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|.  Technical description of the beamline

1.1 Introduction

The Italian Collaborating Research Group GILDAESRF is a general-purpose beamline
using a bending magnet source. It is now financedwm major italian public research Institutes
(Consiglio Nazionale delle Ricerche CNR, and IstitNazionale di Fisica Nucleare).
It is operational since Sept 1994, and is mainlgicked to the investigation of atomic structures.
At this purpose, techniques like X-ray Absorptiope8troscopy as well as X-ray Diffraction are
used on the beamline in the energy range 4-90 Kb¥.GILDA beamline consists in four hutches:
the first contains the optical elements and theermsththe experimental apparata. The first
experimental hutch, is dedicated to X-ray Absompt&pectroscopy (XAS) and is placed in the 1:3
horizontal focal configuration to obtain the maxmmuflux from the sagittally focusing
monochromator. The wide energy range of the beamihmakes GILDA well-suited for XAS
investigations on mid-heavy elements with the poktsi to access the K absorption edges from Ca
to Au and the L edges from Sb on. Experiments argex out in transmission, fluorescence and
total electron yield modes. For the study of higtijted samples a 13-elements high purity Ge
detector is currently used (current limit sensitivil0** at/cnf). Surface experiments in total
reflection mode (ReflEXAFS) are performed in a datkd experimental chamber.
The second hutch, in 1:1 focal geometry, is deditdd X-ray scattering and diffraction. Time-
resolved (18107 minutes) powder diffraction experiments can befqered, by using a
Translating Image Plate coupled to a hot air blower
A third experimental hutch at the end of the beaenis available for users who wish to install their
own apparatus. An ultra high vacuum chamber fullyipped for surface preparation and
characterization is available for surface-EXAFSeistgations.

1.2 Optics
The beamline, schematically shown in figure 1,

Monochronotic OFTICAL HUTCH
1=t Experlnental Doam Position Cooled berylliun window
Futeh Honitar waLL

eam Posltlon Monltor
Secondary Beryllivm vindow P, B o Cocled: kerylliur o
Beam Stopper Beryllam window Fllter Halder
\ 2nd Mirror Chanber / MONOCHROMATOR 15t Mirror Chomber ‘ooled L=
& 0
7 U -

el

T
=l

EEAH JIRECTIOH

sisl: iy

Figure 1
Layout of the optical hutch.

provides a monochromatic x-ray photon beam in thergy interval 4 - 90 keV, with an energy
resolutionAE/E =10° - 10*, a spot size of about 1*1 mm and a flux at themamosition up to 10
- 10 Yph/s. To achieve these performances, the beamlinekswin four distinct optical
configurations. At intermediate energies (7-27 k&\d first mirror intercepts the horizontal fan of
radiation at a glancing angle of 3 mrad, reflectamgl collimating the beam in the vertical direction

! D'Acapito F., Colonna S., Pascarelli S., Anton®lj Balerna A., Bazzini A., Boscherini, CampolurfgoChini G.,
Dalba G., Davoli I., Fornasini P., Graziola R., léei G., Meneghini, Rocca F., Sangiorgio L., Sa@avrrt, Tullio V.,
Mobilio S., ESRF Newslette30 (1998), 42.



The monochromator is a double-crystal and douliltion axis device with fixed-exit. The second
crystal is sagittally curved to focus the beamhia horizontal plane; dynamical focusfrig used to
keep beam dimensions in the focal point constaoutihout a full energy scan and can be used in
the whole energy range of the beamline. By usingide fan the minimum horizontal size Full
Width Half Maximum (h-FWHM) for the beam on the gamis limited, due to the slope error
induced by the second crystal ribs, to about 1-2 Mhen needed the part of the crystal between
two ribs can be used to achieve a beam horizoitéi of only 100um.
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Figure 2
Schematic view of the sagittally focussing monoataior operative at GILDA

The second mirror focuses the beam in the verticakttion in three focal points at the interior of
each of the three experimental cabins. The mirlage a double coating to achieve efficient
harmonic rejection in the 7-21 keV(Pd coat) or Z1k2V (Pt coat) when working at 3 mrads. With
the new second mirror we achieved a good focatimatif the beam v-FWHM in the vertical
direction with values of about 10@0m. At low energies (4 - 7 keV), Si(111) monochraoimg
crystals are used together with a further pairtafdated mirrors working at 10 mrad for an effitien
rejection of the harmonics. At high energy (27 -Ke¥), mirrors are removed and Si(511) crystals
are used.

Recently, some additional operating modes hava bdded in order to improve the quality
of the beam on the sample. In particular we haaeest using a flat crystal for carrying out highest
guality measurements in transmission mode. In dbidiguration the ribbed second crystal is left
un-bent. In this way a noticeable improvement ia bleam homogeneity has been achieved, that
revealed to be crucial in the study of slightly anftogeneous samples (ground powders, high
absorption levels) requiring very low levels of smi(<2*10%. The considerable intensity loss
(about 50-200) is not critical as in the case ahsmission mode data the noise is dominated by
other sources than the statistical fluctuationsfusher working mode involves the use of the
mirrors. Considered that the use of the small Rt coated mirrors for harmonic rejection lead to
a too high beam intensity reduction (about 70%)ube of the Pd coated mirrors at an angle of 3.6
mrad was decided. In this way we increased the biaicyfree range of the beamline down to 6 keV
so including the Mn-K edge that in the last yeass Wwugely used by the users.

2 pascarelli S., Boscherini F., D'acapito F., HrgWeneghini C., Mobilio S., J. Synchrotron R8d1996) 147.
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1.3 The XAS facility

The x-ray absorption spectroscopy (XAS) hutch heenldesigned to carry out XAS
experiments in different ways, ranging from concatetd to dilute samples (limit dilution 10 ppm
or 1014 at/crf) and from bulk to surfaces (limit thickness 0.2 Mihe conventional XAS
apparatus consists in two experimental high vacobambers
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Figure 3
. Layout of the EXAFS Hutch

the first chamber is used for standard experimevitie the second one is available for the
installation of bulky/heavy cells from the usergy(ire 3). Depending on the nature of the samples a
number of different detectors are available atiamline, namely:

1) lon Chambers: two chambers are used for measmtsnin transmission mode. They can be
filled with N, Ar or Kr gases to ensure a good&@éncy in the whole energy range.

2) High Purity Ge multidetector (13 elements): tihtector is used for the collection of high qualit
fluorescence spectra with a typical energy resmudf 200 eV and maximum count rate of 100
kcps/element. A digital pulse processing permifast and reliable calibration of the device , an
easy correction for dead time effects [Ciatto et2804] as well as an effective subtraction of the
background [D’Acapito et al. 2007¢€].

3) Electron detectors to perform measurements \giinface sensitivity. In particular the
measurement of the sample current, the detectioalesftrons with a channel multiplier (with
possibility to perform partial yield) and detectiah electrons amplified by a He chamber are
available.

XAS measurements can be carried out in a wide testyre range using a liquid He
cryostat (4-500 K). A translation/rotation stageumied on top the liquid nitrogen cryostat allows
the accurate positioning of the sample respechéobeam polarization direction, so permitting to
easily carry out "polarized EXAFS" experiments;e thise of a vibrating sample holder helps in
minimizing the effect of coherent scattering whemalgzing single crystafs A cell, specially

% A. Martorana, G. Deganello, A. Longo, F. DegandlloLiotta, A. Macaluso, G.Pantaleo, A. BalernaM&neghini
and S. Mobilio, J. Synchrotron RatD (2003). 177.



conceived for gas-solid reactions, has been rehlizeollaboration with the Palermo university and
is now available to all users [Longo et al. 2005].

A further experimental chamber is dedicated to |totdlection EXAFS (ReflEXAFS)
measurements for the investigation of surfacesuded interfaces. The sample is oriented with the
surface parallel to the polarization vector and itieidence angle can be adjusted within 1.2%10
deg. The size of the incident beam is about 50 Thm.intensity of the "incoming" and "specularly
reflected” beams is measured by ion chambers whdreafluorescence signal can be collected
using the multielement Hp-Ge detector. Samplesbeaalso prepared in situ by evaporation and an
oven permits the sample treatment in controlledagassphere up to 700 K. The main limitation
on the use of ReflEXAFS technique is representedhieystringent conditions required on the
samples in terms of length (a few cm), roughness featness, conditions that not always are
satisfied. Therefore, to avoid the use of the RERAES apparatus when total reflection in not
possible an alternative data collection systempbkamits measurements in grazing incidenge 2
deg) mode inside the first EXAFS chamber was régeieveloped
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Figure 4.
Left: picture of the sample holder for measureméntgazing incidence mode. Right: comparison betwe Er-,
emission from a thin layer of Er doped glass onpaig glass substrate. Here two collection geossetiie compared
with a common value for the incidence angle (20)delgr geometry i.e. with the sample surface omarizontal plane
(as realized by the holder presented here) andyd@metry i.e. with the sample surface on a verpitate. Note the
improvement of the ratio between the elastic andréiscence peak in the former case respect tattee. |

The apparatus has demonstrated to be highly eféectireducing the spurious signal from the
substrate in the case of analysis of samples mfilinn form.

1.4 The X-ray Diffraction Facility
The diffraction hutch is equipped with a Translgtimage Plate (TIP) detector to carry out

experiments of time resolved x-ray diffractfon

4 C. Meneghini, G. Artioli, A. Balerna, A. F. Gtieti, P. Norby and S. Mobilio, J. Synchrotron R8d(2001) 1162.
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Figure 5
The apparatus for Time resolved x-ray Diffraction

The Image plate has a resolution of 100 *i@®and is placed at about 30 cm from the sampls: thi
permits the collection of data up to a scatteringle of about 40 deg. Phase transitions in theerang
of 10-10? minutes can be studied in samples contained mddpillaries (0.2-1 mm) and
undergoing heat treatments via an air blower (up0@0 deg) or chemical reactions. In front of the
TIP a slit selects a vertical slice of the diffedtbeam; the TIP can translate horizontally so
permitting the collection of time resolved data. I®reader is available in the terminal room of the
beamline. A MAR345 Image Plate detector has beesntéy purchased in order to replace the old
IP system.

1.5 Third Hutch
The third experimental hutch was conceived for s18@shing install their own apparata on

the beamline. At present, an apparatus dedicatEX#d=S in Ultra High Vacuum conditions is
mounted.
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Figure 6.
Picture of the UHV chamber. It is capable to readfase pressure of 1mbar, containing an angular resolved
electron detector, an Auger electron analysis systed a manipulator to align the sample and keaptémperatures
between LNT and 700 K. A side chamber is useddarm@e preparation using an evaporator and a tnaasfe
connects the two chambers. Detectors like multiel@ntiP-Ge or a channeltron can be used for theat@h of
surface EXAFS data.

Due to lack of staff, the instrument is not opemtt present.
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[l. Staff and associated roles

Gilda has two kinds of staff, the personnel permégeaesident in Grenoble and the Italian
collaborators.

At Grenoble at the moment two scientists with p@ment positions (F. d’Acapito and C.
Maurizio) of the Consiglio Nazionale delle RiceecfCNR) are present. Francesco D’Acapito is a
senior scientist and is Habilité & Diriger des Reches on behalf of the Université Joseph Fourier
— UJF- of Grenoble . He is responsible of the mamemt of the beamline; his scientific activity
regards mainly the study of optoelectronic matsrinhnostructured systems and Diluted Magnetic
Semiconductors. Chiara Maurizio is a scientist; Berentific activity regards the study of
optoelectronic materials, ion-implanted glasses ahubters. A further permanent position as
scientist is under decision following an open @dlICNR; however due to burocratic formalities
but there is no guarantee that the winning caneidélt accept the transfer to Grenoble.

In the period 2003-2008 F. Bardelli worked at GA.firstly as a PhD student of the UJF
(up to 2006) and in the following years as post-dOther post-doc positions were given to C.
Battocchio (2005, dedicated to EXAFS activitiesgd d. Merlini (engaged at 50% in 2006 on
diffraction activities) Since 2006 Mauro Rovezzi is the PHD student frorf;Wis thesis concerns
the study of Diluted Magnetic Semiconductors urttlerresponsibility of F. d’Acapito. The end of
this thesis is foreseen for September 20009.

At present there is no perspective of hiring neithexew PhD student nor a post-doc due to the
recent freezing of the funds dedicated to the parsbby the CNR administration.

In 2004 there were two technicians (F. Danca and Manna both engaged at 50%) with
permanent positions and dedicated to the suppadttigaactivities at GILDA. Since 2006 one of
them (F. Danca) transfered in Italy and the othrex was dedicated to other activities.

The technical operation of the beamline have besnared till Jan 2009 by a Fixed-Term technician
(H. Pais). The renewal or extension of this position was nogsible due to lack of financial
contribution from the partners so at present tiere technical personnel permanently resident at
GILDA. A few basic technical issues are coveredtly ESRF technician charged for the CRG
operations, E. Dettona.

For what concerns the associated personnel theg ga un-valuable contribution to the
design, construction, installation and commissigrof the beamline in the beginning phase. Now
they are assuming more and more the role of eXtes®&s, with strong scientific interaction with
the permanent staff. At the moment their role inexentual new project of the beamline is not
defined.

In the period 2004-2008 the contributions came tgamom the Frascati National Laboratory of
INFN with two technicians (engagement at 25%) reducezhe since June 2008 and University of
Roma TRE, with two scientist, S. Mobilio who is ¢harge of the overall project responsibility
(engagement at 25%) and C. Meneghini dedicated heo management of the diffraction
instrumentation (engagement at 15%).

University of Trento contributed with technical gapt to the EXAFS instrumentation developed
by this group in the initial phase.

Finally also A. Balerna and F. Boscherini gave sanaally their help in the management of the
beamline instrumentation.

11



12



[1l. Statistical data of the GILDA Users and Sciertific Production

Experiments per year

60

50
I ESRF
20 I
30 |
B CRG
20 |
10 | !
> H L A DO OO N A DD > L
O O’ O O OO O QO O L O O O O O
N N RN N N S S S S S S S S

Figure 1
Number of experiment approved and performed per gwaded between ESRF and CRG users
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Overload of the request in term of number of shifts
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Number of submitted proposals
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Number of the submitted proposal per period
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Figure 4
Number of the requested shifts per period
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Shift distribution per committee
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Figure 5
Distribution of requested shifts per committee I{ding italian experiments)
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Figure 6
Distribution of requested shifts per main propasmintry (ESRF proposal only)
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2004-2008 Shift distribution per Institution
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Distribution of the shifts per Institutions (allgariments, based on the affiliation of the Italiaain
proposer)
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Figure 8
Distribution of the shifts per Department (all ekpeents, based on the affiliation of the Italian
main proposer)
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Papers
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Annual distribution of the papers published ontiné&tional journals
Distribution of the IF

40

35

30

25
&
:'é_ 20 m Impact Factors
o

15

10

5

0

S R IR IR R IR
Value
Figure 10

Distribution of the Impact Factors of the 2004-2@IB DA publications
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I\VV. Future perspectives and plans for upgrade

GILDA was realized more than 15 years ago andesthen no major refurbishment action
has been carried out on the instrumentation apathe change of the second mirror; during these
years the instrumentation of the beamline was oantisly upgraded to ameliorate the overall
performances in terms of spectra signal to noise, rdilution limits, stability, spot dimension. Mo
the bulk of the instrumentation overcome its reabte operating lifetime and a deep refurbishment
of the beamline is needed.

At present some refurbishment actions are in gegyand regards the beamline stepper
motor drivers and vacuum control system. We armdising the old stepper motor drivers, which
run under OS-9 operating system, and we are ingjathe new ICEPAP cards under SPEC control.
Moreover we purchased the standard ESRF instrum@mtéor beamline vacuum control (PLC,
gauges and related readers, ...) and the whole sysiieétre installed during the summer shutdown
20009.

To continue the beamline operation in a reliabledition for the next five years additional
refurbishment is needed, in particular the charfgaemonochromator and the replacement of the
old Ge multi-detectors with a new one.

A proposal to the Italian Institution supportingLGIA (CNR and INFN) for the financial
support of these refurbishments has been subnattddhow is under evaluation.

We are defining a project for a radical recondtamcof the beamline. The X-ray optics is
being designed and optimized for a beam with lovejence-and-size as well as possessing a high
spatial homogeneity and temporal stability. Thif permit to us to take advantage of the Upgrade
Plan of the ESRF by realizing a beamline that makiestter use of the high brilliance of the source
as well as of the noticeable stability that will deailable with the forthcomingp-upfilling mode.
The new beamline will give a contribution in sometloe strategic areas defined in tBSRF
Science and Technology programme 2008-20d&hort referred to as theurple Book mainly
“Nanoscience and nanotechnology” and “Science atebe conditions”. The design criteria will
make the beamline particularly adapted to measurmen total-reflection/glancing-angle
conditions as well as to high quality (low-noiseneentional EXAFS measurements. The former
data collection mode is of paramount importancetf@ analysis of surfaces of materials as it
permits the minimization of the spurious signal aomfrom the substrate. Materials consisting in
low-level doping (bulk materials in nm sized layers alternatively, depositions &f 1atom/nm)
need necessarily this kind of data collection @illiws also the realization of experiments in real
(i.e. non UHV) conditions. There are several rede#sues of strategic importance, as underlined
by the recenEuropean White book of Fundamental Research in fidd¢eScience(edited by the
Max Planck Institute), that will benefit from a Imline optimized for glancing angle
measurements. Just to cite a few cases: in the dieklectronics where the realization of devices
below the 90nm node need both the realization alleh junctions and new low-dielectric constant
oxides for the replacement of SiCAlso in the case of surface heterogeneous caallys same
publication evidenced the need of moving beyondctimamonly used methods for surface analysis
based on UHV environment by developing investigatEchniques capable to realize real working
conditions for the material. Both issues need searfructural investigations of materials for which
the new beamline will be particularly adapted.

A design for the x-ray optics has been definechlite aim of obtaining a beamline with
focused beam operating in the range 5-40 keV wibeam size of about 2Q0m and a divergence
below 0.01 deg. The beamline will provide an inteagd stable beam also in an energy range
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(E=20-40 keV) still poorly covered by gap-scannungdulator sources. The high beam intensity
will be achieved by focalization using toroidal rois. This technical solution has the advantage of
being achromatic so it will ensure a high homoggnand spatial stability of the beam. The

beamline layout will be compatible with the exigtitead hutches. A schematic layout of the
beamline is the following.

Filters
\
Reflecto- || Conventional Tor.oidal || Monochromator
meter EXAFS bench mirror
| | | | |
| | | | |
50m 31m 28m 25m 23m

Figure 1.
Schematic layout of the new beamline (not to scdleg distances in meters are relative to the sourc

* Attenuating filters and slits. These will be necessary in order to cedbe thermal load on
the monochromator at the highest energies.

* Monochromator. It will use flat crystals and will host at ledasto or three pairs that will be
possible to change by simply shifting horizontalhe device. The cooling will be of
cryogenic type in order to minimize the thermal lpum

* Toroidal mirror in 1:1 focusing configuration. The mirror will lbealized starting from the
substrate of the present one and will consist im ¢ylindrical channel with coverage of Pt
and Si. The incidence angle will be 2mrad so peimmgita full harmonic free operation range
of 5-15 kev (Si mirror) and 15-40 keV (Pt mirror).

» First experimental hutch placed in the same position as the present ons.wWillihost the
instrumentation for the data collection in transima mode already operative on the
beamline. The beam in this zone will be unfocussednathis case no high intensity or
reduced dimensions are needed.

» Second experimental hutchthat will result from the merging of the preseetend and
third hutches. In this zone the beam will be fulbcused and here we will place the
instrumentation for the EXAFS data collection framn films. The instrumentation will
consist in a reflectometer that will permit theemtiation of the sample respect to the beam
in total reflection conditions. The purchase ofeavrfluorescence detector will be needed in
order to ensure reliable operation of the expertalestation. Time resolved diffraction
experiments will be still possible with the caldelkh beam parameters.

A simulation of the beam shape on the sample losg@™ hutch) is show below:
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Figure. 2.
Simulation of the beam shape at 20 keV in the sampsition. The computation was carried out ushag t
SHADOW code. For the toroidal mirror the slope edata relative to the actual GILDA cylindrical mar were
used. Simulations based on more realistic slope data aer in progress.

The beam will have a size of about 200 * 200Tamd an intensity in the range of*iph/s .
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V. Overview of the overall scientific activity of GILDA
2004 - 2008

In this section we give a complete overview of Huogentific activity performed at GILDA
beamline during the five years 2004-2008, basetherexperiments performed, on the experiments
reports and on the published paper. The overalenatis presented according to the following
research fields:

A. Information and Communication technologies, with slubfields Material science for
optoelectronics, Materials with peculiar magnettévior and semiconductor;

B. Nanoscience and Nanotechnology, with the subfi8klsiconductors nanoparticles and

Metallic nanopatrticles;

Materials for energy production and transport;

Environment with the subfields of Earth Sciencd|WRion and Archeological and Cultural

Heritage;

Life Science;

Soft Condensed Matter;

Catalysis;

Miscellanea with the topics of thermal expansidmge transition and local lattice distortions;

Instrumentation and data treatment methods.

o0

T Lemm

A. Information and Communication Technologies

Al. Material science for optoelectronics

In recent years, the material science for Infororaand Communication Technology has taken
progressively more advantage from synchrotron teslidbased techniques. This class of materials
are often in form of thin films that are intentidilgadoped with one or more chemical species that
are used to tailor a specific macroscopic propé&igce the macroscopic properties of the obtained
composite system often depend on the nano and aubstructures formed around the dopant, the
x-ray absorption spectroscopy (XAS) is an electo to correlate the macroscopic response of the
system with its structure at the atomic scale. Moeee, due to the irrelevance of any long-range
(crystalline) order considerations in interpretthg XAS data, the XAS is also successfully used in
investigating the atomic structure of glassy system particular, it has been demonstrated to
efficiently complement x-ray diffraction analysas ¢ase of amorphous systems that are in the
proximity of the crystallization.

The experiments carried out at the GILDA beamlinetlte materials for the Information and
Communication Technology in the last five yearsuksed on the investigation of the link between
their peculiar optical response and the local stinec around the dopant atoms. In fact, the
luminescence emission of materials is mainly depehdn the local structure and site symmetry of
the luminescent centers that have to be contrdibedinely tune the optical properties of the
systems, in term of luminescent efficiency andfahe emission wavelength.

The experiments performed at the GILDA beamlineragnly based on the x-ray absorption
spectroscopy. The high flux available on the beaenin a wide x-ray energy range (in this case
from the Er ly-edge, 8358 eV to the Er K-edge, 57486 eV), togethth the use of a state-of-the
art fluorescence detector allowed to perform highlfy experiments that leaded to significant
steps forward in this field of research. In specifiases the x-ray diffraction also allowed a
structural characterization of the composite system

The papers published focussed on three main ssbject
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The first one is on Er-doped glasses for opticablérars. The second subject addressed by the
GILDA users is the study of light waveguides ob¢airby metal-for-alkali ion exchange in glass
matrices. The third is on the x-ray excited opticahinescence experiments, that, in some specific
cases, have proved their capability to investigaederentially the luminescent sites of a selected
atomic species.

Rare-earth doped materials

The EF* ions emission (1.8m) matches the low-absorption range of the silleasy so that Er-
doped silica-based glasses are very promisinganfighd of optoelectronics. To this respect, the
research performed by different groups at the GILB#amline was aimed i) to investigate the
incorporation of Er in different glasses and glessamics and with different techniques, to
overcome as most as possible the low solubilitytlohthe rare-earth in the pure silica glassiai)
explore the possibility of using efficient sens#tiz for the Er ions to overcome the low cross
section of the Er 1.pm emission.

Rare-earth doped materials: Overcoming of the @ulility limit.

To overcome as most as possible the low solubiliyt of Er ions in silica or silicon, the
incorporation of Er in glasses and glass ceramitis different techniques was explored. In fact, the
Er photoluminescence (PL) efficiency drops dowrthié Er site symmetry is centrosymmetric
and/or in the presence of non-radiative de-exoitathannels for the Er ions.

When embedded in crystalline Si by ion implantatitve concentration quenching effect occurs
because the Er atoms form silicides, in which thmesie is centrosymmetric, and the Juf
transition is forbidden. One possibility to overaitiis problem is the co-doping with Er and O
atoms. The EXAFS experiments performed at the jzetige on this kind of systems, prepared by
different synthesis routes (ion implantation or MBEevealed that the Er ions are five or six fold
oxygen coordinated, with a bond length of 2.24 &le compared with 6 O atoms at about 2.27 A
in the crystalline BEXO3); moreover, a well defined Er-O-Si bond was founflabout 135 deg,
leading to an Er-Si distance of 3.58 A [D’Acapitoaé 2004a, D’Acapito et al. 2005].

The use of non-equilibrium techniques for the Eaomporation into a matrix, as the cited ion
implantation, is quite promising because the cotraéion threshold for the PL quenching can be
raised. For this reason, the field-assisted safiteson exchange technique was also explored for
the first time to prepare Er-doped silicate glasses first experimental results indicate that Hre
site is similar to what found when Er is embeddedrystalline Si [Cattaruzza et al. 2009].

To investigate the possible structural modificatioh the Er site correlated with the PL
guenching induced by the Er concentration, an EX&Kferiment was performed on a phosphate
glass doped with Er at different concentration gallelow and above the concentration threshold
(that in this glass is about 2 at%). To have actess larger range in the photoelectron wave
number, the EXAFS spectra were recorded in thie eaghe Er K-edge (&= 57486 eV). It has
been found that no significant changes in the teraicurred at varying the Er concentration around
the concentration quenching threshold; moreoverfzn&r direct coordination was visible passing
from the lowest Er concentration (0.2%) to the bgh(5%): these facts demonstrate that the rare-
earth clustering, evident from the PL responsesdue take place at short distances [D’Acapito et
al. 2007a].

As host materials for Er ions for applications ptaelectronics, the use of glass-ceramics has
been widely explored. It has been shown that theoBcentration has an effect on the early stages
of the crystallization of chloro-tellurite glassescombined EXAFS and in situ XRD experiment
showed that th&-TeO, and ZnTe;Og crystalline phases, formed upon in-situ anneaimghe
matrix without Er, where not present if EgGR2-10 mol%) was introduced. The first O shell ardu
Er is similar to what found in the previous exansgleortes et al. 2004]. If the presence of Er ions
can modify the glass-ceramic structure, the inverag also observed: in SiGe0G-P,0s Er-doped
optical fiber performs, the addition of CaO in tgkss modifies the Er local environment. In
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particular, without CaO, the EXAFS analysis showleat the Er site is crystalline and very similar
to that one of ErP£) upon addition of CaO, the Er site is locally ddgred and similar to what
observed in silicate or phosphate glasses. Comelapgly, the width of the PL emission increases
due to the inhomogeneous broadening induced byathaphous environment [D’Acapito et al.
2008].

The site of Er ions in glass and glass-ceramicsegranes has been investigated by the EXAFS
spectroscopy by the research group of the Trentwddsity and CNR. They focussed on binary
matrices formed by SiAl,03, SiG-TiO, and SiQ-HfO,. They found that the first atomic shell of
O around the Er ions is essentially independenthenmatrix composition; the second shell is
formed of Si atoms (as in pure silica) in $00,, and it is probably constituted of Al atoms in
SiO,-Al 03, even for A}O3 concentration as low as 2% mol [Afify et al. 2008&fy et al. 2007a].

A special behaviour is reserved to Er-doped,SH#fiD, glass-ceramics. In this case, as usual the
first coordination shell around Erions is composed of oxygen atoms, but it is okesbrthat
hafnium is the main constituent of the second doatibn shell of Ef. Moreover, the local
structure around Ef ions is found to be independent of the bi@ncentration and the ¥rions

are found to be preferentially dispersed in Hf@@h regions of the glassy waveguide, even at the
lowest HfQ concentration. This behaviour explains the PL progs of the considered
waveguides: in fact, the observed PL spectra aratested lifetimes can be explained by
considering that the incorporation of HfGn SiO, strongly modifies the next-nearest shell
environment around Ef, inducing an increase of the electric dipole comgm of the®l 3,115
transition probability. The independence of the ihescence process on the Hf€bntent (10-40
mol %) means that the crystal-field-dependent camepb of the luminescence process remains
unchanged, and in fact the local structure around Emains unchanged as well [Afify et al.
2007b].

Finally, an amphoteric behaviour for*Eions in BaTiQ ceramic has been enlightened by a Er
L,-edge XANES and EXAFS investigation on Er-dopedaoecs with different Ba/Ti ratio (=1 or
>1): in the case Ba/Ti >1, the Er ions mostly siilot Ti ions in the perovskite structure, while in
the other case almost equal occupancy of Er omBarasites is found, thus assessing the ability of
the stoichiometry to control the doping mechanig&uscaglia et al. 2004].

Rare-earth doped materials: Sensitizing effecttierEF* emission.

To overcome the intrinsic small cross section far écitation in Er-doped Sicbased
materials, a useful strategy is represented byritegaction with sensitizing species such as other
rare earths, or nanostructures like Si, Au or femo-aggregates. The effect of the atomic-scale
structure on the PL properties of these composistems has been investigated at the GILDA
beamline by the EXAFS spectroscopy. The Er siteldeen determined in Er-doped {iayers
(1<x<2), and the corresponding JuB PL emission interpreted. The substochiometric, $n@trix
is an effective sensitizer for the Er PL emissi@hpse cross section can increase of several orders
of magnitude, tuned by the segregation of Si ctediieat preferentially transfer their energy to the
Er-ions that subsequently de-excite radiativelyhdis been shown that, in the presence of an
extensive phase separation between Si and ®i®local environment around Er plays a crucial
role on the efficiency of the PL emission at 114, which is significantly increased when the first
shell of atoms around Er is closer to that one @Ok [Maurizio et al. 2005, Maurizio 2006]. Later
on, for similar systems with x =1 (silicon rich dei Er-doped layer), it has been shown that the
energy transfer effect from the Si-containing namnasures is very efficient, especially when N
atoms are incorporated into the matrix. The incaapon of nitrogen atoms with Er during the SiO
layer deposition induced a shortening of the EmEratomic distance as compared to samples
grown in Q atmosphere or in vacuum. These facts have strosghgested that the Er-Si
interatomic distance has an effect on the enerysfer between Si and Er in the SiO:Er layers
[Noe et al. 2007] (Figure 1).
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Figure 1. 1.55um Er PL intensity and corresponding Er-Si secorgligtistance in different Er-doped Si-rich
oxide layers: the samples A-D have the same Erertiration, while the Er concentration in samplesHawer of a
factor of 3.

The EXAFS spectroscopy has been used to investigate the Er site and the metal
nanostructures in metal and Er co-doped glassesievthe metallic nanostructures were introduced
into the matrix to enhance the Er PL emission ifficy. The question to be answered was if the
size of the metallic aggregates played a role i@ $ensitizing effect. The point was first
investigated for the case of Er+Ag doped sol-gehdj where Er was directly introduced in the
glass preparation, while the Ag doping was realigpdn subsequent Ag-for-Na ion exchange. It
has been shown that the*Eexcitation is significantly increased (by a factérabout 7) when Ag
was incorporated into the matrix: in particular, Agultimers, only detectable by the EXAFS
spectroscopy, are found to be efficient sensitiferdhe Er PL emission, while the effect of Ag
clusters in the nanometer range of size is notesosarkable [Mazzoldi et al. 2004]. A similar
investigation was carried out for Er-Au co-dopelicgiby ion implantation. The EXAFS analysis
performed at both the rare-earth and Au-édges support the hypothesis that the energyfénrans
process is mediated by sub-nanometric Au aggregatbsa metallic character that are optically
activated mostly through electron interband trams# betweerd andsp-conduction levels [Trave
et al. 2006].

Metal-for-alkali ion-exchanged wavegquides.

