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Foreword

Professor loan Ardelean was born in 1942, Craciunesti, Maramures.

He graduated Babes-Bolyai University Cluj-Napoca in 1966. Between 1967-1968
he worked as physicist at Machine building plant in Resita. Since 1968 Prof. Ardelean
worked at Babes-Bolyai University first as physicist (1968-1975) and later as scientific
researcher (1976-1994). Prof. loan Ardelean earned his PhD in Physics in 1979
under the guidance of Prof. I. Pop. Between 1995-2011 he held the position of
professor at the Faculty of Physics, Department of Matter Physics and Advanced
Technologies.

His activity continued and in 2012 he was granted the title of honorific consulting
professor.

Understanding the importance of modern directions in material science, he
introduced new courses. Professor loan Ardelean presented the following courses:
Physics and Technology of Oxide Materials, Amorphous Solid State, Magnetism
and Magnetic Materials, Nondestructive Defectoscopy, Crystalline, Vitreous and
Oxide Electronic Materials. In the framework of Master of Science Programme he
has been involved in teaching advanced courses in Ceramics and Vitreous Materials,
Special Oxide Glasses, Complements on Solid State Physics, Modern Technologies
for Synthesis Advanced Materials. At doctoral school presented lectures on Modern
Methods in Solid State Physics. In the position of PhD coordinator he supervised
25 doctoral theses in the field.

The scientific activities of Prof. loan Ardelean were directed particularly on synthesis
and study of structure and physical properties of new oxide materials with
vitreous structure and the study of vitro-ceramics with 3d transition elements.

Prof. loan Ardelean obtained significant scientific results concerning synthesis of
materials, physical properties of new materials, the nature of magnetic interactions,
local environment effects, the connection between local structure and magnetic
properties, spin and ordered structures in glasses and ceramics. The scientific results
of Prof. loan Ardelean were published in 550 papers, 253 being in ISI quoted journals.
Around 40 papers were published in Proceeding of International Conferences. The
scientific results of Prof. loan Ardelean are frequently cited in literature (around
1000 citations), particularly for their rigorous presentation of new results related
to the properties of new materials.



FOREWORD

His theoretical and experimental researches as well as his pedagogic experience
were fructified into a series of books focusing on physical properties of solid state.
Professor loan Ardelean published also four scientific books, and six book frequently
used by the students in area of their courses. These are remarkable for their accuracy
and clarity as well as scientific level.

Professor loan Ardelean is member of many Romanian ( Romanian Physical Society,
Romanian Society of Biomaterials, Romanian Society of Magnetic Materials, Romanian
Society of Materials) and international (European Physical Society, Balkan Physical
Society, International Society of Crystallography) scientific societies of physics and
materials physics.

He has done extensive research in management sciences, holding several management
positions in university (Chairman of Research Council at the University "Babes-Bolyai"
between the years 1998-2006) and in different national structures (member of CNCSIS
committee no. 1 Mathematics and Natural Sciences; Expert at CNCSIS and ARACIS).
Professor loan Ardelean has extensive experience in the management of national /
international scientific projects, gaining over 60 scientific contracts and grants.

He was Director of Physics Institute loan Ursu and Deputy Director of the Centre
of Excellence "Science and Technology of Advanced Materials" certified by Romanian
scientific authority CNCSIS in 2006.

Professor loan Ardelean is member of the Editorial Board of some Romanian Journals
(Studia Universitatis Babes-Bolyai Physica, Annals of the Timisoara University and
Oradea University-Series Physics) and Reader to a series of international scientific
journals such as: Materials Chemistry and Physics, Journal of Applied Physics, Physica
Status Solidi, Physics and Chemistry of Glasses, Applied Physics Letters, Physica B,
Modern Physics Letters B, etc.

Professor loan Ardelean has been awarded by Romanian Academy, University Babes-
Bolyai (9 diploma and professor emeritus in 2012), University of Oradea (Doctor
Honoris Causa). He was involved in scientific programs with University of Aveiro
(Portugal), University Wurzburg, J. Gutenberg University Mainz (Germany), University
Tokai (Japan) and Technical University Wien (Austria). He was invited to sustain
plenary presentations at many national and international meetings and conferences.

Today, at seventy years old, Prof. loan Ardelean is surrounded by researchers
which continue his scientific activity.

Professor Aurel POP, Ph.D.
Dean, Faculty of Physics, Babes-Bolyai University
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XPS STUDY OF METHEMOGLOBIN ADSORPTION ONTO
GLUTARALDEHYDE FUNCTIONALIZED BIOACTIVE GLASS AT
DIFFERENT IONIC STRENGTHS

ZS. BENYEY?, E. VANEA?, C. GRUIAN, V. SIMONY "

ABSTRACT. In this study, the surface sensitive spectroscopic method X-ray photoelectron
spectroscopy (XPS) was applied to obtain information on methemoglobin adsorption
onto sol-gel derived 45S5 bioactive glass surface in solutions of different salt concentra-
tions. The adsorption behavior was also followed by Brunauer-Emmitt-Teller (BET)
surface area and pore volume evaluation, before and after protein adsorption. It was
found that a low salt concentration has a beneficial effect on the methemoglobin
adsorption.

Keywords: biomaterials; surface functionalization; protein adsorption; XPS.

INTRODUCTION

When biomaterials interact with a biological medium, they immediately
come in contact with the proteins of the biological fluids. This interaction with the
proteins further determines the material affinity for the biological medium [1, 2].
The need to understand protein adsorption to solid surfaces increases with the
need for developing new biomaterials. The adsorption process is very common;
almost all surfaces get relatively fast coated with proteins when they interact with
a biological medium. But despite being common the process is by far not trivial or
completely understood. Protein adsorption on biomaterials is influenced by a
great variety of factors and differs for each type of protein and substrate [3, 4].
One of the influencing factors of protein adsorption is the ionic concentration of
the liquid the protein is dissolved in [5], and implicitly the ionic strength. This is
why it is important to study the behavior and the amount of protein adsorbed onto
the surface of a sol-gel derived 45S5 bioactive glass. The biocompatibility of this
bioactive glass led to an extensively investigation for its use as implant materials
to repair and replace diseased or damaged bone [6].

! Babes-Bolyai University, Faculty of Physics & Institute of Interdisciplinary Research in Bio-Nano-
Sciences, Cluj-Napoca, Romania
* Corresponding author: viosimon@phys.ubbcluj.ro
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Horse methemoglobin is considered as a model protein in this study,
because it is mostly similar to human methemoglobin, but is more common [7].
Hemoglobin is found in the red blood cells, having a role in wound closing and
healing [8]. As structure and properties horse methemoglobin is a medium sized
(around 66 KDa) globular protein incorporating four polypeptide subunits. Each of
these subunits incorporates a heme group. The heme group’s metallo organic center
contains iron, coordinated by four N ligands, in its oxidized Fe*' state [9, 10].

To further foster the protein adsorption, the bioactive glass surface was
silanized with 3-aminopropyl-triethoxysilane (APTS) and afterwards treated with
glutaraldehyde (GA) as protein coupling agent [11, 12].

Protein adsorption is driven by an entropy gain arising from the release
of surface adsorbed water molecules and salt ions as well as from structural
rearrangements inside the protein [13]. This means that the ionic concentration of
the solution can determine what part of the proteins interacts with the substrate. It
was shown that this also influences damping distance of the electric potential [14].
With higher ion concentrations, the length of the electrostatic interactions gets
shorter. This has a positive effect on protein adsorption only if the protein and the
substrate have the same charge, otherwise the protein adsorption is somewhat
hindered [15].

Considering all the above presented issues, this study aims to investigate
adsorption of horse methemoglobin on glutaraldehyde functionalized bioactive glass,
in solutions with two different ionic strengths: low (10 mM of NaCl) and high (500 mM
of NaCl).

For this purpose X-ray photoelectron spectroscopy was used to determine the
guantity of protein adsorbed onto the bioactive glass surface. X-ray photoelectron
spectroscopy (XPS) is a suitable technique for such investigations, because of its
capability to accurately measure the elemental composition of the top 10 nm of
any surface. The strength of XPS consists on its ability to quantify the surface elemental
composition, being well suited to evaluate the adsorption of proteins and other
biomolecules. This is due to a number of factors including the range of elements
that can be analyzed and due to the fact that the analyzed depth is larger than the
thickness of most adsorbed proteins, enabling the detection simultaneously of both
the substrate and protein [16].

Single point Brunauer-Emmett-Teller (BET) surface area and pore volume
were also determined in order to evaluate the protein adsorption.

MATERIALS AND METHODS

The bioactive glass matrix used in this study was prepared using the sol-gel
method, mimicking the molar concentration of the original Bioglass® 45S5 [6]: 45% SiO,,
24.5% Na,0, 24.5% Ca0 and 6% P,0s. The precursors used were tetraethoxysilane (TEOS),
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Ca(NO;),.4H,0, (NH,4),HPO, and Na,COs. After gelation the sample was aged at room
temperature for 30 days, followed by a heat treatment at 310°C for 1 hour to remove
solvents and organic components left in the matrix.

The as prepared bioactive glass was surface functionalized according to [11,
12]. First the silanization process was carried out by immersing the glass in aqueous
solution (0.45 mol/L) of 3-aminopropyl-triethoxysilane (APTS) for four hours. The pH
of the solution was adjusted to 8 (using HCl 1M) and the temperature was kept at
80 oC. After silanization the sample was washed with deionized water, than functionalized
with glutaraldehyde (GA) [CH,(CH,CHO),] (1mol/L) for one hour, followed by rinsing
in deionized water.

For protein adsorption GA functionalized bioactive glass powder was
immersed in horse methemoglobin solution for 4 hours. The horse methemoglobin
solution was prepared with phosphate-buffered saline solution (pH 7.4, 2 mg/ml)
using two different salt concentrations (10 mM NaCl and 500 mM NaCl). For both salt
concentrations the amount of horse methemoglobin in the solution was of 25 mg/ml.

To remove the unattached protein from the surface, the samples were
washed three times in buffer solutions and then lyophilized.

XPS measurements were carried out on a SPECS PHOIBOS 150 MCD system
equipped with a monochromatic Al-Ka X-ray source (1486.6 eV), a hemispherical
analyzer, a charge neutralization device and a multichannel detector. The samples
were immobilized on the sample holder with help of a double sided carbon tape.
During the experiment the X-ray source operated with a power of 250 W, while
the pressure in the analysis chamber was kept in the range of 10°- 10™ mbar.

The binding energy scale was referenced to C 1s (C—C and C-H) peak at
284.6 eV. Elemental composition was determined from survey spectra for each
sample, over a binding energy range of 0 — 1200 eV. The average of ten survey scans
was acquired at pass energy of 100 eV and resolution of 1 eV/step. High-resolution
spectra of C 1s, N 1s and O 1s were average of twenty scans acquired with constant
pass energy of 30 eV and 0.05 eV/step resolution.

The CasaXPS software was used to carry out the data analysis. Shirley
background was selected for all curve-fitting, along with the Gaussian/Lorentzian
product form (70% Gaussian and 30% Lorentzian). Quantitative analysis of the spectral
data (surface chemical compositions, expressed as relative atomic concentration (at %))
was obtained from the peak-area ratios.

The surface area and pore volume were determined by measuring nitrogen
adsorption/desorption at 77 K with Qsurf Series M1 surface area analyser, on the
basis of Brunauer, Emmet and Teller (BET) method. The measurements were performed
using one point BET method with 30% N,, 70% He gas mixtures. The reported
values are averages of three distinct measurements.



Zs. BENYEY, E. VANEA, C. GRUIAN, V. SIMON

RESULTS AND DISCUSSION

To evaluate the adsorption of methemoglobin on the bioactive glass surface,
XPS measurements were performed on the as prepared bioactive glass (BG), after
functionalization with glutaraldehyde (BG-GA) and after immersion in protein solution
in low and high salt environment.

Using the survey spectra (Fig. 1) the elemental composition of the top 10 nm
of the samples can be precisely determined. The as prepared bioactive glass contains
oxygen, silicon, calcium, phosphorus, sodium as expected from the preparation and
also small amounts of carbon. The carbon appears on all surfaces exposed to air and
can be used to calibrate the charge compensation of the samples [17]. The atomic
concentration was calculated with CasaXPS software. From these data (Error!
Reference source not found.) the evolution of the elements on the surface of the
glass can be followed.

O1s

ails

Intensity (a.u.)
N
RZp

N 1s
Ca2p

Cis
Si2p

(e)
(d)

(c)

(b)

1200 1000 800 600 400 200 O

Binding Energy (eV)
Fig. 1. XPS survey spectra of BG (a), BG with GA (b), lyophilized horse methemoglobin (c),
and BG-GA after immersion in protein solution with 10 mM NacCl (d)
and 500 mM NaCl (e) respectively.

(@)

After silanization and GA treatment, the concentration of the carbon
peak increases significantly, also a small nitrogen concentration appears. These
are consequentially accompanied by a small decrease in the other components of the
BG, meaning that a successful surface modification was achieved. Methemoglobin
contains mostly carbon, oxygen and nitrogen [Table 1]. The high concentration of
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carbon and nitrogen in both samples immersed in methemoglobin solution proves
protein attachment, fact supported by the close C to N ratios in both samples compared
to the lyophilized protein. Although from both salt concentrations protein attachment
is evident, the effect is more pronounced for the buffer with lower salt content. Both
carbon and nitrogen peaks appear almost twice in concentration compared to the
samples obtained from high salt solution.

Table 1. Elemental composition of bioactive glass before and after surface modification
with methemoglobin in 10 mM and in 500 mM NaCl buffer solutions

Elemental composition (at %)
Sample Si |[Ca| P |Na| C (0] N S |Cl
BG 326 | 5 [23|1.4] 56 | 53 - - |-
BG-GA 18 [2.9]15]| - [405]|336| 34 | - |-
MetHb - -] - - 164.8]18.4]16.7 (0.1 -
BG-GA MetHb (10 mM NaCl) 58 |21 1 [0.1]581|21.4]115| - |-
BG-GA MetHb (500 mM Nacl) 10 [35] 3 |26 38 | 33 |77 ] - |2

The high resolution spectra give information about the chemical states of
the elements. The C 1s core-level spectra (Fig. 2) recorded for protein loaded samples,
compared to the bare sample evidence more intense and asymmetric peaks, confirming
the presence of new types of carbon bonds [18, 19]. The deconvolution (Fig. 3) of
the carbon core level spectra presents for the non-functionalized substrate one
peak at 284.6 eV, corresponding to C-C and C-H bonds for the contamination from
the air, as well as one at 289 eV representing the carbon from carbonate that still
remains from the precursors in the bioactive glass. For the functionalized and protein
covered samples the peak from the carbonates disappears. Additional components
arise for the protein containing samples as well as in the protein itself: at 287.5 eV
and 285.6 eV attributed to NH-CHR—CO and —C(=0)-NH2 respectively. Because of the
charging effect the peaks have a shoulder at lower binding energies (around 281 eV).

The N 1s core level spectrum (Fig. 4) shows no nitrogen present in the bare
bioactive glass matrix. The N1s deconvolutions (Fig. 5) of the protein containing
samples show two main components around 400 eV and 397.8 eV, which can be
attributed to nitrogen in organic matrixes, related to C-N bonds [20]. A smaller peak
appears around 395 eV, which appears for protein itself and protein adsorbed
from low salt solution.

The O 1s core level spectra (Fig. 6) show a tendency to shift to lower binding
energies in the protein containing samples on the account of the oxygen recorded for
pure methemoglobin. The peaks around 533 eV correspond to the oxide matrix,
while the oxygen present in proteins is situated around 531 eV, suggesting thus
that for the protein loaded sample the O 1s photoelectrons correspond significantly
to peptidic oxygen from proteins [21].

9
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Intensity (a.u.)
2 °

295 290 285 280 275
Binding Energy (eV)
Fig. 2. XPS C 1s high resolution spectra of BG (a), BG with GA (b), lyophilized horse

methemoglobin (c), and of BG-GA after immersion in protein solution
with 10 mM NaCl (d) and 500 mM NacCl (e) respectively.

Intensity (a.u.)

300 295 290 285 280 275
Binding Energy (eV)

Fig. 3. Deconvolution of XPS C 1s high resolution spectra of BG (a), BG with GA (b),
lyophilized horse methemoglobin (c), and of BG-GA after immersion in protein
solution with 10 mM NaCl (d) and 500 mM NaCl (e) respectively.

The BET specific surface area and pore volumes are listed in Table 2. The BET
surface area of bare bioactive glass was 98.6 m’g”, 106 m°g™ for the GA functionalized
BG; the surface area increased significantly after protein adsorption to 133.2 m’g™
and 121.7 m’g™ for the samples prepared with low and high salt content, respectively.
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Fig. 4. XPS N 1s high resolution spectra of BG (a), BG with GA (b), lyophilized
horse methemoglobin (c), and of BG-GA after immersion in protein solution
with 10 mM NaCl (d) and 500 mM NaCl (e) respectively.
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Fig. 5. Deconvolution of XPS N 1s high resolution spectra of BG with GA (b),
lyophilized horse methemoglobin (c), and BG-GA after immersion in protein
solution with 10 mM NaCl (d) and 500 mM NaCl (e) respectively.
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Fig. 6. XPS O 1s high resolution spectra of BG (a), BG with GA (b), lyophilized horse
methemoglobin (c), and of BG-GA after immersion in protein solution
with 10 mM NaCl (d) and 500 mM NaCl (e) respectively.

Table 2. Specific surface area and pore volume recorded
before and after methemoglobin adsorption.

sample BET surfzasle area | Pore volume
(m’g™) (ml/g)
BG 98.6 0.46
BG-GA 106.0 0.38
BG GA MetHb (10 mM Nacl) 133.2 0.22
BG GA MetHb (500 mM Nacl) 121.7 0.23

The pore volume decreases once the surface is loaded, this effect being even more
pronounced for the sample immersed in low salt protein rich solution. Specific surface
area and pore volume measurements suggest a larger amount of adsorbed protein in
the case of low salt concentration, which expose a larger surface and enhance the
surface porosity.

CONCLUSIONS

XPS has shown to be well suited for quantifying adsorbed hemoglobin on
the bioactive glass sample. The XPS experimental data clearly show that both the
high and low salt concentration buffer can result in horse methemoglobin adsorption

12
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onto glutaraldehyde functionalized bioactive glass. However, it was found that the
lower salt concentration had a beneficial effect on the adsorption. Both carbon
and nitrogen peaks from samples immersed in the lower salt buffer solution are
almost double of those that were immersed in high salt concentration buffer. These
results are supported also by the values obtained for specific surface area and pore
volume before and after methemoglobin adsorption on bioactive glass surface.
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STRUCTURAL AND ELECTRICAL PROPERTIES OF
|n5.5+be1_5_3xW2x012 SOLID SOLUTION

L. BIzo?!

ABSTRACT. Inss,,Sb; 5.3,W,,04, solid solution (0 < x < 0.45) has been synthesized
and studied from point of view of structural and electrical properties. The latter
exhibits an ordered oxygen-deficient fluorite structure with an ordered cationic
distribution. The p = f (T) curves corresponding to the the four compositions less
rich in W(VI) - x < 0.20 - shows a resistivity slightly affected by increasing
concentration of W(VI). From composition x = 0.25 a significant increase in electrical
resistivity was observed, namely one order of magnitude for x = 0.25 compared
tox = 0.2 (pr=2x 10" and 2 x 10” Q.cm, respectively). The presence of antimony,
even in low concentration, allows to obtain high levels of electrical conductivity.

