes increasingiportant with decreasing lateral

dimensions of the nanostructure.

3.2.9. Magnetic properties of nanostructured binary MnS

Apart from the careful investigation of the mangsndoped 11/VI semiconductors,
described in the previous chapters, the pure bicamgpound MnS was incorporated

into different mesoporous host structures as®well

Bulk samples of zincblende MnS and MnSengodifications) are known to be
antiferromagnets of thecp type Il with Néel-temperatures of 100 K and 70 K,
respectively. Even the stable rocksalt modificatexhibits antiferromagnetism with
Néel-temperatures of about 150 K. EPR measuremeams be used to study the
magnetic phase transitions of nanoparticles. Thénadeis based on the divergence of
the Mrf* EPR linewidth due to the corresponding decreas@dnspin-spin relaxation
time [176-179], which is correlated with the divenge of the correlation length. The

temperature dependence of the critical part ofitfesvidth can be written as

AH O ﬁ Equation 3-24
wherev is a critical exponent. This expression is somewimatlar toEquation 3-11for
the paramagnetic to spin-glass transition. In thik bamples, as expected, the linewidth
4H of the EPR signal diverges at the Néel-temperaifwrevhen approaching it from
higher temperatures, as can be seen in the tojh gifdfigure 3-34 In contrast4H of
the EPR signal of the corresponding nanopartictess ahot diverge down to the lowest
achievable temperatures of about 1.6 K, as showherbottom graph. Thus, no phase

transition is observed, for either nanostructuredSMor MnSe samples. It is worth

noting that both, the linewidtdH as well as the Curie-Weiss paramete?$ flerived

& For comparison reasons, MnSe was incorporated in ine Bores of MCM-41 silica as well.
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from inverse plots of the EPR intensity as a function of temperature, are about one order

of magnitude smaller in the nanoparticles compared with bulk.
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Figure 3-34: Comparison of the EPR linewidth of 3 nm MnS and MnSe nanoparticles
with corresponding results for a- and S-MnSand a- and /MnSe bulk samples.

The results are further corroborated by studying the evolution of the linewidth and
the inverse intensity (which corresponds to the inverse susceptibility) of the EPR signal
with increasing particle diameter. Figure 3-35 depicts corresponding results for
nanostructured MnS particles with diameters of 3, 6 and 8 nm. In agreement with the
previous figure, the EPR linewidth of the 3 nm MnS particles only shows a weak
tendency to diverge at the lowest temperature and the corresponding plot of the
susceptibility shows basically a Curie-Weiss behaviour according to Equation 3-8 in the
entire temperature range. Both clear indications that the 3 nm MnS nanoparticles are
paramagnetic down to 4 K, the lowest temperature accessible in the experiment. The
situation changes for the 6 nm and 8 nm series. Although the linewidth of the 6 nm

sample shows, like the 3nm sample, only a weak tendency to diverge at low
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temperatures, the corresponding inverse susceptibilitis stadeviate from the Curie-
Weiss behaviour at temperatures below 150 K. The 8 nm and 11n8m&hoparticles
show clear signs of a phase transition again. Theespponding EPR linewidths,AH

show a maximum at about 130 K, corresponding to the shiaihee graph for bulkar-

MnS with its Néel-temperature of 100 K. The correspondingrse susceptibilities
show a clear deviation from the Curie-Weiss behaviounvbdl50 K. Thus, it can be
concluded, that the phase transition from the paramagtethe antiferrromagnetic
phase is suppressed for nanoparticles < 6 nm and witlagicgeparticle diameter the

long range order of the magnetic moments is coming back.
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Figure 3-35: Results of EPR measurements of MnS nanoparticles with 3, 6 and 8 nm
diameter. Left: Inverse EPR intensity (inverse susceptibility) as a function of
temperature. Right: EPR linewidth as a function of temperature.

Optical spectroscopic studies prove that ofhMnS (.e. the wurtzite hcp-
modification) is present in the host/guest system® ddrresponding PL spectra only
show the so called yellow emission band centred aitah@ eV. It corresponds to the
Mn-internal transition between the first excité and the®A; ground state of the Mn

3d>-shell inAMnS. This is further confirmed by the corresponding Ph&ctra Figure

3-36 a) which show a series of transitions which are typioalMnS and correspond



3.RESULTS 95

to the transitions from th&A;(°S) ground state to the excited staf@s(*G), “T»(*G),
‘A(*G), “E(*G) and”T,(*D) (abbreviated a%T,") [84,130,180].