Metal-for-alkali ion-exchange is largely used tgpdaosurface layer of glass with metal ions so
inducing a modification of the optical propertiestbe doped layer, useful to fabricate low-loss
optical waveguides. Even if this procedure is alyesechnologically used; nevertheless, basic
guestions about the stability of the metallic ddpamd in some cases about its oxidation state were
still unanswered. X-ray absorption spectroscopya iparticularly important technique used to
investigate the site of the metal ions introdugdd the matrix, in specific cases also singling out
the dopant oxidation state. Since the optical waiksgs are fewsm thin films doped with metal at
low concentration, the use of high flux beamlinenandatory; in some cases, the use of grazing
incidence geometry near the total reflection coadiis needed to enhance the fluorescence signal
of the metallic dopant and to investigate the otahastate of the dopant as a function of the depth

When the metal ions that diffuse into the matrin teve different oxidation states, as in the
case of Cu, the dopant distribution within the mafollows a rather complex behaviour, critically
dependent on both glass and bath composition dsaseh the process parameters. In this case, the
use of x-ray absorption spectroscopy in grazingdemce mode allow a proper investigation of the
waveguide structure: by selecting a specific inateangle near the critical one for the incoming x-
ray beam, a specific layer thickness can be probedhat the measured x-ray absorption spectrum
gives information on the chemical state (XANES oejiand of the site (EXAFS region) of the
dopant in a selected layer below the surface [Garetl al. 2005a]. The EXAFS results, coupled
with the measured concentration depth profilesgggondary ion mass spectrometry) indicate that
the CU**/Cu’ ratio is strongly depth-dependent, being thé*Gens preferentially located close to
the glass surface. The relative presence of thespreties throughout the exchanged region turns
out to be governed by their different diffusionirags, while the chemistry of the redox process is
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shown to play a minor role; moreover, on the basithe experimental results, a phenomenological
model has been proposed to describe the diffusiocegs [Gonellat al.2005b].

Among the most technologically used and masteredlrf@r-alkali ion exchange processes, an
important part is taken by Ag-for-Na ion exchangegether with K-for-Na one, it allow the
realization of both surface and buried waveguidieszertheless, one of the main drawback is the
potential reduction of Agions into metallic Ag, that involves undesirablgtioal losses in the
waveguides. To this respect, it is clear that &faarcontrol of the dopant site and of its stapilit
upon specific post-exchange treatments (speciémthal annealing, laser or ion irradiation as well
as possible natural aging) is mandatory, becawsedan have an effect on the optical properties of
the system. In these years different EXAFS expertmdiave been carried out at the GILDA
beamline to investigate the Ag site in ion-exchahgeaveguides and its stability upon specific
annealing treatments. It has been evidenced a ggiiteral behaviour, that is found in different kind
of glasses (soda-lime, boro-silicate and germarji&tairizio et al. 2008a, Maurizio et al. 2009]. In
particular, it has been found that in all of thetmcas the Ag site resulted strongly dependenthen t
Ag doping level: the first shell, formed of abouD2atoms, exhibits an Ag-O distance that increases
from about 2.2 A (for the samples with the loweshaentration, corresponding to an Ag/Na
average exchange ratio less than 0.2) to abouR Z@® high level doping (for the samples with
Ag/Na average exchange ratio of about 0.7). Itheesh demonstrated that this variation is related to
a structural rearrangement of the Ag site in thelevldoped layer; the EXAFS results on the
samples that underwent the ion-exchange at higineperatures, together with the comparison with
literature data suggest that the sites with shalisgances are more stable. Moreover, in the chse o
borosilicate waveguides the correlation between allostructure around Ag and its
photoluminescence emission is established: in quaati, the UV emission has been related to the
presence of short Ag-O distances (2.1-2.2 A) amdréu-shift of the blue band observed in the
absorption and excitation spectra by increasingAhpeoncentration has been univocally related to
the increase of the Ag-O bond length [MaurizioleR809] (Figure 2).
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Figure 2. Ag-O distance in different Ag-for-Na bsiticate waveguides (from EXAFS) as a functiorhef t
wavelength corresponding to the maximum of thegdhtinescence emission.

Finally, the Tl-for-Na ion exchange process hashegestigated by the EXAFS spectroscopy
in grazing incidence mode: due to the high poldiizs of the Tl ions and despite its toxicity, ©
a good candidate for the waveguide fabrication. EKAFS results indicate that the site of Tl ions
is extremely disordered, with a TI-O distance lowkan what found for the corresponding
crystalline oxides. On the other hand, it has &ksen shown that the effect of air annealing is to
induce a relaxation of the metal site towards thetafroxygen distance typical of the crystalline
oxides, as also found for Ag-for-Na ion exchangkedges [Maurizio et al. 2008Db].

X-ray excited optical luminescence.
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About the investigation of the relationship betwelea local structure around a light emitting
center and its photoluminescence emission, it wdaddextremely interesting to have a local
structural probe sensitive only to the luminesceanters of a selected atomic species; this
possibility is still debated in literature. At t@ILDA beamline a series of x-ray excited optical
luminescence (XEOL) experiments have been perfororedlifferent materials; in the case of
nanostructured ZnO, by collecting both the x-ragaption spectrum in fluorescence mode and the
XEOL spectrum in the visible range, it has beenwshdhat it is possible to study the local
environment only of those Zn atoms that are in gheximity of or directly related to the light
emitting centers [Larcheri et al. 2006].

A2. Materials with peculiar magnetic and magneto-tansport behaviour

In the recent years broad scientific interesttiaated by materials presenting peculiar magnetic
and magnetotransport properties such as magnetianese (giant and colossal), semi-metallic
features, low field magnetoresistance, bias exahaffgct and so on.

These physical properties often originate from dicde and fascinating balance among
magnetic, electronic and structural properties, sehainderstanding represent a stimulating
challenge for the fundamental research. On therdtla@d proper understanding these special
features is mandatory in perspective of applicgugoses.

X-ray absorption spectroscopy (XAS) is a well dsed technique to finely investigate the local
atomic structure around specific atomic speciedgedd several research groups exploited the
GILDA beamline capabilities, and in particular XA& carefully investigate materials having
special magnetic properties, in order to seed lightthe relationships between local atomic
structure and peculiar physical response. Thas#iest can be roughly grouped in four classes:
Manganese oxide perovskites, characterized by salosnagnetoresistance effect; double
perovskites, characterized by strong spin poladmabf charge carriers and large tunnel type
magnetoresistance; exchange bias effect; dilutsghetic semiconductors.

Manganese oxide perovskites

Manganese oxides with perovskite structure aredssdilutions: ReMnO3)1(MeMnQ;)y In
which trivalent rare earth ion®é= La, Pr, Y,..) are substituted with divalent metal ions (Me=Ca,
Ba, Sr,..). This substitution produces a mixed-valence watein> and MA™ ions giving rise to
complex phase diagram in the space of magnetigstatial and electronic transport properties that
stimulated a wide interest of fundamental resea@.the other hand the major interest of the
applied research were stimulated from the discageoif the so called colossal magnetoresistance
(CMR) effect in some of these compounds, openingyrapplicative possibilities such as sensors,
mass storage devices, magnetic memories and stherlarger effort of the fundamental research
is dedicated to fully understand the complex idtgramong structural, electronic and magnetic
degrees of freedom responsible for the observedlipegroperties. The theories proposed to
explain the complex magnetotransport propertiethese compounds, rely on a delicate balance
between double-exchange (DE) interaction, promotimg charge mobility and ferromagnetic
coupling, the electron-phonon (EP) coupling whicgtpmrkss the charge mobility favouring the
insulating state, and the superexchange (SE) &itera promoting charge ordering and
antiferromagnetic state. The clear understandinghee compounds requires the precise and
detailed characterization of their local atomicusture. In this research the x-ray absorption
spectroscopy plays a fundamental role thanks tohigsnical selectivity and local order sensitivity.
The study of local structure in different manganegele perovskites is an issue addressed by
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several groups which worked on GILDA [Bardelli €t2003, Dezanneau et al. 2004, Ghigna et al.
2005, Malavasi et al. 2005, Malavasi et al. 2006nkki et al. 2005, Monesi et al. 2006].

In [Dezanneau et al. 2004] defective manganeseeog@mpounds LaMnO;.s have been
investigated combining XAS and x-ray diffractiom these compounds the ’n/ Mn** mixed
valence state is achieved acting on the La/Mn ratid O stoichiometry. These compounds are
prepared by high-temperature pyrolysis of precumserosol, a technique widely used for the
production of fine electro-ceramic materials likeDZ TiO, and PZT. The technological interest for
these compounds stem out from the possibility oiassive production and from the good
reproducibility of the physical properties (magmegistance and metal to insulator transition
temperature) weakly dependent on the compositioa wmide range of La/Mn ratios. The study
reveals the segregation of different phases instglach homogeneous sample composition.
Interesting is the segregation of a vacancy-dogese LaMnOz; whose composition is nearly the
same (y~0.9) for all the investigated samples, peddently of the average sample composition.
Since this phase is found to be principally resgmedor the magnetic properties, such a phase
separation scenario would explain the largely cosiipm independent magnetic properties
observed in the range &:Ba/Mn>0.7.

A strong interest in mixed-valent manganite hasdeggered by the possibility of tuning their
structural, magnetic, and electrical propertiescagon doping on the Mn site instead of the more
commonly followed route of A-site substitutions.igtas led to the discovery of new phenomena
when a magnetic ion partially replaces the manganas the appearance of a metallic and
ferromagnetic state in insulating and antiferronegnmanganites when doping with ions such as
Cr, Co, Ni or Ru. In case of Ru larger doping mtc@an be achieved keeping the material single
phase. Moreover three different Ru oxidation sté®&", Ru**and Rd") can be found and the low-
spin configuration of Ru ions makes them suitalwe & FM coupling with Mn ions. XAS
measurements at Mn and Ru K edges [Malavasi €208l5] clearly indicated that a simple Mn
reduction is not the only mechanism involved inrgeacompensation in Ru doped;LBNaMn;-
yRuOs:5 manganites. In particular, at a relatively lowrimsic hole doping (x=0.05) a stronger
influence of oxygen stoichiometry variation seemglay a considerable role in keeping the system
neutral while at higher holes concentration a natirect electron exchange between¥kin** and
RU**/RU* couples is present.

An interesting possibility in the study of thesemgex compounds is represented by the
possibility, recently provided by advanced datalgsis packages, to quantitatively refine the near
edge region of XAS spectra (XANES). In fact the lgsis of the XANES regions can provide
detailed information on the electronic structurel docal atomic topology around the absorber
complementary to that obtained from EXAFS analysiswever, the complexity of the XANES
analysis usually prevents a quantitative understgndf the data. The quantitative refinements of
Mn K edge on LaMn@ and CaMn@ samples [Monesi et al. 2005, Monesi et al. 2006the
extended and edge regions has been performed deatongsthat a quantitative picture of the local
structure can be obtained from XANES in these afljge compounds. Moreover, the quantitative
XANES analysis provided topological information ndirectly achievable from EXAFS data
analysis. This work demonstrates that combiningattedysis of extended and near-edge regions of
Mn K-edge XAS spectra could provide a complete andurate description of Mn local atomic
environment.

Double perovskites

The observation of large negative magnetoresist@iié®) at higher temperatures and lower
applied magnetic fields in FreMoQ; oxides has stimulated extensive research acsviie the
double perovskite BB’Og family of materials, where A could be alkaline kametals and B/B’
are transition metal ions. The basic nomenclatloeble perovskitgresumes a perfect alternate
occupancy of the B and B’ ions along the three cakes giving rise to the effect of doubling the
basic unit perovskite cell, while in reality dewats from this ideal scenario, modifying the long
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range crystallographic order, is often observedF&vio(Q; exhibits unique trends both in its
magnetic as well as MR behaviours where the degireésorder is also found to play critical role
other than just influencing the crystal structuvkreover, the electronic structure of,BEMoGs
has also been recently shown to get strongly afteby Fe/Mo cationic disorder.

The Fe/Mo disorder i.e. creating crystal imperf@asi by interchanging Fe and Mo ionic
positions in a perfectly ordered structure, is llguarmed as antisite (AS) defects. Normally, two
different distributions of such defects are disedsslin one they are considered to be placed
randomly throughout the lattice leading to a honmagels distribution of defects. In the other,
instead of being randomly distributed, defects grébd segregate as patches in some parts of the
crystal. Segregated defects recover the perfeagieity of the original lattice except that within
these patches Fe occupies the notional Mo sitevedversa. It is reasonable to expect the ordered
patches arising from a segregation of defects tee f@most identical properties as the original
ordered lattice, since the two are connected bynple translation. Nevertheless the inversion of
B/B’ order at the boundary regions (antiphase baued: APB) is expected to affect the magnetic
response of the system (figure 3). The propertieéSr-eMoQ; are indeed profoundly affected by
changing the extent of disorder, however most ntspm the literature implicitly assumed a
homogeneous disorder distribution of AS as the @mpate description of disorder in this class of
compounds.
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Figure 3(left): In panels a to c are shown the @arof
ideal Fe/Mo cubic lattices (light and dark grey esit
representing the Fe and Mo ordered positions) with
different kind of disorder: red (blue) sites beiRg (Mo)

on the Mo (Fe) sublattice: a) random AS distribatidp)
small antiphase domains and c) large antiphaseawrgi
Antiphase boundaries (APBs) are highlighted by ddsh
lines (yellow). d) effect of APB (pictorial view)he
applied B, aligns neighbour domains while AFM
coupling persist in the vicinity of APB.
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Figure 4:left: XRD patterns for all the investigated samplese Tiiset a) show the region corresponding to the
(101) superlattice peak for samples A, B and E. ifiset b) reports the FWHM of lattice (open diamsndnd
superlattice (filled diamonds) peakRight (Upper curves) moduli of4weighted FT of experimental (diamonds) and
best fit (full lines) spectra are shown for Ord add samples at Fe and Mo (right panel) K edgds imaginary part
of FT of experimental (diamonds) and best fit (filks) are shown only for disordered sample. Towelr curves
represent the %weighted FTs of simulated XAFS spectra at the iite Mo K edges calculated for fully ordered (full
thin lines) and chemically disordered (dot lines)F@MoQ; structures.

Fe and Mo K edge XAFS studies in,BeMo(y [Liscio et al. 2006, Meneghini et al. 2009]
demonstrates that a high degree of cation ordereiserved locally (atomic scale) even in samples
with high degree of long range crystallographiodier. This indicates that the formation of APB
patches will be favoured compared to homogeneasisildition of AS defects and the chemical
short (SRO) and long range order (LRO) featureSifreMoQ; can be understood in terms of
locally ordered regions, connected to each othah whase differences. The analysis of the
diffraction data, with the help of simulations, adtshes the presence of nanosized antiphase
domains in the system which eventually controlsiiagnetic properties of this material.

Exchange Bias
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Exchange bias, i.e., the shift of the hysteresg lof a ferromagnetic (FM) layer in contact with
an antiferromagnetic (AFM) layer in the directidintioe applied field, has attracted a lot of attemti
since its discovery in 1957. This interest is staed by its widespread application in information
storage technology and to the intriguing and stdt fully understood physics of the problem
(Luches 2006, Del Bianco 2008). Although severatlet® for the description of the process have
been proposed, a general quantitative descripsiatill lacking. In order to seed more light onsthi
effect the FeNi(001) interface has been studied~&yK edge EXAFS exploiting the directional
sensitivity of polarized EXAFS measurements toinggtish the Fe local structure perpendicular
and parallel the interface (Luches 2006).

— FGN].H!
— FeNi,,

. Fe Fal
= OFE‘O

— NiO

Figure5. Relaxed interface structure of 2 ML
FeNi on NiO, with an FeO interface layer, as
calculated by DFT, in agreement with
polarized EXAFS results.

XAFS results were compared with DFT calculationsiolwh also allowed to evaluate the spin
magnetic moment of the Fe atoms at the interfacayiging original insight into the relation
between structure and magnetic properties on thetems.

In particular, combining polarized EXAFS and theémed DFT models it has been proved the
presence of a Fe-Ni bct alloyed phase on top ov@dimensional FeO layer situated at the
interface, characterized by a 7% expansion ofritexplanar distance at the interface with NiO and
by a 0.3 A° buckling in the Fe and O atomic posisioThe presence of such a structurally distorted

FeO layer is found to increase the spin magnetiment of Fe atoms by Que. The very good
agreement between theoretical and experimentattatal parameters gives confidence that the
proposed model is correct, under the chosen expatah conditions. This work provides the
atomic level characterization necessary in ordemiovide a structural basis for a physical
understanding of exchange bias in metal/magneiideaxterfaces.

Diluted Magnetic Semiconductors

Diluted magnetic semiconductors represent a paatigunteresting class of materials that have
received a considerable interest from the scientbmmunity in the latest years. This research
aims to the realization of devices capable of malaipng at the same time the charge and the spin
of the carriers so permitting to realize a vastatgrof functionalities. There are several stilleop
issues to be addressed before moving to a praetxpdditation of these materials:

- The value of the Curie temperature TC. Indeed masessary that in the FerroMagnetic
(FM) state the device should be capable of worlkdh@mbient conditions so values of TC well
above 300 K are necessary. Up to now DMS systernbiex C of about 170K at most, so new
solutions for increasing this value should be found

- The overall structure of the material. In the latgsars several claims of new DMS with
high TC have appeared in the literature that, afteareful structural investigation, revealed to be
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composite materials consisting in a semiconduatiragrix with segregated magnetic phases. This
no longer corresponds to a DMS and in principleuthde avoided although the possibility of
exploiting such composite materials is presentigasdebate.

- The micro-structure of the magnetic phase. Actudlye magnetic species can be
incorporated in the semiconducting matrix in siteggnetically active (namely substitutional) or
magnetically inactive (interstitial) or even createferential aggregation. This behavior must to be
controlled if aiming in realizing a device.

Clearly all these issues are tightly interconnedbedause from the (micro)structure all the
magneto-transport properties are derived. Moredhierpresence of codopants, altering the value of
the Fermi energy, can modify the behavior of th@gtems. Thus, an experimental technique like
XAS, capable of describing the microstructure atbtihre magnetic species, is particularly effective
in this research. GILDA revealed to be particulaviil suited to the study of this class of matarial
for the intensity of the beam available (usuallg tin content is a few at % in a few?m so
resulting in a total amount of ToMn/cnr), for the limited beam size (samples of less thatf
are normally produced) and good energy resolutMaoreover, being grown on single crystal
substrates, the data collection equipment availabldhe beamline (Energy-dispersive multielement
detector, vibrating sample holder, grazing inciadedata collection) revealed to be extremely useful
in this research. The investigations carried oUBHIDA regarded the following materials: Mn in
GaAs, Mn in Ge, Fe in GaN

Diluted Magnetic Semiconductors : Mn in GaAs

Mn in GaAs represents the most widely studied sysite the field of DMS. In one of our
papers [Dacapito et al. 2006c] we investigatedsitee of the metal in the matrix when introduced
via the &-doping technique. This procedure should assurgla lbcal concentration of magnetic
ions as well as an overall low Mn density. In thgger we confirmed that Mn substitutes for Ga in
the matrix and by an analysis of the XANES partha@f spectrum we ruled out the possibility of
having Mn replacing an As ion. The analysis of siasgo-doped with Be permitted to reveal the
presence of Mn in tetrahedral interstitial site sédocal structure was quantitatively described Th
effect of stabilization of interstitial sites byraise of the Fermi Energy was previously foreseen
theoretically and represents a serious problem mQ#As because, being the Proportional to

Figure 6.. Fourier Transforms (FT) of the EXAFSalatlative to Mn

odoped GaAs. The first 3 coordination shells (appepat about

2.2, 3.8 and 45 A) are visible so denoting a wettered

environment around Mn. The lower curve is relatiee the Be
codoped sample; it appears to be less ordered asptaks of the
higher coordination shells are missing and the &tilhigh R in the
main peak of the FT is due to the appearance efsfitial sites.
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the hole density as well as the EF, the latter ochha raised too much via external doping (namely
by Be doping) otherwise the formation of interatitMn, behaving as an acceptor in GaAs,
seriously degrades the magnetic properties of @uenmal.
One of the main points of this paper was the olaEm, in the Be-doped sample, of an
additional Mn-Ga bond at 2.80 A that is due to theerstitial Mn. This represented a direct
observation for this site and a confirmation of tiheoretical predictions.
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As a further issue we investigated the possibiitygrowing GaAs nanowires on Si that are
doped with Mn [Martelli et al. 2006]. The noveltg the growing technique was that Mn was
directly used as catalyst for the wire growth iagd of Au that is commonly used at this purpose.
The result was that Mn was indeed found linked sos& demonstrating the incorporation of the
metal in the wires. However, EXAFS revealed tlegt Mn-As bond length was longer that that
found in bulk GaAs (2.56 A in place of 2.49 A) seggesting the formation of nuclei of MnAs
typical of high temperature annealed Mn:GaAs rathat centers with Mn in a substitutional site.

Diluted Magnetic Semiconductors : Mn in Ge

Another system that has been deeply investigatéueipresent years is the Mn:Ge DMS. This
is particularly interesting because this technol@gyirectly applicable to the standard Silicon
production processes whereas it is not the casédés. The problem is that Mn is hardly
embedded in Ge as it exhibits a marked tendenfryriming the Ge3Mn5 compound unless
extremely low growth temperatures (50-150 °C) aexiun case of an MBE process. A clear
evolution from the diluted form to the precipitatiedm was shown in [Gunnella et al. 2005] by
comparing XAS data on samples grown at temperahe®geen 160 and 350 °C. The same authors
in [Ottaviano et al. 2006] evidenced as ion impéioh can be an effective mean to obtain Mn
diluted in Ge with the metal occupying substitutibsites.

Figure 7. Fourier Transforms (FT) of the EXAFS dedative to Mn

o-doped GaAs. The first 3 coordination shells (appepat about
2.2, 3.8 and 4.5 A) are visible so denoting a wettered

environment around Mn. The lower curve is relatiee the Be
codoped sample; it appears to be less ordered asptaks of the
higher coordination shells are missing and the &tilhigh R in the
main peak of the FT is due to the appearance efstitial sites.

Magn. of the Fourier Transform

R (A)

Anyways the simple “diluted” form is not really
interesting from an applicative point of view agth samples exhibit a paramagnetic behavior.
Taking apart the case when Ge3Mn5 is formed, Fdpgnties are found in samples where Mn ions
come close to each other forming columnar Mn-riches. The local structure of these zones has
been the topic investigated in [Rovezzi et al. 208&8tually, as diffraction presents only features
typical of crystalline diamond Ge, EXAFS revealede of great utility in shading a light on these
columns. The result was that the Mn is incorporateGe via the formation of My&e tetrahedra
that are also the building blocks of thesMas structure. This structure is particularly affireethe
Ge{111} face as commented in a recent publicatligyre 8).

® M. Jamet et al. Nat. Mater. 5 (2006), 653
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Figure 8. Pictorial view of how MfGe tetrahedral units taken from the {M; structure can be combined to
match the Ge{111} face. The structural parametbet tan be derived from this cluster are in goodeagnent with the
experimental results of [Rovezzi et @008]. Picture taken from [Selected Topics of Semucictor Physics and
Technology, Vol. 96 S. Ahlers Magnetic and eleatriproperties of epitaxial GeMn Walter Schottky titius,
Technische Universitat Miinchen 2009].

Diluted Magnetic Semiconductors : Fe in GaN

Nitrides has received a great attention since arétieal stud§ predicted that semiconductors
with the widest gap values possegswell above Room Temperature when doped with magnet
species. Among the various possible systems ircthgs we concentrated our attention on Fe:GaN.
This material can exhibit isolated substitutiona FRovezzi et al. unpublished] as well as
precipitated of F¢N particles or aspinodal decompositiophase in between these two. The Fe
concentration or the velocity of growth have beboven to influence this behaviour. In a recent
paper [Bonanni et al. 2008a, Bonanni et al. 2008b&s been shown that the position of the Fermi
energy, changed by adding electrically active cpashds to the system, can drive the kinetics of
formation of precipitates. In particular it was

Figure 9:. Fourier Transforms (FT) of the EXAFS alatlative to

Mn o&doped GaAs. The first 3 coordination shells (appen at

about 2.2, 3.8 and 4.5 A) are visible so denotingvell ordered
environment around Mn. The lower curve is relatiee the Be
codoped sample; it appears to be less ordered asptaks of the
higher coordination shells are missing and the &tilhigh R in the
main peak of the FT is due to the appearance efstitial sites.

Magn. of the Fourier Transform

R (A)

shown that by adding Si to the Fe:GaN the predipitaof FgN is hampered and from a fine
analysis of the XANES spectrum we realized thatcirelopant also affects the valence state of the
metal that partially shifts from*3o 2°. A complete and systematic characterization otiéeed
GaN in different growth conditions has been carmed in the latest months and a paper is in
preparation [Rovezzi et al., unpublished].

® T. Dietl et al. Science 87 (1019), 2000
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A3. Semiconductors

In the field of semiconductor science and technglogw growth and deposition schemes are
continuously devised, with the objective of obtagisamples and devices with novel and
potentially useful physical properties. The rolehadhly sensitive and sophisticated methods such
as XAFS is to provide a description of the locanaic environment which can form the structural
basis for an understanding of the physical proggerind, ultimately, insightful materials design. In
fact, in the past twenty years, XAFS has develdpaoh an intriguing physical phenomenon to a
tool which is used in many branches of science, inolgidgemiconductor physics. XAFS is
advantageously coupled to more traditional stratttools which are available in-house, such as
high resolution X-ray diffraction (HRXRD), ion — $ad techniques (Rutherford back scattering
RBS, channeling, proton induced X-ray emission BIXE6ssbauer spectroscopy (for Fe),
transmission electron microscopy (TEM) and varisudace science techniques (for surface related
problems). It is applied when the crucial issuéhis local structure of a particular element, which
cannot often be obtained by other means.

In this field in the period 2004 — 2008 at GILDAetk have been three main areas of activity
namely lon implantation and dopants, Dilute allapsl Thin and ultra thin films.

The characteristic of XAFS which are exploited foese studies are the chemical selectivity,
the applicability to relatively dilute samples atmlsurfaces and interfaces and the sensitivity to
very small structural distortions (high resolution the first few coordination shells). Specific
instrumentation at GILDA which has made this reskegrossible include the 13 element HP-Ge
fluorescence detector with its fast digital elestes, the grazing incidence XAFS chamber and the
low temperature sample holder allowing for polaiastudies and sample vibration.

Over the past years, scientific collaborations Hawen established between the GILDA group
and many lItalian groups active in the area of sendactor physics: TASC (Trieste), MDM
(Agrate, Milan), University of Padova, University Gatania, University of Rome “La Sapienza”
and others.

Scientific activity in this field has been the seddj of two review papers [Lamberti 2004 and

Boscherini 2008] and one Ph.D. dissertation [CiaG04].
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lon implantation and dopants

Especially when fluorescence detection is employ&kS can most effectively be used as a
probe of the local structure of dopants in semicmtars. Its main advantage is that it offers direct
structural information on most atoms in the pewowible in any semiconductor matrix; it can be
used to concentrations of the order of®1&toms/cm. The objective of an XAFS investigation of
dopants is not only to describe the local structfréhe foreign atom but also to relate the local
structure to the physical properties of the syst&@mommon finding is that the doping efficiency is
often far from ideal (the ideal, textbook, casengedbne charge carrier released per dopant) due to
the formation of defect structures of various natur

lon implantation and dopants: Fe in 1lI-V alloys

lon implantation, followed by appropriate thermahaaling, is a commonly used method to
insert a doping atom in a semiconductor matrix.nfigin advantage is that most atoms in the
periodic table can be implanted, that the dosebeareliably determined and that the implantation
profile (concentration versus depth) can be chamyedariation of the beam energy.

The atomic environment of Fe impurities introduaedIl-V alloys (InP and InGaP alloys) by
high-temperature ion implantation has been theestljyf a series of experiments [Cesca et al.
2003, Ciatto et al. 2003a, Cesca et al. 2007, Fiabbal. 2007]. Due to its near-midgap deep
acceptor level Fe acts very efficiently as electi@p and is therefore routinely used in bulk and
epitaxial crystal growth to produce semi-insulat{®) substrates or Sl current blocking layers in
various device structures. The same singly charged trap state responsible of electrical
compensation also shows interesting optical pragsedue to internal d-shell transitions between
>T, and’E states which give rise to a sharp photolumineseapectrum centred at 315 which
could be exploited to produce an emitting devicthenmid-IR region. The XAFS results have been
complemented with studies by ion — based techni@@8s, PIXE), HRXRD and TEM. In InP it
has been found that the high-temperature implamgtrocess favors the incorporation of Fe in
high-symmetry sites. Conversely, the point defeot dccurring during high-temperature annealing
controls the kick-out of the Fe atoms from substinal locations, leading to the formation of Fe-P
complexes. In InGaP substrates, an increased thetatality of the substitutional Fe atoms with
respect to InP has been observed, whereas no edfatdd to the n-doping has been pointed out.

lon implantation and dopants Ultra — shallow jureis: As in Si

Arsenic in silicon can be considered one of theqgiypical semiconductor dopant system and it
has been the subject of numerous investigatiotiseirpast. Recently, by using very low (~ 1 keV)
energy implantation, it has been possible to fabeiwltra — shallow (~ 10 nm) junctions in which a
very high dopant density (~ 40atoms/cm?2) is realized; this kind of junction ésjuired for ultra
scaled devices. At GILDA, it has been possible étetmine the local order around As dopants in
these junctions by exploiting the grazing incidegeemetry which allows varying the penetration
of the beam in the sample [D’Acapito et al. 200BPAcapito et al. 2007b,c]. It was possible to
identify different As sites along its concentratiprofile. In the deeper parts of the sample, As
mainly occupies substitutional sites and vacaneysenic complexes, whereas in the region close
to the surface a mixed phase of aggregates andritmepuis present. First principles structural
calculations supported the experimental observation

The specific issue of As deactivation in ultra -alkbw implants due to moderate temperature
(500 — 800 °C) processes such as solid phase gpitagrowth (SPER) or laser sub-melt annealing
has been also studied [Giubertoni et al. 20064 al$ found that spike annealing produces a surface
accumulation with a local order around As atomsdlamto the amorphous structure observed in the
as implanted sample. After removal of the surfaceumulation, XAFS spectra are typical of a
sample with a high level of activation. This wasoabbserved for samples processed with laser sub-
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melt annealing before the spike anneal. Samplegenlewith only the laser process show an
intermediate level of crystal order.

lon implantation and dopants: Co — doping: C anddrSi

Among p-type dopants in Si, In is particularly atfiive as it possesses a low diffusion
coefficient that makes it ideal for the realizatiohsharp doping profiles. Its main drawbacks are
the low solubility in Si and the high ionizationezgy. However, co — doping with C leads to an
acceptor state with an appreciably lower energghabthe electrical activation is greatly enhanced.
XAFS studies performed at GILDA in the grazing demce set — up [D’Acapito et al. 2006a,
D’Acapito et al. 2006b] have provided the firstedit experimental determination of the sites of In
and In — C complexes in Si. The experiment wasiqdatrly challenging because, due to the low
solubility of the impurity and to the high energlytbe K edge, an original experimental procedure
was developed to separate the fluorescence sigmal the substrate scattering. It was found that
without C co — doping In occupies substitution&siwith a local expansion; with C co — doping an
In—-C bond appears at 2.31 A and the site is grelityrdered.