Keywords: transparent conductors, solid solution, indium rich oxides, X-ray diffraction,
Rietveld refinement, electrical properties.

INTRODUCTION

Transparent conducting oxides (TCOs) have become an important topic in
the field of optoelectronics and numerous investigations have been carried out
recently on these materials, in order to discover new n-type or p-type transparent
conductors [1-3]. Besides the famous ITO indium-rich oxide, which crystallizes with
the bixbyite structure, another oxide was identified for the composition 1n;Sn;0;,
with M;04, type structure. Introduction of antimony in the M;0,, structure and
the existence of a positive effect on the electrical conductivity have been previously
demonstrated. Sb°* can be introduced without difficulty into M,0,, structure of
InsSn304, until the formation of the antimonate Ins5Sb; 504, [4]. We know that the
stability of M;0,, structure of In,,,Sns.,Sb,04, solid solution is strongly affected as the
antimony content increases, leading in fact to its transformation into a bixbyite type
structure. The electrical conductivity appears to benefit from the introduction of Sb*".
Taking into account the existence of tungstate IngWO,, previously reported [5-7] which
shows the significant stabilizing effect due to the introduction of W*® in a M,0y, structure,
INs 54, Sb1.5.3W>,,04, solid solution were prepared [8]. The aim of the paper is to
study this solid solution from point of view of structural and electrical properties.

! Babes-Bolyai University, Faculty of Chemistry and Chemical Engineering, 11 Arany Janos Str., 400084 Cluj-Napoca,
Romania, lbizo@chem.ubbcluj.ro
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EXPERIMENTAL

The different compositions (0 < x < 0.45) studied in the series Ins s,,Sb1 53, W,,01,
were prepared by solid state reactions from mixtures of pure In,0;, SnO,, WO; and
Sb,0; in alumina crucibles heated in air. At first the mixtures were heated at at
600 °C in order to ensure the full oxidation of Sb(lll) into Sb(V) and than succesive 12h
annealings followed by air quenching were performed. After each annealing step, air
guenching and regrinding was performed. Laboratory XRPD data for phase identification
and Rietveld refinement were collected using a Panalytical X’'Pert diffractometer
(CoKal radiation) equipped with an X’Celerator detector. The laboratory powder data
were refined with the Fullprof programme [9]. Resistivity data were measured with
the four probe method on pellets sintered in air at 1300 °C using a PPMS (Physical
Properties Measurements System) device.

RESULTS AND DISCUSSION
Homogeneity range and structure calculation

According to the experimental procedure described above, new compositions
of solid solution Ing,»,Sn3.3W, 01, were obtained. Their diffractogrammes are all very
similar and also isotypic to InsSn301;, confirming the existence of a complete homogeneity
range of this solid solution (0 £ x £ 0.45). In the case of Inss.Sb15.3,W,,01, solid
solution the presence of Sb** greatly facilitates the formation of M0, structure to
the point that a final temperature of 1200 °C is sufficient to obtain a total reaction
of precursors. Since this temperature is not enough to ensure a correct sintering
of samples prepared for electrical resistivity measurements, we have decide to
systematically perform an additional annealing at 1300 °C.

Table 1. Cell parameters (A) and volume (,&3) of the hexagonal cell
of solid solution Ins 5.xSby 5.3,W,,01, after 1200 et 1300°C.

Comp. x 0 0,05 0.1 0.15 0.2 0.25
a(R) 1200°C  [9.4545(2) [9.4533(2) [9.4571(2) [9.4595(2)  |9.4627(2)  |9.4637(2)
1300°C  |9.4545(2) |9.4582(2)  [9.46(2) 9.4629(2)  [9.4645(2)  [9.4686(2)

c(A) 1200°C  [8.921(2) |[8.9247(2) [8.9315(2)  [8.9328(2)  [8.9355(2)  |8.9361(2)
1300°C  [8.921(2) [8.9249(2) [8.9287(2)  [8.9304(2) [8.9307(2)  |8.9345(2)

V(AS) 1200°C  |691.1 691.21 692.3 692.75 693.43 693.62
1300°C |691.1 691.94 692.5 693.06 693.32 694.21

Comp. x 0.3 0.35 0.4 0.45 0.5 -

a(A) 1200°C 9.4655(3) |9.4678(2) 9.4733(2) 9.4751(2) 9.483(2) -
1300°C 9.4695(2) (9.4736(2) 9.4717(2) 9.4761(2) 9.483(2) -

c(A) 1200°C 8.9373(3) (8.9362(2) 8.9396(2) 8.9408(2) 8.9428(2) -
1300°C 8.9346(2) (8.9375(2) 8.9354(2) 8.9395(2) 8.9428(2) -

V(A3) 1200°C  |693.98 694.23 695.3 695.66 696.97 -
1300°C  |694.35 695.18 694.75 695.7 696.97 -
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Table 1 presents the values of cell parameters, a and ¢, and volume V of
the hexagonal cell obtained after XRPD refinement and Figure 1 shows the variation
of these data in terms of x.
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Figure 1. Variation of the hexagonal cell constants in the solid solution
INs.5:xSb1.5.3W,,01, after heating at 1200°C (black) and 1300°C(red).
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An isotropic and overall linear property was observed (Figure 1). Regarding
the influence of final preparation temperature, beyond perhaps atypical fluctuations
observed for some compositions, the treatment at 1300°C results in sistematic
and sligth increase of the value of a (0.005 A) compensated by a decrease of the ¢
value, which fades as x increases. The absence of significant variations in the cell
volume, especially for values of x < 0.25 where the two-phase nature of the product
obtained at 1300 °C has been established, were observed. The overall increase of
volume V is well correlated with the variation of mean cationic radius during the
coupled substitution 3Sb>* = 2W°® + In**, from 0.60 to 0.67 A.

Comparison of diffractogrames for samples prepared at 1200 °C and 1300 °C
(Figure 2) results into the following observation: for the richest antimony compostitions
(x £ 0.25) an extra phase is formed at 1300 °C. This phase was identified to a bixbyite
type oxide, eventually doped with antimony and (or) tungsten, which is in a significant
concentration, more than 5%.

14000

12000 -
10000 -
8000 — q

6000 —

Intensity (a.u.)

4000 +

2000

Figure 2. Comparison of diffractograms for x = 0.15 composition of Ins 5.,Sb; 5.3,W201
solid solution after heating at 1200°C (lower) and 1300°C (upper). The arrows
shows the extra phase positions after heating at 1300°C.

Structure calculations have been performed by Rietveld analysis of
diffractogrammes in a series of nine compositions. We have considered the two
final treatment conditions conducting to two separate sets of structure calculations,
corresponding to 1200_°C and 1300 °C, respectively. The structural model of 1n;Sn30,
was used [10], S.G. R3 with two sets of cationic positions 3(a) and 18(f) and three
sets of oxygen 18(f), in the corresponding hexagonal cell. The structural results

18



STRUCTURAL AND ELECTRICAL PROPERTIES OF Ins 5.xSb 5.3¢W501, SOLID SOLUTION

including atomic positions and cations distributions gives informations regarding
the cationic distribution in the 3(a) and 18(f) sites. The best structure calculations
always correspond to total preferential localization of tungsten in octahedral 3(a)
site, and cation which accompany W*® in this site is Sb>*. As expected on the basis
of its larger size, In** occupies the distorted sevenfold coordinated site 18(f). For all
compositions convergence was obtained without difficulty, leading to values of Rg
always close to 5.

For samples prepared at 1200 °C the presence of In,0; was detected
throughout this series of calculations. The results shows a percentage of bixbyite
extra phase still below 4% (wt.). Thus the temperature of 1200 °C must be probably
the limit temperature of stability in air of this solid solution. A further treatment at
1300 °C, necessary in order to prepare the pellets for electrical measurements, reveal
the formation of a significant amount of bixbyite phase on a large compositions range
(x < 0.35). We give as an example the detailed results for the composition x = 0.2,
Ins ;W ,4Sbo 9015, in terms of atomic parameters (Table 2) and calculated and observed
diffractograms (Figure 3 and Figure 4).

Table 2. Atomic parameters of composition Ins; SbggWq.401,
after heating at 1200 °C and 1300 °C.

Formula Ins 7SbooWo 401, Ins5.7Sbo.oWo.401,
1200°C 1300°C
Cationic site 3(a)
60 % Sb and 40% W B(A)> 0.86(7) B(AY) 0.86(7)
Cationic site 18(f) X 0.2509(2) X 0.2509(3)
95% In and 5 % Sb y 0.2148(2) y 0.21524(2)
z 0.3530(3) z 0.35295(3)
B(A)> 0.73(3) B(AY) 0.41(4)
X 0.1866(14) X 0.1838(19)
y 0.1554(26) y 0.1581(30)
0, site 18(f) z 0.1142(13) z 0.1127(15)
B (A 2.4(3) B(A®) 1.9(3)
X 0.1995(20) X 0.1968(25)
y 0.9742(21) y 0.9778(26)
0, site 18(f) z 0.3958(11) z 0.3884(15)
B(A)Y? 2.4(2) B(A?) 1.9(3)
Rg=2.7 Rg=4.6
Reliability R,=11.4 R,=13.4
factors Rup=12.3 Rwp=14.0

The results of structure calculations for all compositions prepared at 1300°C
are presented nextly in conection with electrical resistivity measurements. As deduced
from the examination of corresponding diffractogrammes, the presence of an bixbyite
extra phase type is certain. First of all this data is critical in order to understand
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the results of electrical measurements and to receive more information on the
comparison of different aspects concerning both crystal chemistry and TCO properties
of bixbyite and M0, type oxides.
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Figure 3. Observed (dots), calculated (lines) and difference XRPD pattern of Ins ;Sbg oW 401>
treated at 1200°C. Vertical bars indicate the positions of the reflections of the title phase
(upper) and In,03 (lower).
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Figure 4. Observed (dots), calculated (lines) and difference XRPD pattern of Ins;Sbg e W(.401,
treated at 1300°C. Vertical bars indicate the positions of the reflections of the title phase
(upper) and In,05 (lower) [8].
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The crucial point which shows the difference between the two heating
temperatures is concerned by the percentage of the M,0,, and bixbyite phases,
respectively. Table 3 presents the results of calculation of these percentages for
the nine compositions after heating at 1300°C. There is no doubt that the M,0,
phase is always in a large majority, but is accompanied by a significant amount of
bixbyite phase, around 30% for the richest antimony compositions (x < 0.15). The
percentage of bixbyite is at least 15% for 0.2 < x <0.3 compositions. Only poor

antimony compositions (x = 0.40 and x = 0.45) contain a small amount of bixbyite
phase, around 5%.

Table 3. Percentage of M,0;, and bixbyite phases in Ins 5,,Sb; 5.3,W,,01, solid solution
after heating at 1300°C (the precision of percentage values is 1%).

Comp. x |0.05 0.1 0.15 0.2 0.25 |0.3 0.35 0.4 0.45
M50, 73 71 68 83 85 86 91 94 95
1300°C

Bixbyite (27 29 32 17 15 14 9 6 5
1300°C

Electrical measurements

We present here the results of electrical resistivity measurements carried out
in the field of temperatures 5-320 K, on pellets treated at 1300 °C. Figure 5 includes
the p = f(T) curves of the nine compositions of Ins s,,Sb; 5.3,W,,01, solid solution.

10'= = WO.1

W 0.5

w07
° Wos
* W09

p (ohm.cm)

T L e e N
0 50 100 150 200 250 300 350
T(K)

Figure 5. Electrical resistivity(Q.cm) versus temperature(K) in
N5 5:,Sb1 5.3,W,,O1, solid solution after heating at 1300°C [8].
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The overall increase of electrical resistivity of the Inss.,Sb; 5.3xW,,01, solid
solution as antimony content decreases, more specifically as Sb (V) is replaced by
the pair 2/3 W(VI ) + 1/3 In(lll), takes place in two distinct steps corresponding to
the following compositions range, x <0.20 (WO, 4) and x > 0.20:

- compositions x < 0.20 (W0.4): p = f (T) curves corresponding to the the
four compositions less rich in W (V1) shows a resistivity slightly affected by the higher
concentration in W (VI) . The value of py is close or less than 10 Q.cm (in the range
8x 107 -2 x 102 Q.cm, depending on x).

- compositions x > 0.20 (W0.4): a significant increase in electrical resistivity
from the composition x = 0.25 (WO0,5), namely one order of magnitude compared
tox=0.2 (pr=2x10"and 2 x 10 Q.cm, respectively), was observed.

In order to establish if the increase of resistivity is due to the introduction
of increasing amounts of tungsten, two samples of W doped In,0;, IWO 2% and
IWO 3%, were prepared and their electrical resistivity were measured on pellets
treated at 1300°C. Figure 6 shows an increasing resistivity values for IWO 3%, close to
one order of magnitude if compared to IWO 2% and pure In,0s. There is no doubt
that the introduction of W(VI) in Inss,,Sb; 5.3,W,,01, solid solution has a negative
influence on the electrical conductivity. However, a permanent semi-metallic behaviour
(Figure 6), including the highest levels of tungsten, is maintaining. Comparison of
electrical resistivities in relation to the presence of Sb(V) in indium rich oxides is well
illustrated in the case of electrical properties observed for IWO and Ins s,,Sb; 53, W,,01,
solid solution (Figure 7). We have grouped the p = f (T) curves of IWO 2% and 3%
compositions, as well as compositions x = 0.05 and x = 0.1 of the Inss,Sb1 53, W01,
solid solution which correspond to very close content of W(VI), 1.4 and 2.9%,
respectively.

o IWO 3%
~ 1074
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G 0000
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Figure 6. Electrical resistivity(Q.cm) versus temperature (K) for IWO(2%),
IWO(3%) and In,0s.
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The degradation of the electrical conductivity due to the introduction of
increasing amount of W(VI) differs significantly in relation to the presence of Sb(V): in
the bixbyite structure, in the absence of Sb(V), the increasing of electrical resistivity is
much higher than in the presence of Sb(V). The values of resistivity are at least one
order of magnitude higher when the doping rate of tungsten in In,0; is changing
from 2 to 3%. A comparable increasing in the level of W(VI) in Ins 5,,Sby 5.3,W,,01, solid
solution translates into a very small increase of resistivity, not exceeding one tenth
order of magnitude. Moreover the temperature dependence of IWO is practically
semi-conducting instead of semi-metallic in Ins 5,,Sb; 5.3, W01, solid solution.

10° 5
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10" YYVYYYYYY
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o ©00000000000000000
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10° | E— T | E— T —
0 50 100 150 200 250 300 350
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Figure 7. Electrical resistivity (Q.cm) versus temperature (K) for IWO(2%), IWO(3%) and
compositions x=0.05 (W1.42) and x=0.1(W2.85) of Ins s,,Sb; 5.3, W01, solid solution.

CONCLUSIONS

INs 54Sb1.5.3W,,O1, solid solution was studied from point of view of structural
and electrical properties. The structural results shows an ordered cationic distribution.
An overall increase of electrical resistivity of the Inss,,Sb1 5.3,W»O1, solid solution,
as antimony content decreases, was observed. Regarding the introduction of W°®*
in the presence of Sb>" in Ins 54,Sb1 5.3,W,,01, solid solution can be emphasized:
presence of Sb>*, even in low concentration, allows to obtain high conductivity
levels and to minimize the induced insulating property of an "d" element with the
maximum degree of oxidation, as W(VI). We estimate that the exercise of this
physical property is directly dependent on the notable chemical property of Sb(V),
namely his ability to a partial reduction in degree (lll), always effective for treatments
in air at 1300 °C.
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EMPLOYER MOBILITY NETWORK REVEALED FROM
SOCIAL SECURITY DATA

N. DERZSY?

ABSTRACT The topology of employer networks is analyzed and reported. The
networks are generated by the employee mobility and are constructed for 7
consecutive years (2001-2007) based on a social security data from Romania. The
networks for each year in particular exhibit similar characteristics: scale-free degree
distribution function, small average path length and high clustering coefficient.
The scale-free nature of the degree distribution function validates the presence of
preferential attachment between employers. The results prove that these economic
networks are of Barabasi-Albert network type.

Keywords: complex system, econophysics, scale-free network

INTRODUCTION

The end of the twentieth century's research condensed around the study
of complex systems. Physicists got involved in research topics on complex systems
from various fields, applying statistical physics methods and models aiming to
understand their structure and dynamics. Many physicists chose to study systems
of economic nature, like trade relations, economic transactions, wealth distributions,
company interdependencies, etc. These researches lead to the development of
econophysics, a new interdisciplinary research field. In this period of global financial
crisis this topic is of great interest for everyone who is preoccupied with understanding
the behaviour of these systems and wants to speculate their future outcome.
Econophysics researchers try to understand their structure and governing mechanisms
aiming to create models that can reproduce the topology and offer the possibility
to analyze dynamical processes on these systems. This way the prediction and control
of economic systems can be attained. The past few years of research offered
numerous results enlightening characteristics that indicated that these systems are
not random and unpredictable. This encouraged further investigation in economics
by using statistical physics approach. Results revealed certain universal laws that these
systems obey, irrespective of the geographical region the analyzed data come from.

! Babes-Bolyai University, Faculty of Physics, 1 Kogalniceanu Str., 400084 Cluj-Napoca, Romania,
noemi_derzsy@yahoo.com
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Another interdisciplinary field that evolved in this period is the field of Random
Networks. This research field studies complex systems through their underlying
network structure. In the beginning period of network study it was believed that
all complex systems are governed by randomness and have homogeneous structure
with approximately same number of edges. Pal Erdds and Alfréd Rényi were the ones
who created a network model based on this assumption [1]. Research made on real
complex systems from various fields, for example biology [2], internet connection [3],
scientific collaboration [4], revealed that this model does not reproduce realistically
certain features of real networks. Their structure were not homogeneous, contrarily,
it was observed that nodes organize themselves into highly connected groups, so
called clusters. In real systems another phenomenon was observed that could not be
reproduced by the Erd&s-Rényi network model. Few nodes in the network possess a
very high number of links (hubs), while the majority of the nodes have only a few
connections. Barabdsi Albert-Laszl6 and Albert Réka proposed a new network model
aiming to complete the shortcoming of previous models. Their model defines a
graph with scale-free degree distribution function, high clustering coefficient and small
average path length. The key ingredient is the preferential attachment in network
evolution, a phenomenon neglected in previous models. Based on the preferential
attachment rule, hubs are generated in the system leading to heterogeneous structure.
This scale-free model is also called after its founders Barabdsi-Albert network
model [5]. So far, this model reproduces best the topology of real networks, whether
it’s an artificial or natural system and ensures the most accurate data on the study
of the system’s structure.