In the following the temperature behaviour anddbpendence on the nanoparticle
dimensions of the Mn-internal transitions in théedent MnS series will be discussed
in the context of magnetic order. As pointed ouevusly, in bulk wide-gap
antiferromagnetic manganese chalcogenides a sttonglation between the energy
positions of the Mn-internal transitions and thegmetic phase transition from the
paramagnetic phase into the antiferromagnetic phlssebserved [180-182]. With
decreasing temperature the Mn-internal transitishgt almost abruptly to higher
energies at a critical temperaturgi. In bulk material,T.i = Ty is found to be a very
good approximationTy (4-MnS) = 100 K). Assuming that this strong corr@atis also

valid in nanostructures implies:

(i) that, at low temperatures, the Mn-internal siians of the MnS series with
diameters > 6 nm (which are in the antiferromagnstate) should be shifted to
higher energies with respect to those of the 3 mmes (which are in the

paramagnetic state), and

(ii) that the energies of the Mn-internal transisoin the paramagnetic 3 nm MnS

series should be independent of temperature.

Both implications are not fulfilled as can be s&efrigure 3-36 Part @) shows a
comparison of PLE spectra detected on the yellawifescence at = 10 K for the
MnS samples with diameters of 3 to 9 nm. The péakbke spectra correspond to the
Mn-internal transitions inMnS. It can be clearly seen that the spectra mest
identical, i.e. independent of the particle diameter. In particutaere is no shift to
higher energy for any of the internal transitiomshe 9 nm sample with respect to those
of the 3 nm sample. Furthermore, the features ef Mn-internal transitions in
temperature-dependent absorption spectra of a 3 /AMNnS sample (which is
paramagnetic down to the lowest temperature) sHear ndications of an abrupt shift

at a critical temperaturé;;; = 80 K as can be seen in pan and €) of Figure 3-36
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Thus the critical temperatui;; is lower but very close to the Néel temperaflijef
bulk #MnS of 100 K. It is also worth noting that the magnitudi¢he shift AE of the
A1 — *T, transition in the 3 nm sample of 21 meV is somewhat retooenpared to
that reported for a bulk-likgZMnS film of about 30 meV [180]. The shift of the

®A1 — *Aq, °E in the nanoparticle sample is only about 13 meV.
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Figure 3-36: (a) Comparison of PLE results recorded at T=0K on the yellow
emission band offMnS nanoparticles with different diameters. (b) Temperature
dependent absorption spectra obtained from 3 nm particl@MriS in the temperature
range from 10 K (bottom spectrum) to 200 K (top spectrum). The regpectiv
temperatures can be obtained from part ¢ of this figure. The dashed lar&stime
energetic positions of the internal transitios — “T1, °A; — “Aq, “E and®A; — *T,'.
(c) Temperature dependence of fide — A, “E and®A; — *T, transitions deduced
from the absorption spectra of the 3 gaMnS particles. The dashed line indicates the
Néel-temperature of bujfgMnS.
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The spin-ordering-induced energy relaxation for a*Mon in the ground state

(S=5/2) in3MnS is given by
Egi(0 K) = (4dn— 20n) S =430 S Equation 3-25

At sufficiently low excitation densities an excit&gingle) Mri* ion can be assumed
to be placed in an unchanged mean spin field afhfiuring MA* ions. For the spin-
ordering-induced energy relaxati@®,(0) of such an excited M ion in one of the

lowest energy stateS'(= 3/2) one derives fgf-MnS
Eex(o K) = (4\]’]nex_ 2\]’]nnex) S Slz4\11nexs S' Equatlon 3'26

where J,,”* and J.nn © denote the various exchange interaction paramétsgeen the
considered excited M ion and a nearest neighboured or next-neareshieiged

Mn®* ion in the ground state.