Dilute alloys
The detection of local structural distortions imery semiconductor alloys (e.g. InGaAs) in the

1980’s was one of the first clear illustrations tbé high resolution afforded by XAFS in the
structural determination for the first few coordioa shells. Another characteristic of XAFS which
is most useful in the study of alloys is the podisybof quantitatively distinguishing various
degrees of atomic ordering; by atomic ordering weamthe relative disposition of atoms in an
alloy, opposite cases of which are a random arraegé or the maximization of heteroatomic
bonds. It is therefore not surprising that XAFS basn used in recent years to probe the structure
of dilute nitrides, a new class of semiconductdmyal in which a small fraction of N isoelectronic
impurities substitute for As in GaAs or similar mwat leading to novel and useful physical
properties (most notably a counterintuitive redtsdfithe band gap).

Dilute alloys: Local strain and ordering

The degree of static disorder brought about byrtberporation of N in a GaAs matrix has been
studied by Ga K — edge XAFS recorded in the tolatteon yield mode [Ciatto et al. 2005a],
including a comparison with density-functional sigedl calculations and with the predictions of
valence force field models. It was found that isahm of N induces static disorder in the Ga-As
bond length distribution and an increase of theASdoond length; the latter is due to the competing
effects of the decrease of the free lattice paramand the tensile strain due to pseudomorphic
growth.

Short-range ordering, in the form of an excessnellIbonds with respect to the random case,
has been predicted for the dilute nitride alloy ##GN. A detrimental consequence of this ordering
is thought to be a blue shift of the optical baag gnd this could represent a fundamental limimatio
since it would increase the band gap over the rdogeiseful applications. Using In K — edge
XAFS it was possible [Ciatto et al. 2003b and @iagt al. 2003c] to provide a quantitative
determination of the effect of annealing on thershenge ordering in InGaAsN; complementary
information was obtained from N edge XANES recordd@dELETTRA. It was found that in
annealed samples short-range ordering is only wieatact one order of magnitude smaller than
predicted. Ordering studies have also been perfwroe another quarternary alloy, namely
GaAsSbN; the Sb K — edge XAFS data was complemdndtl K — edge and Sb L — edge XANES
recorded at ELETTRA and ID26. Ordering is one & gotential origins of the huge blueshift of
the band gap observed upon annealing in GaAsSbMadtfound that neither strong Sb clustering
nor preferential Sb-N association are present,thatiSb atoms see a random number of N next
nearest neighbors except for growth temperaturedlenthan 400 °C, for which Sb-N neighbors in
the type-V sublattice are in excess with respestdastical disorder [Ciatto et al. 2007].

38



Related to dilute nitrides are dilute oxide semadiactor alloys, which are obtained by adding
oxygen to Il - VI binary compounds; they are ofguttal applicative interest for blue-light emitters
in which the oxygen content could be used to tumeeltand gap. In order to provide a structural
basis for an understanding of their physical progerZn and Se XAFS measurements in the total
electron yield mode have been performed on a sein®eO and ZnSeOS epilayers on GaAs
[Boscherini et al. 2007]; these measurements paddrat GILDA were complemented by N edge
XANES performed at ELETTRA and HRXRD. It was foutldht the variation of the Zn-Se bond
length with O and S concentration is in agreemeith wstimates based on models of local
distortions in strained and relaxed epilayers;rangase of the mean-square relative displacement is
detected at high O and S concentration and isecbkat both intrinsic and extrinsic factors.

Dilute alloys: Hydrogenation

Hydrogenation of dilute nitrides has been recefdiynd to be a powerful tool to tune the
materials properties, since it reversibly alters Hand gap. The effects of hydrogenation on the
local structure of InGaAsN quantum wells has bdaadisd by combining In K-edge XAFS and Ga
K-edge x-ray diffraction anomalous fine structuerfprmed on the BM1 beamline [Ciatto et al.
2005b]. It was found that the cation-As bond lesgth hydrogenated samples are systematically
longer than the values predicted by a valence fiieté model corrected for the epitaxial strain, an
effect of the formation of NH complexes. Moreovenyvas found that hydrogenation removes the
static disorder induced by N incorporation in Ga&s effect due to the unique characteristics of the
N substitutional anion and to the breaking of th@é GaN bonds upon hydrogenation.
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Thin and ultra thin films

As material dimensions shrink towards the nanostiadeatomic arrangement at the surface and
in the near interface region or at interface betweddferent materials plays a crucial role in
determining their physical properties. Importarsuiss are atomic interdiffusion and strain due to
epitaxial growth. XAFS can probe precisely thesaicstiral aspects. Sensitivity to very low
thicknesses is possible in XAFS by using specikpegimental set — ups existing on the GILDA
beamline, such as grazing incidence, fluoresceneteotron yield detection. Moreover, it is easy to
obtain directional information, parallel or perpendar to the growth plane, by exploiting the
angular dependence of the cross section and tharlpolarization of synchrotron radiation. These
characteristics have been used on the GILDA beamdirstudy high dielectric ultra thin films on Si
and Il — VI alloys deposited by electrochemical inoels.

Thin and ultra thin films: High dielectric constaoxides on Si

Various oxides are actively studied as replacemehtnorphous silicon oxide in downscaled
microelectronic devices. This stems from the coitipatbetween the requirement of a high gate
capacitance and a low tunneling current; when thesipal thickness of the insulator is decreased
below 2 nm in order to increase the capacitanae,tuhneling current across amorphous silicon
oxide becomes unacceptably large (> 1 Alcrtt therefore seems desirable to use an alte@ati
dielectric, characterized by a high relative digiecconstant (“high<”) which might guarantee a
high capacitance at a thickness which reduces uheeting current to acceptable levels. An
understanding of the physical properties of thdga u thin epilayers on silicon is both a required
prerequisite for applications and of fundamentaénest. On the GILDA beamline,,®s, Y03
and LyO;s ultra thin films on Si have been studied.

Regarding ¥Os/Si(001), Y K — edge XAFS data recorded in grazimgdence were used to
study interdiffusion and local order [Spiga et 2004; Malvestuto et al. 2005]; data acquired at
GILDA were complemented by O K — edge XAFS dataorded at ELETTRA. It was found that
above a thin near - interface layer the epilayesgeha local atomic and electronic structure bearing
a close similarity to that of bulk yttria; howevedhere is an increase in static disorder with
decreasing thickness which can be correlated tinerease of the defectivity. Yttrium -silicon
bonds are present in the interface layer, formheggrecursors to the formation of yttrium silicide
which develops into a long range ordered phase iglheh deposition temperatures. These
observations were compared to available theorepicadictions on the thermodynamic stability of
yttria in comparison to silicon dioxide, yttriumliside, and yttrium silicate; the predictions were
not confirmed by experiment as far as the 2 nimktimterface layer is concerned. A related study
was performed on two similar rare earth oxide ulrahin films on Si, YBO; and LyOs
[Malvestuto et al. 2006]; XAFS recorded at GILDAsweomplemented by grazing incidence XRD.
It was found that the films maintain the overatusture of the bulk oxides, but exhibit significant
distortions of the local structure depending ortkhess and thermal treatment. Finally, with the
same motivation, Hf@— SiG thin films were studied with particular attentitm their thermal
stability [Afify et al. 2006b], a crucial issue feemiconductor processing; Hf K — edge XAFS was
combined with in-house XRD; nucleation of Hf@anocrystals in the tetragonal phase after heat
treatment at 1000 °C for 30 min and a partial phasesformation to the monoclinic phase (m-
HfO,) after heat treatment at 1200 °C for 30 min wertcted.
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B - Nanoscience and Nanotechnology

B1. Semiconductor nanoparticles

The research on semiconductor nanostructures mtisiged at GILDA, after the studies carried
out in the previous years, paying particular attento SiGe quantum dots and 1l-VI nanopatrticles
obtained by electrochemical way. In these fields tise of the EXAFS technique revealed to be
extremely useful [Boscherini 2008, Lamberti 2004cause, permitting the retrieval of local
structural parameters on a vast population of ra@bjeets, it provides a well averaged description
of the material. Moreover, the technique is applieaalso to extremely small particles (where the
diffraction technique fails due to the broadenirigthe lines), to buried objects and to the case
where unexpected amorphous phases are occasitoratigd. Also in these topics, all characterized
by a noticeable dilution of the absorber under stigation, the beamline resulted to be particularly
well adapted to the data collection due to the Highm intensity, stability, and availability of an
ancillary equipment (detector, cryostat, vibratingample holder) and complementary
characterization techniques (AFM) suited for thrsdkof investigations.

GeSh.islands on Si

The topic of GeSi dots on Si has received a gréantzon in the latest years due to the
possibility of obtaining light emitting systems lulcompatible with the well developed Silicon
technology. This is of paramount importance as puystalline Si, possessing an indirect gap, is
unsuited for the realization of light emitting de®s. The main issues linked to the GeSi islands on
Si are about the intermixing between Ge and Sithadtrain state of the islands. These issues have
been addressed the case of Ge islands as a functiba thickness of the Si capping [Capellini et
al. 2005, D’Acapito et al. 2006d, De Seta et aD&0or in the case of different thicknesses of the
Ge deposition [Motta et al. 2007] and a theoretmatel on the interdiffusion has been derived. In
the first case it has been evidenced that, upoerrocuy Ge islands with Si, this element is at first
incorporated in the islands up to a critical coriion of about 25% Ge. Successively, further Si
addition results in the formation of a capping fayéh the island composition remaining constant.
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Figure 11. Evolution of the Ge content of the S&knds upon coverage with Si. The compositionraéds at

roughly 25% Ge and then remains constant. In tt@aacopy images this regime corresponds to the totgerage of
islands.

The change in composition is accompanied by agiarf the morphology of the islands
that transform from domes, prior the Si covering,plyramids and eventually to mesa-shaped
islands just before the complete covering. Thismadhat the driving force for intermixing is the
surface diffusion and that the bulk diffusion plagsminor role in determining the island
composition. From the study of the island compositas a function of the Ge coverage [Motta et
al. 2007] it has been possible to confirm the mirade played by bulk diffusion and to define a
guantitative model for the intermixing based onaussian distribution of Si in the islands starting
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from the base and with a time-independent standaxdationo. This means that the chemical
composition of the single layer deposited is froaéthe moment of its completion and no longer
changed during the following deposition.
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Figure 12.

Ge concentration as a function of Ge deposited nahthickness (open circles) for samples preparieds °C.
The experimental data are compared with the preatiodf the model for intermixing described in [Néoet al. 2007]:
line=o constant, dotgrtime-dependent.

In both cases also the strain state of the pastibkes been investigated finding a different
behavior with strained islands in the case of nbooSered Ge dots and relaxed islands in the case
of Si covering. The strain state was studied bymanng the first shell distances Ge-Ge and Ge-Si
with the results of, between others, a theoretiwadlel developed by us [Dacapito 2004c].
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Ge-Ge and Ge-Si bond distances in the case of peca@e islands on Si [Motta 2007 left] or Si capjdnds
[De Seta et al. 2006, right]. The experimental data compared with some theoretical models forxethand strained
alloys and an opposite trend is observed in thedases.

The uncapped islands resulted to be strained fieenGe-Ge bond whereas the capped
islands exhibited a strained behavior for the Gbeaid and a relaxed behavior for the Ge-Ge bond.
This was explained by supposing a lattice parandégtribution in the island more strained at the
base (where the particle is richer in Si) and metaxes at the top (where the particle is richer in
Ge).

Ternary CdZm.Se dots on Ag(111)
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Among the various methods for the production of isenductor nanoparticles the Electro
Chemical Atomic Layer Epitaxy revealed to be ameetiize way in the deposition of II-VI particles
on conducting substrates. By adjusting the eleb#otcal parameters the composition of the
nanoparticles can be controlled and consequengly piysical properties like the bandgap. On the
GILDA beamline we have investigated the ECALE psscdor producing ternary compounds
CdZn,«Se deposited on Ag(111) and characterized by th&FSXtechnique, at the Se and Zn-K
edges,the nanoparticles so produced [Loglio @05, Loglio et al. 2008]. The samples produced
were analyzed by Atomic Force Microscopy (AFM) w@githe microscope available at the local
INFM-OGG laboratory. From the EXAFS analysis, andparticular from the investigation of the
number and nature of nearest neighbors and the leogth, we found that the produced particles
were pseudobinary compounds with the Zn-Se and €8¢hd length following the calculated
values [Dacapito 2004c] for relaxed zincblendeyaldn general we found a lower Zn content in
the particles than expected from the preparati@cguture and we evidenced a significant part of
Zn present as an amorphous oxide.
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Figurel4. Left: Experimental EXAFS data (dots ammbses with error bars) for the particle compositioand the
related first shell bond length;R.and Ryse The data follow the values espected (lines) fpseudobinary relaxes
alloy as calculated by the method proposed in & 2004]. The dashed line shows the value obtiral length if
supposing that the local bonds scalein the same asthe lattice parameter (Virtual Crystal Appnmétion, VCA).
The deviation from this latter mode underlinesnkeessity of having a local description of the matevhen dealing
with semiconductor alloys. Right: AFM image on*& Bn¥ region of a sample of composition 3¢y ¢;Se and
clearly shows the nanoparticles with a roughly sguaase.

B2. Metallic nanoparticles

The goal of nanoscience is to investigate sizepehaore-shell dependent electronic and
geometric properties of nanoparticles in order unet their specific catalytic, photoconductive,
medical properties by varying their size and/orpghan the last decades the need for a deep
understanding of the very challenging propertiesnaétallic nanoparticles, pushed by many
technical applications, has stimulated a growirigrst and a large number of experiments.

The nanoparticles, due to their specific and size dépehelectronic, magnetic, structural and
optical properties show a non-linear behavior amdaabridge between single molecules and infinite
bulk systems.

The investigation of their properties is importémtfully exploit their potential applications in
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technology, since they can indicate the route &w devices and technologies. The quantification of
the unique characteristics of individual nanostuites pertains to size effects and synchrotron
radiation together with extended X-ray absorptiore fstructure (EXAFS) and X-ray absorption
near-edge structure (XANES), are surely powerfalgdor studying the structures and dynamics of
these nano-scale materials. EXAFS and XANES teciasiglo not require the materials to have a
long-range order and are well suited for deterngnine local structures of both amorphous and
crystalline materials, which is a very importardtige while studying nanomaterials.

Many different technologies and techniques haven leeglored to fabricate nanostructures and
nanomaterials and different systems have beenestudithe GILDA beamline; to take into account
all the publications performed in this field in thast five yearsit is worth to classify the
nanoparticles as liquid metal, monoelemental, Brelemental nanoparticles.

Liquid metal nanopatrticles.

Several low melting point alloys are liquid at rov@mperature. The gallium-based systems are
finding increased use in various applications aspgacement for toxic mercury, which has a high
vapor pressure at room temperature, since they hedgced toxicity and lower vapor pressure.
These systems have also a high thermal conductifatysuperior to ordinary nonmetallic liquids
and this results in the use of these materials sfmecific heat conducting and/or dissipation
applications. Other advantages of these liquid hmtstems are their inherent high densities and
electrical conductivities.

Among pure metals, Ga shows by itself peculiar pribps that have stimulated many
computational and experimental investigations. Agidhese properties there are a complex
polymorphism and, for the main solid phaee@a), a structure made of diatomic molecules with a
marked pseudogap at Fermi level and strongly amigimt conduction while the other crystalline
phases show strictly comparable and nearly freetrele-like DOS, a normal melting point close to
room temperature 303 K, and a lower density atribling point than that of the liquid.

Using x-ray absorption fine structure spectrosc@@FS) for the structural characterization
coupled with transmission electron microscopy (TEM)haracterize the deposited Ga layers, two
very interesting studies have been performed ont@mixtreme undercooling achieved using 3-15
nm Ga droplets deposited onto an amorphous subgRatravicini et al. 2006] and the second on
the metallic versus covalent bonding as a functbtemperature and particle size [Ghigna et al.
2007].

Liquid nanoparticles: Extreme undercooling (dowr®K) of liquid metal nanopatrticles

Ga nanodroplets were obtained by thermal evapaoratioder ultrahigh vacuum, of ultrapure Ga
99.999% and condensation on carefully cleaned amooipsilica substrates (18x7x1) rhrikept at
T=323 K. At that temperature, liquid Ga self-org&siz (Volmer-Weber growth mode) in islands,
whose shapes are truncated spheres with a comiglet @ about 130°. The nanodroplets had a low
size dispersiodD/D ~ 0.2 and were covered after preparation with aldyer of SiK, to prevent
Ga oxidation. Fluorescence x-ray absorption fimacstire (XAFS) data were collected at GILDA
beamline at the Ga 4dge. Two films have been investigated, differingtheir thickness: the
thicker film is continuous, while the thinner filmonsists of nanodroplets with a 9 nm mean
diameter. The measurements were performed frono @5® K after cooling the flms down to 88
K.

The absence of any contributions of Ga®@the XAFS spectra is a proof of the effectivenet
the synthetic procedure and the electron diffracpattern of the thinner film at 97 K shows only a
diffuse halo typical of a disordered phase beirsg #lhis a direct evidence that crystalline Ga is no
formed down to this very low temperature.

As it is well known, simple thermodynamic considenas, predict that nanoparticles should
display a depression of both the melting point #redlatent heat of fusion depending on the particle
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size.

Previous works on liquid Ga undercooling have bdene either on micron-sized droplets in
form of emulsion in alcohol or epoxy resin or omodroplets obtained under ultrahigh vacuum by
thermal evaporation. All these works agree in tlaatje undercoolings up tAT/T, =~ 0.5 are
achieved, but a crystalline phase or a mixturergétalline phases is eventually recovered from the
melt, thus indicating the metastable state of thEleocooled liquid, and that nature and
polymorphism of these crystalline phases stronglyetate with droplet size. In the present work
case, no signs of crystallization were obtained@oling down to liquid nitrogen temperature. The
particular result is related to the size of ligtbplets, which is significantly smaller than the
droplets obtained from emulsions but also smahlantthe nanodroplets previously investigated by
the same authors. A direct experimental evidenggvisn, that an extreme undercoolidg,/Tm=
0.7 can be achieved using Ga droplets with sizéha@r3—15 nm range deposited onto amorphous
substrates, and that these nanopatrticles can lieak®0 K for times of the order of days without
showing the onset of crystallization. These findistyess the importance of interfacial interactions
and of finite-size effects on the thermodynamicgrties at the nanoscale.

Liquid nanoparticles: Metallic versus covalent borgl Ga nanopatrticles as a case study

Interest toward the chemistry of elemental galliarses for many, variously related aspects.
The density of the liquid higher than that of thaimsolid phased) places Ga into the minority set
of substances that show increasing stability oflitp&id with increasing pressure and generically
indicates an anomalous bonding behavior with rasjpeother metalsa-Gallium is indeed a very
particular metal made of diatomic units with a neafkpseudogap in the density of states at the
Fermi level and strongly anisotropic electronic doctivity.

In spite of its high reactivity with oxygen, Ga isdeed a nice experimental model for
investigating the properties of liquid metals partarly because the crystal melts slightly above
room temperature (303 K). The element, howeverwsha complex polymorphism that has been
deeply investigated experimentally and computatipnathe other crystalline phases have
significantly different structures based on differocal arrangements and building units, which are
made, for instance, of zigzag chains of atofpl{ase) or five different coordination environments
(ophase). Remarkably, these crystal structures dehmaw the “anomalous” properties @iGa.

A systematic X-ray absorption spectroscopy invesiogmn of the local coordination in gallium
nanostructures has been performed as a functitengderature and particle size. It is shown that the
nanostructure strongly affects the polymorphismsadid gallium and the (meta)stability range of the
liquid phase (in agreement with previous works) dnat the surface tension acts in the same
direction as hydrostatic pressure in stabilizing @a solid phases. The effect of surface free gnerg
is first to favor the metallic arrangement of dyphase and then to stabilize a liquid-like phasetas
on dimeric molecules even at 90 K. The Ga-Ga ditan the dimers is lower in the liquid phase
than in thea solid. The experimental results are discussedmparison with molecular dynamic
calculations to assess the presence of covalentaaka of the dimeric Gaunits in liquid
nanostructured gallium.

Monoelemental nanoparticles

Monometallic nanoparticles show a variety of nosat fascinating electrical, magnetic, and
chemical properties arising both from the presesice large percentage of low coordinated surface
atoms and from the confinement of electrons to dsrans shorter than the electron mean free path
and the Fermi lengthFrom the structural point of view, monometallic nalusters often undergo a
contraction of the lattice distances with respechilk materials because of surface stress tension.
At the GILDA beamline monometallic nanoparticlesegared using different techniques were
studied using XAFS and X-ray powder diffraction.e8k studies can be grouped as:
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Size, temperature dependerfG®maschi et al. 2008ind modelingLongo et al. 2008pf the
structural parameters of gold nanoparticles.

Structural studies as a function of temperaturenohometallic particles embedded in dielectric
matrices[Maurizio et al. 2007; Dubiel et al. 2005]

Kinetics of hydrogen absorption and desorption: dlisters formation in Nb-doped magnesium
hydride[Checchetto et al. 2005; Bazzanella et al. 2006].

Monoelemental nanoparticles: Temperature dependerficiae structural parameters of gold
nanoparticles investigated with EXAFS

From the structural point of view, gold nanoclusteften undergo a contraction of the lattice
distances with respect to Au bulk because of sarfdress tensiodccording to Laplace’s law, the
lattice parameter is foreseen to linearly decreaisie the inverse particle dimensidh. Recently,
temperature dependent x-ray diffraction measuresnenta gold nanoparticle powder with mean
dimension of about 4 nm showefbr the first time an additional effect, i.e., tbecurrence of a
crossoverin the temperature dependence of the cell parameteich changes from an initial
thermal expansion at low temperatures to a thecmatraction fofT 125 K.

This result is not due to changes in the structdirtne nanoparticle, which continues to show a
fcc atomic arrangement as the bulk metal but camttréouted to the contribution of electronic
excitations to the total energy of the system. éatjdor a bulk system, the electronic contribution
the total energy results slowly varies with tempam and, for this reason, bulk materials generally
show a thermal expansion, originating from the amimaicity of the lattice potentiaDn the other
hand,in nanoparticles, the presence of electronic discemergy levels separated by only a few
meV implies a relevant variation of the electroarergy withT. In the present paper, this effect is
deeply explored to assess its presence and tdifyuaeven in smaller clusters, where localizatio
effects are expected to become stronger and stroAgeery low sizes, x-ray diffraction does not
allow measuring of the cell parameter of the nantoge with sufficient accuracy; therefore, XAFS
spectroscopy at the GILDA beamline was used, toageery accurate estimate of the nearest-
neighbor distance as a function of temperature.

The L; edge of Au nanoparticles, having sizes rangingnfrd.4 to 5.0 nm, have been
investigated in the temperature range of 20-300T&.achieve a very high accuracy in the
determination of the first shell distance, a veayetul data analysis was performed also taking into
account the presence of asymmetry effects. Inaatiptes, the temperature dependence of the first
neighbor distance results was different from tifathe macrocrystalline counterpart. In the largest
size samples, a reduction of the thermal expansias found, whereas in the smallest ones, the
presence of a crossover from an initial thermalag@sppn to a thermal contraction was observed.
Calculations based on a simple Griineisen-like mskeWed that localization effects, that increase
as the nanoparticle size decreases, can explameploeted thermal effects.

Monoelemental nanoparticles: Distorted f.c.c. amament of gold nanoclusters: a model of
spherical particles with microstrains and stackiaglts

Among nanomaterials, f.c.c. (face-centred cubic)ameanoclusters find application in a range
of different fields, for example in catalysis, irmnoelectronics, as components of optical and
magnetic materials, or coupled with biomoleculeprtmduce functionalized bioinorganic systems.

The outstanding catalytic performance of nanochyséaAu in the selective oxidation of CO in
a hydrogen-rich environment and in the water gés igaction probably constitutes one of the most
striking examples of size-dependent propertiesnof.@c. metal. Actually, numerous experimental
and theoretical studies have investigated the smz@ structure of Au nanoclusters and, for
heterogeneous catalytic systems, the effect oftipport (inert, as with silica, or reducible, ashwi
ceria or titania) on oxidation state and electraarge distribution.

The aim of this study was to perform a careful dtrital analysis of silica-supported Au
catalysts and to contribute to the scientific debah the atomic arrangement of f.c.c. metal
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nanoclusters. The structures of two samples of gaftbclusters supported on silica were studied by
X-ray powder diffraction (XRD) and X-ray absorptispectroscopy.

The data relative to both techniques were analpsedn approach involving simulation based
on structural models and fitting. The XRD model eemed a distorted f.c.c. (face-centred cubic)
arrangement, with microstrains and parallel stagKaults in approximately spherical particles; as
an alternative possibility, a linear combinationoofiered f.c.c. and noncrystalline (decahedral and
icosahedral) particles was also taken into accddwihh approaches gave calculated patterns closely
resembling the experimental data. X-ray absorpsipectra were fitted on the basis of f.c.c. and
noncrystalline arrangements. The best results whktained by the f.c.c. motif, while a simulation
consisting in the superposition of f.c.c. and ngstlline components in the relative amounts
determined by XRD analysis gave a poor agreemdhttive experimental data.

It was concluded that the good XRD fitting obtairt®dlinear combination of lognormal size-
distributed f.c.c. cuboctahedral, decahedral ar@babedral contributions was a result of the
flexibility of the basis set of functions, but ththe complementary analysis of X-ray absorptioradat
did not confirm the presence of a noteworthy fiatof noncrystalline particles.

Monoelemental nanopatrticles: Investigation of sdrestate of silver nanopatrticles in silicate
glasses by means of EXAFS (optical properties) @hdrmal evolution of cobalt nanocrystals
embedded in silica (magnetic properties)

Concerning theoptical properties recently, the preparation andratterization of glasses
containing metal nanoparticles, has been furtherustited by peculiar nonlinear optical properties,
especially an increased third-order susceptibilihgking such glass a promising candidate for
application in integrated optics and photonicsvieries studies indicated that the optical properties
of nanoparticlgglass composites strongly depend on the size,tthetgre and the concentration of
the embedded nanoparticles as well as their interagvith the host matrix. Therefore, different
preparation methods like ion implantation, sol-gedl ion exchange, possibly followed by reducing
atmosphere treatments, ion or laser irradiatioret@en used to fabricate specific configurations of
nanoparticles in glasses. Structural informatiomvmldo the atomic scale on the nanoparticulate
composites may be obtained by high resolution elacticroscopy (HREM). This does not only
allow to determine size, size distribution, extéstape and internal structure of metal partidbes,
also to evaluate surfalieterface effects on their lattice parameter. X-aégorption spectroscopy is
another structure sensitive method. From the exign¢iray absorption fine structure (EXAFS)
spectra of the corresponding metal atoms the éafiearameter may be determined, even with more
accuracy than HREM. However, the EXAFS results averaged parameters of atom-atom
correlations summed up for all detected partictherent from data determined by HREM for
individual particles. The combination of both metkoshould be advantageous for a precise
structural characterization.

Nanosized spherical silver particles were formedilicate glass by sodiussilver ion exchange
and subsequent annealing in air or hydrogen atneospdt elevated temperatures. Furthermore, the
sol-gel procedure was used to prepare embeddedaAlps. Structural characterization of these
composite materials by temperature dependent EX#geStroscopy with transmission and
fluorescence (taken at the GILDA beamline) expentmerevealed distinct differences of the
particldmatrix interaction across the interface. The Agr@ Ag-Ag correlations could be separated
by fit procedures. The Ag-Ag bond length of thestajline particles sensitively reflects their state
of stress depending on the formation conditionaal$ found an increase as well as a decrease of the
Ag-Ag distance, i.e. tensile and compressive stseaes were formed, for ion-exchanged glasses as
a result of different cooling procedures and afftgdrogen treatments, respectively, and for sol-gel
samples. The combination with high-resolution etatt microscopy (HREM) experiments
confirmed such effects. Furthermore, the size deein parameters of nanoparticles could be
determined. The results can be interpreted by the sffect of nanoscaled particles and the
influence of the surrounding matrix.
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Concerning the magnetic properties, compositesddrby magneticanoparticles embedded in
dielectric matrices draw much interest for theitgoial application in magnetic recording. Basic
guestions concerning the composite formation adbilgly are far from being understood and
modelized. In particular, Co nanoparticles can ogcumultiple crystalline phases, which can result
in large differences in the magnetic propertieshsas the crystalline anisotropy, so affecting the
possible application in magnetic recording. Thekkaguilibrium phase of Co at room temperature is
hcp, whereas the fcc structure is more stable 420=2C (at normal pressure).

The structural evolution of cobalt nanoclusterstisgaized in silica glass by ion implantation has
been investigated upon thermal annealing. The smnplere characterized by in-situ grazing
incidence X-ray diffraction at the GILDA beamlinexploiting a synchrotron radiation beam and
following their evolution during thermal treatmemtsvacuum up to T=800 °C. Before heating, the
system was composed of hcp Co nanocrystals. Thsiticn from hcp to fcc structure that in the
bulk phase occurs around 420 °C was not detectédh@nresult could be likely related to the finite
cluster size as well as to the cluster matrix BdBon. Nevertheless, the differences in the
diffraction pattern recorded at T=800 °C with redfe the corresponding one at room temperature
suggested the presence of a second crystalline@phas

Monoelemental nanoparticles: Nb clusters formatioib-doped magnesium hydride

Fast hydrogenation and dehydrogenation reactioetiks in Mg can be achieved by using
catalysts in the form of metallic nanoparticles (NRlFg, Pd) dispersed at the Mg and MgH
surface. Nanoparticles favor the Hissociation and jump of H atoms towards the Migssuface
layers. However, the microscopic mechanisms oflgsitaare not fully understood. In a previous
study it was shown that Nb acts as a very efficeatalyst in the Kl desorption from th@-MgH-
matrix also when the metallic additive is dispergethe hydride layers. The desorption process in
the Nb-doped Mg hydride was controlled by the faroraof the interconnected path Mg where
H diffusion preferentially occurs.

In order to fully understand the role of the Nb mhgpelement, a study on the evolution of the
chemical-physical state of the Nb atoms disperadetie Mg matrix upon hydrogen absorption and
desorption cycles was performed. The analyses wanmged out by EXAFS spectroscopy at the
GILDA beamline, x-ray diffraction and transmissiefectron microscopy on three representative
Nb-doped (5 at. %-Mg film samples deposited by rf magnetron sputiggr(i) as-depositetd-Mg
sample, (ii) activate@-MgH, samples after parti@-MgH2 to h-Mg phase transition (hydrogenated
sample), and (iii) activated sample after compfieddgH, to h-Mg phase transition.

Results showed that the catalytic effect of theddping in the H absorption and desorption
kinetics is connected with the formation of Nb nelneters dispersed in the host matrix. The H
desorption fron3-MgH. is favored by local elastic stresses produce@ibibHy s clusters on the
MgH, matrix that reduces the stability of the hydrideape and by preferential paths in the
nanocomposite hydride

Bielemental nanoparticles

The formation of bimetallic nanoclusters has bdendubject of much research work, because
by controlling the cluster composition the compagiroperties could be further tailored. In the
study of multielemental metal nanoclusters in digles, many points are still unknown or under
debate, in particular about the way to control adHey formation, composition, and stability upon
post-preparation treatments, such as heating écteel atmospheres and laser or ion irradiation.

One of the techniques largely employed in the ®githof alloy-based nanocompositeson
implantation, possibly coupled with suitable thektneatments, which has demonstrated to be very
useful because, the sequential ion implantatiosilica of two different ion speciegventually
followed by suitable heating treatments, ¢ead to the formation of bielemental nanoclustétke
implantation parameters, such as the energy aeddk) are chosen to maximize the overlap of the
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two concentration depth profiles.

On the other hand, another technique like radiofe@gy magnetron co-sputtering deposition
allows to easily obtain homogeneous thicker filnopet with nanoclusters which can be useful for
the fabrication of optical waveguides.

At present, the research on nanoclusters embedddeklectric matrices goes in at least three
directions that are strictly correlated: the congleinderstanding of physical and chemical
properties of the systems, the control of the diifié synthesis methods for obtaining predefined
structures, and the development of further compleracterization methods for achieving detailed
information on the systems examined.