The Networks approach is helpful in understanding a complex system's
structure and behaviour from various fields. It also had an important impact on research
on economic systems, as well. Studies focusing on complex systems of economic nature
are based on the analysis of the underlying network structure, for example the study
of the underlying network structure of buyer-supplier relationships [6]. Even more, it
is an efficient method for modelling processes on economical complex systems such
as bargaining [7], agent trading [8-10] or stock market price prediction [11].

DATA AND AIMS

The goal of the present paper is to study a real social security database
from Romania that contains information about a complex economic trade system
from the Cluj district. The data set contains monthly information regarding employers
with head-offices registered in Cluj district and their employees for years 2001-2007.
This is a codified social security data set that offers unique possibility to study a real
and complete complex economic system by analyzing its underlying network structure.
The annual employee mobility networks are generated for each year (2001-2007)
in particular and their topological properties are also studied. The data set results a
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bipartite network from which two independent networks derive: employee network
and employer network. The employee network can be constructed with nodes being
the employees and a connection is established between two individuals whether they
have worked for the same employer in the same period for at least one month. This
network offers the possibility to study professional connections between individuals
and study the information flow at workplace. A popular research topic is the study
of virus spread, and since people spend most of their time at work interacting with
colleagues, this network study could describe patterns that the virus spread follow
based on contacts between fellow workers. Unfortunately, the database contains
large firms with several hundreds of employers and companies with more than
one working points. In case of large firms with hundreds of employees it is merely
possible that they all know each other or to all get in contact with each other.
Likewise, employees working at firms with several working points will probably
not have the chance to interact at work, thus connecting such individuals to each
other would not result a truthful network. Also, no data is available regarding working
points within a firm, so a connection that would realistically reflect professional
relationships between two employees cannot be made. The present paper focuses
only on the study of the employer network. This network is constructed by nodes
being the employers and a connection is established between two nodes whether
an employee changes its workplace from one to the other. Thus the connection is
realized by the mobility of employees, similarly to the Erasmus student mobility
network study, where the connections between universities were established by the
mobility of their students within the Erasmus framework [12]. While the employee
network is a social network showing interaction of individuals at workplace, the
employer network is of economic nature reflecting firms' connection through their
workers. One can construct several networks from this large database depending
on the direction of the links that are considered. The direction is established by
the employee mobility: the source node is the previous employer and the target
node is the individual's new employer. Based on the direction of the links, two kinds
of directed networks can be built: one for the outgoing employees and another
one for the incoming employees. Two undirected networks can also be constructed:
one for the incoming and outgoing links, considering that there is a connection
between two employers if there was at least one employee exchange in both
directions, and the incoming or outgoing network, where a connection exists
between two nodes if there was at least one employee exchange in any direction.
For each of these networks the weighted version can be also constructed. The
weight is given by the number of employee mobility between two employers. The
present research focuses on the non-weighted version of the networks both for
directed and non-directed links, considering that there is a connection between
two employers if at least one employee was exchanged between them.
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METHODS

The interest of the present paper is to study the topology of the employee
mobility generated networks for each year in particular. The original database was
transformed into adjacency (connectivity) matrixes correspondent for each year.
The adjacency matrix is of size NxN, where N is the number of nodes the network
has, in this case the number of employers in the certain year. The matrix elements’
values can be 0 or 1 based on the following rule: a;=1, if between node i and j
exists a link, a; = 0O, if the two elements are not connected. After constructing the
networks, their topological properties are analyzed: the degree distribution function’s
shape, average path length and clustering coefficient. These are the main characteristics
that enlighten the structure of a network. The degree distribution function describes
the probability that a randomly selected node in the network has degree k. Its
calculation requires a simple algorithm that passes through each node and counts
its row’s non-zero elements in the matrix. Then the degree distribution is calculated
by counting the number of vertices having degree k.

The average path length is the average of the smallest distances between
two randomly selected nodes. Its calculation requires a more complex algorithm.
In network study the breadth-first search algorithm is used to find the shortest
distance from a node i to every other node in the network. The search starts from
node j, knowing that the distance from itself is 0, then it finds all its neighbours
that are by definition at distance 1, and their neighbours that must have distance 2,
excluding the nodes already visited, and so on until all nodes in the network have
been visited. This algorithm is the fastest and most efficient known for completing
this calculation.

The clustering coefficient is defined as C=(3xtriangles)/triples, where the
triangles is a set of three nodes, each of them connected with the other two,
while the triples are three nodes with only one of the nodes being linked to the
other two. The calculation of this measure requires a simple algorithm that in the
first instance counts the number of links between each pair of neighbours of a
node. Adding up the total number of these links for each node and dividing it with
the number of connected triples, results the clustering coefficient. The number of

1
connected triples is given by Z,Eki(ki —1) equation because a node i with

1
degree k; has Eki(ki —1) pairs of neighbors.

The above algorithms were implemented in C programming language in
order to calculate these characteristics for the employer networks.
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RESULTS AND DISCUSSION

The analysis of the degree distribution function is important in understanding
the structure of a network. Its shape indicates whether the connections in the system
are realized preferentially, randomly or follow a different pattern.
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Fig. 1. (a) Cumulative in-degree distribution functions on log-log axis for years 2001-2007.
(b) Cumulative out-degree distribution functions on log-log axis for years 2001-2007.

In many situations the visualization of the distribution function does not
result a clear shape because of the statistical errors. In the case of large networks
it is recommended the usage of the cumulative distribution function, defined as
the integration of the degree distribution function. This way the noise is reduced
in the function. In Figure 1 the cumulative degree distribution functions are plotted
for all 7 years, for the directed networks, both for the incoming and outgoing degrees.
In Figure 2 the cumulative degree distribution functions are plotted for the non-
directed and non-weighted version of the networks.

Unfortunately, the plots still contain fluctuations, which need to be removed
in order to obtain a clear shape of the degree distribution. Logarithmic binning is a
method often used to produce smoother plots by reducing statistical errors. This
is accomplished by varying the width of the bins in the plot in a way that each bin
is a fixed multiple wider than the previous one. The number of samples that fall in
the width of the bins must be normalized by dividing them with the bin width. The
logarithmically binned degree distribution functions constructed in this manner
are plotted in Figure 3 for the directed networks.
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Fig. 2. (a) Cumulative in and out-degree distribution functions on log-log axis for years 2001-2007.
(b) Cumulative in or out-degree distribution functions on log-log axis for years 2001-2007.
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Fig. 3. (a) Degree distribution function constructed by a logarithmic bin for the incoming links
on log-log axis. The thick continuous line is a power-law fit of the data points with exponent
y=2.64. (b) Degree distribution function constructed by a logarithmic bin for the outgoing
links on log-log axis. The thick continuous line is a power-law fit of the data points
with exponent y=2.65.

Figure 4 represents the logarithmically binned degree distribution functions
for the non-directed networks. The straight lines in the figures are power-law fits for
the global values of the plots. Each year’s logarithmically binned degree distribution
functions have similar shapes, roughly straight line on log-log axis suggesting scale-
free property. Each year’s data points were fitted with a power-law function and
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their exponents are presented in Table 1. These exponents for each year in particular
exhibit values close to each other, thus a global fit of the data points can be a
truthful approach to examine the shape of the functions.
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o
S

P(kIN and OUT)
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k k

IN and OUT IN or OUT

Fig. 4. (a) Degree distribution function constructed by a logarithmic bin for the in- and
outgoing links on log-log axis. The thick continuous line is a power-law fit of the data points
with exponent y=2.32. (b) Degree distribution function constructed by a logarithmic
bin for the in- or outgoing links on log-log axis. The thick continuous line is a
power-law fit of the data points with exponent y=2.49.

The scale-free nature of the degree distribution function suggests a preferential
attachment rule between nodes. To further study the topology of these networks,
the clustering coefficient and average path length were also analyzed, results being
presented in Table 1. The small values obtained for the average path length suggest
that the nodes in the system are closely connected, specific feature of social and
economical networks. This characteristic allows high communication traffic, consequently
a better information exchange in the system.

For each year, the obtained values of the clustering coefficient are relatively
high, suggesting that employers are organized into densely connected clusters.
This comes as a result of the employer's object of activity. Employees of a certain
profession when changing workplace will likely go to a firm with the same object
of activity. Unfortunately, the original database does not provide information regarding
employer object of activity to test whether these employer communities indeed
constituted based on this characteristic.

The degree distribution functions with power-law shape, small average
path length and high clustering coefficient confirm that these economical networks,
both for the directed and non-directed versions, are of Barabdsi-Albert network type.
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These results are similar to previous research reports on several other networks of
economical nature, like the network of company directors [13], land prices [14] and
world exchange arrangements web [15]. The results exhibit scale-free characteristics
suggesting the existence of preferential attachment in the network.

Table 1. The network characteristics for each year in particular. N denotes the network
size (number of employers for each year). y is the exponent of the power-law fit of the
logarithmically binned degree distribution function, € is the average path length in the
incoming networks and C is the clustering coefficient. The indexes denote the network
type (in-incoming, out-outgoing, AND-incoming and outgoing, OR-incoming
or outgoing networks) that the measures refer to.

Year N Yin 8in Cin Yout | €out Cout | Vano | €anp | Cano | Vor | or | Cor
2001 | 11370 | 2.27 | 3.28 | 0.24 | 2.28 | 2.71 | 0.31 | 2.49 | 3.15 | 0.13 | 2.52|2.44| 0.23

2002 | 9646 |2.60| 4.11 | 0.27 | 2.61 | 3.42 | 0.30 | 2.17 | 3.44 | 0.22 |2.40|2.87|0.32
2003 | 13476 | 2.87 | 3.06 | 0.22 | 2.81 | 3.32 | 0.28 | 2.43 | 3.28 | 0.28 | 2.32|2.56| 0.28
2004 | 15465 | 2.95| 298 | 0.29 | 2.86 | 2.98 | 0.27 | 2.31 | 3.22 | 0.15 |2.74]3.04| 0.31
2005 | 16770 [ 2.65| 2.75 | 0.28 | 2.35 | 3.10 | 0.32 | 2.24 | 3.32 | 0.17 | 2.64|3.21| 0.26
2006 | 17464 [ 2.63| 2.88 | 0.32 | 2.73 | 3.63 | 0.29 | 2.28 | 3.31 | 0.21 |2.33|2.68| 0.28
2007 | 19568 | 2.65 | 3.42 | 0.28 | 2.35 | 3.22 | 0.25 | 2.27 | 3.56 | 0.19 |2.19|3.02| 0.29

CONCLUSIONS

Based on a social security data set some aspects of the complex economic
trade system from Cluj district were studied. A special underlying network was
generated for each year in particular, as directed and non-weighted networks and
as non-directed and non-weighted networks and their topology was analyzed. The
results suggested a degree distribution function with power-law shape, relatively
small average path length and high clustering coefficients. These features suggest
that these economic networks are of Barabasi-Albert network type. The results
are in agreement with previous studies made on economic networks that also
exhibit scale-free properties. The scale-free nature of the networks confirms the
presence of preferential attachment in the system. The measure that governs the
preferential linking needs further investigation in the future. This study proved
once again that the real complex systems of economic nature, are not driven by
randomness and the scale-free network model describes well their characteristics.
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COMPARATIVE STUDY BETWEEN PHOSPHATE GLASS
SYSTEMS CONTAINING DIFFERENT RATIOS OF
COOPER AND VANADIUM OXIDES

D.A. MAGDAS"", N.S. VEDEANU?, O. COZAR?, I. ARDELEAN?

ABSTRACT. This work presents a comparative study of two phosphate glasses
containing both cooper and vanadium oxides in different ratios investigated by
IR spectroscopy. The investigated systems are: x(CuO-V,0s) (100-x)[2P,0s-PbO] and
X(Cu0-2V,05) (100-x)[2P,05-Pb0O] with 0 < x < 40 % mol. The purpose of this study
is to investigate the influence of vanadium oxide, added in different ratios in the
phosphate network. It was observed that the depolymerization process that appears
in the case of the glass system with higher vanadium content is significantly stronger
than in the other studied system, showing that vanadium oxide has a strong
modifier effect in the phosphate network.

Keywords: Phosphate glasses, vanadium oxide, cooper oxide, FT-IR

INTRODUCTION

Lead-based phosphate glasses are often used in practice especially in nuclear
technology as absorbing screens for different radiation or as vitreous matrices
used to embed and storing radioactive waste [1]. The introduction of lead in phosphate
network increases glass durability by forming new Pb-O-P chemical bonds, but also
suppressing the crystallization tendency to re-heating or cooling glass. Although
lead oxide is not a vitreous network forming oxide on its own, it can be introduced
in glasses together with traditional glass formers oxides like P,Os. It can be said
that the structural role of PbO in many oxide glass is a special one because it can
play a dual role as modifier, but also as former of the vitreous network [2].

On the other hand, V,0s is one of the most studied and used oxide because it
is also an un-conventional network former [3]. Lead vanadate phosphate glasses has
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received greater attention as a new brunch in semi-conducting glasses because of its
wider glass forming region in the phase diagram, its possibility in threshold switching,
memory switching and optical switching devices [4].

EXPERIMENTAL

The starting materials used in the present investigation were (NH;),HPO,,
PbO, V,05 and CuO of reagent grade purity. The samples were prepared by weighing
suitable proportions of the components, powder mixing and mixture melting in
sintered corundum crucibles at 1250°C for 5 min. The mixtures were put into the
furnace directly at the mentioned temperature. The obtained glass-samples were
quenched by pouring the molten glass on a stainless steel plate.

The structure of the studied samples was investigated by means of XRD
technique and no crystalline phases were detected (Figure 1).

The Fourier-Transform infrared (FT-IR) absorption spectra were recorded
with a BRUKER IFS66/DSP spectrometer, at room temperature, in the range 400—
4000 cm™, using the KBr pellet technique. In order to obtain good quality spectra,
the samples were crushed in an agate mortar to obtain particles of micrometer size.
This procedure was applied every time to fragments of bulk glass to avoid structural
modifications due to ambient moisture.
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33
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Figure 1. XRD spectra of x(Cu0-2V,05)(100-x)[2P,05-Pb0O] with 0 < x £ 40 % mol

RESULTS AND DISCUSSION

Two phosphate glass systems: x(Cu0O-V,05)(100-x)[2P,05-PbO] and
X(Cu0-2V,05)(100-x)[2P,05-Pb0O] with 0 < x < 40 % mol were investigated in this
work by mean of IR spectroscopy. The experimental IR spectra of these two systems
are presented in Figs. 2 and 3 and the band assignments are given in Table 1.
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Figure 2. FT-IR spectra of x(Cu0-V,05)(100-x)[2P,05-Pb0O] glass system with
0<x<40 % mol

At low concentrations of cooper and vanadium oxides, the specific bands
of phosphate glasses dominate the spectra (Figs. 2 and 3). On the other hand, the
presence of the PbO is observed in FT-IR spectra by the existence of Q%, Q" and Q°
groups. In the Q" terminology, “n” represents the number of bridging oxygen atoms
(BO) per PO, tetrahedron. The addition of PbO at the phosphate network results in
the creation of non-bridging oxygen atoms at the expense of the bridging oxygen
atoms [5].

Thus, the band around 580- 620 cm™ is assigned to the bending mode of
0-P-O in the Q' structure [6], while the broad band from 720 - 770 cm™, having two
weak shoulders appears due to symmetric stretching vibrations of P-O-P rings [7-9]
and symmetric modes of P-O-P bonds in Q" units [10]. The asymmetric stretching
vibration of P-O-P bond is present in the spectra as a strong band around 920 cm™ [8].
The band around 1050 cm™ is assigned to asymmetric stretching vibration of PO5*
ionics group [11]. An increase in intensity of this band by addition of cooper and
vanadium oxides is observed due to the replacemend of the long chains of
metaphosphate- by small pyrophosphate units. The band from 1100 - 1160 cm™ is
attributed to symmetric stretching vibration of PO, tetrahedral groups (PO ionic
group) [12, 13].
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Figure 3. FT-IR spectra of x(Cu0-2V,0;)(100-x)[2P,05-Pb0] glass system with
0<x<40% mol

The broad band from 1250-1350 cm™ have been attributed to the asymmetric
and symmetric stretching vibrations of the double bonded oxygen (P=0) and to
the symmetric stretching vibrations [14, 15]. At higher concentrations of cooper
and vanadium oxide (x = 20 %) this band strongly decreases in intensity in both
systems because the P = O double bond is broken with the formation of V-O-P and
Cu-0-P in the phosphate network, but it can be observed that the intensity decrease
of this band is stronger in the case of x(CuO-2V,0s)(100-x)[2P,0s-PbO] glass system,
fact that indicates that the vanadium oxide induced a stronger depolimerization
of the glass network.

For high V,05 and CuO content (x > 20 % ) a new broad band in the range
1100 — 1160 cm™ appears due to the simmetric stretching vibration of V=0 double
bond from the pyramidal groups VOs [16, 17]. On the other hand, by increasing
the of oxides content the band that dominates the spectra is that around 920 cm™.
This band represents an overlapping of the P-O-P asymmetric vibrations in Q" groups
with the V-O stretching vibrations [16, 17].

In the case of x(Cu0-2V,05)(100-x)[2P,05-Pb0] glass system a new shoulder
around 880 cm™ appears for x > 20 % which is attributed to symmetric stretching
vibrations in V-O-V chains; this fact suggests that at high V,05 concentrations(x > 40 %
mol), vanadium oxide would play a formar role in the studied glass network. Similar
results in which vanadium oxide at low concentration (usually less than 10 mol %)
shows a modifier effect and at high concentration (usually more than 20 mol %)
shows a forming effect were lately reported in literature [3,18] leading to the possibility
of new phosphate materials production, using non-conventional glass forming oxides
like vanadium oxide.
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Table 1. Band assignments of inbvestigated glass systems

v (cm™) Assignments
X(Cu0-V,05) (100-x)[2P,05-PbO] X(Cu0-2V,05)(100-x)[2P,05-PbO]
580 - 630 O — P — 0 bending vibrations O—P - 0O bending vibrations
720-770 | (P-O-P) symetric stretching vibrations | (P-O-P) symetric stretching vibrations
~880 - V-0-V symmetric stretching vibrations
~920 (P-O-P)asym. stretch. vibrations (P-O-P)asym. stretch. vibrations
V-0 stretching vibrations V-0 stretching vibrations
~ 1050 asymmetric stretching vibrations in | asymmetric stretching vibrations in
PO, ionics group PO, ionic group
1100-1160 | asymmetric stretching vibrations in | asymmetric stretching vibrations in
ionics group PO, ionics group PO,
V= 0 symmetricstretching vibrations | V= 0 symmetricstretching vibrations
1250-1280 P=0 stretching vibration P=0 stretching vibration
CONCLUSIONS

X(Cu0-V,05)(100-x)[2P,05-PbO] and x(CuO-2V,0s)(100-x)[2P,05-PbO] with

0 < x £ 40 % mol were prepared using conventional method of molten sub-cooling;
the samples were found to be insignificant hygroscopic and they present a high
degree of chemical durability.