The measured total spin-ordering-induced shift hef various excitation peaks,

4E = (Eex- Egr)1=0 - (Eex~ Egr)7=Ten, i then given by

AE =4S (30 S — 3*S) = 2S (hn S — IS
Equation 3-27
=250 — 153,

Equation 3-27ndicates that the observed shift of the Mn-indétransitions af ¢
is to a first approximation determined by a locagmetic ordering effect. In particular,
it can be seen that in the case/®MnS a non-zero shift is still anticipated even if
nearest-neighbour coupling only is accounted fdvis Tneans that the length scale of
magnetic ordering definindci; is much smaller (less than a magnetic unit chdintthe
length scales (several magnetic unit cells) ofiting-range magnetic order definiig,
which is detected in the EPR experiment by the rgmece of the spin correlation
length. In bulk MnS (where the magnetic unit cellsmall compared to the lateral
dimensions of the crystal) even the long-range reagmrder is basically determined
by the local magnetic orderinge. site symmetry, because of the high symmetry and

periodicity of the lattice and because no additi@oastraints due to shape and surfaces
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are present. This leads T@i: (bulk) =Ty (bulk) although the relevant length scales are
different. The additional constraints due to thedumed dimensions lift this quasi-
degeneracy and results Ty (nano) << Tyt (nano) as observed for the 3 nm MnS
particles where the diameter approaches the egtensi a magnetic unit cell. In
summary, the results indicate that the long rangdearomagnetic coupling between
the Mrf* spins in the MnS nanoparticles can be stronghpmessed because of their
reduced dimensions, in agreement with the resulistlee corresponding DMS
Zn;,,Mn,S and CgMn,S nanoparticles described @hapter 3.2.8However, the local
coupling of a MA* spin to the neighbouring spins (expressed by #aast neighbour
and the next-nearest neighbour coupling constdntand J.n) is approximately the
same as in bulk. This is somewhat expected as there change of the average local

site symmetry in the MnS nanopatrticles compardautk MnS.

3.2.10.Conclusions

In Chapter 3.2the successful syntheses of various semicondumiarpounds
within the pores of different mesoporous matenaigh varying pore diameters were

shown.

Powder X-ray diffraction proved the preservationtbé host compounds and
showed that the formation of the respective gueshpounds had taken place
preferentially inside the respective pore systernirojen physisorption measurements
indicated the slow filling of the pores and thetalison of the cylindrical pore geometry
due to incorporated nanoparticles. TEM investigatdso proved the preservation of
the host structures and gave a first hint of eltedyapherical (or ellipsoidal) particles

inside the pores.

The conversion of the acetates to the sulphidespn@sed by IR spectroscopy and
the crystallinity of the nanoparticles was demaaisil via Raman investigations. The
latter also proved the existence of elongated qestiinside the pore systems. The

doping of the binary semiconductor with #nwas proved by X-ray absorption
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spectroscopy which also revealed the local strecaround the randomly distributed

manganese inside the II/VI compound is of a distbfVinS" geometry kind.

Optical photoluminescence measurements showedejendence of the band gap
on particle size and doping levelFinally the magnetic properties of the nanostmexd
DMS compounds were investigated via electron pagaeiic resonance spectroscopy.
A dependence of the EPR linewidth and the Curies@/parameteid| on the size and
the doping levelx in the nanoparticles was observed for all DMS dampThe
antiferromagnetic-paramagnetic phase transitidvm® was found to be suppressed for
particle smaller than 6 nm. Although the long raaggferromagnetic coupling between
the Mrf* spins is suppressed, the local coupling of &™Mpin to the neighbouring

spins remains unaffected by the reduced dimensibtiee MnS nanoparticles.
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4. Summary

Mesoporous materials have opened new pathways Mer formation of
nanostructured host/guest compounds. At first ligitdered mesoporous materials
with pore sizes of about 3 nm were accessible tiivaihe M41S family with either
hexagonal (MCM-41) or cubic symmetry (MCM-48). Bging different amphiphilic
structure directing agents such as triblock copeflg{Pluronic®) hexagonally ordered
mesoporous materials containing large pores walmdters up to 10 nm or more could
be synthesised (so called SBA-15). Fine tuningpiwe size of SBA-15 from 5 to 30
nm is possible just by varying the synthesis temjpee, according to literature. The
synthesis of nanostructured guest compounds wéahmmesoporous matrix was at first
interesting only due to possible application of bust/guest compounds in the field of

catalysis.