It is evident that the understanding of the allwster formation and growth, as well as possible
de-alloying processes, is needed to exploit thgstems for technological purposes.

At the GILDA beamline, the research in this fieldsvMocused on the formation of bielemental
clusters that have metallic and semiconductive adtar. These studies regarded bimetallic
nanoparticles namely the dynamics of compositievalution of bimetallic alloy nanoclusters upon
heating in selected atmospheres [Mattei et al. 200&zzoldi et al. 2005; Maurizio et al. 2004a;
Mattei et al. 2004a,b] and the synthesis by cotspnfy of Au-Cu alloy nanoclusters in silica
[Mattei et al. 2007] and in 11l-V semiconductornoelusters, namely the formation of GaN, GaAs
and InN nanoclusters by ion implantation [Maurietaal. 2004a].

Bielemental nanoparticles: Dynamics of compositlorevolution of bielemental alloy
nanoclusters upon heating in selected atmospheres

In the last years, a great interest has grown amclasters embedded in dielectric matrices;
these systems are the subject of much research, watk much physical, chemical and
technological literature dedicated. Their potent@thnological application is widespread over
different fields, such as catalysis for the largeface to volume ratio typical of nanostructures,
magnetic recording and optoelectronics. About théest, the enhanced third-order optical
susceptibility of metal nanocluster composite gtassould be exploited in the all-optical switching
device technology; recently, some effort has bemmedo evaluate the figures of merit that must be
satisfied for ultrafast all-optical switching apgation of metal nanocluster composite glasses. In
addition, semiconductor clusters embedded in diedsccould be exploited for fabricating tunable
light emitting devices: because of the quantum ioenfient effect, the emission wavelength could
be tuned by properly controlling the cluster size.

For all these reasons different studies have bednmmed ommetal alloy nanoclusterandlll-V
semiconductors nanoclustensth the aim of enlighten the effects of both thiplantation dose and
heating in different atmosphere on the nanoclusierpositions.

Concerning théimetallic system# is known that the sequential ion implantationsilica of
Pd+Cu, or of Au+Cu ions determines the formatiorsolid solution alloy nanocrystals. Detailed
structural investigations of the modification inddcby selected heating treatments, which both
recover the matrix from the radiation damage angpbemodify the composite structure by their
chemical interaction with the matrix, have beerfqrened.

The dynamics of the compositional and structuradleion of solid solution Pd-Cu metal
nanoclusters obtained by sequential ion implanatiosilica, upon heating in selected atmospheres
as a function of the annealing time has been irgegstd and a correlated diffusion of the dopants
has been evidenced for both reducing or oxidizimyoapheres, mostly triggered by the Cu atom
diffusion (such migration is absent in silica imputled only with Pd). In particular, upon annealing i
reducing atmosphere a preferential migration oft®dards the sample surface was observed and
aggregation of large bimetallic clusters was faedunear the implantation range, as also found in
the case of Au-Cu alloy clusters in silica. On titeer hand, upon annealing in air, the Pd-Cu alloy
nanoclusters have shown to undergo a progressiaton process in which the Cu atoms are
oxidized mostly as CuO oxide partial shell arourRRdarich core.

This behaviour is different from the one observed Au-Cu clusters in silica under the same
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annealing conditions: in this case, Cu atoms wrteeted through the surface of the alloy clusters
as CyO aggregates with their crystallographic axes caftéy oriented with those of the fcc Au-
rich alloy nanocrystals. For what concerns Pd-Gsi phocess is not energetically favourable due to
the large lattice mismatch between Pd-Cu solid tewlualloy and the cubic GO, therefore
indicating that the structural constraint giventhg lattice mismatch between the core and oxide
shell is crucial for controlling the stoichiomewf/the oxide.

Bielemental nanoparticles: Synthesis by co-sputteaf Au-Cu alloy nanoclusters in silica

Silica films containing metal nanoclusters exhipéculiar optical properties that have made
them attractive in several application fields. Asexample, metal quantum dot composite glasses
exhibit an enhanced optical Kerr susceptibilitye.,i.the most important physical process for
applications in all-optical switching devices. Theost promising metals for constituting the
nanoparticles embedded in the dielectric matrixtlagenoble metals.

Copper + gold -containing silica films have beentbgsized by radiofrequency co-sputtering
deposition technique. In order to obtain the foiorabf metallic nanoclusters, as deposited samples
have been annealed in reducing atmosphere at 908 §6od agreement with the bulk alloy phase
diagram has been found: in particular the fcc cuddloy solid solution is present in all the
investigated compositions from pure Au to pure @il a lattice parameter following the modified
Vegard’s law typical of the bulk alloy. Three orddmphases have also been found corresponding to
the Au:Cu atomic ratios of 3:1, 1:1 and 1:3.

The linear and non-linear optical properties of tiamocomposites have been measured and it
was found that the surface plasma resonance réid-ghih increasing the Cu content in the alloy
and spans the entire region from that of pure A0 (®m) to that of pure Cu (570 nm).

Bielemental nanopatrticles: Formation of GaN, Gafs &N nanoclusters by ion implantation

Concerning thesemiconductor nanoclusteformation by synthesis routes based on ion
implantation, significant information are availabtsn GaN while for InN and GaAs more
investigations must be performed. It has been Igledoserved that the sequential ion implantation
of Ga +N in dielectriamatrices, such as silica, quartz or alumina, de¢slatermine the formation
of GaN structures. GaN nanoclusters are formedbth fuartz and alumina only after heating the
double implanted samples in Nifor 1 h at T = 900 °C. The results of the EXAF$adaken at the
GILDA beamline indicate that the quartz substrateofs the aggregation of Ga atoms in large GaN
nanoclusters. In fact, not only the fraction of &@ams that do not aggregate is low (less than 30%,
since the coordination number of the Ga—Ga cootidinashell is 8.5 instead of 12), but also the
local environment of Ga atoms that are in the ehssis ordered in a multishell structure that
reproduces that one of GaN bulk up to R = 6.5 Ae Efffect of lattice opening by the radiation
damage is likely to promote the formation of largkrsters. In alumina matrix, the clusterization is
less favored [Maurizio et al. 2004a].
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C - Materials for Energy Production and Transport

In this section the studies on materials involwedarious aspects of the production of
energy are collected. These investigations arelynpstformed by X-ray absorption spectroscopy,
in some cases taking advantage of the possibiliticasrying out experiments in controlled
temperature and chemical environment. Two of thmonts included in this section exploit the
Translating Imaging Plate of GILDA to measure X-mffraction patterns during the structural
evolution of a Pt/ceria-zirconia oxide in reducieryvironment. The matter of this section is divided
into nuclear materials, three-way catalysts, ogdll electrolyte materials and fast ion conductors.

Nuclear materials

The only paper of this section is concerned withmaportant aspect of the nuclear sources of
energy production, that is the release of fissias fyjom irradiated U®fuels [Garcia et al., 2006].
X-ray absorption spectroscopy experiments are pedd on a set of xenon implanted uranium
dioxide samples and the size of Xe bubbles is oeted from the Xe coordination number. Results
indicate that the gas forms highly pressurisedusions as a result of temperature anneals or an
external ion irradiation. Estimated bubble presswrere found to be in the region of 2-5 GPa at
low temperature. The consequences of such higlsymes developing within intra-granular bubbles
in irradiated fuels are interpreted by a model énghthe computation of the sink strengths of
bubbles as a function of the pressure of the rasetbey contain. The model forecasts that for
pressure values found in the experiments fissianbgéobles do not act as sinks for diffusing rare-
gas atoms.

Three-way catalysts

This topic, although concerning catalysts, is dipselated to the problematics of energy
production and in particular to the fundamentalés®f controlling the emission of pollutants
involved in automotive transport. Three-way cateyWC) are constituted of a metal nanophase
supported on modified CeCDue to the peculiarity of ceria that acts as @ygen buffer, the

TWCs are employed for the exhaust treatment inlgeeséuel vehicles to achieve simultaneous
control of CO, hydrocarbons and NO emissions. liotfh et al. 2004], the steady-state activity of
NO reduction by C3H6, was studied on a Pt(1%)r 4O, catalyst, in a plug-flow reactor, in the
temperature range 100-500 °C. Analyses by temperatogrammed reduction (TPR), small-angle
X-ray scattering (SAXS), X-ray photoelectron spestopy (XPS) and X-ray diffraction (XRD)
performed at the diffraction hutch of GILDA suppetthe occurrence of a strong metal—-support
interaction (SMSI) effect between platinum and @eand the important role of the platinum in
promoting the ceria-zirconia structural reorganat

The structural evolution during redox treatment€@ of Pt-supported and bare ceria-zirconia
is specifically investigated in a paper exploitiite GILDA instrumentation for in-situ XRD
(Martorana et al., 2004). The experiment is basethe change of lattice constant of ceria-zirconia
(CZ) as an outcome of the reduction of Ce(IV) tqlilDeby CO fed during the XRD experiment.
The structural modification of CZ is monitored IhetTranslating Imaging Plate XRD detector of
GILDA while the simultaneous CO2 production orige by the oxidation of CO is followed with
a mass quadrupole spectrometer. In a first phasgyea coming from the surface layers of the
ceria—zirconia mixed oxide is consumed and no siratvariation of the support is observed. After
this induction time, bulk reduction of Pt/ceria-ezinia takes place as a step-like process, while the
CO, production continues at a nearly constant rates béhavior is totally different from that of the
metal-free support in similar reaction conditiottsat show a gradual bulk reduction. In repeated
oxidation—reduction cycles, it is observed thatitighiction time in Pt/ceria—zirconia is a function
of the thermal history, of the amount of suppofeénd of the structural evolution of the samples.

The issue of the interaction cfupported Pt with CZ is addressed in an XAS ssphcifically
projected to investigate the Pt-CZ interface [Dedjan et al. 2006]. XAS analysis allows to
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evidence the formation of a platinum—-cerium allayrédox-aged samples and the stability of the
metal particles toward oxidation and sintering dgrhigh-temperature treatments. Under CO flux
at 773 K, bare ceria-zirconia shows a continuou$ df diffraction peaks toward smaller Bragg
angles, due to a progressive increase of Ce(liltesd. Under the same treatment, the structural
rearrangement of Pt-supported ceria-zirconia stdtés an induction time and takes place with an
abrupt change of the lattice constant. The expetiahe@vidence points to the role of supported Pt
in modifying the redox properties of ceria-zircowdh respect to the bare support. It is proposed
that the much faster bulk reduction observed ksitun XRD for redox-aged Pt/ceria-zirconia can be
attributed to an easier release of reacted, @@ducing a more effective turnover of reactattthe
catalyst surface. The much faster bulk reductibeeoved by in situ XRD for Pt/CZ has been
attributed to a beneficial effect of the supportadtal, and in particular to an easier release of
reacted CQ@ producing a more effective turnover of reactatthe catalyst surface. The formation
of a Pt—Ce alloy, demonstrated by EXAFS analysighe source of the size and oxidation state
stability of the Pt metal particles in r-Pt1CZ am,all probability, also of the peculiar reactyit
properties of redox-aged Pt/ceria-zirconia.

Fuel cell electrolyte materials

This issue is concerned with one of the forefrdmlienges of the research on new materials,
that is the development of new proton conductorshe fabrication of oxide electrolyte membranes
to be used in intermediate-temperature fuel cellseoretical approaches investigating the
vibrational dynamics of the oxygen sublattice imgwskite-type proton conducting oxides have
demonstrated that for each proton hopping eventvdest adjacent lattice oxygens the
oxygen—oxygen distance shortens to assist the mpratnsfer from one oxygen to the next.
Experimental data about local structure are a sacgseference for theoretical calculations to
develop a reliable diffusion mechanism for prot@mauction and to tailor new generation high-
temperature proton conductors.

In [Longo et al. 2006] the local structure of yitm in Y-doped BaCe©compounds is studied
using X-ray absorption spectroscopy (XAS) at th&-¥édge. XAFS experiments on BaG¥ xOss
(x =0.02, 0.1) compounds have been performed il water bearing samples to investigate the
local environment of yttrium. The main results chka summarized as follows: the local
environment of yttrium is a distorted octahedronogf/gens, characterized by at least two Y-O
distances; a significative structural modificationthe neighborhood of yttrium takes place under
hydration, pointing out a preferential insertiortloé hydroxyls in the immediate environment of the
dopant; the Debye—Waller factors are larger ingmated samples, and it is likely that also static
disorder is effective when water is introduced fIre thost matrix structure; in situ XAFS
experiments performed in »B1,0 atmosphere on the 10% Y-doped samples show hHeat t
distortion in the YO6 octahedra observed at liquitdogen temperature is retained also at 753 K.

The local structure investigation on Y-doped barigerate is concluded in a further paper
[Giannici et al. 2007a] concerning, besides Y, dise local environment of Ce and Ba. It is
demonstrated that the insertion of yttrium in thee ©f cerium produces a remarkable local
distortion of the dopant first-shell octahedral ieowment that affects also the next coordination
shells by a static disorder increasing with domanbunt. For a dopant concentration estimated as x
> 0.17, a poorly crystallized yttrium oxide phabattcannot be detected by X-ray diffraction is
observed by XANES analysis. The structural analgsigied out at the K-edges of cerium and
barium in Y-doped barium cerate compounds, at aimaindoping level varying from 2% to 30% of
the available B sites of BaCgOdemonstrates a substantial agreement of the \ausdocal
arrangement with the crystallographic structureedeined by neutron scattering. However, the
local structure is sensitive to the doping leveldy increasing effect of the static disorder with
dopant amount. The origin of this static disorderelated to the local distortion introduced in the
barium cerate matrix by the insertion of the dopéfitspecies in the site of &e
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The increase with dopant amount of static disoesteund Ce and Ba and the configuration of
the Y octahedral environment are essentially inddpet of sample hydration and therefore is
ascribed to the peculiar interaction of Y with thatrix, giving rise to a distorted oxygen octahédra
arrangement. On the contrary, the static disordeural Y noticeably increases in the protonated
samples and is then related to a distortion of ldoal structure of yttrium originated by the
preferential location of protons near the dopatetssi

The local structure around indium is correlatednhwiite proton conduction properties in the
solid solution series Ba(In,Ce}Qin the paper [Giannici et al. 2007b]. Comparedhe limited
solubility of Y,03 in BaCeQ and BaZrQ, the complete solubility of h®s is suggested to reflect a
relation between absolute hardness of the dopahthenease of insertion into the hosting lattices.
The EXAFS analysis used to probe the local enviemnof Irg, in barium cerate demonstrates
that, in the surroundings of the dopant, the oftborbic barium cerate structure is strongly
modified, resulting in an increase of local symme#ctually, the In@ octahedra are very regular
and, moreover, there is no indication for any defdastering. This is suggested to be the main
reason for the low entropy of formation of protodiefects by water dissolution. The mobility of
such defects is lower than in Y-doped BagGeliut a higher concentrations of protonic defests i
allowed. This leads to high proton conductivitieghich renders I an attractive dopant for
BaCeQ-based proton conductors. The results of this paleenonstrate also that ionic radius
matching is only one and not the most importartedaon for tailoring a good proton-conducting
ceramic material.

Fast lon Conduction in Glasses

Fast-ion-conducting (FIC) glasses, whose valuesonic conductivity at room-temperature
(RT) can be as high as i@ cm?, are interesting for potential applications inicostate
electrochemical devices such as batteries, smadomis and sensors, owing to their stability, ease
of preparation and large non-stoichiometric comjomsal ranges.

The understanding of transport properties in Fl@&sggs is a challenging problem both from
applied and basic research point of view. Althouggmy experimental and theoretical efforts have
led to some general rules and empirical relati@mshigh ionic conductivity, there is not yet any
satisfactory and widely accepted transport model.

The structural characterization of FIC has beeealyf many proposals since the beginning of
the GILDA activity, mainly with X-Ray Absorption ag function of temperature by the Italian
Trento’s group at BM0O8-GILDA (Ag environment ) aatl BM29 (I environment) and with XRD
by the Swedish Goteborg’s group.

A particular attention has been devoted to FIC sglascontaining the doping salt Agl. The
continuous experimental progress, based on thefuseny experimental techniques, like nuclear
magnetic resonance, infra-red and Raman spectriesgopray absorption fine structure (XAFS),
x-rays and neutron diffraction, has led to the dgw@ent of more and more refined models and to
some commonly accepted ideas. There is a cleaemsgdthat the high ionic conductivity of these
system is due to a balance between three diffeféetts: a) the possibility of modifying the glass
network in order to accommodate a high quantitthefdissolved doping salt in a convenient way;
b) a mixed environment for the mobile cation, beeathe cations responsible for high ionic
conductivity are those which share bonds with biotthine and oxygen atoms; c) a possible
interference between mobile species.

These conclusions have been confirmed on the geoahdxperiments performed at ESRF on
many FIC glasses: the so called “expansion of thevork” has been monitored by a careful
analysis of diffraction experiments, while a clearrelation between the first shell I-Ag distance
and the activation energy for ion conduction in extended range of composition has been
demonstrated by EXAFS recently (Sanson 2008a).

The papers published in the years 2004-2008 frenathivity at GILDA regarded:
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* Modeling of the global structure of FIC glasses antérpretation of conductivity data
(Karlsson 2004, Sanson 2007a, Sanson 2007bos20e8a);

* Local structure and dynamics around single compisneh FIC glasses (Kuzmin 2006,
Sanson 2008b);

* Interpretation of X-ray Absorption data on stronglgordered glasses [Sipr et al. 2004,
Dalba et al. 2005, Dalba et al. 2008].

Fast lon Conduction in Glasses: Modeling of the balo structure of FIC glasses and
interpretation of conductivity data

The interpretation of the FIC on the basis of awek expansion due to the insertion of the
doping salt has been proposed in previous papesdban a Reverse Monte Carlo modeling of
XRD and Neutron diffraction data. [Karlsson et 2004] have concentrated the attention on the
conductivity and structure of (Cgl)AgPGs)1-x glasses (where 0 <= x <= 0.2). In this system two
mobile species are present: thus, evidence forrtaapédissociation of Ag ions from oxygen sites
into iodine-rich environments upon addition of @Gak been found. A similar dissociation effect has
previously been found in Phtloped AgP@ glasses, where it, together with network expansion
was considered to cause a much higher dc condiyct¥/iPbb-doped AgP@ glasses as compared
to Agl-doped AgP@glasses. However, the dc conductivity is much lowehe present Csl-doped
glasses than in Phtloped glasses. This is due to the high mobilitefions, because the mixed
mobile ion effect reduces the measured ionic cotintyc

Even though the “network expansion” monitored bffrBction data is easily understood in
terms of more empty space available for the disgwlwf the doping salts (Agl, Csl, Bbin very
different glass matrices (borate, phosphate, malidsdare structurally different in terms of network
and basic units rearrangement), this is a notgefft condition for FIC.

The analysis as a function of temperature [Sansah 2007a,b] and composition [Sanson et al.
20084a] of the first shell distance I-Ag has allowwednonitor by EXAFS a continuous modification
of this shell (in shape, intensity and positionyl da identify a correlation between the activation
energy for conduction and the distance: glassel leitger I-Ag distances display higher ionic
conductivity, independently from the kind of theshglassy matrix.

Fast lon Conduction in Glasses: Local structure atywhamics around single components of
FIC glasses

By EXAFS the group of University and IFN-CNR of Tite has deeply studied at GILDA the
local environment of Molybdenum [Sanson et al. 2§)JG8d of Silver [Kuzmin et al. 2006].

The short-range order around molybdenum has beeastigated in Agl-doped silver
molybdate glasses (Ag(Ag2MoO4)1x (with x = 0.67 and 0.75) by Mo-K edge EXAFS
measurements as a function of temperature up t@ltdss transition temperature. The difference
from crystalline AgMoO, is weak. A softening of the Mo—O nearest-neighbdooad has been
detected, but the MaQunits still exhibit high rigidity. Above the Tgngerature, no meaningful
evidence of local structural and dynamical modtfaras has been observed around molybdenum.

The local structure around Ag ions in silver bergliasses g-A®-nB2Q n=2,4 was studied
by x-ray absorption spectroscopy at the Ag K edgetdmperatures from 77 to 450 K. The RDFs
consist of about eight atoms, oxygens and borond, exhibit relatively weak temperature
dependence, mostly due to the presence of stratig sisorder. Two main components can be
identified in RDFs, located at about 2.3-2.4 A arfs+-3.4 A, respectively.

Fast lon Conduction in Glasses: Interpretation efay Absorption data on strongly disordered
FIC glasses

In the last decades, X-ray Absorption Spectrosc¢d@#s) has recorded a remarkable interest in
the study of glass structure for its sensitivitythe Short Range Order (SRO) around a selected
atomic species. However, thanks to the improvemsémuality of data and to modern modeling
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techniques, it is evident that in the case of H&Sges, where the cations are mobile and present in
different local sites, a reliable interpretation)oAS experiments could be carried out only with a
careful comparison with results of modeling teclueis; This is due to the strong decreasing effect
of disorder on the EXAFS signal, but mainly to thiinsic disorder present in these systems, that
can not be described in terms of simple Gaussiaraging.

[Sipr et al. 2004] reported the local coordinatioh Ag cations in silver borate glasses
Ag»0.nB,0O3 by comparing the experimental x-ray absorptionr meye structure (XANES) at the
Ag K edge with results of theoretical simulatiofifiey demonstrated that simple models which
describe the local structure around Ag with a grggometric configuration cannot be reconciled
with experimental XANES spectra. In order to obtaisatisfactory agreement between theory and
experiment, it was necessary to include the disaats® at the short range. Structural information
was extracted from XANES data using an empiricgbrapch, based on the presence of a
multiplicity of atomic structural configurations@amd photo absorbing atoms. This approach is
particularly suited for describing the local envinment of atomic species belonging to glass
network modifiers. The same approach was used atbgDet al. 2005, Dalba et al. 2008] for the
EXAFS analysis in describing the Silver environmehtthe same FIC glasses, when even that
based on cumulant expansion or multishell Gaugsiaael failed. The radial distribution functions
(RDFs) around Ag ions were reconstructed using thooebased on the direct inversion of the
EXAFS expression. The chemical types of atoms dmrting to the RDF were determined via a
simulation of configurationally averaged x-ray alfpgmn near-edge structure (XANES) and
EXAFS signals. The analysis shows that the immediaighborhood of Ag contains mostly
oxygens while borons dominate at larger distanddé® combination of EXAFS and XANES
techniques has thus allowed determining a more tEmptructural model than would be possible
by relying solely on either EXAFS or XANES alone.
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D - Environment

D1: Earth Science
X-Ray powder diffraction (XRPD) and X-Ray absorptispectroscopy (XAS) techniques have
been successfully used in order to investigatevaglietopics in Earth Science and related fields.
The XRPD beamline set-up is particularly dedicatedtime resolved studies, whilst XAS
experimental setup is suitable for XAS studies oncentrated and diluted samples. The studies
performed at the Gilda beamline can be divided intm main topics: 1) fundamental mineralogical
and geological studies and 2) applied mineralogittadies.

Fudamental mineralogical and geological studies

The XRPD studies comprises structural studies [(2o&nd Gualtieri, 2007; Scordari et al., 2004]
and non ambient behaviour of minerals, particulatyhigh temperature [Cattaneo et al., 2003,
Cruciani, 2006; Cruciani et al., 2003; Merlini dt, 005, 2008; Tribaudino et al., 2005]. New
structures of zeolites and sulphates have beenerkfboy XRPD, and phase diagrams of rock
forming minerals have been descript.

The translating image plate setup available aGlhéa beamline, allowed a continuous diffraction
recording during any dynamical process, in pardiculluring a heating ramp [Merlini et al.
2005,2008; Tribaudino et al. 2005]. In this wayvds possible to monitor continuously the lattice
parameter evolution across phase transitions, legetvith very accurate thermal expansion
measurement. In melilite it has been evidenced theritical behaviour across the
incommensurate/normal structure transition, whictuos in akermanite around 80 °C. The thermal
expansion in melilite is affected by cations irrabedral sites, in particular Mg-Al substitutiomda
moreover by interlayer cations (Ca-Na substitutidB)ngle site elasticity affect trace element
partitioning, and the presence of Na in melilitea explain different trace element pattern observed,
for example, in melilite present in meteorites wiliferent thermal history and metamorphic
evolution.

Cruciani et al. [Cruciani et al. 2006] presentse@iew on high temperature behaviour of zeolites,
based on data collected at the Gilda Beamline. Tévsew attempts to rationalize the results
concerning the zeolite structural changes due &irfige treatments. A new parameter, namely the
Stability Index, was introduced to quantify therthal stability of zeolites. Such an index is based
on the zeolite breakdown temperatures from X-rdfyatition studies. The correlation between the
stability index and the Si/Al ratio confirmed thaportance of the latter ratio in controlling thefma
stability of zeolites. It was observed that: (ipktes with Si/Al3.80 are very stable; (ii) zeobte
with Si/Al1.28 are quite unstable; and (iii) zeelstability in the intermediate Si/Al range cannot
directly be predicted from the Si/Al ratio. In tipeesent study, the inverse relationship between
thermal stability and the ionic potential, (Z/r)wtas also confirmed: (i) zeolites with (Z/r)wt<02D7
are very stable; (i) the ones with (Z/r)wt>0.18% ainstable, but (iii) the (Z/r)wt ratio does not
allow a discrimination in the intermediate regidilme maximum volume contraction of the zeolite
unit cell appears to be controlled by the weightedc potential. Among different factors related to
the framework topology, the expected relationst@ween the framework density and the Stability
Index was not found

XAS absorption studies are mainly dedicated to stigate the local environment of doping and
trace elements in minerals and glasses [Brigatl.eR004; Cardelli et al., 2003; Giuli et al.,020
Quartieri et al., 2004; Sani et al., 2004; Taram@hal., 2005]

The knowledge of the incorporation mechanisms afcdr elements into rock-forming and
accessory minerals is fundamental to understandranatl the roles of the various factors (such as
structure type, bulk chemistry, pressure, tempesataxygen fugacity) which rule the partitioning
of elements at equilibrium (either solid/solid @lid/liquid partitioning). Hence, this information

is of particular relevance to understand petrolagic geochemical processes. The role of the
crystal-chemical control on the trace-element parting behaviour between mineral and melt is
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still poorly known in many mineral structures, asmmetimes also the mechanisms ruling trace-
element incorporation are not completely contrgliespecially in the case of complex structures
undergoing multiple solid solutions.

Garnets are a group of rock-forming minerals ofagrelevance for petrogenetic studies, since
they are stable over a wide range of physico-ch@&ngonditions and are able to incorporate
several trace elements commonly used in geochemmatielling. For these reasons,
aluminosilicate garnets A&1,Siz01,, X = F&*, Mn**, Mg, Ca) have received much attention,
regarding either their complex major-element crhystemistry or their thermodynamic properties
or trace-element behaviour. Modelling of Rare E&timents (REE) incorporation in garnets as a
function of the composition, temperature and pnessfi crystallisation is particularly relevant for
petrogenetic purposes. In particular, there isedrier direct information on the local coordination
of the various cations substituting at the X gitgarnet solid-solution.

The site location and geometry of trace amountdysprosium (299 ppm) in a natural melanite
garnet from carbonatitic rocks have been studiednilgir energy fluorescence-detected XAFS.
Measurements done at the Dy K-edge (53789 eV), shatvDy is hosted in the dodecahedral X
site. The local geometry of Dy, which is compatilligh its ionic radius, is compared to that of
Ca, the major element at the X site, as determiyesingle-crystal X-ray refinement, and with that
of other trace RE elements as determined by prevkfFS studies.

The results so far obtained at GILDA beamline byPSAinvestigations on REE behaviour in
natural garnets confirm that these elements (Yh,Nld) substitute for Ca at the X site, and that
different degrees of local lattice relaxation mascur as a consequence of this substitution, in
response to the different dimensions of the sulsig cation. However, incorporation of the
various trace elements is expected to be alsotaffday the nature of the major constituents. In
particular, the larger REE are expected to be neagly incorporated in the large X site of
grossular (occupied by Ca) than in the smallert¥ sf pyrope (occupied by Mg). Also, indicate
that the local environment of a given element igetielent on the overall garnet composition, i.e.,
on the population of all the structural sites.

Applied mineralogical studies

The applied mineralogical studies performed conepdifferent materials: a) zeolites [Berlier et al.,
2005a; Dalconi et al., 2006; Lassinanti et al., Z@@artucci et al., 2005, 2007; Millini et al., ZD0
Regli et al., 2007a], b) cements [Merlini et al00Za,b, 2008], c) oxides and ceramic materials
[Beukes et al, 2007; El Habra et al., 2007; Gentnai.e 2005; Kulkharni et al., 2007; Meneghini et
al., 2004; Sacerdoti et al., 2004], d) clay miner@rigatti et al., 2005; Malferrari et al., 2007].
Zeolites are important materials especially in lgats, and high temperature activation have been
studied in-situ, by XRPD and XAS studies, in ortiemonitor the crystallographic phase changes
and the local structure of active sites.

Cements hydration process have been monitored lBDX&d the hydration of ordinary Portland
cements (OPC) was investigated with X-ray powdératition (XRPD) technique, mainly using
synchrotron radiation. In situ experiments werefqrened during the first hours of hydration to
study the evolution of the crystalline phases mglistem. The hydration was carried out with pure
water and in the presence of additives such asglagécizers and setting accelerating agents. As
soon as water is added to the cement, the maikeclaluminate phases (Ca3Al206) dissolve and
react with gypsum, and ettringite (a comlex sulphgwinate hydrate) crystallizes. Its evolution
appears to be very complex, and lattice paramelesge as a function of setting time, indicating a
possible chemical evolution of ettringite with timad as a function of pH. After few hours, the
induction period (i.e. the period when cement isrkable), the main silicate phases, mainly
Ca3SiO5 dissolve and react with water, to form pogstalline CSH (Ca-Si-hydrate) phase. Its
formation and microstructure is responsible of namital strength of cements and concrete. CSH
can be indirectly quantified, using the refinedlsdactor of the crystalline phases and its reagali
with Rietveld phase fraction [Merlini et al. 200&ihd its evolution studied. It appears that in the
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first period the volumetric evolution of CSH is fition of nucleation process, and after some hours,
its increase can be described by a diffusion lichjpeocess. The qualitative evolution of CSH is
similar in different system investigated, and agdg and admixtures, mainly superplasticizers, on
the contrary, strongly alter the induction time ahd ettringite crystallisation, i.e. the workatyili
period of cement and concrete.

Ceramic material properties (such as thermal expansr crystallisation process have also been
monitored in situ by XRPD [Kulkharni et al. 2007 ekkeghini et al. 2004].

Local structure of polluting metal elements (Hg,) @dclay minerals have been studied by XAS
techniques [Brigatti et al., 2005; Malferrari et &007].