IR spectra reveled that by adding V,05 and CuO the bands that dominate
the spectra are those characteristic to vanadium oxide and those specific to small
phosphate groups (Q'). This fact suggest that by addition of these oxides a strong
depolymerization of phosphate network appears.

A comparison made between the investigated systems proved that in the
case of x(Cu0-2V,05)(100-x)[2P,05-PbO] glass system a shoulder around 880 cm™
appears in IR spectra for x = 20 % attributed to symmetric stretching vibrations in
V-0-V chains, suggesting that at high V,05; concentrations vanadium oxide would
play a formar role in the studied glass network.
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STRUCTURAL CHARACTERIZATION OF CuO-TeO,-Li,0-GeO,
GLASSES BY INFRARED AND RAMAN SPECTROSCOPY

I.C. MARCUS?, R. CICEO LUCACEL?", I. ARDELEAN?

ABSTRACT. Glasses following the composition described by expression xCuO-(1-
x)[2Te0,:Li,0:0.2Ge0,] were prepared using classical melt quenching technique.
Spectroscopic methods, namely FT-IR absorption and Raman scattering, were
employed to reveal the structural peculiarities of the synthesized materials. These
two complementary techniques are frequently used to obtained detailed information
about the structure of the glasses, because are sensitive to local symmetry, character
of chemical bonds and other structural properties. The interpretation of the obtained
vibrational spectra reveals that the glasses network structure is composed of TeO,
trigonal bipyramids (tbp), TeO; trigonal pyramids (tp), TeOs,1 polyhedral units, and
also GeO, tetrahedral units. Copper oxide addition implies a change in the tellurium
atoms coordination from 4 to 3 via intermediate 3+1 units and an increase of non-
bridging oxygen (NBO) amount, modifications reflected in studied glasses spectra.

Keywords: Lithium-germanium-tellurite glasses, copper ions, FT-IR, Raman

INTRODUCTION

Being interesting materials from theoretical and practical point of view
tellurite glasses were studied over the years to establish their structure at medium
and short range order. Increasing interest on TeO, based glasses during the last
decade is due to their properties such as: chemical durability, broad homogeneity
range, good thermal stability and strength, corrosion resistance [1, 2], low melting
temperature [3, 4], high dielectric constant [4, 5], high thermal-expansion coefficient,
thermochromic properties [6 - 8], high density [9], high glass transition temperature
[10] and low fusion temperature [11]. Tellurite glasses have important commercial
applications in solid state batteries, fuel cells, gas sensors, infrared filters, host
materials for laser applications [12, 13], optical fibers, modulators, memories, and
laser windows [14].
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In order to find a correlation between the physical properties observed in
tellurite based glasses and their atomic arrangements, structural characterization
were carried out employing several techniques: infrared (IR) spectroscopy [7, 10, 15],
Raman scattering [14, 16, 17], nuclear magnetic resonance [18], X-ray absorption [19,
20], X-ray [15, 21] and neutron diffraction [22]. From these studies, was concluded
that tellurite network is build up from asymmetric structural units: TeO, trigonal
bipyramids (tbp), TeOs,; polyhedra and TeO; trigonal pyramids (tp). The TeO,4 group
has two axial and two equatorial oxygen atoms. The concentration of characteristically
structural units and TeO, tbp transformation into TeOs,; and TeOs tp units is strongly
affected by glass composition, network modifier type and concentration, and by other
causes [12, 21]. Introduction of a network modifier changes the Te coordination
polyhedron from TeO, to TeO; through breaking Te-O-Te bonds, along with the
formation of non bridging oxygen (NBO) atoms.

Ge0,-based glasses structure consists of tetrahedral and octahedral units
of germanium connected with oxygen atoms [17, 23, 24, 25]. With the increase of
modifier content in glasses the germanium atoms coordination changes from four-fold
to six-fold. Germanium oxide was added into tellurite glasses due to its properties
and to improve the glass forming ability and thermal stability [23].

Lithium oxide addition into tellurite glasses determines an increase of ionic
conductivity [13]. Transition-metal oxide (CuO for example) presence into tellurite
glasses gives them specific semiconducting and magnetic properties [26, 27]. Copper
addition into GeO,-TeO, system increases their ability to crystallize and decreases
glass forming tendency, fact reported by Ligero et al. [28]. The investigation of samples
from this system is complicated by the existence of two network formers (TeO,
and GeO,) and the fact that both tellurium and germanium are know to have more
than one stable coordination. This paper reports the preparation and the structural
characterization of litium-germanate-tellurite glasses doped with copper ions.

EXPERIMENTAL

Studied samples were prepared using conventional melt quenching technique,
with CuO, TeO,, Li,CO3; and GeO, of reagent grade purity as starting materials. The
chemicals in the appropriate amounts were melted in air, in sintered corundum
crucibles, in an electric furnace at 1200°C and maintained for 30 minutes at this
temperature. The mixtures were introduced directly in the preheated furnace at
this temperature to avoid losses due to evaporation. Resulting melts were quickly
cooled at room temperature by pouring and pressing between two stainless steel
plates to obtain good homogeneity.

Infrared spectra were recorded with a FT-IR 6100 Jasco spectrometer.
Samples were prepared for these measurements in form of KBr pellets, containing
2 wt % glasses. In order to obtain good quality spectra the samples were crushed
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in an agate mortar to obtain particles of micrometer size. This procedure was applied
every time to fragments of bulk glass to avoid structural modifications due to ambient
moisture. FT-IR absorption spectra were measured immediately after preparing the
desired discs. The spectral resolution used to record the FT-IR spectra was 2 cm™.
Raman spectra of prepared samples were measured with a Raman spectrometer
(Jobin-Yvon-Horiba, HR LabRam inverse), employing 532 nm excitation line of a
frequency-doubled Nd: YAG laser (Coherent Compass). Raman signal wad collected
with a charge-coupled-device camera (CCD) operating at 220 K. Raman spectral
resolution was 2 cm™ and was used a laser power of 10 mW incident on sample. Bulk
glasses were used for Raman measurements. Both FT-IR and Raman measurements
were performed at room temperature.

RESULTS AND DISCUSSION

Table | summarize the assignments of the bands detected in the FT-IR spectra
(Fig. 1) of prepared samples.

737

Absorption [a. u.]

T T T T T T T T T T T T T T
400 500 600 700 800 900 1000 1100
Wavenumber [cm™]

Fig. 1. FT-IR spectra of xCuO-(1-x)[2TeO,-Li,0-0.2Ge0,] glasses

The assignments were made comparing the obtained results with the ones
from literature corresponding to crystalline samples [1, 2, 16, 17, 27]. Germanium-
oxygen stretches are active in spectral range where the tellurium-oxygen arrangements
absorb strongly and this complicates the study of a mixed germanate-tellurate network.
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FT-IR spectrum of glass matrix 2TeO,-Li,0-0.2GeO, presents a relative low
number of bands: a weak band at ~ 460 cm™, a strong band at ~ 737 cm™ and two
shoulders at ~ 610 and ~ 874 cm™, and a weak band situated at ~ 1044 cm™. The
presence of these bands is a proof that the matrix structure is build up from
characteristic units for the two network formers: TeO,, TeO; and GeO, units. The
existence of TeOs,; polyhedral units, where one Te-O axial distance is elongated
while the opposite is shortened, was detected and is evidenced by ~ 737 cm™ band
presence. Therefore, studied glass network is a mixture of TeO,, TeOs,;, TeO3 and
GeO, units. In a glass structure with mixed glass formers, the connection between
structure units could be non-symmetric bridged structure units and/or non-bridged
oxygen atoms. Lithium oxide enters in the glass network as an intermediate between
the two network formers, increases the number of non-bridging oxygen, and weakness
Te-O and Ge-O bonds [29].

Table I. Assignments of FT-IR and Raman bands in
XxCuO:(1-x)[2Te0,-Li,0-0.2Ge0,] glasses spectra

Peak positions (cm'l) Assignments
FT-IR Raman FT-IR Raman
~ 460 ~325 Vibrations of Te-O-Te bridging [Bending vibrations of TeO; tp
bond in TeO, tbp units; units with NBOs; Ge-O-Ge
symmetric stretching vibrations |bending modes
of Ge-O-Ge from GeQ, units
~ 610 ~470 Te-O bonds in TeO, Bending vibrations of Te-O-Te or
O-Te-0 linkages in TeO, tbp units;
symmetric stretching vibrations
of Ge-O-Ge
~737 ~ 560 Stretching vibrations of TeOs tp |Ge-O-Ge bending
or TeOs,; polyhedra with NBOs;
vibrations of GeO, units
~ 874 ~773 Stretching vibrations mode of |Vibrations of TeO; tp and TeOs,,
TeO; tp with NBOs; asymmetric |units; Ge-O and Ge-O-Ge
stretching vibrations of Ge-O- |symmetric stretching vibrations
Ge in GeO, units in GeO,
~ 1044 ~ 1090 |Asymmetric stretching Symmetric stretching vibrations
vibrations of Ge-O-Ge of Ge-O

Adding CuO in the glass matrix the band situated at ~ 460 cm™, attributed

to vibrations of Te-O-Te bridging bond in TeO, tbp units but can come from a small
contribution of symmetric stretching vibrations of Ge-O-Ge from GeQ, units, increase
in intensity, meaning that the network connectivity increases [14, 20]. The intensity
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of the shoulder situated at ~ 610 cm™ decrease, showing that the Te-O bonds from
the TeO, units are broken. The position of strongest band in the spectra (~ 737 cm™)
is not shifted with the addition of CuO, only weakly increase in intensity, meaning that
TeO;, TeOs,; and GeO,4 units amount enlarges. The shoulder positioned at ~ 874 cm?
suffers no major changes with CuO addition. The intensity of the weak band positioned
at ~ 1044 cm™ increase with the increase of CuO content, denoting that the amount
of Ge-O-Ge linkages reaches the highest amount for x = 0.05 content.

With copper oxide addition the intensity of the bands detected in the FR-IR
spectra increases, denoting a progressively disorder of the structure of the glass.
In all the compositional range the amount of the units where tellurium is 3 coordinated
is higher than the one in which is 4 coordinated, fact confirmed by the assignments of
the detected bands. With the increases of the CuO content, the cleavage of continuous
network leads to an increase of the TeOs,; polyhedra fraction. The elongation of the
Te-O bond from TeOs,; and its cleavage finally lead to the formation of the TeO; units.

The Raman spectra obtained for the prepared samples are shown in figure 2,
while the assignments of the bands detected are revealed in Table I. The Raman
spectrum of the glass matrix present three weak bands positioned at ~ 325, ~ 470
and ~ 1090 cm™, while the one situated at ~ 773 cm™ dominates the spectrum.
The existence of these features in the Raman spectrum suggests that a mixed tellurium
oxide and germanium oxide glass network has been formed in the sample, where
tellurium is mostly in trigonal pyramidal units and germanium in distorted tetrahedral
units. The presence of these bands revealed by Raman scattering confirms the existence
of the same characteristic units proposed for glass matrix by FT-IR measurements.

The weak band positioned at ~ 325 cm™ is attributed to the bending vibrations
of TeO; tp units with NBO and also to Ge-O-Ge bending modes. The band at ~ 470 cm™
could come from bending vibrations of Te-O-Te or O-Te-O linkages in TeO,4 tbp units,
and also from symmetric stretching vibrations of Ge-O-Ge. The band at ~ 665 cm™
characteristic for TeQ,4 units is not present as a well define band in Raman spectra,
but is hidden under de broad envelope center at ~ 773 cm™. The band at ~ 773 cm™ is
characteristic for TeOs; and TeOs,; units and because is the strongest band in the
spectrum can be concluded that the predominant coordination for tellurium is 3. The
weak band at 1090 cm™ could come from symmetric stretching vibrations of Ge-O".

Copper oxide addition implies no major shifts for the Raman bands. The
weak band positioned at ~ 325 cm™ decrease in intensity with CuO addition. The
fact that the ~ 470 cm™ band intensity decrease with increasing cooper amount
suggests that doping the glass matrix the Te-O-Te and/or Ge-O-Ge linkages are
deformed and/or destructed. Concomitantly the amount of NBO increases fact which
is consistent with the conversion of TeQ, into TeOs, having one NBO. When copper
content reaches 0.05 value a new week band situated at ~ 560 cm™ is observed in
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the spectra. This band was assigned by Henderson et al. [24] to Ge-O-Ge bending
associated with ring strain. The band from ~ 773 cm™ decreases in intensity but remains
the strongest in the spectrum. The amount in which tellurium is 3 coordinated is
higher that the one in which is 4 coordinated for all compositional range. Symmetric
stretching vibrations of Ge-O” and Ge-O-Ge merged under the ~ 773 cm™ band.

773

Raman intensity [a. u.]

=]
©
'l

0.05

T T T T T T T T T
400 600 800 1000 1200
Wavenumber [cm]

Fig. 2. Raman spectra of xCuO:(1-x)[2TeO,-Li,0-0.2Ge0,] glasses

With the gradual addition of the copper oxide in the glass composition is
observed a gradual decrease of the intensity of the Raman bands, indicating an
increase of the vitreous network depolymerization degree. As observed from the
FT-IR investigations, Raman results confirm a continuously change of the glass
structure and Te coordination from 4 to 3 via intermediate species TeOs,.

CONCLUSIONS

The structure of the prepared glass samples was investigated by FT-IR
absorption and Raman scattering. Characteristic units for tellurium (TeO, trigonal
bipyramids, TeOs,; polyhedra and TeO; trigonal pyramids) and germanium (GeO,

46



STRUCTURAL CHARACTERIZATION OF CuO-TeO,-Li,0-GeO, GLASSES BY INFRARED AND RAMAN SPECTROSCOPY

tetrahedra) atom were detected in the structure of the investigated glasses by both
spectroscopic techniques used. The existence of GeOg octahedral units characteristic
for germanium atom was not detected by any of the two techniques. With copper
oxide addition the coordination of tellurium is changing from TeQ, trigonal bipyramids
to TeO; trigonal pyramids via intermediate species TeOs,; polyhedra, simultaneously
with an increase in the non-bridging oxygen amount. From the changes induced
by copper oxide addition in glasses structure can be concluded that it acts as a
network modifier, information confirmed by both FT-IR and Raman data.
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TWO-CENTER EFFECTS IN THE IONIZATION
OF HETERONUCLEAR MOLECULES

K. NAGY-PORA!, L. CZIPA?, L. NAGYY"

ABSTRACT. A theoretical study is presented for the ionization of the HeH" molecular
ion by fast proton projectiles. Interference structures are identified in the ejected
electron spectra due to the coherent emission of the electrons from the vicinity
of the two nuclei. The observed oscillations are less pronounced than those observed
for the hydrogen molecule. The present results are in good agreement with other
theoretical calculations.

Keywords: heteronuclear molecules, ionization, interference effect

INTRODUCTION

Interference effects in the ejected electron spectra, for the ionization of
diatomic molecules (H,) by fast charged projectiles, were first observed by
Stolterfoht et al [1]. The cause of this interference is obvious from the point of
view of quantum mechanics (coherent emission of the waves associated to the
electron from the vicinity of the two nuclei), but at that time it was somewhat
surprising, that the interference pattern may be observed also for a target with
randomly oriented molecules. The interference was evidenced by representing
the ratio of the differential cross sections obtained for the hydrogen molecule and
two hydrogen atoms as a function of the ejected electron velocity for different
ejection angles. There are several theoretical explanations of the effect [2-4], and
it was also predicted the dependence of the observed oscillation's frequency on the
ejection angle of the outgoing electron [2], confirmed later experimentally [5]. This
kind of interference effect was evidenced in the last decade by several experimental
groups for the hydrogen molecule [6-10] and also for other homonuclear diatomic
molecules [11-13]. Recently other molecules were also studied, such as H,0 [14],
where the effect is more complicated, than for diatomic molecules.

! Babes-Bolyai University, Faculty of Physics, 1 Kogdlniceanu Str., 400084 Cluj-Napoca, Romania
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In order to understand in more detail the interference effects observed in the
ionization of molecules, it is of interest the study of heteronuclear diatomic molecules,
when the ejection of the electrons from the two atoms is not symmetric. Tachino et al
[15, 16] performed theoretical calculations to study the ionization of the HeH"
molecular ion, a heteronuclear molecule with two electrons.

The authors have compared the observed interference effects to those
occurring for the hydrogen molecule. Because the ejection from the vicinity of the
helium nucleus dominates, the interference oscillations are less pronounced that
in the case of the homonuclear hydrogen molecule, as expected.

In the present paper we generalize our previous model for the H, [2], and
apply it for studying the interference effects for the ionization of the HeH" molecular
ion by proton impact. We compare our results with those of Tachino et al [16] and
analyze the observed oscillations in the differential cross section ratio as a function of
the ejected electron velocity for different ejection angles.

THEORY

For the studied heteronuclear molecule we apply the same method, which was
successfully used to describe the interference effects in the ionization of the hydrogen
molecule by fast charged ions [2]. In the impact parameter formulation, using first
order perturbation theory, the transition probability amplitude for the ionization of
the molecule in case of a certain orientation of the molecular axes D can be written as

N iZz
alb,p)= ITP [ e’qz<wk(r)|F1m|w,(r,D)>dz. (1)

Here b is the impact parameter, v the velocity of the projectile, r the position
vector of the active electron, while ;(r,D) and w,(r) are its initial and the final
state wavefunctions, respectively, k being the momentum of the ejected electron.

The position of the projectile along its trajectory is R = be, + Ze, with

Z =v -t.The origin is on the molecular axis, at distance kD from the helium nucleus.
In our calculations we apply several different values between 0 and 1 for the factor k.
The well known minimum momentum transfer is ¢ = AE/v , where AE = E; + k2/2
is the energy transfer to the electron, E; being the ionization energy.

The initial state of the active electron in the molecule is described by a linear
combination of two hydrogenlike 1s atomic orbitals centered at each of the nuclei

l//,' (I’,D) = C1e_a1‘r+KD‘ + Cze—az‘l’—(’l—)()D‘ ) (2)

where the coefficients ¢; and ¢, give the contributions of the atomic orbitals to
the molecular orbital, and ; and «, are the effective charges for the two atoms
(He, respective H). Approximating by plane waves the final state wavefunction for
the ejected electron with momentum k
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1 ikr
l//k(r):Wek , (3)

the calculations can be performed as was described in detail for the hydrogen molecule
[2]. Using the Bethe integral and applying the peaking approximation [17] valid for
large momentum of the ejected electron (k > 1), we get for the transition probability
amplitude

a(b,B) = —\f ke j "%y, (RDYZ . (4)
Here we have decomposed the electron momentum according to
kR =k b+kZ, (5)

where K and k|| are the perpendicular and parallel components of the final momentum
k, relative to the z axes, respectively. Since we have integrated analytically over
the position vector of the electron we note, that in (4) the y; wavefunction depends
on the position vector of the projectile R.