The preparation of nanoparticles and the carefudlystof the unusual physical
properties has also become a mayor field of rebefarcchemists and physicists. Rare-
earth and transition-metal doped II-VI semicondustoand semiconductor
nanostructures are especially of interest becausehar optical and magnetic
properties. Magnetic semiconductors and semicoondutanostructures are possible
candidates for spin aligners and spin injectorBifare spintronic devices. The family
of I1..Mn VI compounds are a subgroup of the so called diluteagnetic
semiconductors (DMS). These DMS materials haveeghgonsiderable interest due to
their unusual magneto-optical properties. The radncof the lateral dimensions of
magnetic semiconductor nanostructures does signilic affect their magnetic
properties. An understanding of the magnetism diticed dimensions is essential for
device miniaturisation. The magnetic propertiea @ \MnxB nanoparticle — similar to
the optical properties — strongly depend on tiséridution of the manganese within the
nanoparticle and thus on the synthesis proceduost bf the procedures to obtain 1D-
or 2D-nanostructures,e. quantum dots and quantum wells, require non-dxwiin

growth conditions, which can be realised by molacileam epitaxy under ultra high
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vacuum. In order to fabricate 3D quantum wires ¢bsiest way is to start with two-

dimensional quantum wells and to use a subseqt&hing procedure.

The utilisation of mesopores as a kind of "nanai@d is a relatively new
approach for the synthesis of highly ordered arcdysell size-defined nanostructures.
In a comparatively simple synthesis approach namicfes with well-defined diameters
are accessible only by choosing a mesoporous rakteith the "right" pore size.
Furthermore, the hexagonal order of MCM-41 and SEAsilica provides the
possibility of growing quantum wires inside the wohals. The incorporation of
semiconductors into the pores is also promisinghtt effect, that the silica wall
structure of the host materials with its large bgag@ then serves as a barrier between

single particles or wires.

In this work the successful formation of several ®Nhaterials inside various
mesoporous host matrices is shown. For that puypliféerent high quality mesoporous
silicas were synthesised. Because of the posyiltditobtain nanostructured quantum
wires inside the respective pore systems, hexalyormabered structures of the
MCM-41 and SBA-15 kind were chosen as hosts forite-pore formation of the
DMS nanoparticles. Later on it became obvious thotigat the formation of nanowires
inside the pore systems was not successful. Instpadicles with an elongated
spherical or ellipsoidal shape were formed. Withwger X-ray diffraction the
hexagonal order of the silica was proved. The aliffion patterns of the pristine host
structures could all be indexed according to a geral phase. The peaks at diffraction
angles #>2° indicated a high degree of long range ordenis was further
substantiated by TEM analysis. Over several hurgdretl nanometres a perfect
hexagonal arrangement of the pores was clearliglgisPhysisorption showed the high
specific surface areas of the respective materizdgpending on the pore size, surface
areas of over 10004y could be obtained. From the sorption experiménés pore
diameters of the host compounds were calculatetyubie well established algorithm
of Barrett, Joyner and Halenda. Although this tlgaorderestimates the pore diameters

in the small mesopore range of about 1 nm, it alolme comparison of different pore
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sizes and revealed that all host materials hacowapore size distributions with well-
defined maxima at 3, 6 and 9 nm. With these higirlyered and pore size defined
materials available, reasonable host structures tf@ intra-pore synthesis of
nanoparticles can be synthesised. The followingstigation, regarding the dependence
of the physical properties of the nanostructuresheir size, could now be carried out

within a very defined size range.

The successful incorporation of the respective Ddd#pounds was shown by
X-ray diffraction, TEM and physisorption. The ddfition patterns revealed the
preservation of the mesoporous host matrices evefier a several
incorporation/conversion cycles. The absence dkgpathigher angles@ndicated that
no bulk material had formed and that the formabéthe DMS compounds had taken
place preferentially inside the respective poreéesys. This was also apparent from the
TEM pictures: the hexagonal arrangement of the aras still clearly visible and no
bigger particles were lying on the outer surfaagrtfiermore it could be seen from the
TEM pictures with a cross sectional view of thethingest compounds that the particles
inside the pores are of an elongated sphericallips@dal shape. The sorption studies
also revealed the remaining mesoporosity of theptesrand showed that the specific
surface area was decreasing with each impregnediongrsion cycle. The remaining
pore diameter remained nearly the same as in tkgngr mesoporous material but the
total number of freely accessible pores was foumdbé decreasing with every
impregnation/conversion step. This was an indicatar a blocking of the entrances of

the pores with the nanoparticles which were forimesdle the pore system.

The conversion of the acetates, which were theirsgamaterials, to the sulphides
was demonstrated by IR spectroscopy. The correspgrizhnds of the C=0 valence
vibration (1420-1580 cij in the spectra had completely vanished in théstiied
product. Raman spectroscopy proved the good cliyglof the nanoparticles and
showed a red-shift of the peak positions with desirey particle diameter due to

guantum confinement. By analysing the lineshapth@fLO-phonon with the model of
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Campbell and Fauchet the shape of the nanopartidss- as already indicated in the

TEM pictures — found to be of an elongated sphkoicallipsoidal shape.