D2: Environmental Pollution

In this section we have grouped a number of stuthes have implications for specific
environmental issues. From a traditional disciplyrgtandpoint, the majority pertains to the fiefd o
Earth sciences (mineralogy and geochemistry), aylane can be assigned to biological sciences
(botany — plant physiology). On the other handy také have in common what is probably the most
diffuse application of synchrotron sources to emwnental studies: the attempt, through the use of
X-ray absorption spectroscopy, and in particulaeXAFS, to define the local atomic structure of
an ecotoxic element in a specific matrix, to trydgoredict the behaviour of this element in
ecosystems (e.g., mobility, retention). Based @ngpecific topics we can group the contributions
in the following subsections

Studies of “heavy metal” interactions with clay mals

Uptake of arsenic by gypsum and calcite

Removal of Cu from solutions by hydroxyapatite

Uptake of Pb by plants

Studies of "heavy metal” interactions with clay marals

The environmental importance of clay minerals canbe overstressed. They are major
constituents of many soils and sediments, and haug remarkable physical and chemical
properties, notably adsorption and exchange caescithat allow them to interact with both
inorganic ions and organic molecules. For thessoms they are important regulators of the
mobility of “heavy metals” in soils and sedimentargsins. In a series of papers, Brigatti and
coworkers have examined some interactions betwéay minerals and metals. In the first
contribution [Brigatti et al. 2004], they studi#tie retention of Cu and Cu-amino acid complexes
by montmorillonite and beidellite, before and aftepeated aqueous solution treatments, using X-
ray diffraction, chemical and thermal analyses, snapectrometry, and X-ray absorption
spectroscopy (XAS). The results indicate that thaetion of metal complexes from smectites
depends on the nature of the layer charge and enkithd of organic species. Cu-cysteine
complexes are strongly retained in the interlayesitpon, whereas Cu-glycine complexes are
mostly adsorbed in cationic form, which can be lgamoved from the silicate layer. X-ray
absorption spectroscopy was used to assess themslaps between the structure of the Cu
complexes and their desorption from smectites. Wrechanged smectites, the first coordination
shell agrees with the hypothesis that Cu coordmé&teoxygen atoms to form monomer and/or
dimer complexes. The first coordination shell of @usmectites treated with glycine shows four
atoms at distances of ~ 2 A. Two of these bondsvitrenitrogen, and two with oxygen atoms. For
copper-cysteine complexes XAS data are compatibth the existence of Cu-N clusters, thus
suggesting that Cu links to the amino acid by tmén& group. In the second paper [Brigatti et al.,
2005], the influence of mercury on two 2:1 expanedablay minerals (montmorillonite and
vermiculite) was investigated by extended X-rayoapson fine structure spectroscopy (EXAFS),
X-ray diffraction at room and high temperature,rthal and chemical analyses. The adsorbed Hg
amount was higher for montmorillonite than for vesutite. Thermal analyses suggest that Hg was

58



released al ~230 °C and 600 °C for montmorillonite, but at 5800 and 860 °C for vermiculite.
The effect of temperature on Hg release is alsai@op when the basal spacing at 230 °C for
montmorillonite l,5;=10.3 A) is compared to that for vermiculith§,=11.8 A). EXAFS analyses

provide qualitative evidence that oxygen atoms pygcilne first coordination shell of Hg in both
clay minerals. The best fit between observed amclizded spectra is obtained when montroydite
(HgO) is assumed as the reference model compoundlly; the interaction between Cd(Il)in
agueous solution and montmorillonite and vermieulivas addressed via batch sorption
experiments on powdered clay minerals, both urdteand cysteine-treated (Malferrari et al.,
2007). Reaction products were characterized viayX{powder diffraction (XRDP), chemical
analysis, thermal analysis combined with evolvesisga mass spectrometry, and EXAFS. Sorption
isotherms for Cd(ll) in presence of different suatds shows that Cd(ll) uptake depends both on
Cd(Il) starting concentration and the nature of Hubstrate. The results of thermal analysis,
consistent with XRDP data both at room and at esirey temperature, further stress the influence
of the substrate, in particular cysteine, on theerlayer. EXAFS studies suggest that Cd(ll)
coordinates with oxygen atoms, to give monomer dergs or CdO molecules, either on the
mineral surface and/or in the interlayer. For Cdf2eine complexes, EXAFS data agree with the
existence of CdBS clusters, thus suggesting a prg@mt role of the thiol group in the bonding of
Cd with the amino acid.

Uptake of arsenic by gypsum and calcite

Arsenic is one of the most feared inorganic pofitgaTherefore, studies of mineral reactions
controlling its mobility are of the utmost enviroental importance. In recent years, much attention
has been given to the possibility that calcite gmasum can trap arsenic in their lattice in therfor
of an oxyanion substituting for carbonate in calcand for sulphate in gypsum. While the amount
of substitution is expected to be low (especiallyairigid structure such as that of gypsum), it can
be nonetheless of environmental significance, beedoth calcite and gypsum are widespread and
stable phases in many surface environments. Thiy st being conducted independently by an
Italian and a French-Spanish group; they shargainigcipation of a GILDA staff member. (Thanks
to this link, the two groups started a cooperatibat produced a joint application for a new
experiment at the ID22 ESRF beamline). The Frenmmish group (Fernandez-Martinez et al.,
2006) worked with synthetic phases (coprecipitagaperiments), by applying a combination of
neutron (D20-ILL) and X-ray (ID11-ESRF) diffractiatata, and EXAFS (GILDA). The combined
Rietveld analysis of neutron and X-ray diffractidata, in agreement with DFT-based simulations,
shows an expansion of the unit cell volume propasdl to the As concentration in the samples.
Interpolation of the experimental Rietveld dateowal distinction of As substituted within the
structure from that adsorbed on the surface of hatlerals. Results obtained by EXAFS analysis
of calcite samples show good agreement with theottngsis of replacement of As into the C
crystallographic site. The Italian group [Costalgli@t al., 2008] worked on natural, As-bearing
calcite (bulk As content ~ 250 mg/kg). Previousdis by electron spin echo spectroscopy
provided indirect evidence for an As for C subsinin in this material. X-ray absorption
spectroscopy of the same samples showed, fromsasalithe XANES part, that at least part of As
is present in the trivalent state, while EXAFS gs@l pointed out, in samples where As(lll) is
present, a well defined As-Ca second shell. Theltsesupport the concept that the arsenite group
can replace the carbonate group in the latticeatfral calcite.

Removal of Cu from solutions by hydroxyapatite

The ability of hydroxyapatite (HA) [Ga(POy)s(OH),] to remove “heavy metals” such as Pb,
Zn, Cu, Cd, Co, and Sb from water is well documéntéarious uptake mechanisms have been
described, including ion exchange, surface adsmrpaind coprecipitation. In the paper [Corami et

" Di Benedetto et al., Earth Plan. Sci. Lett., 2006
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al. 2008], the sorption of aqueous Cu on synthd#icwas investigated by means of a combined
structural simulation and EXAFS analysis. The dorptof Cu in batch experiments follows
Langmuir behaviour, and was attributed to a tw-steechanism involving surface complexation
and ion exchange with Ca, resulting in the fornmratid a copper-containing HA. EXAFS results
suggest that the metal is present in thé"@arm, and is bound to four O atoms at a distarfce o
1.95 A. The fixation of Cu occurs in the surfadesiof hydroxyapatite, whereas sorption in the Ca
sites in the inner part of the structure is unikel

Uptake of Pb by plants

A critical step in the assessment of the envirortaldrazard posed by a specific contaminant is
the evaluation of its potential transfer to theshpioere, notably to plants. This information is
important because 1) it is the main pathway ofuhtiction in the food chain, 2) some plants have
the ability of concentrate some elements from thik this ability may be potentially used for soil
cleanup (phytoremediatrion). In the paper [Marniebal. 2005], European walnuiyglans regia
plants were grown for four years in pots on pedtcamtaminated with lead. The metal was mostly
taken up by roots (up to 450 mg of Pb in 50 g);cemrration in the aerial parts was about 1000
times less. Pb . EXAFS spectroscopy was performed on root powdenfPb-exposed plants, Pb-
impregnated cellulose, and lignin. The results enakd the presence of PbBO bindings within the
ligno-cellulosic structure in roots. This suggetstat the plant disposal strategy for Pb consists in
establishing links with large organic moleculeghe cell walls. The very limited translocation to
the aerial parts give to walnut plants an addedtas$b phytostabilization.

D3: Archaeological and Cultural Heritage

The use of materials science techniques has loag eeploited to address questions posed by
archaeologists, particularly those of provenancarafient materials and technological aspects of
production. Identification of the chemical contaitancient objects and of their structures is an
important step in these studies and any non-désteutechnique that can give this type of
information is of particular relevance. Synchrotmadliation based X-ray techniques, which have
enabled the technological advancement of manysi@glddmaterials science, have been recently
applied to archaeology and cultural heritage pmolsleAmong these techniques, those most largely
applied are X-ray diffraction and X-ray AbsorptiSpectroscopy.

In particular, X-ray Absorption Spectroscopy (XA$)s revealed to be a powerful and flexible
technique in archaeological studies. It provides & selected chemical species quantitative
information like the local geometrical parametersmber and nature of neighbours, amorphous
systems or impurities. It can be applied in aivjitually does not require any restriction on tiee
and size of the sample, which can be metal, ceraghass, cloth, wood, etc. and, finally, it is
applicable to most of the elements of interest,newe very low concentrations. All these
characteristics are particularly important in aeblagical applications, in which samples are
precious cultural heritage made of many differeatarials.

The archaeometrical studies developed at GILDAnbe& can be divided into three
categories, on the basis of the investigated nadseglasses, lustre, and pigments pigments.

Glasses

Most of XAFS applications to historical glass rasbahave been devoted to unravel the origin
of the artefact colour. In fact, scientific anasysn this topic may provide important informatiom
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the ancient production technology and on the seledtf the ingredients responsible for colour and
opaque effects.

The colour exhibited by glass can depend on theatixin state and the electronic configuration
of the metal ions in them. These are usually elemieelonging to the transition row of the periodic
table, which absorb characteristic frequencieshef tisible region as a result of d-d electronic
transitions. Concerning opaque vitreous matertaks,colour and opaque effects were obtained by
means of many different substance®.(calcium and lead antimonates, lead stannate, mjuart
wollanstonite), depending on the age and on theetksffects. In particular, regarding ancient red
glass, colour and opacity are generally ascribetieqoresence of copper under different speciation
(metallic clusters or cuprite dendritic aggregatesations incorporated in the glass matrix).

To characterize colorant, decolorant, and opadafysomponents, to better understand the
manufacturing techniques of the ancient glass,tamatovide information on the weathering and
alteration phenomena, XAFS, and powder X-ray dificn, potentialities were exploited by our
group in the following investigations, aimed todstu

1- iron and manganesein a number of transparent or opaque glass ssmmi Iron,
Roman, Byzantine and Medieval ages, characterizedifferent colours [Quartieri et al. 2005;
Arletti et al. 2008a,b,c.]

2- copper in a series of opaque red and orange musiveern@as and game counters of
Roman age [Arletti et al. 2006a,b, Santagostind8ae et al. 2007]
3- Ca-and Sb antimonates iron-age vessels [Arletti et al. 2008b]

Glasses:Iron and Manganese in glass fragments amgiva tesserae

In ancient glass, iron is typically present at Iswghich can impart, when in the reduced form, a
well known green coloration. To minimize this prefl and to obtain transparent uncoloured glass,
from around the middle of the first millennium BGubstances were added which tended to
neutralize the effects of iron and/or to confefetint colours. The main decolourant used before
the Roman period was antimony oxide, while - fréra $econd century BC - manganese oxide was
more frequently used. The topic connected to tHeucimg and decolouring roles of £eand
Mn**, respectively, and of their redox interactionsimiyiglass production is central in a number of
studies performed by XAFS.

The first case study regards the glass-wares froen Medieval Val Gargassa glasshouse
(Genova, ltaly) [Quartieri et al. 2005]. The Fe aid K-edge XANES spectra and the detailed
structure of the pre-edge peak of these samplesfatind reference compounds showed that in the
uncoloured ancient glasses iron is always preseitlynas F&, while manganese is present in the
reduced form Mf, validating the hypothesis of a redox interacti@tween iron and manganese
(FE" + Mn*" = Fe" + Mn®"), as a result of a deliberate addition of pyrdkisis decolourant during
the melting procedure. The investigated glass-whaa® been grouped into two main categories.
The main, largely diffused production, from yell@reen to green in colour and characterized by a
detectable even if limited - variability in the P&/Fe’* ratio, could be the result of the "standard”
melting procedure, in which a certain variability in theidixing and reducing conditions could
account for the way in which furnace was condudtes, alternating of refuelling and burning)
during the glass melting and working. The secontpsdinate colourless artefact group, evidences
the intentional adding of manganese oxide as biegaygent.

A recent XANES investigation [Arletti et al. 20J8aas been performed on a series of early
Byzantine glass (dated from the late IV cen. Adthe middle VII cen. A.D.), mainly vessels and
beakers, recovered during excavations carried muhe Ganzirri village (Sicily-ltaly). All the
analysed fragments resulted to be natron-basediithe glass, typical of this period. Concerning
minor elements, the finds of Ganzirri can be clediVided into two groups: i) glass with high Fe,
Ti, Mn contents (HIMT glass), characteristic of thiediterranean area after the IV century A.D.;
i) glass characterized by low levels of Fe, Ti &d. The samples were examined by Fe- and Mn-
K-edge XANES to provide information on Fe and Mregption and to understand whether Mn
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was intentionally added to control the colour @ thass, or was present as an impurity in the sands
Contrary to the case studies previously discuss@NES data of Ganzirri artefacts suggest that
the high level of Mn in the HIMT glass is not dued deliberate adding of pyrolusite, but to the
abundant presence of this element in the sandfoséle glass production.

[Arletti et al. 2008b] also recently performed ttiearacterization of a suite of very rare, highly
decorated and coloured glass vessels and beadsteowil to IV century B.C, found in Etruscan
contexts. The most serious difficulty in developthgs study was that any - even micro- sampling
was absolutely forbidden. As a consequence, theenalimgical and chemical nature of
chromophores and opacifiers present in these Igenfinds were identified by means of strictly
non-destructive synchrotron-based techniques: ndeRay Fluorescencqi{XRF) and Fe and Mn
K-edge p-XANES (ID21) and X-Ray Powder DiffractiqgkRPD) (GILDA beamline). The
combination of these techniques made it possildedéntification of lead and calcium antimonates
in the decorations, whereas no crystalline phasgs detected in the bulk glass. Fe and Mn K-edge
M-XANES were collected at several points, thus knglthe mapping of the oxidation state of
these elements across the samples. Iron is in @epersent in the reduced form?Fén the bulk
glass of all the vessels, and in the oxidised fBeti in the decorations, indicating that these glass
artefacts were produced in at least two distinotessing steps under different furnace conditions.

Glasses: study of Cu in musive tesserae and gaoréers

Several recent XAFS investigations performed orca@dured (copper ruby red and opaque
red) ancient Cu-bearing vitreous artefacts (Romlassgs and enamels, game counters, mosaic
tesserae, etc) have shown that nanoparticles @llinefu are at the origin of the red colour, which
arises from the light scattering by the colloidatailic particles. This scattering phenomenon is no
only related to the size of the nanoparticles & & their shape, resulting in a variety of cotou
for human eyes (round shape for red, elongatedestoablue etc.).

The most Interesting result obtained during theSX#tudies of opaque game counters from
Pompeii excavations and of mosaic tesserae froity $rletti et al. 2006a,b] is the speciation of
copper in the red and green samples. In particthharchemical analysis and the SEM (Scanning
Electron Microscopy) and TEM (Transmission Electidicroscopy) studies of two opaque red
artifacts (a mosaic tessera from Tusa and a gaong&ofrom Pompeii) revealed the presence of an
anomalously high content of Cu, finely dispersedha glass ground mass, but did not allow to
determine its oxidation state. The absence of tupeaks in the X-ray diffraction patterns and of
any dendritic agglomerates in the SEM images sugdées rule out the presence of this species.
The XAS investigation at the Otredge and the analyses of the high-resolution speictdicated
the presence of monovalent copper cations incot@drian the glass matrix, accompanied by Cu
nano-clusters. These conclusions are congruent téhred color and the opaque aspect of the
samples.

A XANES/EXAFS study of the speciation of copperrgported in the paper [Santagostino
Barbone et al. 2007] on selected red, orange altawyglass slabs of sectilia panels from Faragola
settlement (Ascoli Satriano, Foggia, Italy), in erdo determine the chemical state of Cu. The
results indicate that, with the exception of thd samples, all slabs were made by mixing a
siliceous sand with natron. The red slabs showifsignt compositional differences with respect to
K>O and MgO contents, probably linked to the uselahtpashes as a source of alkali. The red,
orange and yellow slabs are coloured by metallgpeo, cuprite and Pb antimonates, respectively.
The comparison between the chemical compositionhef Faragola samples and several glass
reference groups did notprovide conclusive evideriggovenance.

Glasses: Ca-and Sb antimonates in vessels frons&dn contests

It has been performed the characterization of & sfivery rare, highly decorated and coloured
glass vessels and beads from the VIl to IV CenBu@ [Arletti et al. 2008b]. The most serious
difficulty in developing this study was that angven micro- sampling was absolutely forbidden.
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As a consequence, the mineralogical and chemitatenaf chromophores and opacifiers present in
these Iron age finds were identified by means ef fibllowing synchrotron-based strictly non
destructive techniques: micro X-Ray FluorescenceXRF), Fe and Mn K-edge micro X-ray
Absorption Near Edge Spectroscopy (L-XANES) pertmtmat ID22 beamline and X-Ray Powder
Diffraction (XRPD), performed at GILDA beamline. The u-XRF mapping ewiced high levels of
Pb and Sb in the yellow decorations and the presehonly Sb in the white and light blue ones.
Violet and black glass show high amounts of Mn &w&j respectively. The XRPD analyses
confirmed the presence of lead and calcium antitesnia the decorations, whereas no crystalline
phases were detected in the bulk glass. The datateel in this paper allows us to conclude that the
main colouring and opacifing agents used in then l&ge were the same employed in the
subsequent Roman age.

Lustre

Lustre is one of the most important decorative nagplies of the Medieval and Renaissance
pottery of the Mediterranean basin, capable of pcody brilliant metallic reflections and
iridescence. Recent works demonstrated that lissttharacterized by a heterogeneous metal-glass
nanocomposite film, some hundreds nanometers th&kver and copper quasi-spherical
nanoparticles are dispersed within the outer lapérthe glaze, conferring to the whole system
specific optical properties an colour. Followirgese recent findings, the local environment of
copper and silver atoms has been studied by EXAEStoscopy at GILDA on original samples of
gold and red lustre of Italian and Iranian origPaflovani et al. 2004, 2006; Capellas Espuny
2006].

It has been found that, in gold lustre, whose coisattributed mainly to the silver nanocluster
dispersion, silver is only partially present in timetallic form and copper is almost completely
oxidised. In the red lustre, whose colour is atii@al mainly to the copper nanocluster dispersion,
only a fraction of copper is present in the metafbrm. EXAFS measurements on red lustre,
carried out in the total electron yield mode tohwoonly the first 150 nm of the glaze layer,
indicated that in some cases lustre nanoclusteyshbeaconfined in a very thin layer close to the
surface. Metal ions in oxidized form are bound tat®ms with a bond length of abou84 A for
Cu and 21 A for Ag, similarly to what observed in soda-irglasses doped with Cu and Ag by
the ion-exchange process. The typical metallictivacis about 10 30% and an increase of this
fraction up to 80% is observed when collecting datREY mode. This evidences as the reduction
of the metal was induced by agents in the furndo®sphere and interested a surface portion of the
metal doped layer.

These findings are in substantial agreement wiglvipus results on Italian Renaissance pottery.
In spite of the large heterogeneity of cases, ttesgnce of copper and silver ions in the glaze
confirms that lustre formation is mediated by aperp and silver-alkali ion exchange, followed by
nucleation and growth of metal nanoparticles.

Pigments
XAS has been applied as a non-destructive techrfigquéhe characterizatioof pigments on

decorated pottery fragments [Barilaro et al. 200The samples wer@ series of pottery shards
excavated from the archeological si¢ Caltagirone (Sicily, Italy), a well-known cerami
production center. Aestheticaliteria and morphological observations allowedilaiting the
samplego quite different historical periods, starting frathe 18th centur{s.C. up to the 16th
century A.D. An extensive timaterval led to suppose that different materiald sathniquesvere
used for the production of the ceramic paste alsd for the preparation of pigments. XAS
measurements were perfornedhe Cu and FK-edges. The analysis was carmed both XANES
and EXAFS region. The results indicate that Fe exits themain pigmenting agent most of the
ancient fragment, while ithe other ceramic shards, besides Fe oxides, cappees werelso
found. Copper is present as<Gu
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Investigations of the darkening phenomenon of copg&nate observed in a XV century easel
painting were carried out by X-ray absorption nedge structure and extended X-ray absorption
fine structure measurements were collected at thi€-€dge on an original painting sample, as well
as on fresh pigment standards and on painting rmg@alrtechini et al. 2008]. The study was aimed
at providing structural information of the oxidatistates and the local chemical environment
(neighboring atoms and bond distances) of copp#rarunaltered and blackened pigments in order
to elucidate the discoloration mechanism. EXAFSly@ma evidenced that the local chemical
environment of Cu in copper resinate can be desdrising neutral copper acetate as a model. It
consists, essentially, of bimetal €ucarboxylate complexes with a distorted octahedral
coordination. Such a structure is retained in thekened pigment, although some differences were
observed. It has been found that the alteratiorstgitace without change of the valence state of
Cu(ll) ions, while the formation of the copper oesd CuO and GO responsible for the
embrownment is excluded. On the basis of the XASulte it is deduced that discoloration of
copper resinate may be related to local modificatad the copper coordination structure as
evidenced by the observation of an increase ofGheCu and Cu—C distances in the EXAFS
spectra.
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E — Life Sciences

The GILDA beamline has been successfully explaited significant number of XAFS studies
on biological systems. These investigations havalynéocused on metal binding sites in proteins
(including structural sites of metallo-proteinsvea| as inhibitory sites to which exogenous metal i
bound). XAFS is an invaluable tool in structurablbgy, because of its equal applicability to
crystalline, amorphous and liquid state. It canvjte the high-resolution local structure of a metal
ion embedded in a biological system in terms ofuestt® bond lengths, metal site geometry and
coordination number, yielding at the same timegulgh the Debye-Waller factors, information on
the thermal fluctuations and static disorder tlmaitcbute to the relative mean-square displacements
between the absorbing and backscattering atomseTdiglities have been used to address different
biological problems and topics which include:

1) the mechanism by which Zn ions inhibit electramd proton transfer in photosynthetic
[Giachini et al., 2005] and respiratory protein gexes [Francia et al., 2007, Giachini et al.,
2007a];

2) the role of Zn in enhancing the stability of timyelin membrane by interacting with the
myelin basic protein [Benfatto et al., 2004];

3) the relevance of protein-matrix interaction gtetmining the local structure and dynamics of
protein metal-sites, with special emphasis for liiaprotective effects of disaccharides in glassy
matrices [Giachini et al., 2007b, Veronesi et2008];

4) the stereochemical characterization of catalgtid structural metal sites, among which the
heme iron site of different hemoglobin complexe&rg€ole et al., 2005; Pozzi et al., 2005], the
binuclear copper sites of hemocyanins (Borghi £t28105) and a previously unknown Zn binding
site in the respiratory complex NADH-Q oxidoredsetgGiachini et al., 2007c].

From a methodological point of view, the above nwrdd studies, as a whole, have
highlighted:

() the importance of taking full account of mul8gscattering effects when performial initio
EXAFS analyses of relatively disordered systemgratein metal sites;

(i) the potentiality offered by a quantitative &ws of the near edge region (XANES) in
structural studies of biological metal sites;

(i) the possibility of characterizing and locahg protein metal sites even in the absence of
specific crystallographic data, using a synergiprapch which combines multiple scattering
EXAFS analysis, ab-intio XANES simulations, DebyeaNgr factors evaluated on the basis of
Density Functional Theory calculations, and statétstructural information on metal binding
clusters provided by the Protein Data Bank.

In the following we report in more detail on thesults obtained, which are grouped according
to the lines described above.

Zr** binding sites in photosynthetic reaction centard eespiratory complexes.

Zn** metal ions bind specifically to a number of chatgenslocating membrane protein
complexes, strongly inhibiting electron and/or protransport. Among these protein complexes are
the bacterial photosynthetic reaction center (R@) ®vo key enzymes of the respiratory electron
transfer chain: the cytochrome (cyth lmomplex and cytochrome c oxidase.

The high-affinity binding of ZA" has been characterized with great detail in thetebial
photosynthetic reaction center (RC). This pigmewtgin complex, which catalyses a light-induced
electron transfer across the membrane dielectag, lze considered as a model system when
examining more complex redox enzymes. Structurall apectroscopic studies of Zn-RC
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complexe& have revealed that Zhinhibits the rate of proton transfer from the pintsurface to

the final electron acceptor of the RC by compeiwith protons for the same binding site which
involves two histidine residues. This finding alledvdetermination of the entry point of End led

to a full definition of the proton pathway from thgueous phase to the acceptor quinone molecule
bound to the R& The location of the RC Zf binding site has suggested that the Zn inhibitory
effects observed in other redox enzymes shareatme snechanism, i.e. binding of a divalent metal
ion blocks competitively an entry or exit protorttpaay close to the protein surface. Location of Zn
binding sites and resolution of their local struetdbbecomes therefore a powerful tool in tracing
proton pathways in an entire class of membranesprat

In view of the above considerations a systematmjept has been undertaken, aimed at
determining by XAFS the local structure of bound®Zm the photosynthetic reaction center
purified from the bacteriunRhodobacter sphaeroidesn prokaryotic and eukariotic cyt bcl
complexes, and in the cytochrome c oxidase. Thectibg was to determine the location of the
binding sites, defining at high resolution the aboation geometries, in order to clarify the
common, structural origin of the inhibitory effectisserved.

X-ray absorption spectroscopy of stoichiometric R@-complexes, embedded into polyvinyl
alcohol films [Giachini et al., 2005] allowed a atecut determination of the local structure of the
high affinity Zr** binding site previously identified by x-ray diffrion at 2.5 A resolution. XAFS
data were analysed by combiniraip-initio simulations and multiparameter fitting; structural
contributions up to the fourth coordination shetidamultiple scattering paths (involving three
atoms) have been included. The results indicatedzif* binds two O and two N atoms in the first
coordination shell. Higher shell contributions amnsistent with a binding cluster formed by two
His, one Asp residue and a water molecule. Analysisomplexes characterized by approximately
2 Zn ions per RC reveals a second structurallyraisbinding site, involving one O and three N
atoms, not belonging to a His residue. The locaicstire obtained for the higher affinity site nicel
fitted the coordination geometry proposed on th&isbaf XRD data while the first shell distances
resulting from XAFS analysis were considerably cacted in comparison with those determined
by XRD.

Cyt bg complexes are electrogenic quinol:cyt ¢ oxidoreases, encountered in a broad variety
of prokaryotic and eukaryotic organisms. These spdead membrane integral enzymes play a
crucial role during photosynthesis and respirdfiom all cases these energy transducing enzymes
transfer electrons from a hydroquinone derivatiél{) to a soluble electron carrier (a c-type cyt).
The bg complex is one of the major contributors of thenetmembrane electrochemical proton
gradient used for ATP synthesis. The mechanismedbx coupled H translocation by the kc
involves two catalytic sites facing the two oppestdes of the energy transducing membrane: the
Q. site, at which Qbkl oxidation is coupled to proton release and cygduction, and the Gite,
where quinone reduction is coupled tb tiptake. A complete catalytic cycle requires twmavers
of the Q site, so that 4 Hare released to one side and 2afe taken up from the other side of the
membrane. Various XRD structures of the mitochoaldog complex are available; recently an
XRD structure of the simpler bacterial cyt lat 3.8 A has been publisHégBerry et al., 2004).

8 Axelrod, H.L., Abresch, E.C., Paddock, M.L., OkamuM.Y., Feher, G. (2000) Proc. Natl. Acad. Sci.AU%7, 1542-
1547.
Paddock, M.L., Sagle, L., Tehrani, A., Beatty, JHeher, G., Okamura, M.Y. (2003) Biochemistry 4226-9632.

o Adelroth, P., Paddock, M.L., Sagle, L.B., Feher,@kamura, M.Y. (2000) Proc. Natl. Acad. Sci. USA 23086-13092
10 Berry,E.A., Guergova-Kuras,M., Huang,L.S., CrofisR. (2000a) Ann. Rev. Biochem. 69, 1005-1075

1 Berry, E.A., Huang, L.-S., Saechao, L.K., Pon, N¥alkova-Valchanova, M., F. Daldal (2004) PhotasyrRes. 81,
251-275.
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Zn** is a well established inhibitor of the bovine rstiondrial cyt bg in which it competes
with H* ions. In bacterial hccomplexes Zfi has been recently shown to decelerate specific
electron transfer steps and the generation oftrantbrane voltagé These observations have been
tentatively explained by proposing that?Zibinds close to the ¢Xite, blocking the proton release
channel(s). In agreement with this suggestion tetemtial inhibitory ZA* binding sites have been
revealed in the XRD structure of the avian cyi: lmme of them, (Zn01), located in a hydrophilic
area between cyt b ang, enight interfere with the egress of kb the aqueous medium. Although a
number of putative Zn ligands (including histidihegere identified, the coordination geometry
could not be resolved

Using Zn K-edge XAFS the local structure of’Zbound stoichiometrically to non crystallized
cyt b, complexes has been investigated [Giachini ek@D,7a]. In a comparative study the avian,
the bovine and the bacterial enzymes were examidakge number of putative clusters, built by
combining information from first-shell analysis angketalloprotein databases, were fitted to the
experimental spectra by usiad initio simulations. This procedure led to the identifimatof the
binding clusters with high levels of confidence.both the avian and bovine enzyme a tetrahedral
ligand cluster formed by two His, one Lys and oaeéboxylic residue was found, and this ligand
attribution fit the crystallographic Zn01 locatiaf the avian enzyme. In the chicken enzyme the
ligands were the His121, His268, Lys270 and Asp&&ddues, and in the homologous bovine
enzyme they were the His 121, His267, Lys269 anp2B4 residues. Zfi bound to the bacterial
cyt bg, complex exhibited quite different spectral feasymeonsistent with a coordination number of
six. The best fitting octahedral cluster was forrbgane His, two carboxylic acids, one Gin or Asn
residue and two water molecules. Interestingly,abgning the crystallographic structures of the
bacterial and avian enzyme, this group of residwes found to be located in the region
homologous to that of the Zn01 site. This clustetuded the His276, Asp278, Glu295 and Asn279
residues of the cyi subunit. The conserved location of théZninding sites at the entrance of the
putative proton release pathways, and the presehddis residues pointed out to a common
mechanism of inhibition. As previously shown foe thhotosynthetic bacterial reaction center, zinc
would compete with protons for binding to the Hisidues, thus impairing their function as proton
donor/acceptors.

Cytochrome c oxidase is the terminal componenthef tespiratory chain: it catalyses the
oxidation of cyt ¢ reduced by the;bcomplex, reducing ©to H,O and pumping 4 protons across
the mytochondrial membrane. Definition of the protwansfer pathways is an open question,
crucial for understanding the complex catalyticchmnism of the enzyme. XRD structures of cyt
oxidase have helped identify two putative chanreisH" uptake, referred to as the D and K
channels. The roles of these channels are stititeelin terms of the number and destination of the
protons they conduct and how the individual praiptake events are coupled to electron trafisfer
Zn** inhibits bovine heart cyt ¢ oxiddSe In analogy with the scenario observed with the
photosynthetic RC, it has been proposed that irc @tidase Zfi binds near the entry point of the
D-pathway at which a cluster of histidine residard carboxylates is fouft

XAFS analysis performed according to the procediascribed above for the cytochrome bcl
complex, allowed to identify tetrahedral coordipatisite(s) for Zfi" with two N histidine

12 Klishin, S.S., Junge, W., Mulkidjanian, A.Y. (200R)ochim. Biophys. Acta 1553, 177-182

13 Berry, E.A., Zhang, Z., Bellamy, H.D., Huang, LO@b) Biochim. Biophys. Acta 1459, 440-448
14 Brzezinski, P. (2004) Trends in Biochem. Sci. 280-387.

15 Nicholls, P., Singh, A.P. (1988) Life Sci. Adv.321-326

16 Aagaard, A., Namslauer, A., Brzezinski, P. (200®)cBim. Biophys. Acta 1555, 133-139
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imidazoles, one N histidine imidazol or N lysinedaome O-COOH (glutammate or aspartate), most
likely located at the entry site of the proton coctihg D pathway, and involved in inhibition of the
oxygen reduction catalysis [Francia et al., 2007].