With the definitionR = be, + Ze,, the initial state eq. (2) becomes

v.(RD)= C1e—a11,(Z+KD”) ol c,e (z-(1-x)D,  +b? (6)

where b, and b. are the impact parameters relative to the two nuclei
b, =b? + K*D? + 2bxD, cos g, (7)
b =+b?+(1-x}D? - 2b(1- )D, cos g . (8)

Here D;; and D, are the parallel and perpendicular components of the

internuclear separation vector. ¢ stands for the angle between the impact parameter
b, chosen here parallel to e, and the perpendicular component of the molecular axes,
while 6, used later is the corresponding polar angle. (See Fig. 1)

b

Fig. 1. Definitions of the quantities, distances and angles
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The integrations over Z can be performed analytically [17]

e w 2 2 ; 20, ,b,
[emeramllests ot gz - gian —% K(bat+@?)
o Oy +

where K;(x) denotes the modified Bessel function, Q stands for (g-k;;), while L,=xD/,
and L.=-(1-x)D,;. With the notation

2
V2 =4/%2 t+ (q - k||)2 , (10)
the transition probability for a given impact parameter and orientation of the
molecular axes may be expressed by a similar formula to that for the homonuclear H,
molecule

8 Z;

w(b,D)= 7 Vv2k*

o2 o>
]t o ko) i Glo ko) -

1 2 (11)
o, i(ky-q)D, i(ky—q)D

+¢,6, ——2b,b_K; (b, 1)Ky (b_ 72)( R )}
172
For comparison with experiment the probabilities must be averaged over

molecular orientation, and integrated over the impact parameter to obtain cross
sections

w(b)= i j do, j sing,w(b,D)I6, (12)
do
d0.dk 27 j bw(b)db . (13)

The integrations in eqgs. (12) and (13) are performed numerically and the
results are discussed in the next section. Similarly to the homonuclear molecules [2],
the interference pattern can be analyzed analytically, by recognizing that the most
significant angular variation in eq. (11) is contained in the fast oscillating factor of
the interference term
1( —itky-q)D +i(ky~q)D, )
E(e T e = cos[(kII - q)Dcos GD], (14)
where we used D;;=Dcos6; (cf. fig. 1).

Within this approximation we average only the phase factor over the
orientation of the molecular axes, assuming the other variations unimportant

1J.cos[(k” —q)Dcos b, Jsing,de, = sm[(k” q)D] (15)
2 0 -q)D
The approximated transition probability will be
w(b) = o(b) + g(by 1~ 9P J, (16)

ki—q

52



TWO-CENTER EFFECTS IN THE IONIZATION OF HETERONUCLEAR MOLECULES

and the corresponding cross section (13) may be also written in an analytical form
do sin|lk, —

:C+G7—)—K )

In order to emphasize the oscillations in the cross sections we calculate

the ratio of the cross section relative to the cross section neglecting the interference,
which is the first term from (17), denoted by C. Thus, the ratio can be written as

Ratio =1+ & sinl(k, —q)P] .
k-9

For small values of the momentum transfer g the oscillations as a function
of the momentum (or velocity) of the ejected electron has the period 2 7Z'/(DCOS ¢9k),

(17)

(18)

6 being the ejection angle (k;=kcos§). For higher velocities the momentum transfer
q increases, modifying the oscillation period. It worth to note, that for k;;-g=0 the
cross section ratio (18) has a principal maximum. This maximum coincides with
the binary encounter peak.

RESULTS AND DISCUSSION

We have performed calculations for the ionization of the HeH" molecular
ion by proton impact, for three different energies of the projectile. We have analyzed
the obtained differential cross sections as a function of the ejected electron momentum
and ejection angle. Because it is our first calculation for a heteronuclear molecule,
we have performed the calculations considering the origin both in the geometric and
the mass center of the molecule, or in the He nucleus. The calculations showed that
the obtained results do not depend on the choice of the origin's location (the value of
K). In order to make visible the interference effect we have calculated the cross section
ratio (18), and studied its dependence on the ejected electron momentum.

In order to compare our results with the other theoretical findings we
represented in the figures 2-4 the present calculated cross section ratios (18) for 1
MeV/u, 13.7 MeV/u, 100 MeV/u proton projectile energy, for different electron
ejection angles (0°, 30°, 90°, 150°) along the results of Tachino et al. [16]. Our simple
theoretical model, used previously for the study of the homonuclear H, molecule,
generalized now for the heteronuclear HeH" molecular ion, leads to oscillations in
the cross section ratios. We can observe the same dependence of the oscillation's
period on the electron ejection angle, as in case of the H, molecule [2]. Our results are
in good agreement with the ones obtained by Tachino et al. [16]. In Fig. 2 at small
ejection angles (0°, 30°) we can observe the principle maximum at the place of the
binary encounter peak (k;;=q). At this projectile energy the place of the binary
encounter peak is at k=12.38 a.u. in case of forward electron ejection, and decreases
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as the ejection angle moves toward the perpendicular direction. For higher projectile
energies the binary encounter peak is shifted towards higher electron momenta,
this is the reason, why the principal maximum is not visible in Figs 3 and 4. For
example for 100 MeV/u projectile energy and forward electron ejection, the place
of the binary encounter peak is at k=125.46 a.u., and in our graph the maximum
of the electron momentum is 15 a.u.

1 MeV/u

Cross section ratio
o
©
o
[¢e]

Electron velocity (a.u.)

Fig. 2. Cross section ratios as a function of the ejected electron velocity, in case of ionization of
the HeH" by 1 MeV/u proton, for different electron ejection angles. Solid lines () represents
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our present results, dashed lines (- -) are the results of Tachino et al [16]

13.7 MeV/u

Cross section ratio

09 . L . L . . L . L . 09
Electron velocity (a.u.)

Fig. 3. Same as Fig. 2, but the proton energy is 13.7 MeV/u
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100 MeV/u

Cross section ratio
o
©

[N

Electron velocity (a.u.)

Fig. 4. Same as Fig. 2, but the proton energy is 100 MeV/u

The amplitude of the oscillations, excepting the principal maximum, is much
smaller, that in case of the homonuclear H, molecule [2]. This was expected, because
the electron density is much higher around the helium atom than around the hydrogen,
and interference effects between waves of different amplitudes are less pronounced,
than for equal amplitudes.

270°

Fig. 5. Present results for the cross section ratio as a function of the ejected electron velocity and
ejection angle, where the velocity is used as radial coordinate, in case of ionization of HeH" by
1 MeV/u proton. The maximum value of the electron velocity is 15 a.u.
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Figures 5-7 are the polar representations of the cross section ratios as a
function of the ejected electron momentum as the radial coordinate, and the
ejection angle. Since the highest electron momentum on the graphs is 15 a.u., in
case of 1 MeV/u proton impact (Fig. 5) the principal maximum, of a circular form,
can be observed totally. For higher projectile energy this peak is only partially
visible, because the radius of the circle of the binary encounter peak increases
with increasing projectile velocity. The secondary oscillations may be observed both
inside and outside the binary peak circle.

270°

Fig. 6. Same as Fig. 5, but the proton energy is 13.7 MeV/u.

270°

Fig. 7. Same as Fig. 5, but the proton energy is 100 MeV/u
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CONCLUSIONS

We have investigated theoretically the ionization of the heteronuclear
HeH* molecular ion, using our previous model developed for the H, molecule [2]
generalized now for heteronuclear molecules. Interference effect was evidenced by
representing the cross section ratio as a function of the ejected electron momentum.
The obtained cross section ratios are in good agreement with the theoretical results
of Tachino et al [16]. Both the principal maximum and the secondary oscillations are
well observable on our graphs. The oscillations are less pronounced, than in case
of the homonuclear diatomic molecules, as expected.
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FTIR AND UV-VIS SPECTROSCOPIC INVESTIGATION OF
ERBIUM-ZINC-BORATE GLASS CERAMICS

P. PASCUTAY", R. STEFAN2, M. BOSCA®, L. POP?, E. CULEA®

ABSTRACT. Fourier transform infrared (FTIR) and Ultraviolet—Visible (UV-VIS)
spectroscopic studies have been employed to investigated the samples from the
(Er03)x(B203)60-%(Zn0) 40 (0 < x < 10 mol%) glass ceramic system. FTIR data show
that the glass ceramic network structure consists on the BO3;, BO, and ZnO,
structural units, and the conversion among these units mainly depends on the
Er,05 content. The optical absorption spectra of studied samples were recorded
in the spectral range from 200 to 900 nm at room temperature. The optical band gap
energy for the studied glass ceramics were calculated from the optical absorption
spectra.

Keywords: Zinc borate glass ceramics; Er,03; FTIR; Optical properties.

INTRODUCTION

Glass ceramics are polycrystalline materials normally obtained by controlled
crystallization process of suitable glasses [1]. Most commercial glass ceramic products
are formed as glass monoliths by highly automated glass-forming processes and
are converted to a crystalline product by the proper heat treatment [2]. This heat
treatment typically consists of a low-temperature hold to induce internal nucleation,
followed by one or higher temperature holds to promote crystallization and growth
of the primary crystalline phase or phases [3]. Glass ceramic are materials with new
physical properties, different from parental glass obtained by structural rearrangements
induced during the heat treatment [4]. The network of the pure borate glass is
built by BO; structural units [S] mainly contained in boroxol rings (B;Og)°. The addition
of a new oxide such as divalent ZnO in the borate glasses induces the appearance
of tri- BOs and tetra-coordinated BO, boron atoms [6, 7]. Subsequently the physical
properties i.e.; optical, electrical are changing depending on ZnO concentration
together with the response to the thermal treatment [8, 9].
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At a specific ZnO concentration threshold, non-bridging oxygen’s (NBO)
take place and independent pyro- (B,0s)*” and ortho-borate (BO;)*” groups appear
within the glass [10]. However ZnO can acting as network modifier and/or former [11]
in tetra- ZnO, and hexa-coordinated ZnOg environment in various glass matrices [12]
and binary xZnO-(100-x)B,0; glass due the high polarizability of Zn*" ions are of
technological interest for electronic devices industries [13, 14].

Glass ceramic doped with Er** can be utilized as optical amplifiers these
materials have a very good stability and this property provide the ability to be pulled
in fibers [4, 15, 16]. Er** ions are included in different glass and glass ceramic host
providing luminescent properties as well as a large cross section of introduced rare
earth ions [15].

Rare earth ions are introduced in various vitreous matrixes to improve their
optical absorption. They can also provide structural information about the changes in
ligand field before and after the heat treatment [17].

The aim of the present work is to investigate the structural and optical
properties of erbium-zinc-borate glass ceramics using FTIR and UV-VIS spectroscopies.

EXPERIMENTAL

Glasses of the (Er;03)x(B203)(0-4(ZN0)so (0 < x < 10 mol%) system were
prepared using Er,03, H3BO3; and ZnO of high purity (99.9%) in suitable proportion.
The mechanically homogenized mixtures were melted in sintered corundum crucibles
at 1100 °C in an electric furnace. The samples were put into the electric furnace
directly at this temperature. After 10 minutes the molten material was quenched
at room temperature by pouring onto a stainless—steel plate. The glass ceramic
samples were obtained by heat treatment of the precursor glass samples at glass
transition temperature at (560 °C for 2 h) and crystallization temperature (860 °C
for 2 h), respectively.

The FTIR absorption spectra were registered at room temperatures using
a JASCO FTIR 6200 spectrometer. The IR absorption measurements were done using
the KBr pellet technique. In order to obtain good quality spectra, the samples were
crushed in an agate mortar to obtain particles of micrometer size. This procedure
was applied every time to fragments of bulk glass to avoid structural modifications
due to ambient moisture.

The UV-VIS absorption spectra were recorded at room temperature in
the 200-900 nm range using a PerkinElmer Lambda 45 UV-VIS spectrometer
equipped with an integrating sphere. The method that we used was described in
our earlier work [7].
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RESULTS AND DISCUSSION

FTIR spectroscopy was used to obtain essential information concerning
the arrangement of the structural units of the studied glass ceramics. In order to
determine the influence of the heat treatment on the structure of the studied
sample we compared the FTIR spectrum of untreated glasses [18] with that recorded
for the heat treated samples (Fig. 1). The FTIR spectra for the heat treated samples
exhibit changes, namely those illustrated by the narrowing of the previous bands and
the appearance of some new bands in the spectra. To get quantitative information
about the structural groups in the studied glass ceramics, the spectra have been
deconvoluted. This was made using the Spectra Manager program and a Gaussian
type function that allowed us a better identification of the absorption bands which
appear in these spectra in order to perform their assignment. Fig. 2 shows the
deconvolution, in Gaussian bands, of the spectrum for sample containing 3 mol%
Er,0s. The bands assignments are given in Table 1 for the studied samples.
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Fig. 1. FTIR spectra of the studied glass ceramics.

The presence of ZnQ, structural units in the studied samples is confirmed
by the appearances in the FTIR spectra of two absorption bands at 433-477 and
574-595 cm™. FTIR investigations evidenced the presence in the network of the studied
samples of BO; and BO, structural units, but their proportion depends on erbium
ions content. To follow the evolution of the triangular and tetrahedral borate units in
the studied glass ceramics we used the fraction of four-coordination boron atoms,

61



P. PASCUTA, R. STEFAN, M. BOSCA, L. POP, E. CULEA

N., as was defined previously [19, 20]: Ns=A4/(As+A3) where A, and A; denote the
areas of the BO, (the areas of component bands from 815-842 cm?, 863-873 cm?,
902-928 cm™, 967-987 cm™, 1010-1072 cm™ and 1069-1118 cm™) and BO; units (the
areas of component bands from 1169-1181 cm?, 1239-1258 cm™, 1301-1306 cm?,
1348-1362 cm™, 1397-1439 cm™, 1485-1515 cm™). The addition of Er,0; (x = 3 mol%
Er,03) in the glass ceramic matrix led to the decrease of in the four-coordination
boron atoms (Table 2). A further addition of Er,0; over 3 mol% led to a increasing
in the amount of BO, which will increase the stability of the glass ceramics. The
threefold boron atoms are favored in the investigated glass ceramics system as
compared with the fourfold ones in the whole studied concentration range.
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Fig. 2. Deconvoluted FTIR spectra of the glass ceramics
containing 3 mol% Er,0; using a Gaussian — type function.

UV-VIS absorption spectra of glass ceramics from the (Er,03),(B203)04(ZN0) 40
system, with 3 < x <10 mol%, recorded at room temperature in the wavelength
region 200-900 nm are shows in Fig. 3. All the absorption spectra show the similar
absorption bands except the different absorption intensity. The absorption occurs
due to the 4f-4f electric dipole transitions from the ground 4|15,2 state to different

excited state of Er’* ions. The absorption spectra exhibit 10 absorption peaks
4

which are due to the following electronic transitions [21]: *I,.,> 7, K.,

4 4 2 4 4 2 4 4 .
Goy, "Gy “Hop 'Ky, "E, “Hyn, 7Sy, and *E,, . The most intense bands
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correspond to the *I,;,>’H,,, and *I,;, >*G,,, transitions of Er’" ions and

are centered at 520 and 378 nm respectively.

Table 1. Assignment of the FTIR absorption bands studied glass ceramics.

Wavenumber [cm'l] Assignment
433-477 Zn-0 bonds in ZO, units [22, 23]
540-555 B-0O-B stretch involving oxygen atoms outside boroxol
rings [24, 25]
574-595 Zn-0 stretch in ZO, units [22, 23]
662-681 0-B-0 bend [26, 27]
701-716 B-0-B bend [20]
764-794 03;B-0-B0O, bend [28, 29]
815-842 B-O stretch in BO, units from tri-, tetra- and penta-
863-873 borate groups [30-33]
902-928 B-O stretch in BO, units from di-borate groups [30-33]
967-987
1010-1072 B-O stretch in BO, units from tri-, tetra- and penta-
1069-1118 borate groups [30-33]
1169-1181 B-Ogymm stretch in BO; units from pyro- and ortho-borate
groups [30-33]
1239-1258 B—O stretch in BO3 units from boroxol rings [30-33]
1301-1306 B—O stretch in BO3 units from varied types of borate
1348-1362 groups [30-33]
1397-1439 B-O stretch in BO,O units from varied types of borate
1485-1515 groups [30-33]

Optical absorption spectra in solids provide essential information about
the optical band gap energy in crystalline and non-crystalline materials. An expression
for the absorption coefficient, a(v), as a function of photon energy, hv, for direct
and indirect optical transitions was given by Davis and Mott [34] as:

oty (hv — B )P
hv
where the exponent p = 1/2 for allowed direct transitions, while p = 2 for allowed

a(v) =

indirect transitions, E;’” is the optical band gap energy in eV (the optical band

gap in glasses is closely related to the energy gap between the valence band and
conduction band) and o is an energy independent constant.
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Fig. 3. UV-VIS absorption spectra of studied glass ceramics.

By plotting (ch 1/)1/2 as a function of hv, can be calculated the optical band
gap energy for indirect (Ezpt ) transitions. The values of Ezpt have been estimated

from the linear regions of the curves by extrapolating them to meet the hv axis at
(ohv)"? = 0 as shown in Fig. 4. The values obtained for EZ’“ are shown in Table 2

for all the studied glass ceramics. The values of the optical band gap energy decrease
from 4.88 eV to 4.51 eV when the content of Er,0; increases from 3 to 10 mol%.
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Fig. 4. The variation of (ch l/)1/2 versus hV for studied glass ceramics.
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Table 2. N, and (EZpt ) for studied glass ceramics.

X Ny E°p‘
[mol%] 9
[eV]
0 0.444 -
3 0.422 4.88
5 0.452 4.68
7 0.465 4.82
10 0.473 4.51

CONCLUSIONS

The structural changes induced by heat treatment in the zinc—borate
glasses doped with erbium ions are well reflected in their FTIR spectra. The FTIR
data suggest the presence of both the BO; and BO, structural units, as well as of
the ZnQ, structural units in the studied glass ceramics. For all compositional range
the threefold boron atoms are favored in the investigated glass system compared
as with the fourfold ones. The UV-VIS absorption spectra of these glass ceramics

show 10 absorption peaks which are due to the transitions from the 4|15,2 ground
state to the different excited state of Er’** ions. From optical absorption spectra
the Egpt have been calculated.

REFERENCES

[1] H.A. Elbatal, Z.S. Mandouh, H.A. Zayed, S.Y. Marzouk, G.M. Elkomy, A. Hosny, J. Non-
Cryst. Solids (2012), doi: 10.1016/j.jnoncrysol.2012.05.026.

[2] D.U. Tulyaganov, M.J. Ribeiro, J.A. Labrincha, Ceram. Int., 28, 515 (2002).

[3] L.R. Pinckney, “Encyclopedia of Physical Science and Technology (Third Edition)”,
Elsevier Science Ltd, 2003, Pages 807-816.

[4] R. Lisiecki, E. Augustyn, W. Ryba-Romanowski, M. Zelechower, Opt. Mater., 33, 1630
(20112).

[5] J. Krogh-Moe, J. Non-Cryst. Solids, 1, 269 (1969).

[6] J. Zhong, P.J. Bray, J. Non-Cryst. Solids, 111, 67 (1989).