X-ray absorption spectroscopy revealed that no rpirsulphides were formed
inside the pore systems and the nanoparticles weally doped with randomly
distributed manganese, resulting in a,Mn.S kind of structure. The local structure
around the localised Mhions was found to be of a distorted "MnS" geomeB§R
measurements also showed, that:aMn,S structure was formed and that the crystal

structure is wurtzite fox > 0.01 for all samples.

PL measurements were carried out to investigateogiteal properties of the
nanostructured DMS particles. The internal Mn titaotss were analysed with the
Tanabe-Sugano-model, which revealed that the drgstacture of the nanoparticles
was comparable to that of bulk crystals. The baaqul rglated feature in the PLE spectra
showed an increasing blue-shift with decreasingtigdar size due to quantum
confinement. For the GdMn,S nanopatrticles the blue shift was found to belmiua
200 meV, for the ZpMn,S it was about 180 meV. The largest shift of al®ad meV
was found for 3 nm GdMn,Se particles. Also an increased band gap bowing was
found for the nanoparticles of €Mn,S and Cd.Mn,Se, whereas no bowing was
observed for the 2nMn,S particles. This effect could be explained bydbpendence
of the p-d exchange parametgrand the susceptibility on the reduced dimensions in

nanoparticles and was found to be consistentdratitire.

The magnetic behaviour of the DMS compounds wassitigated with the analysis
of the EPR data. It was found that the suscepibif and the Curie-Weiss
parameter@| are strongly affected by the reduced lateral dsiwns of the
nanoparticles (< 10 nm). Here, a better agreeméhttheoretical values was obtained,
if a wire-like structure of the nanoparticles waswamed. However a perfect agreement
was not observed, hence, it can still be presurnatthe particles are of an ellipsoidal
shape. The microscopic coupling between the Mn-(ers. the nearest neighbour and
next-nearest neighbour exchange-constdptsand J.n,) though was not found to be

altered. The observed macroscopic modificationddcbe explained by to geometrical
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restrictions in the nanoparticles: the number agmgours in the various shells around a
manganese ion in the surface region is considerablyced compared to a manganese
ion in the bulk of the structure. This effect wasirid to become increasingly important

with decreasing lateral dimensions of the nanotirec

Furthermore a suppression of the paramagnetic tifemomagnetic phase
transition was found for MnS nanopatrticles withefal dimensions < 6 nm. While the
long range antiferromagnetic coupling between the*Mspins was found to be
suppressed,e. Ty — 0, the local coupling of a Mh spin to the neighbouring spins
remained unaffected by the reduced dimensions ef MnS nanoparticlesi.e.

Terit. (nanoparticle)= Terie. (bulk).
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5. Zusammenfassung (German summary)

Mesoporose Materialien haben ein neues Feld fir &gnthese von
nanostrukturierten  Wirt/Gast-Systemen  geotffnet. hfeordnete  mesopordse
Substanzen mit Porendurchmessern von circa 3 nrdemuzuerst in der Familie der
sogenannten M41S Materialien hergestellt. Versamnedflussigkristalline Phasen der
verwendeten Strukturdirigenten flhrten zu hexago(MICM-41) oder kubisch
(MCM-48) geordneten Systemen. Durch die Verwendanderer Amphiphile, wie
Triblock-Copolymeren (Pluronf), konnten hexagonal geordnete Porensysteme mit
Porendurchmessern von bis zu 10 nm hergestellt emer@ei diese sogenannten
SBA-15 Phasen lal3t sich der Porendurchmesser dgeshignete Variation der
Synthesetemperatur zwischen 5 und 30 nm "frei" telilem. Die Synthese von
nanostrukturierten Wirtsverbindungen innerhalb Blesoporen einer Wirtsmatrix war
zunéchst nur in Hinblick auf spatere katalytiscligeBschaften der fertigen Wirt/Gast-

Verbindung interessant.