Analysis of XANES spectra of Zn interacting witbggholipid multilayers and with the myelin
basic protein

The myelin sheath, a system of lipid bilayers weaparound the nerve axon, plays a central
role in the transduction of the nervous signal.st&bility, ensured by the presence of the myelin
basic protein (MBPY, is enhanced by Zn iolfs In order to clarify the interaction of Zn ionsthwi
myelin sheath components, XAFS spectroscopy has kegployed to characterize the local
environment of Zn ions inserted in Langmuir-Blodg®aultilayers (LBMLs). These phospholipid
systems model quite accurately the myelin sHéath

A quantitative analysis has been performed of theay absorption near-edge structure
(XANES) spectra at the Zinc K-edge of systems faihg LBMLs in the presence and in the
absence of myelin basic protein and in two hydratonditions [Benfatto et al.,, 2004]. These
spectra have been analyzed by Minuit XANes (MXA&lprocedure able to perform a quantitative
fit of XANES data in terms of structural paramet@rbsing this method, the significant differences
between the spectra observed in the XANES speetva been correlated with the coordination
changes due to reduction of the space around the when the level of hydration was lowered
and/or the myelin basic protein was added. Thesetsy differences appeared to be peculiar of the
XANES energy range, and were not present in thengldd X-ray absorption fine structure
(EXAFS) energy range where the analysis was prelyoperformed. This investigation has
provided an unambiguous answer to the questiohefdle of Zn in such complexes by showing
that the metal interacts with both the phospholipehds of the substrate and the myelin basic
protein.

Protein-matrix structural-dynamical interactionsgired by XAFS: studies in cytochrome ¢ and
in photosynthetic reaction centers embedded invao}y alcohol films and in dehydrated treahlose
glasses.

Trehalose, a non reducing disaccharide of gludedeund in large amounts in organisms (like
some desert plants) that can survive conditionsxtleme drought and high temperature in a state
of suspended metabolism (anydrobiosis). This ptgpeeis been put in relation with the peculiar
efficacy of trehalose in the preservation of isethproteins, membranes and tis$liebhe effects
of embedding carboxy-myoglobin in trehalose havenbeecently studied by a number of
techniques which are sensitive to atomic motionlutiog temperature-dependent optical
absorption spectroscoffyand neutron scatterifijwhich showed that trehalose traps the protein in

17 Riccio, P.L., Masotti, L., Cavatorta, P., De Sasicéi., Juretic, D., Bobba, A., Pasquali-RonchéttiQuagliarello, E.
(1986) Biochem. Biophys.Res. Commun. 134, 313— 319.

18 Earl, C.E., Chantry, A.C. Mohammad, N., Glynn, 288) J. Neurochem. 51, 718- 724.

19 Haas, H., Torrielli, M., Steitz, R., Cavatorta, 8arbi, R., Fasano, A., Riccio, P., Gliozzi, A. 89 Thin Solid Films
327- 329, 627- 631.

20 Benfatto, M., Della Longa, S. (2001) J. Synchr. RadL087-1094.
21 Crowe L.M., Reid D.S., Crowe J.H. (1996). Biophys71, 2087-2093.

22 Cordone, L., Galajada, P., Vitrano, E., GassmannQAtermann, A. and Parak, A. (1998). Eur. Bioplly27, 173-
176.

23 Cordone L., Ferrand M., Vitrano E., and Zaccai 1899). Biophys. J. 76, 1043-1047.
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a harmonic potential. These experimental resulise Hzeen rationalized by molecular dynamics
simulations which showed that: (a) the amplitudeaoharmonic motions stemming from the
interconversion among the protein’s conformatiosabstates is greatly reduced in a dehydrated
trehalose matrix; (b) structures are formed whighfioe the protein within a network of hydrogen
bonds connecting protein groups, residual wateemmés and trehalose molecifes

In agreement with these observations a study oftsgediffusion dynamics, performed on
trehalose-coated cytochrome c¢ suggests that al$bisnheme protein diffusive-like motions are
strongly reduced in trehalose matrices as comptregycerol-water glasses and that the solvent
changes some structural features of the protefts a whole, the results summarized above suggest
that changes in atomic motion induced by incorponain trehalose matrices are accompanied by
sizeable structural distortions.

This hypothesis has been tested by using Fe K-ed®eS to examine the effect of the
solvent/matrix environment on the structure andattyics of the Fe ligand cluster of reduced horse
heart cytochrome c in solution, in a dried polyVimycohol (PVA) film and in two trehalose
matrices characterized by a different content sidugal water [Giachini et al., 2007b]. XAFS data
were analysed by combiningb-initio simulations and multiparameter fitting, attemptitg
disentangle structural from disorder parametersemisally the same structural and disorder
parameters accounted adequately for the XAFS spewottasured in solution, both in the absence
and in the presence of glycerol, and in the PVA fishowing that this polymer interacts weakly
with the embedded protein. Instead, incorporatioréhalose leads to severe structural changes,
more prominent in the more dried matrix, consisiimg(a) an increase up to 0.2 A of the distance
between Fe and the imidazole N atom of the cootidigdistidine residue; (b) an elongation up to
0.16 A of the distance between Fe and the fourti €hatoms of the heme pyrrolic units. These
structural distortions are accompanied by a subatadecrease of the relative mean square
displacements of the first ligands. In the exteglgidried trehalose matrix extremely low values of
the Debye Waller factors were obtained for the gligrand for the imidazole N atoms. This finding
has been interpreted as reflecting a drastic hingen the relative motions of the Fe ligand cluste
atoms and an impressive decrease in the statiodéisof the local Fe structure. It appears theeefor
that the dried trehalose matrix perturbs dramdyidake energy landscape of cyrochrome c, giving
rise, at the level of local structure, to well rfesol structural distortions and restricting the
ensemble of accessible conformational substates.

The study of protein-matrix structural-dynamic naigtion has been extended to an integral
membrane complex, by performing a XAFS analysighef Fé" site in photosynthetic reaction
centers (RC) fronRhodobacter sphaeroid¢®eronesi et al., 2008]. Crystallographic studsé®w
that Fé" is ligated with four Natoms from four His residues and twg &oms from a Glu residue.
By considering multiple scattering contributionstbhe XAFS function the structural resolution of
the site could be improved: His residues were @plitvo groups, characterized by different Fg-N
distances, and two distinct Fe-@ond lengths resolved. The effect of the envirommeas studied
by embedding the RC into a polyvinyl alcohol (PVf)n and into a dehydrated trehalose matrix.
Incorporation into trehalose caused elongationne of the two Fe-Ndistances, and in one Fe-O
bond length, as compared to the PVA film. The asgtnyndetected in the cluster of His residues
and its response to incorporation into trehaloses liieeen ascribed to the hydrogen bonds between
two His residues and the quinone acceptors. Thetanal distortions observed in the trehalose
matrix indicated a strong interaction between tiRrface and the water-trehalose matrix, which
propagates deeply to the interior of the proteime &bsence of matrix effects on the Debye-Waller
factors has been related to the static heterogeawed rigidity of the ligand cluster.

24 Cottone G., Ciccotti G., Cordone L. (2002). J. Cheimys. 117 (2002) 9862-9866.

25 Ponkratov, V.V., Friedrich, J. and Vanderkooi, J®002). J. Chem. Phys. 117, 4594-4601.
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Characterization of catalytic metal sites in henatmghs and hemocyanins, and identification of
a structural Zn binding site in the NADH-Q oxidouethse.

The haemoglobin (Hb) molecule, a heterotetramarsists of twoa and twof3 subunits, each
of which contains as a co-factor a haem group. &Hear subunits are paired as two dimers.
Structural studies showed that deoxy haemoglohiasliganded haemoglobins have two different
modes of packing of the two dimers (the quatermsémyctures) with no major changes in the gross
conformation of each of the subunits (the tertiatguctures). Perutz assigned deoxy and oxy
haemoglobins to T and R quaternary states, whichib#égd low and high © affinity,
respectivel§’. In the unliganded T-state haemoglobin, the fiwerdinated irons lie outside the
plane of the pyrrole nitrogen atoms of the haemghenproximal side, whereas in the liganded
(with O,, CO or NO) R-state molecule all irons are six-clmated and lie in the haem plane,
displaying octahedral geometry.

In the last few years, physiological implicatiorevg given rise to a large number of studies on
HbNO?. In particular, interest in NO has considerablgréased since it was discovered that this
gas provides a unique way to transmit biologicghals, thus behaving as a universal second
messenger.

The haem stereochemistry has been investigatdeinitrosylated derivative of two amphibian
haemoglobins, fronXenopus laeviend Ambystoma mexicanyy means of XAFS with the aim
to explain the relationships between the active situcture and physiological function of these
proteins, compared to that from humans [Pozzi.e2805]. The results have shown that while the
Fe site local structure of human HbNO is moduldbgdan allosteric effector such as inositol
hexakisphosphate (IHP), shifting the T-R equilibritowards the T-state, the Fe site local structure
of amphibians HbNO is stabilized in a particuladpsed T-state also without IHP.

Among the different Hbs, the ones of annelids @eatgextracellular aggregates (M.W. between
2500 and 4200 kD) which present interesting pedtika and pose a challenge to understand the
mechanisms by which different structural unitspforg a complex macromolecule, communicate
with each other, thus attaining greater efficieang regulatory control of the biological processes.

From the structural point of view, it is known thatsingle protein carries 144 Fe-heme
containing subunits. The macroprotein also contéimker chains which do not contain Fe-heme
but are involved in the protein assembly. Such gehmumber of myoglobin-folded subunits are
arranged in 12 dodecamers aggregated in an hexXaujer®. The critical residues around heme
are the same as in vertebrates, however, litleasvn about the active site structure or about the
structural mechanism involved in the oxygen binffiglgase.

The active site structure of the oxygenated daxigadf the main subassemblies (whole protein,
dodecamers, and trimers) of the giant haemoglabim Eisenia foetidehas been characterized by
XANES [Girasole et al., 2005]. The data reveala@raarkable effect of the hierarchic assemblies
on the active site of the subunit. Specificallye thhole protein has the same site structure of the
dodecamer, while a sharp conformational transiboours when the dodecamer is disassembled
into trimers (and monomers) revealing that constsadue to the protein matrix determine the
active site geometry and, consequently, the prdtaiation in these large complexes.

Hemocyanins (Hcs), which are dioxygen transportgins, belong to an important class of
copper proteins characterized by a binuclear aditee The large dimensions of these molecules
and/or the difficulties in their isolation have haened their structural characterization by X-ray
diffraction (XRD). As a result, up to now only theystal structures of four Hcs have been resolved.

26 Perutz, M.F., Fermi, G., Luisi, B., Shaana, B.,difdjton, R.C. (1987) Acc. Chem. Res. 20, 309-
%" Gross, S.S., Wolin, M.S. (1995) Annu. Rev. Physdl, 737

28 Royer, W.E., Strand, K., van Hell, M., Hendricks@,A. (2000) Proc. Natl. Acad. Sci. USA 97, 7107.
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XAFS was used very early to characterize the adite of type-3 copper proteins, particularly in
the EXAFS regioff. However, most of these early investigations weneied out in the frame of
the single scattering approximation, which has proto be erroneous, especially in the case of
active sites surrounded by histidines.

Studies on the met- and met-azido-Hc forms frOctopus vulgarigmollusc) andCarcinus
aestuarii (arthropod) and on some related binuclear modélisouwt XRD have considered and
resolved some fundamental structural aspects af biruclear type-3 copper sife More recently
multiple scattering (MS) calculations have beenfqreted in order to refine the EXAFS
interpretation of the absorption spectra [Borghiaét 2005]. It is only with a composite and
advanced approach that some difficult problems,nipaderiving from the presence of two
absorbing atoms and from the fact that the metadimsontribution in the absorption spectra
overlaps with the Cu-His signals, have been oveecdresults have been obtained which indicate
the role of the MS calculations in the XANES edggion, and which show how it is possible to
extract quantitative information from this parttbé spectrum in order to refine the structure ef th
site also in the case of a binuclear centre.

The NADH-quinone oxidoreductase (complex I) playseatral role in energy transduction,
coupling electron transfer from NADH to ubiquinom@th proton pumping across the inner
mitochondrial membrane in eukaryotic organisms oross the cytoplasmic membrane in
prokariots. Mitochondrial complex | is one of thardest membrane-bound protein assembilies,
being formed by 14 central subunits and up to 32s&ory subunits, and including as cofactors a
non-covalently bound flavin mononucleotide (FMN)leule, 2 binuclear and 6 tetranuclear iron-
sulfur clusters’. By using inductively-coupled plasma atomic-emissspectroscopy and XAFS
spectroscopy, evidence has been recently providaddGomplex | posses a tighly-bound Zn ion
[Giachini et al., 2007c]. By combining informatifnom first-shell analysis and from metalloprotein
data bases, putative binding clusters have bednhdnd fitted to the experimental spectrum using
ab initio simulations. The best fitting binding cluster mrhed by 2 histidine and 2 cysteine
residues arranged in a tetrahedral geometry. Treigiqusly undetected Zn binding site displays a
local structure typical of a constitutive, struetumetal site.

29 See for exampl®&rown, J.M., Powers, L., Kincaid, B., Larrabee,J.8piro, T.G. (1980) J. Am. Chem. Soc. 102, 4210-
4216.

30 Borghi, E., Solari, P.L., Beltramini, M., Bubacdo, Di Muro, P., Salvato, B. (2002) Biophys. J. 8254-3268.

31 Brandt, U. (2006) Annu. Rev. Biochem. 75, 69-92.
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F — Soft Condensed Matter

In addition to the classic techniques used fordasuctural investigation, since several years
the synchrotron radiation based X-ray methodologygese a strong impulse in scientific
advancement for various field of material sciennd also the soft matter took advantage of this.
Investigation about the chemical structure of orgamrganometallic or polymeric materials
provides good knowledge of the structure aroundahlmatioms and allows for exploration about
modifications occurring upon sample treatments. Agithe synchrotron based methodologies, X-
ray Absorption Spectroscopy and X-ray Diffractiamnt out to be the most commonly applied in
material science for soft matter at GILDA.

More specifically, EXAFS appear as the method nexsénsively used as applied to systems
containing heavy metals as in organometallic polyfines or macrocycle coordination compound
macromolecules. The method resulted fairly suitablgplying structural information concerning
the number of first and second neighbours arouedntbtal centres and therefore local geometry
factors for materials lacking structural order. &rAbsorption Spectroscopy is feasible in high or
low vacuum conditions as well as in air, withouatitations then simplifying the accomplishment of
experimental set up as well resulting applicablewery kind of soft matter species. Besides, soft
matter samples not containing suitable metal atdragiever presenting crystalline order, can be
conversely investigated by X-ray Diffraction teatune thus producing data relative to the structure.

In the framework of this class of materials (i.eftsmatter) the general objective of the
researchers is essentially the rationalizationhef ¢themical structure, for materials with short or
long range order or underprovided of structuraleorcand generally also the inspection of the
modifications occurring after interaction with chieal species, attempting to analyze either, the
involved species and the nature of interaction.

An additional remark worth to be mentioned, abdw# GILDA soft matter research projects
developed in the period 2004-2008, concerns therghBon that nearly all the investigated soft
materials deal with their sensing specificity todsspecific chemical species both, in gas phase
producing non covalent interaction with reprodudipiof the process, or by trapping selected ionic
chemicals.

The Soft Matter research projects so far perforatethe GILDA Beamline during 2004-2008
can be grouped in few classes based on the kindnaterial specificity: 1) Polymers; 2)
Organometallics; 3) Organic based solids; 4) Polymmaplated oxides.

Polymers
As for the scientific cases falling in this class,further subdivision can also be applied

considering that, even if all the contributions aesling with absorption EXAFS spectroscopy
nevertheless, some of these have been achievesicalas in transmission but some have been
attained in total reflection mode (reflEXAFS). Antprithe five reports of this section, four
contributions within this topic can be grouped igemeral research project on Pt and Pd containing
rod-like organometallic polymers; the fifth oneois an amphoteric polyamidoamine based sorbing
hydrogel.

Polymers: Pt and Pd containing rod-like organomitgbolymers

The systems of interest are polymers containingaimiet the main chain (Pd or Pt), then
producing a rod-like organometallic polymers forigththe authors were interested in analyzing the
chemical structure around the metal sites. Thederraks exhibit good peculiar properties useful
for applications in the framework of sensors andO\technology.

Using EXAFS exploration in transmission mode, [Bathio et al. 2006a] have approached the
problem using a simplified molecular system as aehdor the more complex extended structure.
The absorption method was assessed to be reliabtbei case of such kind of materials, as
supported by comparison with XRD data analysis; dk&nsion of the analysis to ten-unit long
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oligomers was also successful, opening a new scenaative to the use of EXAFS to these
systems. The Pt containing model system (Pt-DERBpwler, see the figure with Pt atoms in pink
colour) was analyzed at the Rj ledge and the structural achievements were usadasis for the

resolution of the rod-like decanuclear oligomeusture.

The dinuclear transition metal dialkynyl bridged (R} square planar complex trans and also
squared cyclic tetranuclear systems were studideXAFS at the Pt |y edge by [Battocchio et al.
2008] with the intention of achieving from stru@UEXAFS data analysis elucidation about the
interaction occurring at the interface withS4dmolecules. The work deals with the requirement to
accomplish a system for the detection and monigottre sulphur containing compounds in several
environments. Sulphur containing compounds araraimg from fossil-derived fuels and spoil the
air, producing SQcompounds which are major air pollutants givingerto the acid rain, 43 is
also a toxic gas harmful for the human body. Irs thamework the GILDA beamline capability
allowed for measurement by a gas cell device i6 dtmosphere. EXAFS signals, obtained by
subtracting the signal ik space achieved for the pristine poly-ynes to kheignal of the
corresponding samples as exposed 48 Bllowed for evidencing a residual oscillationrdsble to
the new Pt-S bond formation. Insight into the spacfeatures analysis gave, in addition,
guantitative evaluation concerning the involved ahsttes. The metal coordination increases from
four to five leading to a pentacoordinated pyrarmiiacenters.

Is

=

One of the peculiarities at the GILDA beamline e tavailability of X-ray absorption
measurements with the radiation impinging onto shenple surface at grazing angle in a total
reflection mode (REFLEXAFS). This experimental set has been probed as a method for the
enhancement of data relatively to the sample serfi2’'Acapito et al 2004d] have searched for
structural answers relative to the dialkynyl bridded (I) square planar complex rod-like polymer.
Attempts to achieve data relative to the Pd cemelative arrangement was made, studying sample
films nearly one monolayer thickness or multilagigck; comparison with data relative to the bulk
sample as measured in transmission mode was pe&dorfBattocchio et al. 2006b] extended the
investigation by reflEXAFS at the Pt;Ledge applied to Pt (Il) organometallic polymerstiué
same family as above, deposited as thick films ohtioand Cr flat surfaces. In this case the
reliability of the method was confirmed and assés&#®th EXAFS and NEXAFS regions were
investigated. The use of a new data analysis pnogvas accomplished for the NEXAFS region of
the spectrum with the choice of clusters atomsciviesulted enough to reproduce the spectrum.
The dependence of XANES as a function of clustees\was studied. There is a high sensitivity of
XANES spectrum on the average first shell distaf@e0,2 A increase of first shell radius
corresponds to 6,2 eV contraction of energy sejparbdetween spectral features).

Polymers: Amphoteric polyamidoamine based sorbydrdgel
A further application of EXAFS Spectroscopy to pubric system was performed by [Ferruti et
al. 2006] which investigated a amphoteric polyaraidine based sorbing hydrogel with an
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innovative molecular architecture, as derived by tise of a crosslinking agent carrying a side
primary amino group, by XAS, verifying the atomdatve position, the coordination number,
interatomic distances and the modifications ocogrtio the structure as a consequence df,Cu
Ni?* and C8" metal ions adsorption. In this report the auttapplied EXAFS spectroscopy to the
characterization of metal/hydrogel complexes. fer €5*containing system the results indicated
an asymmetric octahedral metal coordination strectthe asymmetric structure being consistent
with the involvement in C8 coordination of two different functional groups.fikal remark about
this study was relative to the occurrence of aifi@stal ion adsorption and therefore environmental
applications of such polymeric material for heawstah detection.

Organometallics

Macrocyclic compounds coordinated by centred tteorsimetal ions occur also in nature, in the
case the macrocycle is built by benzene rings sadimg the four linked and nitrogen containing
five atomic rings, these occurs as Me-phthalocyesi(Me-Pcs) macromolecules. Since several
decades, Me-Pcs raised a widespread attentionebsctbntific community because of their peculiar
properties in the framework of photoconductivityipdompatibility, semiconduction, vacuum
compatibility and also because of their thermal elnemical stability. Metal-Pcs show presence of
radiation absorption in the VIS range, as expetteaoordination compounds and exhibit intense
and dazzling colour in the range from blue to redinating from the d-d electron transition due to
the degeneracy removal by the ligands field. Me-Blg the years have found important
applications in many technological fields as cheinsensing, photoconducting agents, photovoltaic
cell, nonlinear optics and electrocatalysis. In t@s sensing domain Me-Pcs films have been
widely studied as electrical gas sensors: the sgnsiechanism is based on the conductivity
changes induced by the chemical-physical adsorpti@xidizing or reducing gases.

Organometallics: (Ru-Pg)

The first study about these systems concerns tieeaiction at the interface N@ (Ru-Pc) in
the framework ofgas sensors. EXAFS experiments were performedemvaporated film of the
dimeric ruthenium complex [Alagna et al. 2006]. Aljgtion spectra analysis gave evidence for the
modifications occurring upon interaction betweenu{fR) and NQ giving rise to formation of
radical species due to the macrocycle oxidationAEX measurements carried on before and after
NO, exposure confirmed that also the coordinating Fagainis involved in the oxidation process.
The authors attempted also to verify the reveigjoilf the sensing process however, the complete
recover of the (Ru-Pgrould not be completely attained.

Organometallics: Cu-Pc

A second scientific case approached at GILDA camef-ray absorption investigation about
Cu-Pc complex [Maggioni et al. 2006]. In this cdlse investigation mostly deals with structural
analysis of the material as a consequence of thdresments; however, the ultimate objective
was once more related to the sensing behaviouue?Ctowards N@molecules. Glow-discharge
thin sublimated Cu-Pc films onto aluminium substraere used for EXAFS measurements at the
Cu K-edge (8979 eV). The authors found that thet flu-N shell was substantially unperturbed by
the heat treatments, with the four nitrogen atoma distance of 1, 91-1, 94 A: nevertheless, the
response of Cu-Pc sample to N®@as strongly modified after heating. A close as@yof the
XANES part of the absorption spectrum brought tresg@ors to evidence the changes occurring at
the Cu coordination sites after heating to 290 connected to partial Cu-Pc decomposition and
copper oxide formation, with a final evaluation7&@ (CuO)-25%(Cu-Pc) sample composition. On
the basis of the XANES findings, the fitting of tekemple heated up to 290 °C included also Cu-O
and Cu-Cu correlations at 1, 98 and 2, 93 A, typafavery disordered or amorphous CuO, as
confirmed by the large Debye-Waller factors. XANBSalysis was very useful in this experiment
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allowing highlighting structural differences upoaah treatment of Cu-Pc samples prepared in two
different way (e.g. GDS and evaporated) therefaweng useful indications about the working
parameters for the best way of preparing stableraliable electrical gas sensing material.

Organic based solids

X-ray diffraction methodology has been used at GALIdr investigations relative to the
chemical structure of organic macromolecules. Aifdedextrine in water solution containing
varius methylpyridines molecules, in particular éthylpyridine, undergoes reversible liquid-solid
transition upon heating, with the solid phase iaedlin a further phase modifications with higher
temperatures [Plazanet et al. 2006]. X-ray powdiéradtion allowed for the identification of five
crystalline phases. The unit cell parameters amneksponding changes with temperature indicated a
scenario for the crystallization process. On thsidbaf the XRD data it has been attempted to
propose a model for the mimics of the observedrdeseorder transition.

[Comotti et al. 2007] used XRD to investigate theicture and properties of the mesoporous
hybrid p-phenylenesilica endowed with crystallimder in the walls. The structure resulted open-
pore like with an easy accessibility of the nanocteds to the gas phase, with the host molecules
confined in the channels along the matrix wallse Tiain objective of this work was the capability
of chemical species removal from a vapour mixtugeabmesoporous material. The full carbon
dioxide loading in the channels could be detectgdsynchrotron radiation X-ray diffraction
experiments. The XRD analysis performed at GILD®wé&d stating that, the selective adsorption
of carbon dioxide vs that of oxygen and hydrog@&gether with the permanent porosity, high
thermal stability, and high degree of order makes ihvestigated material a suitable matrix for
purifying hydrogen in clean-energy generation.

Polymer templated oxides

Vanadium oxide (V@) thin films are investigated for several applioas ranging from optical
switching devices, thermal and gas sensors, tdys&aThe use of particular structure-directing
agents as template can significantly increase nterlayer distance between adjacent lay2Bs.
VOXx have the ability to intercalate a greater percentsigons between adjacent layers. The higher
surface area to volume ratio of the 2D networks gamad to the corresponding 3D allows faster
kinetics and improved response when ions are ial@ed or when gases are adsorbed. In this
framework, a study on sol-gel derived vanadium exldn films by EXAFS upon templating using
polyethylene glycol (PEG) was reported spectroscopyCremonesi et al. 2007]. The XAFS
spectra of films with different molar ratio of PEgsuld be grouped according to the similarity of
the features suggesting the presence of two diffgghases during the annealing process for the
analyzed samples. One organization, obtained atCGi06 characterized by a nearly 3D network
with both axial and planar order, while the secphdse, obtained at 450°C, has a 2D character
with a short range order.
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G — Catalysis

The research in catalysis performed at GILDA takegantage of the instrumentation allowing
in situ experiments both for XAS and XRD, and df fpossibility of measuring diluted samples by
fluorescence XAS. The possibility of monitoring guets and reactants by chemical techniques
such as mass spectrometry during in situ XAS an@® XRperiments allows to correlate catalytic
activity with the structural properties of the istigated materials. GILDA offers also the
opportunity of analyzing by ReflEXAFS model systeamhstituted of catalytic centers supported
on monocrystals cut along a lattice plane, so aligwo perform structural studies on thoroughly
controlled samples. The papers produced by expipttie experimental facilities of GILDA are of
very high quality and are usually published onriest important journals hosting contributions on
catalysis. They are classified in the broad categoof: 1) Zeolites/molecular sieves; 2) Phillips
catalysts; 3) Catalysts for pollution control.

Zeolites/molecular sieves

Metal catalysts supported on zeolites or micro-no@@rous aluminosilicates present a number
of interesting peculiarities, in particular invalg the possibility of selective control of the alled
reactions, on the basis of the hindrance of reageaaction intermediate and/or products. Catalysis
over zeolites/molecular sieves-supported systerigeis of overwhelming importance for a number
of industrial processes, often concerning orgarotecules.

One of the worldwide lieding groups in this fieldnees from the University of Turin and
exploits for his investigations, besides a numbkrcomplementary in-house techniques, the
experimental resources provided at GILDA. Prestipgt al. [Prestipino et ak004] presented a
very interesting in situ XANES study on an indwatiti-silicalite-1 catalyst active in the selective
oxidation of a number of organic compounds usingeamironmental friendly oxidant such as
acqueous bD,. The research on Ti-silicalite-1 is also the nrattea review [Bordiga et al. 2007]
intended to underline how the most-advanced experiah and theoretical physical chemistry tools
can be used synergistically to understand the ixggcof Ti-silicalite-1 (TS-1) in an important
number of low-temperature oxidation reactions vaitfueous kD, as the oxidant. Literature results
are carefully reviewed and accompanied with nevpublished highlights of both experimental and
computational origin. A summary of the experimentaK-edge EXAFS and XANES literature
concerning the activated material in vacuo condgios presented and compared to the
corresponding Ti geometries obtained by ab initidcwlations. From such a comparison, the
excellent agreement between experiment and theorywhter and ammonia is shown. The
interaction with hydrogen peroxide is also discdssmderlining the problems faced in reaching a
common view between experimental and theoreticllt® owing to the difficulties in performing
experiments where anhydrous®4 is dosed on TS-1, and in taking into account the played by
the aqueous medium in the reactivity of Ti(IV) aesttoward HO, using ab initio calculations.

The paper by Berlier et al. [Berlier et al. 2005kports about the characterization of an
isomorphously substituted Fe-MCM-22 sample withhhigon content (Si/Fe = 18) using FTIR,
XANES and EXAFS spectroscopies. The catalyst isetefor de-NQ reaction. Template burning
and subsequent activation in vacuo caused the titigraf a fraction of framework Féspecies to
extraframework positions, accompanied by the rédnaif a fraction of F& to F&€*. A fraction of
extraframework F& sites is able to adsorb NO, forming®f8lO), complexes (n=1,2,3), which
indicates a high coordinative unsaturation of ssdles. The X-ray absorption spectroscopies
demonstrate that this fraction is however smallpbath EXAFS and XANES spectra are almost
unperturbed by NO adsorption, while the correspogpdFTIR bands are highly broad and
asymmetric, not allowing to detect the presenceF@f(NO) complexes. The effect of red-ox
treatments with @and H is also investigated. Adsorbed oxygen efficiestiyelds the Fe centers
and does not rapidly nor efficiently react with NOpon H treatment, the reduction of
extraframework F& (likely present on the surface of small oxidicsters) to F& takes place.
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A Cu-ZSM-5 catalysts is investigated in the papePbestipino et al. (Prestipino et al. 2005a).
EXAFS spectroscopy, analysed in the frame of thédtiphel scattering theory, has been able to
determine the local structure of [Cu(GD)complexes hosted inside ZSM-5 channels upon
contacting the activated zeolite with CO from tlas ghase at room temperature. It is found that the
number of coordinated CO molecules (1.8 + 0.3)nisgpod agreement with the [Cu(GD)
stoichiometry suggested by IR. The Cu-C distandainéd for the [Cu(CQ)" complex is 1.88 +
0.02 A , with a C-O distance of 1.12 + 0.03 A. Awrease of the Cu-C distance of 0.05 A by
moving from [Cu(CO)* to [Cu(COY]* complexes has been observed, which is the local
rearrangement needed to accommodate a third C@dligathe first coordination shell of copper.
EXAFS determined that the Cu-C-O bond angle isalingithin error bars of (170 = 10)°, while IR
and XANES indicate that intrazeolitic [Cu(C{)) complexes have £ symmetry. The
experimentally obtained moieties are in good agesgmwith the values obtained with advanced
guantum mechanical methodA. catalytic system based on ZSM-5 is also taken auinsideration
in the review by Zecchina et al. [Zecchina et dy$ Chem. Chem. Phys. 2007], dealing with an
examination of the literature on Fe-ZSM-5 and sumizitey the most widely accepted views on the
structure, nuclearity and catalytic activity of tlien species. By comparing the results obtained
with the various characterization techniques, @¢dacluded that Fe-ZSM-5 and Fe-silicalite are not
ideal samples and that many types of species asept, some active and some other silent from
adsorptive and catalytic point of view.