[7] R. Stefan, E. Culea, P. Pascuta, J. Non-Cryst. Solids, 358, 839 (2012).
[8] L. Koudelka, P. Mosner, Mater. Lett., 42, 194 (2000).

65



P. PASCUTA, R. STEFAN, M. BOSCA, L. POP, E. CULEA

[9] E. Mansour, G. EI-Damrawi, Physica B, 405, 2137 (2010).
[10] G.P. Singh, S. Kaur, P. Kaur, S. Kumar, D.P. Singh, Physica B, 406, 1890 (2011).
[11] S.D. Patil, V.M. Jali, R.V. Anavehar, Bull. Mater. Sci., 31, 631 (2008).

[12] A. Mogus-Milankovi¢, L. Pavi¢, S.T. Reis, D.E. Day, M. lvanda, J. Non-Cryst. Solids, 356,
715 (2010)

[13] G. Naga Raju, M. Srinivasa Reddy, K.S.V. Sudhakar, N. Veeraiah, Opt. Mater., 29, 1467
(2007).

[14] L. Zhou, H. Lin, W. Chen, L. Luo, J. Phys. Chem. Solids, 69, 2499 (2008).
[15] S. Tanabe, J. Alloys Compd., 408-412, 675 (2006).

[16] G. Lakshminarayana, J. Qiu, M. G. Brik, G. A. Kumar, I. V. Kityk, J. Phys.: Condens.
Matter. 20, 375104 (2008).

[17] 1. Jlassi, H. Elhouichet, S. Hraiech, M. Ferid, J. Lumin., 132, 832 (2012).

[18] S. Rada, P. Pascuta, L. Rus, M. Rada, E. Culea, J. Non-Cryst. Solids, 358, 30 (2012).
[19] K. El-Egili, Physica B. 325, 340 (2003).

[20] P. Pascuta, J. Mater. Sci.: Mater. Electron., 21, 338 (2010).

[22] W.F. Krupke, J. B. Gruber, J. Chem. Phys., 41, 1225 (1964).

[23] H.S. Liu, T.S. Chin, S.W. Yung, Mater. Chem. Phys., 50, 1 (1997).

[24] E. Mansour, G. EI-Damrawi, Physica B, 405, 2137 (2010).

[25] J.F. Ducel, J.J. Videau, M.Couzi, Phys. Chem. Glasses, 34, 5 (1993).

[26] P. Pascuta, D. Maniu, I. Ardelean, Int. J. Mod. Phys. B, 18, 1651 (2004).

[27] S.G. Motke, S.P. Yawale, S.S. Yawale, Bull. Mater. Sci., 25, 75 (2002).

[28] I. Ardelean, R. Lungu, P. Pascuta, J. Mater. Sci.: Mater. Electron., 18, 837 (2007).
[29] C. Rajyasree, D. Krishna Rao, J. Non-Cryst. Solids, 357, 836 (2011).

[30] I. Ardelean, P. Pascuta, Mater. Lett., 58, 3499 (2004).

[31] E. I. Kamitsos, M. A. Karakassides, G.D. Chyssikos, J. Phys. Chem., 91, 1073 (1987).
[32] M.Abo-Naf, F.H.El. Batal, M.A.Azooz, Mater. Chem. Phys., 77, 846 (2002).

[33] A. Kumar, S.B. Rai, D.K. Rai, Mater. Res. Bull., 38, 333 (2003).

[34] P. Pascuta, L. Pop, S. Rada, M. Bosca, E. Culea, J. Mater. Sci.: Mater. Electron., 19, 424
(2008).

[35] E.A. Davis, N.F. Mott, Phil. Mag., 22, 903 (1970).

66



STUDIA UBB PHYSICA, Vol. 57(LVIl), 1, 2012, pp. 67 - 75
(RECOMMENDED CITATION)

EPITAXIAL TiN THIN FILMS GROWN ON BIAXIALLY
TEXTURED Ni-W SUBSTRATES

R.A. PATOY", M.S. GABOR?, T. PETRISOR Jr.},
G. NEGREA?, T. PETRISOR"

ABSTRACT. In this paper we present a detailed structural study of epitaxial TiN
thin films deposited on biaxially textured Ni- 5%at.W (NiW) substrates by reactive
magnetron sputtering. NiW substrates are used as a base material in coated conductors
manufacturing. TiN is used as a buffer layer between NiW and YBCO. Structural
investigations were carried out using X-ray diffraction. Based on X-rays diffraction
analysis it was concluded that the TiN film grew epitaxially on NiW substrates.

Keywords: titanium nitride, thin films, epitaxy, sputtering deposition

INTRODUCTION

Titanium Nitride (TiN) coatings prepared by physical vapor deposition (PVD)
are increasingly used in various applications such as cutting tools, microelectronics,
artificial jewelry, diffusion barriers etc. Due to their excellent properties, such as
extreme hardness (~ 2300 HV), low electrical resistivity, high wear and corrosion
resistance, high thermal and chemical stability [1-5]. Moreover, these coatings are of
interest because they exhibit a number of properties similar to metals (eg. electrical
conductivity), while retaining characteristics found in insulating materials (covalent
bonding, hardness, and a high melting point) [6]. In sputtering deposited TiN films,
the properties can be largely modulated by varying the sputtering conditions, such as
reactive gas pressure, total pressure and substrate temperature.

Therefore, it is interesting to study the effect of the deposition parameters
on the properties of the TiN thin films.

In this paper, TiN epitaxial thin films deposited on Ni-W substrates were
studied. The TiN buffered NiW substrates are of practical interest for the YBa,Cus0,
(YBCO) based coated conductors fabrication. Lately, many efforts have been focused
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on YBCO coated conductors because YBCO is the best candidate for the second
generation superconducting cables [7].YBCO coated conductors are composed of a bi-
axially textured YBCO film deposited on a metallic substrate with intermediate buffer
layers. These buffer layers have three essential functions: (i) firstly, to act as a chemical
barrier preventing the diffusion of the metallic elements into YBCO; (ii) secondly,
preventing the oxidation of the metallic substrate during the YBCO film processing since
it involves an annealing at high temperature under oxygen atmosphere; (iii) finally, to
transfer the texture from the substrate to YBCO. The bi-axial texture is essential for
YBCO in order to have a high critical current density (Jc) capacity that strongly depends
on the crystallographic orientation [8].

EXPERIMENTAL DETAILS

The TiN coatings were deposited by the DC-reactive magnetron sputtering
method. The system is provided with water cooled circular planar magnetron sputtering
sources. The diameter of the Ti target is 50.8 mm and it has a thickness of 3.18 mm.
Argon, with a purity of 99.999% was used as sputtering gas, and nitrogen with a
purity of 99.999% was used as reactive gas. Both inert argon gas flow and nitrogen
reactive gas flow were controlled by Qualiflow AFC 50.00 mass flow controllers. The
pressure chamber was monitored by a convection vacuum gauge and measured
by InstruTech vacuum gauge controller. Prior to deposition the substrates were
ultrasonically cleaned with acetone and isopropyl alcohol.

After mounting the substrate on a resistive heater, the pressure of the
sputtering chamber was pumped down to 1.0 x 10 Torr. Argon (20 sccm) and
nitrogen (1.2 sccm) gas were next introduced into the chamber and the required
pressure (2 x 107 Torr) was reached. Subsequently, the nitrogen gas flow was shut off
and the target was pre-sputtered in argon atmosphere for about 10 min in order to
remove the contamination from the target surface. After pre-sputtering, the nitrogen
gas was again introduced into the chamber and the reactive sputtering process starts
at 2 x 10 Torr. The operating pressure, the argon and the nitrogen flow, as well
as the cathode current (340 mA) were kept constant during the deposition.

The crystalline structure analysis of the titanium nitride layers was performed
by X-Ray diffraction (XRD) using a Brucker D8 High Resolution XRD with a copper
anode. A high resolution field emission LEO 1525 scanning electron microscope (SEM)
is used for the microstructural characterization. The scanning electron microscope
is equipped with an Electron Back Scattered Diffraction (EBSD) system that allows
resolving the local crystallographic orientations in the range of 100nm. The AFM
measurements were performed on a Veeco Dimension 3100 instrument.
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RESULTS AND DISCUSSION

TiN layer thickness determination

The thickness of the films was determined by ex-situ X-Ray reflectometry (XRR)
measurements. The experimental curves were tilted with the theoretical ones, using
the Leptos (Brucker) software, based on the Parrot formalism. The results indicate
a deposition rate of 163 nm in 20 min for our specific growth conditions.

TiN films grown on Biaxially Textured NiW Substrates

The High Resolution X-Ray diffraction patterns recorded for the films deposited
between 400-700°C (fig. 1) evidenced only the presence of the (200) reflections
belonging to the substrate and the film. This indicates that the film grows with a (h00)
type texture. The ¢-scan type measurement recorded for the (311) substrate and film
reflections demonstrate that the film is fully epitaxially grown on the NiW substrate,
with the following epitaxial relation TiN[001](100)//NiW[001](100) (shown in fig. 2).
Other phases and orientations were not observed in the limit of the measurement
accuracy, except for the film deposited at 700 °C forming the (111)TiN polycrystalline
peak at 36.5° was identified (fig. 1).

) | 7 h ‘\ TiN 311)
014 \ .J! ” l\. JALW

NiW (311)

(200)TiN
(200)NIW

0.014

Intensity (a.u.)
Intensity (a.u.)

1E-3
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36 38 40 42 44 46 48 50 52 54

200 o)
Fig. 1. X-Ray diffraction patterns at Fig. 2. ¢d-scan around the (311) peak
different deposition temperatures on NiW and TiN

The influence of the deposition temperature on the lattice parameter

The out-of-plane lattice parameter was calculated using the angle position
of the (200) TiN peak. The obtained values are close to the bulk one and show a
temperature dependence. The increase of the lattice parameter is a consequence of
the increase of the deposition temperature (fig. 3). The lattice mismatch between the
film and the substrate is calculated using formula
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The results indicate a negative value for the f, suggesting that the film is
under compression.
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Fig. 3. Lattice parameter dependence on temperature, the dash line
represents the TiN lattice parameter (for the bulk form)

The influence on the deposition temperature on the mean grain size

The grain size of the TiN film increases with the increase of temperature up
to 600 °C and a temperature higher than 700 °C the grain size decreases (Fig. 4).
The mean grain size was evaluated by means of Scherrer formula [1]:

094

= (2)
Bcos@
where, D is the grain size [nm] measured in the direction perpendicular to the
surface, A is the wavelength of CuKa radiation, B is the FWHM (full width at half
maximum) of the diffraction profile in rad, and 8 is the Bragg diffraction angle
corresponding to the considered (200) diffraction peak.

The TiN grain size dependence on the NiW substrate temperature is shown
in fig. 4. We can observe that at the temperature of 400 and 500 °C, respectively is
there a slight increase in the crystallite size. While from 500 °C to 600 °C there is a
sharp increase, and then a sudden drop down to 700 °C. It is known that with the
increase of the deposition temperature the crystallites size also increases. The
temperature limits between epitaxial and polycrystalline growth is registered at
600 °C.
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Fig. 4. Grain size versus temperature Fig. 5. FWHM of the (200)TiN with respect
to the deposition temperature

From the X-ray diffraction pattern presented in fig. 1 results that a polycrystalline
phase with the (111)TiN orientation is present at temperature of 700 °C.

The influence of the deposition temperature on epitaxy

In order to characterize the out-of-plane crystallite orientation distribution of
the TiN films we have performed Rocking Curve (R.C.) measurements around the
(200)TiN reflection. The RC measurements were carried out on two different azimuths
corresponding to the substrate rolling direction (RD) and transversal direction (TD).
We have performed measurements for these particular orientations because the
substrates were cold rolled, and -as a consequence- the crystallites are elongated
on the RD. Therefore, the degree of orientation along the RD is much higher than along
the TD relative to the TD. The films retain a similar behavior although the overall
orientation degree is higher. In fig. 5 it is shown the evolution of the FWHM of the
RC with the deposition temperature.

Using the X-Ray diffraction measurements we can conclude that the optimal
temperature for the epitaxial deposition of TiN on NiW substrates is 500°C because
this is the highest deposition temperature at which the grain size is the smallest and
the epitaxial structure is preserved without any other phases and orientations.
Also, the film is less compressed at this temperature.

To demonstrate that the TiN film deposited at 500 2C shows only (h00)
type reflections, an EBSD analysis was performed on the film surface, on the rolling
direction and transverse on the rolling direction. Electron backscatter diffraction
patterns enable the observation of larger areas and the collection of statistically
significant data on the crystal orientations.
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The EBSD crystallites orientation color key map is presented in fig. 6. Figure 7
presents the EBSD pattern quality map of the TiN film deposited at 500 2C. The
mapping of the crystallographic orientation have revealed that the orientation
with the (h00) type reflection assigned to the red color, is dominant in proportion

of about 95% of the total scanned area.

{111

[oo] (o]

Fig. 6. Orientation color key map

Fig. 7. EBSD pattern quality map of the
TiN film deposited at 500 2C on biaxially
textured NiW substrates

Thickness determination for the TiN films deposited on NiW

Following we studied the influence of the thickness on the crystallites
properties of the film deposited at the optimized temperature of 500°C. The XRD
patterns indicate that the film retains the epitaxial characteristics for thicknesses up
to 520 nm. No sign of other phases and orientations were observed (Fig. 8).
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Fig. 8. X-Ray diffraction pattern versus
deposition thicknesses of the TiN film
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The lattice constant shows no evolution with the film thickness and remains
close to the bulk value. The lattice parameter values were calculated with error
bars that show theoretical lattice parameter values close to the experimental one
(Fig. 9). The dependence of the Full Width at Half Maximum (FWHM) of the RC on
the film thickness of the deposited TiN film is shown in fig. 10. The films retain a
similar behavior although the overall degree orientation is higher.
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G-V—/\v—v

FWHM [7]

TD-RC-TiN
RD-RC-TiN

T T T T
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Temperature [°C]

Fig. 10. Out-of-plan orientation versus film thickness

The influence of the temperature on the morphology of the TiN films deposited
on NiW substrates

The influence of deposition temperature on the TiN films morphology is
presented in fig. 11. The AFM images represent the result of the analyses for the
films deposited at 400, 600 and 700 9C. The right column contains the crystallite
profiles of the TiN films, while the topographic images are presented in the left column.
From the analyses of these profiles, one can observe the increase of the crystallite
size. At the temperature of 400 9C, the surface roughness is 0.9 nm (RMS).

This film exhibits a lower crystallization degree which can be also associated
with the result of the X-Ray diffraction analysis, where one can observe a lower
intensity of the (200) peak belonging to TiN, in comparison with the other deposition
temperatures of the film. The increase of the crystallite size with a certain orientation,
can be associated with the X-Ray diffraction pattern corresponding to the film deposited
at 700 oC, where one can observe the presence of a polycrystalline peak, corresponding
to the (111)TiN orientation at 36.5°.
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Fig. 12 presents the roughness value and the medium dimension of the
crystallites for each deposition temperature. It can be observed that the roughness
value and the crystallite dimensions increase with the increase of the deposition
temperature. At 700 oC the roughness has the highest value, mainly because of the
(111) oriented crystallites that can be observed in fig. 11 and in the X-ray diffraction
pattern shown, as well (fig. 1).

3.0
u 160
v
25 4140
4120 —
T E
E 2.0 4100 ;‘
N
% N
3 leo o
£ 5] 2
gl : » 160 S
€ &
{40 O
1.0
Ll
420
0.5 . : T — 0
400 500 600 700

Temperature []

Fig. 12. Roughness and crystallite size dependence on the deposition temperature
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CONCLUSIONS

The optimization study regarding the epitaxial deposition by DC sputtering of
the TiN films on NiW biaxially textured substrates has revealed the following:

1. The optimal temperature for depositing epitaxial TiN films on NiW substrates
is 500°C since the films deposited at this temperature have the best out-of-
plane and in-plane orientation with the FWHM of the w-scan and the ¢-
scan at about 1.74° and 8.68°, respectively. This is the highest deposition
temperature for which the grain size is the smallest and the epitaxial
structure is preserved without any sign of other phases and orientations.

2. The epitaxy is preserved for the film thicknesses up to 520 nm.

3. The out-of-plane lattice parameter of the films deposited at temperature
higher than 500 2C is larger for the bulk material, indicating that the film
exhibits an in-plane compression.

4. At the optimal deposition temperature of 500 °C the roughness has the
lowest value.

5. The roughness value and the crystallite dimensions increase with the
increase of the deposition temperature (400-700 °C).
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STRUCTURAL PROPERTIES OF POROUS COMPOSITES BASED
ON TiO, AND Ag NANOPARTICLES AND THEIR CAPABILITY
TO DETECT WATER POLLUTANTS BY SERS

A. RADUY, ). HIDIY, V. IANCUY, L. BAIA2 AND M. BAIA'?

ABSTRACT. Nanocomposites based on TiO, loaded with Ag nanoparticles obtained
via sol-gel method were investigated by means of Raman spectroscopy and sorption
measurements. Furthermore, the detection capability of trace amounts of congo red
and crystal violet molecules from aqueous solutions was also tested by employing
Surface Enhanced Raman Spectroscopy (SERS). It was found that upon thermal
treatment the crystallinity degree of the samples increases, the surface area and
pore volumes decrease which explains the lower detection limits of the annealed
samples. More exactly, in the case of untreated sample a concentration of 10”7 M for
crystal violet and 10° M for congo red was detected, while after thermal treatment
the less porous samples led to the detection of 10° M for crystal violet and 10™
M for congo red.

Keywords: nanocomposites, Raman spectroscopy, sorption measurements, SERS,
water pollutants.

INTRODUCTION

One of the oldest problems of civilized life, still unsolved today is pollution.
Among all types of pollution human society is responsible of, water contamination
caused by hazardous organic chemicals employed in industry and agriculture is
considered nowadays a very serious issue [1-4]. Accordingly, a growing scientific
interest has been directed towards both stopping the growth of this phenomena
and solving it [5-10]. As the material science developed, steps were made in the
direction of nanotechnology and through it to the possibility of fighting pollution [6-7].
That is mostly because manipulation at nano-scale enables the realization of devices
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capable of detecting trace amounts of pollutants when correlated with surface-
enhanced Raman spectroscopy (SERS) [6-10]. The choice of SERS is based on the
fact that it can actually act as a molecular “fingerprint” and allows simultaneous
determination of various trace analytes in a complex mixture without extraction
and separation steps [5,8]. For the realization of the sensors’ matrix the most studied
material is titanium dioxide, as this material’s properties allow the development of
cheap, bio-friendly, nano-structured composites [11]. Finally, the connection between
titania matrix and SERS detection is achieved by the incorporation of noble metal
nanoparticles into the matrix [8,12].

In this study we propose to prepare porous nanoarchitectures based on TiO,
aerogel and Ag colloidal particles, to investigate their structural and morphological
properties and to test their capability to detect, by SERS, contaminant species adsorbed
from an aqueous solution on the metallic nanoparticles surface. The composites
detection efficiency was established by using crystal violet and congo red as test
molecules.