Die Herstellung von Nanopartikeln und die sorgdati Untersuchung ihrer
ungewohnlichen physikalischen Eigenschaften ist niele zu einem grof3en
Betatigungsfeld von Chemikern und Physikern geward&VI Halbleiter, die mit
Seltenerd- oder Ubergangsmetallen dotiert sind] siagen ihrer speziellen optischen
und magnetischen Eigenschaften von besonderenessterMagnetische Halbleiter und
Halbleiternanostrukturen konnten spater in der ri8pnik" Einsatz finden.
Verbindungen des TypsiiMnVI bilden die Klasse der sogenannten magnetisch-
dotierten Halbleiterdiluted magnetic semiconductpiBdMS). Diese DMS Materialien
haben in der letzten Zeit wegen ihrer speziellergmato-optischen Eigenschaften
Aufmerksamkeit erregt. Die Miniaturisierung derelalen Dimensionen von DMS-
Nanostrukturen wirkt sich deutlich auf ihre magsetten Eigenschaften aus. Das
Verstandnis dieser magnetischen Eigenschaftemgr elerartig verkleinerten Struktur
ist von fundamentaler Bedeutung fur die Miniat@nsng von Bauteilen. Die
magnetischen Eigenschaften eines,MnS Nanoteilchens, &hnlich wie auch seine

optischen, hangen stark von der Verteilung des Masgnnerhalb des Nanopartikels
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ab. Darauf hat auch die Art der Synthese maflgehlidinfluz. Herkbmmliche 1D-
oder 2D-Nanostrukturen, sogenanmpeantum dotsund quantum wells werden im

Ultrahochvakuum mittels Molekulstrahl-Epitaxie hestellit. Um 3D-Strukturen in
Form von "Quantendrahtenantum wirep herzustellen, wird normalerweise von
einer 2D-Struktur ausgegangen, die dann mit einete8hnik in eine 3D-Struktur

umgewandelt wird.

Die Verwendung von Mesoporen als grol3enlimitierernfiéini-Reaktor” ist eine
relativ. neue Methode fir die Synthese von hochgexiesh Feldern von
grolRendefinierten Nanostrukturen. In dem vergleighse einfachen Syntheseansatz
werden die unterschiedlichen GroRen der Nanopéartkarch die Wahl einer
mesopordsen Matrix mit der "richtigen" Porengro@alisiert. Aul3erdem bieten die
hexagonal geordneten Porensysteme von MCM-41 unéd-18B die Mdoglichkeit
Quantendrahte innerhalb der Poren herzustellenwésren bieten die Silica-Wande
der Wirtstrukturen den Vorteil, da3 sie mit ihrerofgen Bandliicken als eine Art

Barriere zwischen den einzelnen Partikeln oder feratvirken.

In dieser Arbeit wurde die erfolgreiche Synthesetersthiedlicher DMS
Materialien innerhalb verschiedener mesoporésertritdirices gezeigt. Zu diesem
Zweck wurde zunachst mesopordses Silica hoher Quaynthetisiert. Wegen der
Moglichkeit Quantendrahte innerhalb des jeweiliggarensystems zu erhalten, wurden
fur die Synthese von Nanopartikeln innerhalb derséofmren die hexagonalen
Strukturen von MCM-41 und SBA-15 Silica verwendete hexagonale Ordnung der
Poren wurde mittels Rontgenpulverdiffraktometriewlasen. In den jeweiligen
Diffraktogrammen konnten alle Reflexe einer hexadem Phase zugeordnet werden.
Die Reflexe im Winkelbereich voné2> 2° zeigten die hohe langreichweitige Ordnung
der Poren an. Letzteres wurde auch in den TEM Aufren deutlich, in denen eine
hexagonale Ordnung der Poren tber mehrere hunderdometer deutlich erkennbar
war. Aus Physisorptionsmessungen konnte eine huotexe Oberflache der Materialien
errechnet werden. Je nach PorengroRBe konnten @dfeefi von Uber 10007y

realisiert werden. Aul3erdem wurde nach der Thearie Barrett, Joyner und Halenda
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der Porendurchmesser der Wirtsstrukturen besti®mivohl es bekannt ist, daf dieser
Ansatz Porendurchmesser im unteren Mesoporenbeangichngefahr einen Nanometer
zu klein berechnet, ist er doch vorziglich geeignet Vergleiche verschiedener
Durchmesser anzustellen. Alle untersuchten Widksiren zeigten schmale
Porendurchmesserverteilungen mit gut definiertexxivia von 3, 6 und 9 nm. Die so
synthetisierten und charakterisierten mesoportsetefidlien stellten hervorragende
Wirtstrukturen fir die Synthese von Nanopartikeimerhalb der Poren dar. Die
folgenden Untersuchungen in bezug auf die Groeémapbkeit der physikalischen
Eigenschaften der Nanopartikel konnten nun innerh@ihes sehr gut definierten

GroRRenbereichs durchgefiihrt werden.