The high density of framework Ti(IV) centers make§S-10 a promising photocatalyst. Its
advantage, with respect to the classical high-sarfaea TiQ@ oxide, consists of a threedimensional
microporous structure that provides to ETS-10 gshselectivity toward the photodegradation of
large organic molecules. Its structure is formedcbgins of corner-sharing Tiyctahedra linked
to each other by tetrahedral JiOnits, generating a large-pore and forming a thdiieeensional
channel structure. Although the material is cryste] it is characterized by a high level of disard
and actually the crystal is built with differentasking arrangements, resulting in an inherently
disordered structure. In the paper by [Prestipinal.e2005b] the Ti K-edge EXAFS and XANES
analysis of the ETS-10 molecular sieve structungeidormed on high-resolution data collected at
GILDA. A model of ETS-10 where the Ti atoms are thed with two equivalent axial oxygen
atoms is supported. This model is also able toodyme the edge and the post-edge region of the
XANES spectrum. A weak but well-defined pre-edgalpat 4971.3 eV is explained by assuming
that a fraction of Ti atoms are in a local geomsirygilar to that of the pentacoordinated Ti sites i
the ETS-4 structure. It is argued that these Tingtan ETS-10 should be the terminal of the -Ti-O-
Ti-O-Ti- chains, whose actual number is stronglyr@ased by the high crystal defectivity.

The importance of methanol-to-light-olefins industiprocess using H-SAPO-34 as a catalyst,
has stimulated the investigation of new zeolitictenal with the same CHA topology but
characterized by a different acidic strength. Tapgy by Regli et al. [Regli et al. 2007b] reports a
detailed IR investigation on the symmetry, accelsipacidic strength, and reactivity of B sitas i
a CHA framework. The as prepared material exhifB(©Si),] units in a T-like geometry. The
template burning process is monitored by in situDX¢arried out at GILDA, and the break of a B-
O-Si bond results in [B(OS) units in a Qy-like geometry, confirmed by the appearance ofikhe
fingerprint at 1390 cm-1. Interaction with,® allows the J-like geometry to be reversibly
restored, while weak bases, such asahd CO, are unable to displace B species fronDtrdike
geometry but testify the weak Bronsted acidityraéinal OH species.

Phillips catalyst for ethylene polymerization

Phillips catalysts are composed of a chromium o)&dpported on an amorphous material,
typically silica. The Cr/Si@ Phillips catalysts are nowadays responsible f& tdommercial
production of more than one-third of all of the B&ld worldwide, allowing to polymerize more
than 50 different types of polyethylene, withoue tmtervention of any activators, a fact that
simplifies the catalyst preparation and producpoocess. The industrial importance of the Phillips
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catalyst for olefin polymerization has attractegr@at deal of academic and industrial research over
the last 50 years as it is described in a reviewhyresearch group of the University of Turin
[Groppo et al. 2005a], also reporting their firsKAS an XANES evidences on this important
industrial catalyst. In their following papers, @pm et al. carried out detailed studies on the
structure of model and actual Phillips catalystntebuting to shed light on the structure and
oxidation state of the Cr active centers.

In [Groppo et al. 2005b], reporting about in sit{AFS and XANES studies on the Phillips
ethylene polymerization Cr/Sp&atalyst, two polymerization routes are invesgdaand compared.
The former mimics the process adopted in induspiahts, where ethylene is dosed directly on the
oxidized catalyst, while in the latter the oxidizeatalyst is first reduced by CO at 623 K. On this
reduced catalyst ££1, polymerization has been investigated at room teatpee and at 373 K. To
allow experiments in transmission mode, a Cr logdih4 wt% has been adopted. At this loading a
fraction of clustered GO3; particles has been observed and quantified. Tdje émergy resolution
and signal-to-noise ratio of the XANES data allowedletermine the fraction of Cr sites involved
in the polymerization reaction. Preliminary ReflER8 experiments have been performed on a
model catalyst prepared by impregnation of Cr dataSi(100) substrate covered by a thin layer of
amorphous silica. Experiments have been performedite on the grafted catalyst (i.e., after
impregnation and thermal activation) and at the @nithe polymerization stage demonstrating that,
as a counterpart of a similar behavior during pd@sization, this model system shows also similar
XANES features as the standard Cr/SiO2 catalyst.

In the subsequent paper [Groppo et al. 2006] th@/ICprecursors are reduced byHG
(industrial process) or by CO (model laboratorygess), with the formation of Cr(ll) species. The
reduced species react further witfHg, leading to the direct formation of polymer chaamchored
to the Cr sites. This characteristic differentiates Phillips catalyst from the classical Ziegleatis
and from metallocene-based catalysts, which reqnractivator. Due to the amorphous nature of
the support the Cr(ll) sites, although characterizg the same divalent state, are heterogeneous and
characterized by different catalytic activity. Temmain questions are addressed in this papehe(i) t
initiation mechanism; (ii) the structure of theiaetsites on the silica surface and (iii) the numidfe
actually active sites. An estimation of the fraoti@f Cr(ll) sites involved in the £,
polymerization on a Cr(I)/Si@Phillips catalyst is obtained by means of in stternated CO
adsorption and £, polymerization FTIR experiments, showing that @89 of the total surface
sites react fast with £&£,, while a lower fraction, which depends upon theagerature reaction
conditions, is more slowly involved, according hee tXANES results. The idea of investigating a
model catalyst grafted of a monocrystal surfacdasoughly exploited in the paper by Agostini et
al. [Agostini et al. 2007], by carrying out an Xyrabsorption experiment with the ReflEXAFS
equipment available at GILDA. In situ (XANES/EXAF8Xperiments are conducted on a highly
diluted Cr/SiQ/Si(100) system (2 Cr/nfjy representing a model of the Phillips catalyst fo
ethylene polymerization. This experiment demonsttdhat it is possible to follow the reversible
red-ox reactivity of surface species grafted omgle well-defined surface, at a concentration fimi
that is far below the monolayer coverage level. iitaén outcome of the experiment is that the red-
ox ability of the isolated surface Cr species is emmough to make a polymerization active species
and that XANES spectroscopy can be diagnostic strohinating between active and inactive
isolated Cr(ll) sites owing to the presence/absearice characteristic preedge feature around 5996
ev.

Supported catalysts for pollution control

Effective oxidation of hydrocarbons and/or conwblCO emissions are one of the major topics
of the research on catalytic materials. Quite gftee active centers of supported heterogeneous
catalysts are so dispersed on a carrier materglally an inert oxide, that laboratory XRD
experiments are not able to characterize the igagstl catalytic systems. Moreover, it is possible
that the active site for a given reaction is cduttd of a cluster of a few atoms exposed to the
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interaction with the reactants and that both stmgéctand oxidation state crucially determine the
catalytic properties. For these systems X-ray giigor spectroscopy constitutes a precious tool for
structural characterization and assessment of tateiceactivity relationships. In the paper by
Pettiti et al. [Pettiti et al. 20043-Al,O3 supported La, Mn, Co and Fe containing catalysts a
prepared by impregnation @tAl,O3; with citrate-type precursors and calcination af3®&. The
catalysts were preliminarly characterized by vasigpectroscopies and X-ray diffraction (XRD),
and then investigated by XAS at GILDA. XAS demoatds, also for the most diluted samples, the
formation of oxide phases. In particular, Mn-contag samples revealed the formation cof
Mn,O3, while the 30 wt.% La-Mn bimetallic sample showted formation of LaMn@ perovskite.

All Co containing samples revealed the presendea#l,0, spinel. Fe containing samples showed
the formation ofx-Fe,03, while La-Fe containing ones, that of Lakgf@rovskite. Catalytic tests of
CO oxidation, performed in the temperature rang@-8W0 K, demonstrate that the sample
containing La and Mn in the form of LaMa@erovskite is the most active among all the exanhin
catalysts. Most of the Co containing catalystsfatmd active at RT, but they rapidly deactivate.
None of the Fe-based samples is active at RT agskthatalysts were found, on average, to be
substantially less active than the Mn- and Co-based.

The catalytic partial oxidation of methane to swsis gas over ruthenium catalysts is
investigated by thermogravimetry coupled with inéich spectroscopy (TGA-FTIR) and in situ X-
ray absorption spectroscopy (XAS) at GILDA by Rabeal. [Rabe et al. Phys 2007]. It is found
that the oxidation state of the catalyst influentdes product formation. On oxidized ruthenium
sites, carbon dioxide is formed. The reduced cstalielded carbon monoxide as a product. The
influence of the temperature is investigated, figdihat at temperatures below the ignition point of
the reaction the catalyst is in an oxidized stateaemperatures above the ignition point, the gatal
is reduced. This is also confirmed by in situ XA aroscopy. The results indicate that both a
direct reaction mechanism as well as a combuseforming mechanism can occur. The
importance of knowing the oxidation state of thefaze is discussed and a method to determine it
under reaction conditions is presented.
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H — Miscellanea: Thermal Expansion, phase transitio and local lattice
distortions

Thermal Expansion

The recent discovery of compounds exhibiting negathermal expansion (NTE) over very
large temperature intervals has renewed the intéses deeper understanding of the mechanisms
of NTE. The macroscopic expansion of crystals tesfibm a competition between a positive
contribution due to bond stretching and a negato@ribution due to tension effects. The ability of
EXAFS of measuring the real expansion of inter-atodistances and the corresponding parallel
and perpendicular mean square relative displacem@®$SRDs) represents an effective tool for
directly monitoring the local behaviour of NTE madé¢s. This potential of EXAFS has been
exploited to study some NTE crystals with differettuctures: diamond-zincblende, cuprite and
delafossite.

Three main features appear evident from a comparatialysis of all the investigated systems

(1) The expansion of the nearest-neighbour distaneasured by EXAFS is always positive.
Within the same family of isostructural compountl® stronger is the negative crystallographic
expansion, the larger is the positive EXAFS expamsirhe positive EXAFS expansion and the
perpendicular MSRD can be connected to the bomdesing and to the tension effects,
respectively.

(2) Within the same family of isostructural compds, a stronger NTE corresponds to a larger
perpendicular to parallel anisotropy of the MSRIheTMSRD anisotropy seems to be more
relevant for NTE than the anisotropy of absoluterat vibrations measured by diffraction.

(3) The comparison between EXAFS and diffractiomegiinformation on the correlation of
vibrational motion, in both parallel and perpendicudirections. The perpendicular correlation is
always weaker than the parallel correlation.

The results up to now obtained represent significanstraints for NTE theoretical models, and
facilitate the search for a comprehensive phenoiogital picture. Besides, the results obtained for
bulk materials allow a calibration of the technidaefurther works on nanocrystalline materials.

The relevance of an accurate interpretation ofntlaéeffects on EXAFS spectra has been quite
early recognizetf. For a long time, however, the attention has bfeensed only on the mean
square relative displacement along the bond doecgparallel MSRD). The development of the
cumulant expansion method has then given the pbigsitf effectively taking into account the
effects of anharmonicity for moderately disordesggtems.

More recently, some basic differences between EXAdR8 Bragg diffraction have been
experimentally detect. While Bragg diffraction maas the distance between average atomic
positions, EXAFS measures the average interatomstarttes; the two quantities, as well as their
temperature dependences, are intrinsically differelue to the effect of atomic vibrations
perpendicular to the bond. From the difference betwthe thermal expansions measured by
EXAFS and by Bragg diffraction, one can evaluateghrpendicular MSRD.

The relevance of this kind of EXAFS studies is tdf On the one hand, it allows a deeper
understanding of the relationship between the EXAfafameters and the local structural and
dynamical properties of materials. On the otherdhaeculiar information and original insights can
be gained on the mechanisms of intriguing phenorrsreh as negative thermal expansion.

Thermal Expansion: Local lattice dynamics, the cafseopper

EXAFS spectra sample the one-dimensional distamgtiof instantaneous scattering paths
lengths, that, for single scattering events, c@oad to inter-atomic distancefn moderately
disordered systems, the distributions can be parm®e in terms of their leading cumulants,

%2 G. BeniandP. M. PlatzmanPhys. Rev. B14 (1976) 1514.
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corresponding to average value, variance and asymynidie EXAFS cumulants can be connected
to the force constants of effective one-dimensigraf potentials. The relationships between the
one-dimensional EXAFS cumulants and the structaatl dynamical properties of three-
dimensional crystals are being investigated by rsdveesearchers, by both experimental and
theoretical approaches.

EXAFS measurements have been performed on coppéngitemperature interval from 4 to
500 K. The results for the first shell can be sumnea as follow: (a) The distance variations can
be appreciated with resolutions better than 0.0040%hat the bond thermal expansion can reliably
be measured; it is larger than the crystallograpijgansion, and the difference has been exploited
to evaluate the perpendicular MSRD. (b) The raBoMeen perpendicular and parallel MSRDs is
about 2.5, say larger than the value 2 of a pdyfésbtropic system. (c) The thermal expansion
evaluated from the 3rd cumulant (asymmetry of tis&riution) differs from both the bond thermal
expansion and the crystallographic thermal expansio

The analysis of the outer shells was globally pemkxd by comparison with theoretical
simulation, including multiple scattering paths.uAique average expansion coefficient could be
reasonably obtained, without possibility of disergfiang the differences between different shells
and evaluating the perpendicular MSRDs. Accurataegawere instead obtained for the parallel
MSRDs, whose Debye temperatures are in good ireagget with the diffraction and specific heat
values, as well as with recent dynamical calcutetiof fcc metals.

The experimental results for copper represent a aeaurate reference for checking ab-initio
calculationd®. Path-integral Monte Carlo (PIMC) simulations seeded in reproducing the results
of the experiment on copper, and gave new hinthertonnection between effective pair potential
and bond thermal expansion [a Becara et al. 200Be@ara et al. 2008]. According to PIMC
calculations, the asymmetry, measured by the tturdulant, is much stronger for the first shell
than for the outer shells. The thermal expansioth@fCu-Cu distance, which for the first shell can
be accounted for by a joint effect of asymmetry ahdt of the effective pair potential, is quite
solely due to the effective potential shift for thater shells. This progressive reduction of the
anharmonicity effect in going from the bare patemction potential to the effective pair potergtial
of the first and of the outer shells is supportésb &y recent calculations based on the use of a
Morse potentidf".

Thermal expansion: Negative Thermal Expansion ned$er

It is known since long time that several crystalthwhe diamond-zincblende structure are
affected by negative thermal expansion (NTE) intkeh low-temperature intervals. More recently,
strong NTE extending over very large temperatuteruals has been observed in crystals with
framework structures, such as Zi@¢ or AgO. These findings, besides their technologicakretde
have renewed the attention towards a deeper uaddisg of the NTE mechanisms. The net
macroscopic thermal expansion of crystals is then € a positive contribution due to bond
stretching and a negative contribution due to tanseffects; when the negative contribution
prevails, NTE is observed.

The possibility of measuring by EXAFS the real exgian of selected inter-atomic distances
and the corresponding parallel and perpendiculaRMSepresents an effective tool for directly
monitoring the local behaviour of NTE materials,mementary to Bragg diffraction and
alternative to the less simple analysis of diffusmttering in total scattering experiments. A
research program is under way to to investigateldbal mechanisms of NTE in crystals with
different structures.

(a) Crystals with the diamond-zicblende structuee affected by isotropic NTE in limited low-
temperature intervals. NTE is weak in Ge, and tlnengest in CuCl. The results of EXAFS

3 E. D. Vila, J. J. RehrH. H. RossnerH. J. KrappePhys. Rev. B76 (2007) 014301
3 van Hung N., Fornasini P., J. Phys. Soc. Jpn2067) 084601.
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measurements performed on &&l on CuC|[Vaccari et al. 2007jeveal some basic features that
characterize all NTE materials up to now studiedBXAFS or diffuse scattering. The nearest-
neighbour bond thermal expansion measured by EXiaF®sitive at all temperatures; besides, the
positive expansion is much stronger in CuCl, whsi®nger is the crystallographic negative
expansion. The ellipsoids of relative displacemeants anisotropic; the stronger the negative
expansion, the stronger is the anisotropy (the m@tothermal factors, measured by Bragg
diffraction, are instead isotropic in cubic crystdor symmetry reasons). The anisotropy of regativ
atomic vibrations can reasonably be connected ¢otehsion effect responsible for the negative
contribution to thermal expansion. The relativgben structure of tetrahedral crystals facilitates t
movements perpendicular to given bonds. However,nibn-linear character of the A—B—A links
and the coordination of each atom to four neighbauiake the interpretation of results more
complicated than for simpler linear links A—B-A.

(b) Linear A—B-A links are present in some cryst@isMO, (M=Al, Sc, In, La) with the
layered structure of delafossite, which are affédby NTE along thec axis in non-negligible
temperature interval&ach Cu ion is coordinated to two O atoms belongmnipe two adjacent O—
M-O layers, the linear O—Cu-O link being alwaysafial to thec axis. According to Bragg
diffraction, the NTE along the axis is due to the contraction of the distancebenh the Cu and O
average positionE£EXAFS at the Cu K edge in CuSg@nd CulLa® [Ahmed et al. 2009] has
revealed that the expansion of the Cu-O bond igip®svithin the entire temperature interval. The
thermal ellipsoids of Cu atoms evaluated from diffron patterngxhibit a strongeanisotropy in
CuLaQ, where the NTE is weaker, while the anisotropyhef MSRD from EXAFSs stronger in
CuScQ, where the NTE is strongerfhis result suggests that NTE is better correldtedhe
anisotropy of the MSRDs than to the anisotropyhefdiffraction ellipsoids.

(c) Most systems that exhibit NTE in large tempamatintervals are framework structures,
where polyhedral structural units centered on Arat@re connected at the corners by linear A—B—
A links. The framework structures of Zp@s, Zn(CN) and AgO undergo isotropic NTE within
the full explored temperature interval. Cuprite;GQuin spite of having the same structure ot@g
exhibits instead a behaviour similar to the zinolke CuCl, NTE prevailing only in a limited low-
temperature interval. In the cuprite structureyetidoy CyO and AgO, each metal atom is linearly
coordinated to two O atoms, while each O atom timhedrally coordinated to four metal atoms.
Accurate EXAFS and Bragg diffraction measuremeatgetbeen done on gD and AgO [Sanson
et al. 2005, Artioli et al. 2006, Sanson et al. 0@ positive expansion of the nearest-neighbor M—
O bond has been measured by EXAFS in both compouihegositive expansion is stronger in
Ag>0O, where stronger is the crystallographic NTE. Thetion of M atoms, measured by
diffraction, and the relative motion of the M-O paneasured by EXAFS, are both anisotropic; the
amplitude of motion perpendicular to the M—O bosdarger than the amplitude of motion parallel
to the bond. The anisotropy is stronger in@dhan in CgO.

The results of EXAFS studies NTE have been recesutymarized in ref. [Fornasini et al.
2008].
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Local lattice distortions

Selectivity of atomic species and sensitivity te ghort-range order make XAFS particularly
suited to study the local distortions in crystalifattices of high-temperature superconductors
(HTS) and of random ternary alloys.

Local lattice distortions: High-temperature supencictors

Superlattices based on thin layers of the (CaB&)y,CuQ compounds have been produced, in
order to understand the mechanism by which thegehaansfer among different layers can give
rise to superconductivity. Polarized XANES and EXAFS measurements have peeiormed at
the Cu and Ba K edges on the infinite layer compsu@aCu@ and SrCu@ as well as on the
superconducting  (BaCufp/(CaCuQ), and non-superconducting (BaC)&(SrCuQ);,
superlattice®. The results have shown that in the supercondystiperlattice the charge reservoir
block (BaCuQ infinite layer) contains 0.6 oxygen vacancies yeit cell, randomly distributed in
the CuQ plane sandwiched between the BaO planes, andhthaivo apical oxygens are not in the
Ba plane, but are shifted towards Cu by 0.21 A.

Local order and lattice distortions around the ddp@e atoms have been studied in the
superconducting compound N&eCuOy:5 by analyzing EXAFS at the Ce and Nd K edges in
samples with different dopant concentrations [Ghighal. 2004]. The results have shown that the
oxygen cuboid around each Ce dopant atom is mahmynk along the z crystallographic direction,
and the Cu@planes bocomecorrugated. The lattice distortiolegalized around Ce atoms and is
largely independent of temperature and of Ce armb@ent. The Nd environment is undistorted.
Difference electron density maps from X-ray diffran data have further revealed the presence of
interstitial oxygen atoms in two non-equivalenesjtnext to Nd or Ce atoms. Interstitial sites near
Ce atoms are 3 to 4 times more populated than therds, demonstrating that interstitial oxygens
tend to form cluster defect with Ce substitutiomefects.

Local lattice distortions: Random ternary alloysld; S

US, as other uranium chalcogenides, orders ferraetaglly below T=180 K. The magnetic
exchange is indirect, and either mediated by the &ectrons or by the conduction electrons.
Understanding the electronic and magnetic proeisiéacilitated by the replacement of U with the
La, which does not carry a magnetic moment. EXARBS been measured at the Kaand ULj3
edges in the Wa;,S system, at 11 values af from 0 to 1 [Bombardi et al. 2003]. The
measurements reveal a complex local variation @fitist- and second-neighbor distances. The La-
S distances are systematically larger than the dis@ncesand almost concentration independent
for x<0.5. Around this concentration the La-S distasizgts to decrease linearly withThe study
of the second-neighbor distances confirms a norakegehavior of the lattice parameter evolution
with La substitution. Neax~0.5,the static disorder in the solid solution strongigreases. The
important differences in distances found by EXAHR®wW that at the atomic level the anion
sublattice does not follow the virtual crystal appmation; this fact could affect band calculatipns
so that these studies stimulate the developmemiooé realistic theroetical models.

Phase transitions
The availability of the image plate detector alldawsnonitor the kinetics of phase transitions by
x-ray powder diffraction.

Phase transitions: XRPD kinetic study of the Pbgedlid-solid phase transition
xPbO(1x)GeQ glasses are interesting for their promising optagadlications when doped with
rare earths. The study of phase equilibria is, Manecomplicated by devitrification processes. For

% Balestrino G., Tebano A., Supercond. Sci. Techt®|(2003) R29.
% Colonna S., Arciprete F., Balzarotti A., Balestri®., Medaglia P.G., Petrocelli G., Physic8%2 64, 2000.
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instance, devitrification of the= 0.50 glass produces monoclinic lead metagermdia@eQ via

the formation of a metastable phase, unknown inlitegature. A kinetic study of the solid—solid
transition between the metastable and the monodhbiGe@phases has been performed by means
of differential scanning calorimetry (DSC) and thmesolved X-ray powder diffraction (XRPD)
with image plate detector [Tomasi et al. 2005]. XRpatterns measured at the rate frlin show

the transition occurring between 558 and ®B5The quantitative analysis has allowed the
evaluation of the transformed fraction as a functad temperature. The global DSC and XRPD
results point out that the assumptions of the Anidre behaviour are fulfilled for both the growth
and nucleation rates.
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| - Instrumentation and data treatment methods

A part of the scientific activity of the GILDA bedine has been devoted to the development
of new techniques for data collection and methodslata analysis. As a general rule, these studies
have been carried out in tight collaboration withestific groups deeply involved in the related
activity. This can be divided in 3 main sectoraidgs on new detectors and signal processing,
development of new sample environment / data dodlecmethods, development of new data
analysis methods.

The beamline GILDA revealed to be well suited fog tlevelopment of new instrumentation or
data analysis methods thanks to a marked flexmlitall its major components. This property was
common both to the X-ray optics that demonstratedcapability of working in different conditions
(wide energy range, possibility of changing the rbemtensity, size, ..) as well as to the
hardware/software environment that permitted any eamplementation of non standard
instrumentation or data collection modes.

New detectors and signal processing

The advent of "8 generation synchrotron radiation sources withéased beam intensity
have represented a tough challenge for detecttinodogy. Namely, there is still a lack in the
availability of detectors that result to be at slane time fast and capable of resolving energitds wi
a resolutionAE/E better than I8 This justifies the activity in testing new waysr fdetector
technology. In collaboration with the DepartmentRifysics of the Genova University we have
carried out feasibility tests for the use of sgpeaducting Transition Edge Sensor (TES) micro-
calorimeters in Synchrotron Radiation. These deviexe widely used in astronomy and have the
advantage that they can achieve an energy resolaexwemely pushed (theoretically about 1 eV at
10 keV) avoiding the geometrical constraints thrattgpical of crystal analyzers. In principle they
could find several applications in synchrotron &idin science [D’Acapito et al. 2004¢€].
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Figure 15. Fluorescence spectrum of a complex sarfipgre a renaissance ceramic specimen, courtepyobf B.
Brunetti, Univ. Perugia) collected with the TESeadtbr. The relevant energy resolution (here abdute¥ FWHM)

85



permits to separate the lines of neighboring chairspecies in the periodic table. In the inset Weve the spectrum
from a Fe55 source collected with the same detantarshielded environment and showing that thegneesolution
was in that case of about 14 eV FWHM.

The detector was successfully tested on the beamlirere a resolution of 70 eV at 9 keV was
observed [Maurizio et al. 2004b] predominantly doethe ambient electrical noise; the same
detector in laboratory yielded 14 eV at 5.9 keVeTdevere limitations of sensitivity to ambient
noise and low count rate achievable (estimated dontax 1kcps/element) together with the
complexity of the associated cryogenic circuit pasvented us from using this kind of devices on
the beamline.

A further explorative study on new detectors hesrbcarried out on diamond based devices
[De Sio et al. 2008]. This kind of detector has déldwantage of being transparent and to be capable
to stand high radiation load as required by therfud” generation sources. Our test revealed that
this kind of detectors is sufficiently linear torpet the collection of EXAFS data in a way
comparable to lon Chambers.

For what concerns the more conventional Germandatectors we carried out studies
devoted to the improvement of the quality of thélembed data with particular attention to 2
aspects:

- data correction in the case of moderate pileupt{€t al. 2004b, Ciatto et al. 2004c].

- extraction of the fluorescence contribution frora thtal emission spectrum [Dacapito et al.

2007¢€]

Indeed the signal from a Ge detector, being thiectdn electronics totally in digital form, can
be easily processed from a numerical point of viemparticular, with this method it is possible to
correct the nonlinear response of the device ircéise of XAS data collected in fluorescence mode.
The nonlinearity leads to severe errors in the rdeteation of amplitude parameters in EXAFS
data, in particular number of neighbors and Debyadl®¥ factors. In the papers devoted to this
issue [Ciatto et al. 2004b, Ciatto et al. 2004a}ddrection methods were proposed (numerical
inversion of the detector readout based on a s@gbessponse function, correction by comparing
fast and slow readout channels, local linearizatibthe response function) and their effects were
checked on real spectra collected on the beantfigeie 16)
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Figure 16. Number of nearest neighbors in InAs\dstifrom EXAFS spectra collected at the As-K edge i
fluorescence mode with the Ge detector operativinemeamline. 3 data correction methods are comghavith the
aim to test their capability of reproducing the mmat value (4 in the zincblende structure) at tighkst count rate.
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Another advantage from the digital form of theadptocessing comes from the fact that
complete fluorescence spectra are available focgming. In particular it is possible, during
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EXAFS spectra, to store these data at each en&igy @nd then using them for a finer analysis.

Indeed when collecting data in fluorescence moeéectimventional method consists in integrating

all counts in a Region Of Interest (ROI) that ird#g the emission from a dominating line, (&

L,) [Dacapito et al. 2007e]. When the element undafyais is particularly diluted the same ROI is

likely to contain other contributions like the I@mergy tail of the elastic emission or the Compton
line. This results in a variable background thatildoaffect the subsequent data processing. By
carrying out a fit of the emission spectrum thetdbation of the sole fluorescence line can be

isolated providing cleaner data for the analysis.
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Figure 17. X-ray emission with an excitation at 282V from a thin layer of Indium doped Si withopitg level
of 10° at/cnf.The In-K, line lays on the tail of the Compton line and awentional data extraction method should lead
to the spectrum labeled by A) in the inset. No& o vertical shifting has been applied to thisspum, the signal
below the edge being due to the scattering. Byyaagrout a fit of the emission data in the ROI aadéed by the dots
with suitable lineshapes (here a Gaussian for théie and an exponential for the background), theerregular
spectrum B) in the inset is obtained.

Both methods can be applied to data collectedad#amline and specific processing codes are
made available to the users.

Sample environment / data collection methods

In order to provide to the users an instrumentlierin-situ analysis of reacting materials a
cell for studying in situ gas-solid chemical reans has been developed [Longo et al. 2005]. The
sample is in pellet form, hold by a gold-plated pepframe and contained in a steel chamber thus
resulting in a particularly clean environment. Tded permits measurements in both transmission
and fluorescence mode and the sample can be heaattxl 770 K or cooled down to 170K. The
treating gas after reaction is send to an extenass spectrometer that realizes the analysis of the
reacted species.
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Figure 18. Drawings of the cell for in-situ gas-soleactions. From [Longo-JSR-05].
The cell has been used in studies on Three-walystdand is currently available for users.

Among the data collection methods we have investjthe possibility of setting up procedures
capable to provide depth-sensitive EXAFS dataariqular, we concentrated on methods based on
the total external reflection of x-rays on smoatinfaces [D’Acapito et al. 2007c, D’Acapito et al.
2008] or on the standing waves in multilayers [Raavest al. 2006, Patelli et al. 2004]. In the first
case, the method consists in comparing EXAFS daltacted below and above the critical angle
for total external reflection: this changes thegdeation depth of the probe beam from a few nm to
severalum to permitting the to obtain information on thefaae or on the deep bulk of the sample.
The procedure was applied to the study of Arseaadts in Si: in this case it has been possible to
distinguish surface sites characterized by a stdisgyder and possible As-As correlations from the
bulk sites where As is inserted in an ordered Srima
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Figure 19.. Comparison of the As-K edge spectrative to an Arsenic doped Si sample. The TR spaoiras
collected in Total Reflection condition as indiahtey the reflectivity spectrum shown in the inde¢reas the HA
spectrum was collected at High incidence Anglehanldwer part of the reflectivity. The two speatrsdnibit clear

differences (in particular absence of the higheqfiency modulations in the TR spectrum) that alesti to different
incorporation sites for As in surface or in the bof trhe matrix.
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A more complex procedure was set up in the amalylsinultilayers. Here it is known that it
is possible to achieve spatial sensitivity by ekpig the standing wave that sets up in the mdteria
near a Bragg peak. Thus an automatic data colfectimle was prepared that scanned the sample
incidence angle in order to cross the Bragg peakaah energy point of the exafs spectrum. For
each angular point the intensity of the fluoreseeg®ld from the sample was collected and a
further code realized the analysis of these dath thie extraction of the fluorescence intensity at
the minimum and maximum positions. The former dett@entains information on the interfaces
whereas the latter contains information from thetie zone of the fluorescing layer. From these
spectra EXAFS spectra were extracted and analyzdtkeistandard way. The method was applied
in the investigation of Mo-Si multilayers for apgdtions in soft X-ray mirrors and differences were
found between the two sets of data.

Temperature dependence
Multilayers ModSi
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Figure 20. Fractional content of metallic Mo} in the exafs spectra collected at the Mo-K edageloSi
multilayers. The spectra were collected by usirggstanding wave originated at a Bragg Peak as derand datasets
at the maximum and minimum for the Mo-Ka fluoraseegyield are stored and analyzed. The result shbatsthe
metallic Mo fraction in data collected ad the miwim is systematically smaller in samples treatedifférent

annealing temperature values.

The method revealed to be effective in distinguigtiheinterfacefrom thebulk part of the
structure as shown in the picture above.
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New data analysis methods

Together with technical upgrades we have also lootkted in the development of new data
analysis procedures in order to provide to theaubetter performing data analysis codes. One of
the major result in this field has been the devalept of a quantitative analysis code for EXAFS
data collected in total reflection mode [Benzi ét 2008]. Indeed, whereas the analysis of
ReflEXAFS spectra collected on diluted samples lbarcarried out with the standard codes (Feff,
GNXAS, ..) the same is not true for concentratadgas. This is because in this case the absorber
is sufficiently concentrated to significantly cdbtrte to the total refractive index of the mategal
determining the extinction length, the critical Bn@nd the reflectivity itself . Moreover this
dependence is variable in energy and takes cofititgifrom both the real and imaginary parts of
the refractive index. This means that it is notgtlals to easily extract the absorption coefficieht
a material from the reflectivity data operationtti& necessary for the analysis of the EXAFS
spectra with conventional methods. For this reasenhave developed a method based on a
different concept i.e. it transforms the theordtiEXAFS paths accordingly to the reflectivity
behavior of the material. In this way the new tletioal paths are directly usable on the
Ref[EXAFS data.
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Figure 21. Examples of experimental ReflEXAFS ¢ddés) and best fits (lines) relative to a thin i on
silicon. Data collected at different incidence agghre shown (here the critical value is at aba@60deg) and the fits
are carried out for the first 4 coordination she#lsound the absorber.