EXPERIMENTAL
Sample preparation

TiO, gels were prepared in accordance with the acid-catalyzed sol—gel
method [17-18], using titanium isopropoxide (TifOCH(CHs),l4), nitric acid (HNOs, 70%),
ethanol (EtOH, 92%) and distilled water (H,0) in molar ratio of 1/0.08/21/3.67. The
obtained gels were than aged for 21 days [12] and immersed into different volumes
of silver colloidal solution.

For the silver colloidal solution preparation the Creighton method [16] was
used. That is, 10 ml of 10° M silver nitrate (AgNOs) was added dropwise, with vigorous
stirring, to 30 ml of 10° M of sodium borohydride (NaBH,). The solution was then
cooled to ice temperature. In the next step, the dimensions of the silver nanoparticles
in the colloidal solution were evaluated and found to be of 16-20 nm by means of
UV-vis spectrophotometry and Transmission electron microscopy (TEM — see Fig. 1).

As already mentioned, the aged TiO, gels were immersed into two different
volumes (50 cm? and 300 cm?®) of the as prepared silver colloidal solution and maintained
there for three days. Accordingly, two samples of different silver nanoparticle
concentration were obtained. They were denoted M1 and M2, respectively. The
obtained samples were than washed with ethanol (92%), kept in ethanol (92%) for
12 hours and dried under supercritical conditions, using liquid CO, (T = 313K and
p =95.23 atm). In order to remove the organic residues they were further subjected to
a two steps thermal treatment. First, the temperature was increased by 1°C/min
till 140°C, followed by 4°C/min till 500°C. The samples were then maintained at
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500 °C for 30 minutes. This temperature was chosen after a close investigation of
the TGA/DTA diagrams of the samples (not shown here). The newly obtained samples
were denoted AM1 and AM2.

)

b T 382 a

Absorbance

IS S M W
W0 400 00 e 700
Wavelength [nm]

*( %
.
e
e
-

» o

Fig. 1. a) The UV—vis spectrum of the Ag nanoparticle colloidal solution.
b) TEM image selection of the silver colloidal solution - scale of 100 nm.

Sample measurements

The surface area of the as prepared samples was determined by the the Brunauer-
Emmett-Teller (BET) 3 parameter method, in a partial pressure range of 0.05<P/P0<0.3.
The nitrogen adsorption was carried out at 77 K. Before each measurement the samples
were heat cleaned at 333 K for 2 h. The total pore volume (VTP) was obtained from
the N, adsorption isotherm at a partial pressure of 0.98. The mesoporosity of the
samples was required using the Barret-Joyner-Halenda (BJH) treatment.

The optical absorption spectra of the silver colloidal suspension and those
of the two pollutants were recorded with a Jasco V-530 UV—-Vis spectrophotometer.
A JEOL JEM 1010 transmission electron microscope was used to further determine
the silver nanoparticles diameter.

The capability of the composites to detect various pollutant species adsorbed
on Ag nanoparticles surface was established by means of SERS. The contaminants
investigated for this purpose were crystal violet and congo red. Accordingly, aqua
solutions of various, predetermined concentrations of the two pollutants were
prepared. In a next step, small amounts of each composite were immersed for 2-3
minutes into those aqueous solutions, than left to dry out at room temperature.
Finally, SERS spectra were recorded with a Horiba Jobin-Yvon LabRam Raman Confocal
Microscope. While performing the measurements the microscope was equipped with
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a 50x/0.5 microscope objective and a 300 lines/mm grating. In recording the spectra,
the 532 nm laser line with a spectral resolution of around 12 cm™ was employed.
The laser power used for recording the spectra belonging to crystal violet was of
0.5 mW, while for the spectra belonging to congo red a power of 1.25 mW was
applied. In order to assure the measurements reproducibility SERS spectra were
collected from different points located on the composites surface and inside the
samples. All spectra was baseline corrected with OPUS 6.5 software.

RESULTS AND DISCUSSION

The final step of the samples obtaining process consisted of a thermal
treatment intended to remove the organic residues. Besides this, annealing had yet
another purpose, namely, the formation and stabilization of an anatase-like structure.
A close investigation of the Raman spectra illustrated in Fig. 2 reveals information
about both stated objectives of annealing. First, analyzing the untreated sample’s
spectra, one observes the presence of certain bands specific for the organic residues.
That is, the bands in the 830-960 cm™ spectral domain are specific for C-N bending
vibrations [13], those in the 1020-1160 cm™ wavenumber range are characteristic
for C—H bending vibrations [13-14], the one around 1446 cm™ reveals the presence of
C—C groups [14] and the signals between 2840 and 2990 cm™ are specific for C-H
stretching vibrations [13-14]. It is easy to observe that none of the peaks mentioned
above can be identified in the annealed sample’s spectra. This implies that the first
objective of the thermal treatment was achieved. By further analyzing the spectra
in Fig. 2 one notices that the bands around 144, 186, 386, 512 and 638 cm™ can be
observed for both treated and untreated samples. Moreover, they become more
intense and well defined for the annealed samples. All those bands are characteristic
for the anatase crystalline structure of titania [15-16]. According to the space group
classification, anatase belongs to D, group, having an irreducible representation
of six optical modes: Eg, Eg, Byg, Asg Big and Eg [15]. Taking into consideration that
the Raman band centered at 512 cm™ represents the convolution of the two
bands specific for By, (512 cm™) and Ay, (519 cm™), all six optical modes belonging
to anatase can be identified. The stated observations can be concluded by saying
that the second propose of the annealing was also achieved as anatase-like structure
is clearly identified in the Raman spectra presented in Fig 2.

Further on, the existence of a porous structure is evidenced by the values
obtained from the BET surface area measurements presented in Table 1. Both the
specific surface area and the pore volume reach higher values for the untreated
samples. Fig. 3 shows nitrogen adsorption and desorption isotherms of the investigated
samples. According to IUPAC classification [17] the sample exhibit type IV isotherms,
characteristic for the samples which contain meso and micro pores with a non-
perfect cylindrical shape.

80



STRUCTURAL PROPERTIES OF POROUS COMPOSITES BASED ON TiO, AND Ag NANOPARTICLES ...

638

512 ‘
386 |

AM2

Raman Intesity ———=

1‘86

M_/‘/\_.’\JL\ M‘L._LV'.Z

A—J"/\a\_ﬂ\ M
" 1 " 1 " 1 " 1 ) 1 " 1 "

0 500 1000 1500 2000 2500 3000

wavenumber [cm™]
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Fig. 3. Nitrogen adsorption isotherms belonging to untreated
and thermally treated samples.

The study was further focused on the assessment of the porous composites
capability to detect trace amounts of various pollutant species adsorbed on Ag
nanoparticles surface. The target pollutants chosen were crystal violet and congo red.
Fig. 4 shows UV-vis spectra recorded on both pollutants. By looking at the UV-vis
spectra of the pollutants, one remarks that the one belonging to crystal violet
exhibits an intense and broad electron absorption band around 589 nm, while that
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belonging to congo red reveals three large peaks. Among them, the smaller peak in
the useable ultraviolet—visible range is centered at 340 nm and a larger peak at 496 nm.
Considering the one around 496 nm for congo red, crystals’ violet absorption peak
being around 589 nm and having in mind the laser excitation wavelength used
throughout the SERS experiments (532 nm), one can anticipate that pre-resonant
and resonant SERS signals (SERRS) will be recorded for the detection of crystal
violet and congo red, respectively.

congo
red

Absorbance

crystal
violet

I . I . I . 1
200 400 600 800

wavenumber [nm]

Fig. 4. The UV—vis spectrum of crystal violet and congo red as indicated.
The laser excitation line is also indicated.

An inspection of the Raman spectrum of crystal violet in Fig. 5 led to the
choice of three main bands as representative for the further identification of crystal
violet’s presence in the SERRS spectra: the bands around 1612 cm™, due to the
stretching vibrations of C—C from phenyl rings, and those around 1366 and 1175 cm™,
attributed to the C—N stretching and C—H bending vibrations, respectively [8-9]. As
for congo red, the spectra in Fig. 6 led to the choice of the following fingerprint bands:
the bands around 1155 cm™, due to the stretching vibrations of ¢-Na,,, 1353 cm™®
and 1593 cm™ attributed to the naphthyl ring and phenyl ring vibrations, respectively
[10,18]. Next, aqueous solutions of various, predetermined concentrations of
pollutants were prepared and the detection sensitivity of the investigated porous
composites was established. The results are presented in Table 1. As one can observe,
best detection sensitivity belongs to the M1 untreated sample, namely, around
107 M for crystal violet and 10° M for congo red. After annealing, the detection limit
of both samples were lower. More exactly, both AM1 and AM2 were capable to detect
pollutants concentrations around 10° M for crystal violet and 10™ M for congo red.
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Table 1. BET surface areas and pollutant detection limit for the investigated samples.

Sample Seer [m7/e] Pore voluame (BET) Detection limits [M]
[cm’/g] Crystal violet Congo red
M1 478.27 2.0905 10”7 10”
M1 302.61 0.8838 10° 10”
AM1 181.77 0.5603 10” 10"
AM2 169.99 0.6779 10” 10"

As already mentioned, SERRS spectra were recorded from different points
located on the composites surface and inside the samples. This was possible because
the sol-gel synthesized materials have two particularly important characteristics:
they encapsulate silver nanoparticles into the TiO, matrix and they facilitate liquid
diffusion and its adsorption inside the porous structure. As the samples were
immersed in water diluted pollutants, upon samples drying, the contaminants could
be detected at different points inside the material. Analyzing the experiment’s
results, it was found that the detection limits depend on whether the samples
were thermally treated or not. Considering that after annealing the total pore
volume and surface area decreases one can conclude that the pore connectivity
degrades and as a consequence the pollutants molecules could no longer diffuse
and be adsorbed inside the porous structure. Accordingly, the lower values of the
detected pollutants’ concentration do not come as a surprise. Even so, the fact
that they could be detected on the samples’ surface and at different points inside
it makes this type of sol-gel synthesized materials attractive for water treatment
applications. Moreover, the encapsulation of silver nanoparticles in the TiO, matrix
leads to the realization of composites that are particularly stable in time, which is
benefic for the stated applications.

CONCLUSIONS

In the present work various types of porous nanoarchitectures based on
TiO, aerogels and Ag colloidal particles were studied in terms of their capability of
quickly detecting small concentrations of various pollutant species adsorbed on
the noble metal surfaces, by means of SERS. The composites prepared presented
an anatase-like structure and have great detection efficiency, most probably due
to a good dispersion of Ag nanoparticles inside the aerogel matrix. The detection
limits were found to be of around 10”7 M for crystal violet and 10° M for congo red,
respectively. After heat treatment, even if the composites become less porous, as
reported by sorption measurements, they are able to detect contaminant species.
However the detection limits were lower: 10° M for crystal violet and 10™* M for
congo red. The obtained results showed the real potential of the prepared porous
composites to be used in development of new SERS-based sensors.
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SPECTROSCOPIC STUDIES OF LACUNARY POLYOXOTUNGSTATES
CERIUM (111) COMPLEXES BASED ON 0i-B-[Bi"'Wy033]° UNITS

D. RUSU?, D. MARE?, C. BERINDEAN?, A. UNGUREAN?,
0. BABAN?, L. DAVID*®

ABSTRACT. Two new large cerium complexes

(1: K1o[(BiW9033)sWO,(H,0)],Ces(H,0)s(Bis04)].48H,0 and

2: Ky5[Ce,(H,0),(BiWg033)(Ws045),].21H,0 were synthesized and characterized by
chemical analysis, FT-IR and UV-Vis spectroscopy in order to determine the
coordination, the ordering of cation electronic levels and the local symmetry.
Based on the FT-IR spectra of the complexes we estimated that the coordination
take place through the cerium ions, forming trilacunary polyoxoanion compounds.
The UV and Vis electronic spectra present bands assigned to the charge transfer
metal-ligand. The spectroscopic investigations indicate a sandwich-type structure
for the two complexes.

Keywords: polyoxometalates, heteropolyoxotungstates, FT-IR, UV-Vis.

INTRODUCTION

Polyoxometalates (POMs) are a unique class of inorganic metal-oxygen
clusters. They consist of a polyhedral cage structure or framework bearing a negative
charge which is balanced by external cations or may contain centrally located
heteroatom(s) surrounded by the cage framework. Generally, suitable heteroatoms
include group llI-VI elements such as phosphorus, antimony, silicon and boron [1-3].
The framework of polyoxometalates comprises a plurality of metal atoms (addenda),
which can be the same or different, bonded to oxygen atoms. Due to appropriate
cation radius and good electron acceptor properties, the framework metal is
substantially limited to a few elements including tungsten, molybdenum, vanadium,
niobium and tantalum.
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Trivacant Keggin fragments of type [0-B-X"W4033]% (X-As, Sb, Bi) are suitable
building blocks for synthesis of large polyoxotungstates. Species consist of two, three,
four, six and twelve [0-B-X"Ws033]° units linked by lanthanide cations in order to
form new classes of material with a large anion cluster [4-9].

Two large cerium complexes (1) Kyo[(BiW033),WO,]Ces(H,0)s (Bi;04)]-48H,0
and (2) Ky5[Cey(H,0),(BiWy0s3)(Ws045),]-21H,0 were synthesized and characterized
by chemical analysis, UV-Vis and FT-IR spectroscopy.

EXPERIMENTAL
Physical-chemical measurements

Experimental chemical analysis was made by atomic absorption. The water
amount was determined from the difference of initial and heated (at 120 °C,
respectively calcination at 560 °C, for 30 minute) samples.

FT-IR spectra were taken with a Perkin-Elmer FT-IR 1730 spectrophotometer
over KBr solid samples in 4000-400 cm™ range.

UV and visible electronic spectra were recorded in aqueous solutions
(bidistilated water), having the 5-10° M concentration for the UV field and the 5-10° M
concentration for the Vis analysis, using a Jasco V-670 spectrophotometer.

Synthesis of the complexes

The reaction’s mechanism remains obscur, even if worthy results were
obtained regarding complexes equilibrium which involves species formation even
if a sort of semi-rational synthesis had been performed, starting from lacunary
Keggin [XM11039](12_n]_0r [XM9O34](14-n)--

Synthesis of trilacunary polyoxometalates used below as construction
units of new complex polyoxometalates with metals from block f, respectively
with some organostanic fragments had been performed using components, by
acidulation until pH 7-8 was reached, as shown in literature [10].

Synthesis of Ki5[(BiWs033),WO,(H,0)],Ces(H,0)s(Bi,0,)]- 48H0 (1)

Na,WO0, (3.3 g, 10 mmol) was dissolved in 30 ml of H,0 upon heating at
95 °C for 20 minutes. Then to the stirred solution was slowly added a solution of
Bi(NO3)3-5H,0 (0.196 g, 0.405 mmol) in 1.54 ml of HCI solution (6 M) and the pH
was adjusted to 7.5 by adding KOH (2 M). The mixture was kept at 90 °C for an
additional 20 minutes. Following filtration, was added Ce(NOs);- 6H,0 (0.469 g,
1 mmol) dissolved in 1,8 ml of 1M CH3;COOH. Then we added a solution of KCI (4 g)
in 15 mL water. A fine orange precipitate formed immediately, which was isolated
by decantation and recrystallized from 5 ml of hot water. Orange needles formed
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after a few days. These crystals were stable in the mother liquor but slowely decayed
in air and the color was orange.

Anal. Calc.: K: 5.67; Bi: 12.75: W: 53.30; Ce: 3.20; H,0: 6.59. Found: K: 5.38;
Bi: 12.42: W: 53.52; Ce: 3.02; H,0: 6.42. Yield: 74%.

SynthESiS Of K15[C€2(H20)2(BiW9033)(W5013)2].21H20 (2)

Bi(NOs);-6H,0 (0.43 g, 0.89 mmol) and Ce(NO;);-6H,0 (0.67 g, 1.8 mmol)
solids were dissolved in 4 mL aqueous 6M HCl with heating (solution 1). H,WO, (4.2 g,
17 mmol) and KOH (2.5 g, 45 mmol) were solved in hot water (60 mL at 80 °C)
(solution 2). Solution 1 was added to solution 2 with stirring at room temperature.
During the addition the pH was kept at ca. 7 by aqueous KOH, and finally adjusted
to ca. 7.5. The resulting cloudy solution was filtered and the filtrate was cooled to
5 °C in a beaker. After two days was obtained the pale orange microcrystals which
were isolated by filtration and recrystallized from 20 ml of hot water. The final
color was yellow-orange.

Anal. Calc.: K: 9.63; Bi: 3.43: W: 57.38; Ce: 4.43; H,0: 6.80. Found: K: 9.00;
Bi: 3.52: W: 57.82; Ce: 4.60; H,0: 6.61. Yield: 60%.

RESULTS AND DISCUSSION
FT-IR spectroscopic results

In the FT-IR spectra of the first complex (Figure 1) can be observed the
presence of valence bands characteristic for polyoxowolframate edifice, showing
the stabilisation of the trilacunary polyoxoanion by cerium ions coordination [11].
Corresponding bands of valence vibrations of tricentric bonds W-O.-W and W-O,-
W are splitted in two components. At lower frequencies can be observed the
distorsion bands v, (O;-P-0;) and valence bands v, (W-0,).

FT-IR data for (1) and (2)
IR frequency (cm™)

Band assignments

Complex (1) Complex (2)

933 vs 934 Vas(W=0,)

871 sh 887 sh Vas(W-0e-W)
831 vs 837 vs Vas(W-0e-W)
796 sh 781 vs Vas(W-0g-W)
700 vs 704 vs Vas(W-0e-W)
582 m 581 m 5(W-O e-W)
544 m 538 m 8(W-0, -W)
486 m 482 m 8(W-0,-W)

Abbreviations: vs — very strong; m — medium; sh —shoulder; as —asymmetric deformation; v - stretching;
6 — bending; O, - edge oxygen atom; O, — corner oxygen atom; O, — terminal oxygen atom.
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In the IR spectra of the second compound (Figure 1) can also be observed
the presence of valence bands characteristic for the polyoxowolframic edifice. The
band corresponding to asymmetric vibrations of terminal bonds W-O, expands and
displaces towards bigger frequencies with 16 cm™ suggesting.

70

1 ! n
2000 1000 400

Wavenumber [cm-1]

1 !
4000 3000

Fig. 1. FT-IR spectra of Kyo[(BiWy033)sWO,(H,0)],Ces(H,0)s(Bis0,)]-48H,0 (1)
and Kys[Ce,(H,0),(BiWy033)(W5045),]-21H,0 (2)

In both cerium complexes spectra apear a band situated at 727 cm™
characteristic to sandwich type strucures. Next table presents the position of some
important infrared bands and their assignments in case of the two complexes.

UV-VIS spectroscopic results

Electronic spectra of polyoxometalates show charge-transfer bands between
190-400 nm field (Figure 2) and crystallin field bands between 400-1200 nm (Figure 3).