Die erfolgreiche Einlagerung der unterschiedlicBdnS Materialien wurde mittels
Rontgenpulverdiffraktometrie, TEM und Sorptionsmeggen gezeigt. Die
Diffraktogramme zeigten auch nach mehreren Einlaggsschritten noch den Erhalt
der hexagonalen Ordnung der jeweiligen Wirtstrukdum. Auch zeigte das vollige
Fehlen von Reflexen bei hoheren Winkelf @n, daR® kein bulk-Materfalauf der
aulBeren Oberflache gebildet wurde und die Synthése DMS-Verbindungen
ausschlieR3lich innerhalb der Poren stattgefundéte.hBiies wurde wiederum auch aus
den TEM-Aufnahmen deutlich: die hexagonale Anordnuaer Poren war weiterhin
deutlich erkennbar und keinerlei groR3ere Partikgéh auf der &ulReren Oberflache. Des
weiteren konnte man bei einem Blick auf den Quearscder Poren erkennen, dal3 die
eingelagerten Partikel eine elongiert-sphéarischer @dlipsoidale Form aufwiesen. Die
Sorptionsmessungen zeigten ebenfalls an, dafl awdh men verschiedenen
Einlagerungsschritten noch Mesopordsitat vorhandenund die innere Oberflache der
Wirtstrukturen nahm mit jedem Einlagerungsschriditer ab. Die Porendurchmesser
blieben nach den jeweiligen Einlagerungen fast gleichen wie in den reinen
mesopordsen Materialien, allerdings nahm die Andahlfrei zuganglichen Poren mit
jedem Einlagerungsschritt ab. Dies konnte als Hiswlarauf gedeutet werden, daf3 die

in den Poren gebildeten Nanopartikel die Eingangden Poren blockierten.

& Der Begriff "bulk" beschreibt im internationalen Sprachrgabh die kompakte Form eines Stoffes.
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Die Umwandlung der als Edukte verwendeten Acetateden Sulfiden wurde
mittels IR-Spektroskopie bewiesen. Die zugehérigddanden der C=0
Valenzschwingung (1420-1580 &jnin den Spektren fehlten im fertigen Produkt glli
Mit Hilfe von Raman-Spektroskopie konnte die gutastllinitat der DMS-Partikel
gezeigt werden und die aufgrund von GroRenquaniizieauftretende Rotverschiebung
der Peak-Positionen. Durch Analyse des Liniengafér LO-Phononbande nach dem
Modell von Campbell und Fauchet konnte — wie awdtos aus den TEM-Aufnahmen
ersichtlich — gezeigt werden, dal3 es sich bei dagetagerten Nanopartikeln um

elongiert-spharische oder ellipsoidale Teilchendedtn

Durch Rontgenabsorptionsspektroskopie wurde efigibhtdal3 es sich bei den
eingelagerten Nanoteilchen tatsachlich um doti¢eimare Strukturen der Formel
A1 xMnS handelt und keine binaren Verbindungen gebildetien. Die lokale Struktur
um die einzelnen Manganionen entsprach einer were'MnS"-Geometrie. EPR
Messungen zeigten weiterhin, dal3 die Kristallsuuldler A.MnS Nanopartikel fur

x> 0.01 Wurtzit ist.

Photolumineszenz-Messungen wurden durchgefuhrt, w® optischen
Eigenschaften der nanostrukturierten DMS-Teilcheruatersuchen. Die Energien der
internen Manganubergédnge wurden mit Hilfe des Tesflgano-Modells untersucht
und es wurde ein dem bulk-Material &hnliches Klifgtid in den Nanostrukturen
gefunden. Die aus den PLE-Spektren bestimmte Bekelizeigte aufgrund von
GroRRenquantisierung eine  zunehmende Blauverschgebunmit abnehmendem
Teilchendurchmesser. Fiur die GWMnS Nanopartikel wurde eine Blauverschiebung
von ungefahr 200 meV gefunden, fur die;nS Nanopartikel lag der Wert bei
ungefahr 180 meV. Die grof3te Verschiebung von uiigeB50 meV wurde fur die
3nm Cd..MnSe Partikel gefunden. Des weiteren wurde eine detst
Bandlickenverbiegung flr die Nanopartikel von . @dn,S und Cd.Mn,Se gefunden,
wahrend fur die ZnMn,S Partikel keine solche Verbiegung beobachtet wubies
konnte durch die Abhéngigkeit dpsd Austauschparametefsund der Suszeptibilitg
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von den reduzierten Dimensionen in Nanopartikelklaer werden und war in

Ubereinstimmung mit der Literatur.

Die magnetischen Eigenschaften der DMS-Partikeldemruntersucht, indem die
EPR-Daten analysiert wurden. Es wurde eine destlicBeeinflussung der
Suszeptibilitaty und des Curie-Weiss-Paramete®q durch die verkleinerten lateralen
Dimensionen der Nanopartikel (< 10 nm) festgestdflierbei wurde eine bessere
Ubereinstimmung mit theoretischen Werten festgiestetnn eine draht-ahnliche Form
der Nanostrukturen angenommen wurde. Eine perfékbereinstimmung gab es
allerdings auch hier nicht und es kann weiterhigemommen werden, dal’ es sich bei
den Partikeln um ellipsoidale Strukturen handels ®urde gefunden, dal3 die
mikroskopische Kopplung zwischen den Manganionéso(die Kopploungskonstanten
fur die nachsten und Ubernachsten Nachldasrund Jnnp) nicht verandert wird. Die
beobachteten makroskopischen Veranderungen kondigch die auftretenden
geometrischen Einschréankungen in den Nanopartikettért werden: Die Zahl der
Nachbarn in den unterschiedlichen Schalen um eingsliaion an der Oberflache eines
Nanopartikels ist deutlich geringer, verglichen mihem Manganion im bulk-artigen
Volumen eines solchen Partikels. Es wurde gefundefi, dieser Effekt zunehmend

wichtig wird, je kleiner die lateralen Dimensionges Nanoteilchens werden.

Des weiteren konnte ein Unterdriickung des antifeagnetisch-paramagnetischen
Phasentubergangs fur MnS-Nanoaprtikel mit Durchnmassé nm festgestellt werden.
Wahrend diese langreichweitige antiferromagnetisd¢t@pplung der MA™-Spins
unterdriickt wurde, alsBy — 0, blieb die lokale Kopplung eines KfrSpins mit einem
benachbarten Spin unberthrt von den verkleinerteimebsionen der MnS-

Nanopartikel, als@cri. (Nanopartikely= Ter. (bulk).
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Hazar dous chemicals

Information on potential hazards caused by the chemicatkinghis work according to

the European Union classification.

hazard

2 3
compound category® R phrase Sphrase
cadmium acetate dihydrate Xn 20/21/22 22
45-46-
cadmium sulphide T 20/21/22- 26_33@’7/39'
36/37/38
hexadecyitrimethyl Xn, N 22-36/38 26-39-61
ammoniumbromide
hydrochloric acid C 34-37 26_33@’7/39'
hydrogen selenide TF 12-26 1_9_12'533'36'
. 9-16-28-
hydrogen sulphide TF,N 12-26-50 36/37-45-61
manganese sulphide 36/37/38 26-36
tetraethyl orthosilicate Xi 10-20-36/37
tetramethyl ammoniumhydroxide T 25-34 26_33@’7/38'
zinc acetate dihydrate 24/25

1 C: corrosive F': extremely flammabjeXi: irritant; Xn: harmful to healthh N: dangerousfor the
environmentT: toxic, T™: highly toxic

2 R10: flammable R12: explosive when mixed with oxidizing substan&20: harmful by inhalation
R21:harmful in contact with skirR22:harmful if swallowedR25:toxic if swallowed R26:very toxic by
inhalation;, R34: causes burnsR36: irritating to eyes R37: irritating to respiratory systemR38:
irritating to skin R45: may cause canceR46: may cause heritable genetic damag&0: very toxic to
aquatic organisms

% S1: keep locked upS9: keep container in a well-ventilated plac816:keep away from sources of
ignition; S22:do not breathe dusS24:avoid contact with skinS25:avoid contact with eyess26:in
case of contact with eyes, rinse immediately with plenty ofr\satd seek medical advic&28: after
contact with skin, wash immediately with plenty of ... (tspecified by the manufacturpi$33:take
precautionary measures against static discharg&36: wear suitable protective clothings37: wear
suitable glovesS38:in case of insufficient ventilation, wear suitable respiratagquipment S39: wear
eye/face protectiqr545:in case of accident or if you feel unwell, seek medical adwimediately (show
the label where possible$61:avoid release to the environment. Refer to special instrudsiafiesy data
sheets.