UV electronic spectra of the both complexes (Figure 2) have very similar
spectral features. These spectra contain an absorption band characteristic to a
charge transfer p,(0;) = d(W) at ~200nm (194.5 nm for complex (1), 195 nm for
complex (2)). A charge transfer p,(O.e) = d(W) is represented in the electronic
spectra by two shoulders for each complex: at 244 and 289 nm for complex (1)
and at 249.5 and 299.5 nm for complex (2).
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i | L | L
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Fig. 2. UV spectra of the polyoxotungstates (1) and (2) in aqueous solution (10°M)

In the Vis spectra of the two compounds (Figure 3) a shoulder was observed
at ~ 450 nm which was assigned to a metal-to-ligand charge transfer absorption [12].
An increased absorbance was also seen and assigned to a Ce(lll)-ligand charge
transfer [13].

Abs

2

0 ) . .
30 40 500 600 700 800
Wavelength [nrn]

Fig. 3 Vis spectra of the polyoxotungstates (1) and (2) in aqueous solution (10°M)
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CONCLUSIONS

This work reports the synthesis and characterization of two new Ce(lll)
complexes. The analysis of the compounds was based on elemental analysis, FT-IT
and UV-Vis spectroscopy.

Elemental analysis is in good agreement with calculated values for proposed
molecular formula of the complexes.

Both complexes show similar IR spectra indicating similar structures. Compared
to the ligand, all of their characteristic stretching vibrations appear shifted in the
1000-700 cm™ range, an indication of the Ce(lll) coordination. The IR, UV and Vis
spectra are characteristic of this type of polyoxometalates.
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STRUCTURAL INVESTIGATION ON
GD,03;— Zn0O—-B,0; VITREOUS SYSTEM

D. SIMEDRUY", R. STEFAN?, E. CULEA3, P. PASCUTA3, M. BINDEA?

ABSTRACT. xGd,05'(100-x)[45Zn0"55B,03] system was prepared within a range of
0 < x £ 20 mol%. XRD and FT-IR were used as tools for investigating the structure
of prepared system. The XRD patterns revealed the vitreous nature of the samples
for x £ 15 mol% and the overlapping of vitreous and crystalline phases for x = 20 mol%.
The FT-IR spectra suggest a structure formed from [BOs] and [BO,4] units of which
proportion is varying depending on the gadolinium content. The A, value representing
the number of [BO,4] units/[BO3] units ratio was take into consideration for reveling
the deep changes in the structure of investigated glasses with the addition and
increasing of gadolinium content. The subunit value of A, ratio suggests that the
number of [BO3] units is higher than the number of [BO,] units in all compositional
range. The evolution of A, value function of gadolinium ions concentration reveals the
gradual increase within 0+10 mol% compositional range of the number of [BO,4] units
with respect to [BO3] units. For x = 15 mol% the increasing of A, value is attenuated.
These results suggest that Gd,0; is acting as a modifier of the investigated glass
samples within 0+10mol% compositional range. Over these concentrations its
role in the investigated glass structure is changing.

Keyword: borate glasses; gadolinium ions; XRD; FT-IR; A, value.

INTRODUCTION

Along the years, glasses were a subject of continuous investigation because
of their unique properties such as: hardness, good strength, transparency and
excellent corrosion resistance [1]. As it is well known, B,03 is one of the most
common glass formers with high bond strength, lower cation size, and small heat
of fusion [2] which promoted the borate glasses between the most studies glasses. In
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glasses, the boron atom usually coordinates with either three or four oxygen atoms
forming [BOs] or [BO,] structural units which can be arbitrarily combined to form
different BxOy structural groups like boroxol ring, pentaborate, tetraborate, diborate
groups.etc [3-5]. ZnO is a wide band gap semiconductor with applications in
electronic and optical devices. If ZnO is properly doped, the material obtained can
be used in applications such as transparent conducting electrodes, piezoelectric as
well as ferroelectric layers [6, 7]. Glasses containing gadolinium ions are intensively
studied due to their optical and magnetic properties which are of great interest in
technical applications [8]. These properties are determined by the environment of
Gd* ions, gadolinium concentration and its distribution in the host glass matrix
and their micro-environment [3, 8]. Although the local structure of the gadolinium
sites seems to be similar in different types of glasses, the correlation between the
doping level and clustering depends on the glass type and composition [3, 8, 9].

Following the information above, the purpose of this study was to investigate
the structure of xGd,05'(100-x)[45Zn0"55B,05] glass system, within a range of 0 < x <
15 mol%, by XRD and FT-IR spectroscopy in order to obtain structural information
regarding 45Zn0'55B,0; glass matrix and the changes of its structure with the
addition of gadolinium ions.

EXPERIMENTAL

xGd,03'(100-x)[45Zn0O"55B,03] system was prepared in 0 < x £ 20 mol%
compositional range by mixing components of reagent grade purity (H3BOs;, ZnO
and Gd,0;) in suitable proportions to obtain the desired compositions. The melted
mixtures (at 1250 °C) were quenched at room temperature by pouring onto stainless—
steel plates.

The X-Ray diffraction measurements of the as prepared and heat treated
samples were performed with a XRD-6000 Shimadzu diffractometer, with a mono-
chromator of graphite for Cu-Ka radiation (A = 1.54060 A) at room temperature.

The FTIR absorption spectra were registered at room temperatures using
a JASCO FTIR 4100 spectrometer. The IR absorption measurements were done using
the KBr pellet technique. The FTIR spectra were recorded in the wavenumber
range of 400— 4000 cm™*, with a resolution of ~4 cm™.

RESULTS AND DISCUSSION

X-ray diffraction was used as an investigation tool for determining the
vitreous or/and crystalline nature of the prepared samples. The XRD patterns of
xGd,05°(100-x)[45Zn0O"55B,03] system with 0 < x < 20 mol% are presented in
Figure 1. As it can be observed, for x £ 15 mol%, the XRD patterns present a large
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flat maximum characteristic to the vitreous structure. For x = 20 mol%, the large flat
maximum is overlapped by several sharp maximums characteristic to the crystalline
structure, which suggests that in this sample the vitreous and crystalline phases
coexist. According to the database, the crystalline phase was identified as GdBO3
(PDF#130483).

Due to the fact that this study was intended for investigating the vitreous
structure of xGd,0;°(100-x)[45Zn0"55B,03] system, the sample with x = 20 mol%
will be excluded from further studying.
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Fig. 1. The XRD patterns of xGd,03°(100-x)[45Zn0O"55B,03] system with 0 < x <20 mol%

The structure of xGd,0;'(100-x)[45Zn0°55B,0;] glass system was investigated
by FT-IR spectroscopy within a range of 0 < x £ 15 mol%. The experimental spectra
are presented in Figure 2 and their assignments are summarized in Table 1. The
assighments of the absorption bands were performed according to the theory of
Croazier and Douglas [10] by comparing the spectra of glasses with the spectra of
the analogous crystalline compounds of known structure [11].

The FTIR spectra of the investigated 45Zn0°55B,0; glass matrix shows five
bands. Locations of the bands (with descriptions) are as follows: at ~688 cm™ due
to the bending vibrations of B—O—B bonds [12]; at ~875 cm™ and ~1007 cm™ due
to B—O bonds stretching vibrations in [BO,4] units from tri-, tetra- and penta-borate
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groups [3] [13]; at ~1213 cm™ due to B—O bonds asymmetric stretching vibrations
in [BO3] units from pyro- and ortho-borate groups [14] and at ~1345 cm™ due to
B—O stretch in [BO3] units from varied types of borate groups [14].
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X
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400 600 800 1000 1200 1400 1600
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Fig. 2. FT — IR spectra of xGd,03'(100-x)[45Zn0O"55B,05] glass system with 0 < x < 15 mol%

With the addition and increasing of Gd,0s;, the intensity of the bands
observed in 45Zn0°55B,05 glass matrix is increasing gradually.

The only deviation from the general aspect is the shifting of the band from
~1213 cm™ to ~1209 cm™ for x=15 mol%. This shift can be due to the altering of
B—O bonds length from [BO;] units into pyro- and ortho-borate groups prior to
the formation of the crystalline phases.

As proved before, each B,0; molecule needs one oxygen atom to be
converted into two BO, tetrahedra [3]. In the structure of 45Zn0'55B,0; glass
matrix that role of providing oxygen rests with ZnO. The addition of gadolinium
ions is leading to an increase of all bands presented in the structure of the glass
matrix, suggesting an increasing of the number of both [BO,] and [BOs] units. This
suggests that the role of the glass modifier is take from this point forward by the
G (j 2(:)3.
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Fig. 3. Relative integrated absorption A, = A4/A; function of Gd,Os content for
xGd,05°(100-x)[45Zn0O55B,03] glass system with 0 < x < 15 mol%

In order to obtain more conclusive data regarding the changes that
appear in the zinc-borate glass matrix with the increasing of gadolinium ions, the
evolution of the triangular and tetrahedral borate units was studied by measuring
the report A.=A,/A; where A, represents the vibrations involving [BO,4] units and A;
represents the vibrations involving [BOs] units. The evolution of A, ratio function of
concentration is presented in Figure 3. Its subunit value suggests that in all
compositional range the number of [BO3] units is higher than the number of [BO,]
units. The maximum value of A, ratio (0.76) was obtained for the glass matrix
suggesting that ZnO have a very important role in obtaining a vitreous structure
by breaking the [BOs] units and modifying the borate network so that the number
of [BO,4] units is very close to the number of [BOs] units. The addition of gadolinium
ions is decreasing the value of [BO4] units to its minimum value (0.46) which
suggests that the first action of gadolinium ions is to act upon the [BO,] units,
decreasing their number.

Table 1. Assignment of the FTIR bands of xGd,05°(100-x)[45Zn0"55B,03]
glass system with 0 < x < 15 mol%

Wavenumber (cm™) Assignment

~688 B—O—B bonds bending vibrations

~875 B—O stretch in [BO,] units from tri-, tetra- and penta-borate groups
~1007 B—O stretch in [BO,] units from tri-, tetra- and penta-borate groups
~1213 B—0O,symm Stretch in [BO3] units from pyro- and ortho-borate groups
~1345 B—O stretch in [BOs] units from varied types of borate groups
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With the increasing of gadolinium ions content the ratio [BO,4] units/[BO3]
units is increasing gradually up to 10 mol% suggesting that the gadolinium ions are
acting in this range, by increasing the number of [BO,] units with respect to [BOs]
units and acting as a modifier of the glass structure. For x > 10 mol% the increasing is
attenuated, suggesting a relative stability in the glass structure and that, for these
concentrations, the role of glass modifier played earlier by the gadolinium ions is
no longer valid.

CONCLUSIONS

Glasses from xGd,03'(100-x)[45Zn0"55B,0;] system were obtain within
0 < x <15 mol% compositional range. Their vitreous nature was confirmed by XRD.
For higher concentration of gadolinium ions the XRD patterns shows that the vitreous
and the crystalline phase coexists. The crystalline phase observed for x = 20 mol%
identified as GdBO;. The FT-IR spectra of the investigated glasses show the presence
of [BO,] and [BOs] units in all compositional range. Their ratio was measured and
evaluated function of gadolinium ions concentration. The subunit value of A, ratio
in all compositional range indicates that the number of [BO3] units is higher than the
number of [BO,] units. Having in view the evolution of A, ratio in all compositional
range, it can be stated that for x £ 10 mol%, the gadolinium ions is influencing the
number of [BO,] units and [BOs] units by acting as a modifier of the glass network.
Over these concentrations the influence of gadolinium ions on the number of [BO,]
units and [BOs] units is significantly reduced which is proved by the attenuation of A,
ratio increase. It signifies that the gadolinium ions are starting to make their own
network, which is proved by the appearance of GdBO; crystalline phase for x=20 mol%.
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STRUCTURAL AND EPR INVESTIGATIONS OF Mn-DOPED ZnO
FINE CERAMICS

D. TOLOMANY’, A. POPA!, 0. RAITA!, M. STAN®, A. DARABONT?,
L.M. GIURGIU® AND I. ARDELEAN?

ABSTRACT. Structural, morphological and EPR investigations on Zn;,Mn,0O fine
ceramics (x = 0.01 and 0.03) are reported. XRD studies reveal a wurzite-type structure,
while the formation of ZnMnO; secondary phase was evidenced only for x = 0.03
sample. Both EPR spectra present a hyperfine structure specific to isolated Mn®*
ions and for the sample x = 0.03, a new quite broad resonance line arises, which
could be attributed to a ferromagnetic phase.

Keywords: fine ceramics, XRD, EPR,

INTRODUCTION

Mn-doped ZnO semiconductors have become a topic of current interest
since Dietl et al. [1] theoretically predicted the possibility of their room-temperature
ferromagnetism. Soon after this work, several efforts were experimentally made
[2-10] but the room-temperature ferromagnetic characteristics of these materials
were reported in only a few works [2—-4]. Notably, ferromagnetic behavior was
found to appear only in the Mn-doped ZnO samples processed at low temperatures
(Tan< 700 °C) [2, 4]. The question of whether the ferromagnetism of these
materials originates from the contribution of some secondary phases as manganese
oxides or from Mn* ions in Zn** lattice sites has been considered but remains
unresolved [8-10]. This suggests that the properties of these materials are highly
process-dependent and are influenced by the synthesis conditions, crystalline
structure, magnetic clustering, doping degree and dimensionality.

New results are required to clarify this controversial situation and electron
paramagnetic resonance (EPR) is expected to significantly contribute to their
understanding. EPR spectroscopy is well known to be a powerful technique for
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studying microscopic details of novel multifunctional materials. This spectroscopy is
an effective tool to investigate the origin and nature of ferromagnetism observed
in diluted magnetic semiconductors (DMS) [11]. For characterization of a ZnO system
doped with TM ions (TM = Mn, Fe, Co), EPR spectroscopy offers some interesting
advantages over the other methods: it has a higher sensitivity which is required
for investigation of magnetic inhomogenity [12], its selectivity to the microscopic
structure of the doping ion [13] and its resonant character. These, allow one to
easily eliminate undesired contributions and effects of phase inclusions [14]. There
are some EPR investigations of micro- and nanostructured Zn,,TM,0 compounds
referring, in principle to the local symmetry and local properties in the vicinity of TM
impurities [15], the detection of the ferromagnetic ordering as well as the existence
of other magnetic species [16, 17], the incorporation degree of TM ions [18], the
influence of the TM concentration on EPR spectra [19] and the identification of
paramagnetic and ferromagnetic phases [20].

We present here the results of such an EPR study of Zn,;,Mn,O (x = 0.01
and 0.03) fine ceramics in order to evidence the magnetic behavior of the samples.

EXPERIMENTAL

A series of ceramic samples of Mn-doped ZnO, having a general formula
Zn.,Mn,O (x = 0.01 and 0.03), were prepared. Stoichiometric amounts of zinc acetate
dehydrate — Zn(CH3C0O0)2-2H20 (98%) and manganese (ll) nitrate tetrahydrate —
Mn(NO3)2-4H20 (98.5%), were dissolved in distilled water and stirred until a
homogeneous solution was obtained. The reaction mixture was slowly evaporated
until dry and the obtained solid mass was decomposed at 250 °C in air. The
temperature was gradually raised over 2-3 days. After heat treatment, this mass
precursor was ground to give fine powder. Fractions of the obtained powders
were calcinated at 600 °C for 2 h in air.

X-ray diffraction measurement was made using high resolution Bruker D8
Advance diffractometer with Cu x- ray tube and incident beam Ge (111) monocromator
(A= 1.54056A).

Scanning electron microscopy (SEM) was collected at room temperature
using a JEOL7000F microscope with a specific resolution of 1.2 nm.

EPR measurements of powder samples were carried out on a Bruker E-500
ELEXSYS X-band spectrometer at variable temperatures. The spectra processing was
performed by Bruker Xepr software. The simulations were performed using Bruker
XSophe program.
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RESULTS AND DISCUSSION

X-ray powder diffraction (XRD) was used to analyze the structural properties
of the materials and to identify the phase and the purity of all the samples. Fig. 1
shows the X-ray powder diffraction pattern recorded for the samples with x = 0.01
and 0.03. Results of XRD measurements indicate that the diffractograme for
x = 0.01 sample can be indexed to a hexagonal wurzite structure as ZnO. No trace
of manganese metal, oxides or any binary zinc manganese phase could be observed.
Besides the diffraction peaks from ZnO wurzite structure, weak additional peaks
from ZnMnO3 impurity phase have been observed for x = 0.03 sample.

Zn, Mn O + ZnMnO,

x=10.03
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Fig. 1. Powder x-ray diffraction patterns of Zn,.,,Mn,O (x = 0.01 and 0.03)

The particle’s size and morphology were characterized by SEM microscopy.
The images of Zn,,Mn,O (x = 0.01 and 0.03 treated in air atmosphere) are shown in
Fig. 2. It could be observed that the individual particles have almost spherical shapes
with mean sizes of 110 and 140 nm for x = 0.01 and x = 0.03 samples, respectively.
However, an inherent agglomeration of the individual particles was also noticed.
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For both samples, the EPR spectra (Fig.3) present the fine and hyperfine lines
characteristic to the isolated Mn*" ions, which could be analyzed by the following
spin Hamiltonian:

x=0.03
3
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=
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=
x
o
L
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Magnetic Field (G)
Fig. 3. EPR spectra of Zn,.,Mn,0 with x = 0.01 and x = 0.03 and the simulated spectrum
(sim) of Mn*" ions with S=5/2 and 1=5/2 in ZnO crystal lattice

H:gpbHS+D{S§—%S(S+1)}+ASI (1)

where the first term describes the Zeeman interaction, the second term refers to
the axial zero-field splitting due to hexagonal symmetry of the wurzite ZnO and
the third term describes the hyperfine interaction between the electron and
nuclear spin of manganese ions. Considering the experimental EPR spectrum of
x = 0.01 sample, the best simulation is achieved by using the following spin
Hamiltonian parameters: A=-75G, D =-220 G and g = 2.01. These values are in
accordance with those reported for the Mn*ions doped in single crystals (A = - 81 G,
D =- 232 G, and g = 2.0016) [21,22]. Therefore, the complex resonance spectra
evidenced for both samples arises from the paramagnetic moments of isolated Mn**
ions substitutionaly incorporated in the ZnO crystal lattice. Besides the EPR spectrum
centered at g = 2.01, in the x = 0.03 sample was evidenced at lower field a quite
broad resonance line which could be attributed to ferromagnetic phase in material
(see Fig. 3). Similar spectra to those outlined by us were observed by Jayakumar
et al [5]. For a better explanation of the origin of this line we plan further EPR
investigations.
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CONCLUSION

In summary, we have reported a structural, morphological and EPR study
on Zn14Mn,O fine ceramics with x = 0.01 and 0.03. From XRD characterization
results that both samples presents peaks which are specific to ZnO wurzite
structure. Besides these peaks, weak additional peaks due to ZnMnOj; have been
observed for x = 0.03. SEM measurements show that the particles size increases
with the concentration of the dopant. From the analysis of EPR spectra results
that in the both samples, the Mn*" ions are isolated and substitutionally incorporated
in the host lattice. For x = 0.03 sample, besides the hyperfine lines characteristic
of Mn** ions, appears at lower field a broad line which could be assigned to the
ferromagnetic phase.
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