The method has been tested on a model case (Galdilth on silicon) and resulted to be
capable to provide correct quantitative structpeaiameters at angles above and below the critical
value and to permit data analysis with single andltiple scattering paths in the first few
coordination shells around the absorber. At predenprogram is being developed in collaboration
with the SciSoft group of ESRF and is available@muest for all users.

A final example has been the work done in collabonawith the Rostov State University (RU)
on the development of a new method for the qudiviganalysis of XANES spectra [Smolentsev et
al. 2006].
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VI. Selection of 5 publications

Manganese-induced growth of GaAs nanowires

Martelli F., Rubini S., Piccin M., Bais G., Jabeén De Franceschi S., Grillo V., Carlino E.,
d'Acapito F., Boscherini F., Cabrini S., Lazzariio, Businaro L., Romanato F., Franciosi A.

Nano Letters, 2130-2134, 2006.

Abstract:

GaAs nanowires have been grown on SiO2 and GaAsdbgcular beam epitaxy using manganese
as growth catalyst. Transmission electron microgcaipows that the wires have a wurtzite-type
lattice and that r-Mn particles are found at theefend of the wires. X-ray absorption fine strugtur
measurements reveal the presence of a significaatidn of Mn-As bonds, suggesting Mn
diffusion and incorporation during wire growth. Meport measurements indicate that the wires are
p-type, as expected from doping of GaAs with Mn.

Iron Oxidation, Interfacial Expansion, and Buckling at the FENiO(001) Interface

P. Luches, V. Bellini, S. Colonna, L. Di GiustifroManghi, S. Valeri, and F. Boscherini

Physical Review Letterd6, 106106, 2006.

Abstract:

In order to provide a structural basis for a phgkicnderstanding of exchange bias in
metal/magneticoxide interfaces, we have determihedstructure of the ENIO(001) interface by
means of x-ray absorption spectroscopy ahdnitio density functional theory calculations. A Fe-
Ni alloyed phase on top of an interfacial FeO ptdager is formed. The FeO layer exhibits a 7%
expanded interlayer distance and a 0.3A buckliteypresence is predicted to increase the spin
magnetic moment of the interface Fe atoms bpg).6ompared to the ideally abrupt interface.

Metallic versus covalent bonding: Ga nanoparticleas a case study

Ghigna P., Spinolo G., Parravicini G.B., Stella Migliori A., Kofman R.,

Journal of the American Chemical Sociégg, 8026-8033, 2007.

Abstract:

A systematic X-ray absorption spectroscopy invesibgn of the local coordination in gallium
nanostructures has been performed as a functibengberature and particle size. It is shown that
the nanostructure strongly affects the polymorphadrsolid gallium and the (meta)stability range
of the liquid phase (in agreement with previouskspiand that the surface tension acts in the same
direction as hydrostatic pressure in stabilizing @a solid phases. The effect of surface free gnerg
is first to favour the metallic arrangement of idphase and then to stabilize a liquid-like phase
based on dimeric molecules even at 90 K. The Gali&ance in the dimers is lower in the liquid
phase than in tha solid. The experimental results are discussedomparison with molecular
dynamic calculations to assess the presence oferdveharacter of the dimeric ganits in liquid
nanostructured gallium.
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Indium doping in barium cerate: The relation between local symmetry and the formation and
mobility of protonic defect.

Giannici F., Longo A., Balerna A., Kreuer K.D., Marana A.

Chemistry of Materials, 19, 5714-5720, 2007b

Abstract:

The solid solution series Ba(In,Ce)ghas been investigated with respect to structumepdaon,
and mobility of protonic defects. Compared to timited solubility of Y>O3; in BaCeQ and
BaZrG;, the complete solubility of kO3 is suggested to reflect a relation between absolut
hardness of the dopant and the ease of insertiorthie hosting lattices. Extended X-ray absorption
fine structure (EXAFS) was used to probe the l@salironment of If" in barium cerate: in the
surroundings of the dopant, the orthorhombic stmécts strongly modified, resulting in an increase
of local symmetry. The Infoctahedra are very regular, and there is no itidicdor any defect
clustering. This is suggested to be the main redsothe low entropy of formation of protonic
defects by water dissolution. The mobility of sudéfects is slightly lower than in Y-doped
BaCeQ, but at high dopant levels the high local symmethpws for formation of very high
concentrations of protonic defects. This leadsigh fproton conductivities, which render’iran
attractive dopant for BaCetased proton conductors.

In situ Cr K-edge XAS study on the Phillips catalys Activation and ethylene polymerization
Groppo E., Prestipino C., Cesano F., Bonino F.,@ga S., Lamberti C.,Thune P,
Niemantsverdriet J.W., Zecchina A.

Journal of Catalysi230, 98-108, 2005.

Abstract:

In this in situ EXAFS and XANES study on the Plpdli ethylene-polymerization Cr/SiO
catalyst, two polymerization routes are investigasad compared. The first mimics that adopted in
industrial plants, where ethylene is dosed directiythe oxidized catalyst, while in the second the
oxidized catalyst is first reduced by CO at 6230 this reduced catalyst C2H4 polymerization
has been investigated at room temperature and &aiK37To allow experiments in transmission
mode, a Cr loading of 4 wt% has been adopted. Bt [tading a fraction of clustered Cr203
particles has been observed and quantified. Theotise third-generation synchrotron radiation
source has allowed us to improve the energy rasal#nd signal-to-noise ratio of the XANES
data, allowing us to determine the fraction of @@ssinvolved in the polymerization reaction. This
number represents an upper limit of the activessiieliminary ReflEXAFS experiments have
been performed on a model catalyst prepared byegmation of Cr on a flat Si(100) substrate
covered by a thin layer of amorphous silica. Expents have been performed ex situ on the
grafted catalyst (i.e., after impregnation andriedractivation) and at the end of the polymerizatio
stage.
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VII.  Highlights of the scientific activity of GILD A: 2004 — 2008

In this section some highlights of the scientifitiaty of GILDA are reported; the papers are
classified according to the following main resedields:
Information and Communication technologies,
Nanoscience and Nanotechnology
Materials for energy production and transport;
Environment
Life Science;
Soft Condensed Matter;
Catalysis;
Miscellanea with the topics of thermal expansidmge transition and local lattice
distortions;
l. Instrumentation and data treatment methods.
In the following the single contributions are megkas IHR, STAFF&USER or USER to
differentiate between the research of the staffeaech of the staff in collaborationwith external
users and research of the external user only.

TOMMOOw>

A - Information and Communication Technologies

Er site in Er-implanted Si nanoclusters embedded iiSiO, (STAFFUSER)
C. Maurizio, F. lacona, F. D’Acapito, G. Franzo FF¥iolo
Phys. Rev. B74, (2006) 205428 1-7.

Er-doped Si nanoclusters represent one of the prostising materials to be used as efficient light
emitters in a Si-based optoelectronics. When HEntreduced in an insulating matrix containing Si
nanoclusters, a strong interaction occurs, withekatation energy preferentially transferred from
the Si nanoclusters to the rare earth ions, whidissquently de-excite radiatively by emitting 1.54
um photons. Among the structural factors that caivedthe Er optical properties into this
composite system, the local structure around Engatis expected to play a major role. In this work,
the authors focussed on the determination by EXAfeasurements of the local order around Er
atoms introduced by ion implantation in substoiamtric silica films prepared by plasma enhanced
chemical vapor deposition, where Si nanoclustex® leeen formed by different high temperature
annealing processes. They prepared two set of samphe first one (samples T1, T2, T3) was
annealed at increasing temperature (from room tesiyre, sample T1, to 125, sample T3)
prior to the Er implantation, to induce the formoatiof Si nanoclusters; in this case the Er
concentration was about 4.5%1@&r/cn?, i.e. below the known threshold for the PL quenghiln

the second set of samples (C1, C2, C3), an exepsiase separation between Si clusters and SiO2
was present in the matrix, and the Er concentrat@s varied in the range 4.5%%0.0x1¢*
Er/cnt, i.e. below and above the concentration thresfmidhe PL quenching. All of the samples
underwent a suitable annealing after ion implaatatd eliminate the residual defects left over by
the implantation process and to optically activateThe EXAFS experiment was performed at the
Er L edge at the GILDA beamline: the monochromator e@sipped with a couple of 311 Si
crystals and the harmonic rejection was achieved bguple of Pd-coated mirrors, working at an
incidence angle of 3 mrad. Due to low Er concermathe x-ray absorption spectra were measured
in fluorescence mode with a 13-element high-pu@ty detector; the EXAFS spectrum of,@s
crystalline powder was also measured (in transonssiode) as a standard reference; the samples

93



were cooled down at 77 K to reduce thermal vibretiolhe analysis of the EXAFS spectra was
performed by the FEFF8-FEFFIT 2.98 package. Themesiults are here summarized:

N of O atoms

The Er atoms are mainly surrounded by O atoms distance lower than what found in
Er,Os; no Er-Si coordination is detected. The Er-O diseaand the coordination number of
the O shell are strictly related: longer is thstfihigher is the second, in agreement with the
general trend predicted by the bond-valence thésmg Figure 1).

The pre-implantation annealing temperature has Ijnam effect on the Er site (see data of
samples T1, T2 and T3, Figure 1).

The Er implantation dose affects the Er site: therdase of the implantation dose (from
sample C1 to C3) determines an Er site closerddite in the crystalline ED; (6 O atoms
at a distance of about 2.27 A), see Figure 1. Bd@tion damage is most likely responsible
for this behaviour that is still present after atpionplantation annealing.

In the presence of an extensive phase separattarede Si and Si@(sample C1, C2, C3),
the efficiency of the photoluminescence processigsificantly increased when the first
shell of atoms around Er is closer to that onergDE(Figure 1).

8 - Sample C3 (high Er concentration):
7 Low PL efficiency due to a
i concentration quenching effect
6 -
5 .
_ C1.- Sample C2:
4 ] T3 PL efficiency= 3 times higher
3 % than for sample C
> TT1LIT2

| ' I ! | ! | !
2.05 210 215 2.20
R (A)

Figure 1

Coordination number of the first shell of O atomsuend Er versus the corresponding Er-O distancebtsned from
the EXAFS analysis (as a comparison, in the criyséaErRLO; the first O shell is formed of 6 O atoms at aatise of
about 2.27 A). The dashed line is a guide for & e

Experimental determination of the local geometry aound In and In—C complexes in Si
(STAFF&USER)

F. d’Acapito, Y. Shimizu, S. Scalese, M. Italia, Abppi, and S. Grasso

Applied Physics Lettei®8, 212102 (2006)

In the recent years the research on doping methatible for the realization of shallow
junctions has received a great impulse. Ampitgpe dopants In is particularly interesting as it
possesses a low diffusion coefficient that maketeil for the realization of steep doping
profiles’”. The main drawbacks linked to In are the low siiytin Si (around 1.8*16? at./cn?)*®
and the high ionization energy (0.150 &tHat, however, should not represent a major prolife

37R. Baron, M. H. Young, J. K. Neeland, and O. J. $haippl. Phys. LetB0, 594 (1977).

Bg, Solmi, A. Parisini, M. Bersani, D. Giubertoni, $oncini, G. Carnevale, A. Benvenuti, and A. Maotj J. Appl.
Phys.92, 1361 (2002).
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using In to dope a metal-oxide semiconductor (ME&®&nnel.3 However, an acceptor state with an
appreciably lower energy (0.111 eV) has been dedemntd identified as an In—-C compiéxn the
presence of these complexes the electrical activati In is greatly enhanced. In this contribution
we have used the x-ray absorption spectroscopy {Xé@nique to determine in a quantitative
way the site of In dopants in pure or C-doped @iliand to compare the results waih initio
calculations based on the Density Functional Th¢DRT).

Measurements at the In—-K edd&e=27940 eV) were carried out at the Italian CRG béam

GILDA at the European Synchrotron Radiation Facilit is worth to underline that working at
such high energy on a highly diluted sample (3*16/cn? in the most dilutes specimens) buried in
a matrix represent a particularly challenging aspéthe experiment. Due to the extreme dilution
of the absorber in the sample data were collectgplazing incidence geometry in the dedicated
experimental chamber operative on the beam lin@sMieements were carried out at room
temperature. The incidence angle was chos@8t075° slightly above the critical value for tota
external reflection on Si at 28 keX¢.€0.064°); in this condition the extinction lengthtloe probe
beam to 2um instead of 2.7 mm in the case of normal incidefbe signal was collected in
fluorescence mode and the contribution of the InliKe to the spectrum was extracted from the
background via a fitting procedure.

A T T T T T T
0.05 Parameter In (XAS) C-In(XAS) In(DFT) C-In (DFT)
- k R™Si+002 A 253x4 258x3  2.53%x4 259x3
_ - / R"C0.02 A 2311 2.31%3
§< w ¥ %@ a1 0003 A2 0.005 0.006
= / L\ 7 Yl |In
£ l/ RIS 2005 A 3.88% 12 3343 389 12 3.38%3
g 3856 3896
g 410x3 4.14x3
In-5i__nns 117 - -
5 P RUSie005 A 437x12 422x6  452x12 4.26%6
m . Y 7S - A il
Wﬁ%@ In+C 4543 4593
t 4.77x3 4.81x3
‘ o3=0.003 A7 0.004 0.008
I I I I 1 1
3 4 5 6 7 8
Photoelectron wavevector k (A'I)
Figurel

Left Experimental EXAFS data (lines) compared withhkst fitting curces (dots) in the case of purend m+C
doped Si. In concentration in both cases was 5*aticnf. Right: comparison between the local structure parameters
derived from the XAS analysis and from the DFT akdton.

The data analysis confirms the findings of the @&Iculation, i.e., that In in Si occupy
substitutional sites with four equivalent | shel-8i distances Rs=2.53 A, slightly smaller than
the sum of tetrahedral covalent radiig =2.578 A. In pure Indium implanted samples, thérina
around the dopant is quite ordered as indicatetthdypresence of high frequency signals coming
from the higher coordination shells that split tseillations at 4 and 5.5°A On the contrary the
introduction of C induces a dramatic disorderinghaf In site. Indeed, DFT calculations show that
both atoms are off the ide@$sites by 0.1 A, causing Il and 11l shells to spliapproximately three
subshells each.. The In—C interatomic distancerigdr than the sum of the tetrahedral covalent
radii R,-c=2.179 whereas the In—-Si distance becomes idemtiche sum of the respective
tetrahedral radiiThe presence of the C neighbour and the increatbeeafisorder in a large zone
around In is a direct confirmation of the pairirgfween the two chemical species. In the case of

3% [Baron-APL-79] 5R. Baron, J. P. Baukus, S. D. All&. C. McGill, M. H. Young, H. Kimura, H. V. Winsn, and
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more concentrated sampes (In implantation fluené&*10"at/cnt) the solubility limit is locally
overcome and In-In pairs are deteéfed

Controlled aggregation of magnetic cations in a seileonductor nitride matrix (STAFFAUSER)
Bonanni, A. Navarro-Quezada, T. Li , M. WegscheideMatey, V. Hol'y, R.T. Lechner, G.
Bauer, M. Rovezzi, F. D’Acapito, M. Kiecana , M.v8eki and T. Dietl

Phys. Rev. Letfl01, 135502 (2008).

The origin of the ferromagnetic behaviour persgt@ibove room temperature (RT) and discovered
in semiconductors doped with transition metals wrd earths may certainly be considered as one
of the most controversial issues in today’s malerseience. Many misleading assumptions and
conclusions on the actual magnetic interactionsyagnetically doped semiconductors and oxides
have been, until recently, caused by lack of a @raprrelation between fabrication parameters and
structural characterisation at the nanoscale. Nbere is an increasing amount of evidence that,
owing to specific features of magnetic impurities 9emiconductors and oxides, the epitaxial
growth of these systems can result in the selfrosgal aggregation of magnetically robust
nanocrystals embedded in the host paramagnetieéxm@his finding holds enormous potential for
the fabrication of a range of multifunctional naystems relevant to spintronics, nanoelectronics,
photonics, and plasmonics. However, it has alsm bealised that difficulties in the experimental
resolution and identification of the embedded n&mictures endure and hamper the progress in the
control of the mechanisms accounting for associaad hitherto unexplored nanoassembly
processes. Synchrotron radiation micropfdband other nanoanalytical synchrotron tools, in
combination with high-resolution transmission eleat microscopy (HRTEMY, represent a
suitable blend of techniques that, when complentebie magnetic measurements, can lead to a
thorough characterisation of magnetically dopedisenductors. The model system (Ga,Fe)N has
been found from SQUID magnetometry data to be feagnetic at RT for a concentration of
magnetic ions above 0.4% under the employed groatiditions. While laboratory high-resolution
X-ray diffraction (XRD) does not evidence any phassparation in these samples, powder
diffraction XRD measurements carried out at thentdewe ID31 by using a photon energy of 15.5
keV reveal the presence of new diffraction pealeniified as the (002) and (111) of the phase -
Fe3N with a Curie temperatuiéC ~ 575 K. Moreover, it has been possible to confamecent
theory according to which it is possible to modify theenfical valence of transition metal cations
by doping with shallow acceptors (Mg in the case GdN) or donors (Si for GaN), and,
consequently, affect their aggregation in the sermdacting matrix. Figure 1 indicates that doping
with Si does indeed hinder the formation of Fe-niegions: panel (a) reproduces the full /2 scan
and panel (b) a reduced scan with focus on theerariip the diffraction peaks originating from the
embedded nanocrystals. This is confirmed by the HRTmages in the inset of the figure 1.

40 d'Acapito F., Golosio B., Shimizu Y., Scalese &lia M., Alippi P., Grasso She site of In dopants in 8iP
Conference Proceedings — 882 (2007) 375-377.

*1 G. Martinez-Criado, A. Somogyi, S. Ramos, J. Canfpdlucoulou, M. Salome, J. Susini, M.
Hermann, M. Eickhoff, and M. Stutzmarippl. Phys. Leti86, 131927 (2005).

2 M. Jamet, A. Barski, T. Devillers, V. Poydenot,Rujardin, P. Bayle-Guillmaud, J. Rotheman,
E. Bellet-Amalric, A. Marty, J. Cibert, R. Mattaaad S. TatarenkdJature Mater5, 653 (2006).
“T. Dietl, Nature Mater5, 673 (2006).
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The results on the effect of Si on the aggregatbrihe Fe ions in the GaN matrix are also
corroborated by X-ray absorption near-edge strec(XANES) measurements at the Fe K-edge
carried out at the GILDA beamlin®§108). As evidenced in Figure 2, XANES data point te th
expected presence of Fe in the Fe3+ charge stafgeimominally undoped (Ga,Fe)N samples,
whereas they confirm the coexistence of Fe3+ ar@iHens in the case of doping with Si,
supporting the onset of a shift of the Fermi lesedl consequent modification of Fe charge state in

the system.
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Figure 2

An analogous effect has been verified in the cdsiping with Mg. By combining HRTEM with
synchrotron XRD and XANES it has been possibledentify the distinct ways by which Fe
incorporates into the GaN lattice giving an impotteontribution to the elucidation of the origin of
the ferromagnetic features in magnetically dopemtisenductors. Importantly, the doping with
either acceptors or donors hampers the nanocrgssmbling and offers a way to functionally
control the aggregation of magnetic elements inramagnetic host.

Structure of the Fe/NiO(001) interface measured bpolarization dependent XAFSSTAFFAUSER)
Luches P., Bellini V., Colonna S., Di Giustino Manghi F., Valeri S., Boscherini F.
Phys. Rev. Let@6, 106106/1-4 (2006).

Interfaces between ferromagnetic (FM) and antifeagnetic (AFM) materials constitute one
of the active elements of new magneto-electronmces, which exploit the electron spin rather
than its charge for information processing anddf@n The exchange interactions at the interface
formed between the FM and the AFM layers resulinrunidirectional magnetic anisotropy, the so
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called exchange bias, of which a quantitative exaian is presently lackift§y Exchange bias leads
to a shift of the magnetic hysterisis curve. In gnaases, real FM/AFM interfaces are not ideal in
their structure and chemistry and their atomic igurhtion is expected to have a very strong
influence on the magnetic couplings between therhaterials.

We investigated the case of an epitaxial system\iB€001), taken as a model for a FM
metal / AFM oxide interface, and obtained a comtiegperimental and theoretical description for
it, which provides new insight in the understandfignagnetic couplings in such systems.
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Figure 1
a) Background subtracted Fe K-edge EXAFS spectrthéo2 ML Fe film in the two geometries. b) Copesding R
weighted magnitude of the Fourier transforms (slifid) and fit (dashed line).

The sample used for this study was a UHV grown 2mél10 ML NiO/Ag(001) multilayer, capped
by a 10 nm thick Au layer to prevent the sampletammnation by the atmosphere. Fe K-edge x-ray
absorption fine structure (XAFS) measurements peréormed at the BM08 “GILDA” beamline.
We exploited the polarization dependence of the ZAjfoss section in order to separately probe
the in-plane and out-of-plane structure.

The background subtracted XAFS spectra in the ®angetries are shown in Figurela. Figure
1b shows the corresponding magnitude of the Fotraesforms and the results of structural fits.

The fitting of the extended range spectra wadormed assuming the formation of a planar
FeO-like layer at the Fe/NiO interface (see modelFigure 2). The FeO-like layer exhibits a
buckling, with O and Fe atoms respectively shiftediards and away from the underlying NiO
substrate. Moreover, the distance between theN#@3tplane and the average position of the FeO
plane is 7 % larger than the interplanar distarfdeutk NiO. A body-centered-tetragonal (bct) Fe-
Ni phase is present on top of the interfacial Fagt.

We have compared the structural parameters obtdipede XAFS analysis to the results of
density functional theory calculations performednbgans of the all-electron linearized augmented
plane wave method + local orbital in the generdlizgradient approximation. The atomic
configurations of the structurally relaxed systemmpare very well with the experimental ones. In
particular, the numerical agreement between theaiegalfor the buckling of the FeO layer
(experiment: 0.29 + 0.07 A; theory: 0.34 A) and foe expanded distance between the FeO layer
and the underlying NiO (exp. 2.24 + 0.08 A; th.24) is notable. Our calculations also allowed to
evaluate the spin magnetic moment of the Fe atditieanterface, providing original insight into

44 J. Nogués and I.K. Schuller, J. Magn. Magn. M&lteg 203 (1999).
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the relation between structure and magnetic prgserVe compared the values obtained assuming
the presence of a pure, pseudomorpkie,layer and the formation of an oxidized FeO layer

A significant increase of approximately Qug (from 2.6ug to 3.2ug) in the presence of the
distorted FeO layer was found. The origin of thiamge lies in a depopulation of minority spin
orbitals involved in the Fe-O bonds. The Fe atorhshe interfacial FeO layer assumed in our
model are in fact more coordinated with oxygen atdhan Fe atoms situated in the first layer of
the ideal Fe/NiO interface, therefore a higher spolarization is achieved. Uncompensated
moments coming from the interfacial FeO layer, Whicay couple ferromagnetically with the Fe
layer, are expected to influence dramatically tkehange interaction at the Fe/NiO interface, with
significant consequences also on the exchangeri@akanism.

Figure 2.
Model of the Fe/NiO(001) interface

In summary, we give evidence for the presence sftracturally distorted FeO layer at the
Fe/NiO(001) interface, in which the spin magnetionnent of Fe atoms is increased compared to
the abrupt interface. This work provides the atoieiel characterization necessary in order to
provide a structural basis for a physical undeditapof exchange bias in FM / AFM interfaces.

Depth-resolved study of impurity sites in low-enery ion-implanted As in Si.(STAFF&USER)
F. d’Acapito, S. Milita, A. Satta , L. Colombo
J. Appl. Phys102, 043524 (2007).

The electrical and diffusion properties of dopattnas in silicon are of primary importance for the
realisation of ultra-shallow junctions for transis in the semiconductor industry. In arsenic-dbpe
Si:As, important phenomena appear when the dopéwgl reaches volumes as high ad*@n,
namely: (i) the concentration of free carriers doesincrease linearly with the doping level; (ii)
rapid thermal annealing (RTA) enhances the conagotr of active carriers, while further
annealing decreases the number of electricaliy@ampurities to saturation levels; (iii) the As
diffusion coefficient starts to increase rapidiyurthermore, upon RTA the original implant profile
is modified significantly by the transient enhancifusion effect, generating long tails of dopant
into the substrate and their accumulation neasthtace. To explain the electrical As deactivation
and its enhanced diffusion one can use X-ray mieasents and computer simulation techniques.
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The extended X-ray absorption fine structure (EX¥ARechnique has been widely used since it
characterises the local atomic structure arounddiygant atom. The efficacity of ab initio
calculations to reproduce the local structure ohpdefects has also been demonstrated.

In this work we combine EXAFS measurements abdinitio total energy calculations to
investigate these phenomena. In particular, westigated four crystalline Si:As samples, obtained
by implanting Si (001) substrates with"Asns at an energy of 5 keV and a fluence of 10
and treated by different thermal budgets.

The EXAFS measurements were carried out at theiarBeedge (E = 11867 eV) in glancing angle
geometry, at BM08, the GILDA CRG beamline. Forreaample, spectra were collectedtotal
reflection(TR), andhigh angle(HA) modes. TR uses an incident beam below theatiangle for
the total reflection, and the latter above, so thatAs site in surface part (about 6 nm in TR e&)od
or in the bulk (300 nm in HA mode) of the sample probed.

Reference

1 HA
2 HA

3 HA
1 HA
2 HA
3 HA

4 HA

Magnitude of the Fourier transform [A-3]

L]
P2
Cad
§ Y
Ln
o~

R [A]

Figure 1

The experimental findings were supported by ouotéical study based on the density
functional theory (DFT). Figure 1 shows the Foufieansform pattern of the EXAFS spectra of
the samples measured both in TR and HA. fEfierenceused for As in a substitutional position is
the spectrum of an Si (001) wafer implanted with-Asns at an energy of 70 keV and a fluence of
3x10"™ cnm? and annealed at 1100°C in N2 for 100 s. Arroveiicate the peaks that exhibit the
more marked change when passing from HA to TR sehieour case, the peaks located in the
region from 3.0 to 4.5 A correspond to the secamdithird coordination shells. They are weaker in
the HA spectra than those in the reference spactmd they disappear in the TR spectra. This
indicates an increase of the disorder in all tmeas, which is more evident in the shallow region
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Figure 2

The HA data, relative to all the As content, alsdhe deeper part of the implant, reveal the
presence of As in the Si matrix linked to a vagar@nly by comparing the value of the distance
for Si second neighbours resulting from the fitlod experimental data and those obtained by DFT
calculations for various complexes V-Asn (n=1 tov® could identify V-As3 and V-As4 as those
present in the material. Figure 2 represents a haddke V-As4 complex.

In the TR case we found a very disordered enviemtrwith possible presence of As precipitates.
This is due to the crystallisation front that,tising from the amorphous/crystalline interface
during the annealing, transports dopants towareStISiQ interface (snowplough effect) creating
in this zone an increased concentration of As imiesrand defects.

In this work we have carried out a depth-selecB¥&AFS investigation in grazing incidence
geometry on arsenic doped silicon samples. Eveleiadifferent environments of the impurity
along the concentration profile has been foundtaedexperimental findings have been compared
with anab initio study. In summary, As occupies predominantly stidginal positions and it is
linked to vacancies forming As3V and/or As4V conxgle. Conversely, near the surface, the local
structure appears to be extremely disorderedspibuas a consequence of the As accumulation at
the surface due to the thermal annealing treatment
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B - Nanoscience and Nanotechnology

Metallic versus covalent bonding: Ga nanoparticlesis a case study>E?
Ghigna P., Spinolo G., Parravicini G.B., Stella Migliori A., Kofman R.
Journal of the American Chemical Soci2R8, 8026-8033 (2007)

In this study a systematic X-ray absorption speciopy investigation of the local coordination in
gallium nanostructures has been performed as didunof temperature and particle size. The main
goal of this study was to show how nanostructuflesiathe polymorphism of solid gallium and the
(meta)stability range of the liquid phase and tha&t surface tension acts in the same direction as
hydrostatic pressure in stabilizing the Ga solidgd#s.

Interest toward the chemistry of elemental gallamses for many, variously related aspects.
Thedensity of the liquid higher than that of the maatid phasqa) places Ga into the minority set
of substances that show increasing stability oflitpeid with increasing pressure and generically
indicates an anomalous bonding behavior with reégpeather metals.

o-Gallium is indeed a very particular metal madeliatomic unitswith a marked pseudo-gap in the
density of states at the Fermi level and strongligatropic electronic conductivity. In spite of its
high reactivity with oxygen, Ga is indeed a nicpexmental model foinvestigating the properties

of liquid metalgparticularly because thee-crystalmelts slightly above room temperat {893 K).
Gallium however, shows a complex polymorphism tied been deeply investigated experimentally
and computationally: the other crystalline phasagehsignificantly different structures based on
different local arrangements and building unitsjohare made, for instance, of zigzag chains of
atoms B phase) or five different coordination environme(dsphase). Remarkably, these crystal
structures do not show the “anomalous” propertias-Ga.

Evidence of the influence of interfaces on Ga bogds given by a large amount of experiments
available from recent or older literature on thieetf of confinement on gallium polymorphism.

The same authors recently found a more extremevimhior Ga nanoparticles below 5 nm in
diameter, which can be undercooled down to liqutichgen temperature and kept at that temperature
for times on the order of days without showing dneet of crystallization.

All these results strongly suggest that the conelémdhases of elemental gallium represent a kind of
test case where the bonding behavior can be eastjfied, and the effect can be achieved by acting
on the surface free energy contribution.

To that purpose, a systematic investigation ofitisal coordination in gallium nanostructures in the
size range between 5 and 150 nm from 90 to 35@& performed.

Ga films have been obtained by thermal evaporatioder ultrahigh vacuum of ultrapure Ga
(99.999%) and condensation on a carefully cleamaalghous silica substrate kept at 323 K. At that
temperature, liquid Ga self-organizes in islandspse shapes are truncated spheres with a contact
angle of about 130°. Three of the investigated diloonsist of nanodroplets with 5, 10, and 30 nm
mean radius, respectively. The nanodroplets hdee aize dispersion and have been covered after
preparation with a thin layer of Si@L5 nm thick), to prevent Ga oxidation.

A continuous 150 nm thick Ga film, was prepareddoyndensing Ga vapor on a silica substrate
cooled to liquid nitrogen temperature under UHV atsb this film was covered by a protective
layer of SiQ. Fluorescence XAFS data were collected at GILDArkne at the Ga-K edge.
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Figure 1
Ga-neighbours distances and their variances ageldtay the EXAFS fitting, plotted as a functionTof(A) 5 nm

sample; (B) 10 nm sample; (C) 30 nm sample; (D) dAm0sample

The main conclusion that can be drawn from the exntal results are the following:

(1) The nanostructure size strongly affects thgmokphism of solid gallium and the (meta) stability
range of the liquid phase. The results nicely comabvith those, more specifically pertinent to fhe
andophases, typically obtained on larger particles.

(2) Concerning the local structure and/or bondiebdvior, the effect of the surface free energy is
first to favor the metallic arrangement of th@hase and then to stabilize a liquid-like phasethas
on dimeric molecules even at 90 K.

(3) In this respect, the surface tension actsensdime direction as hydrostatic pressure.

(4) The Ga-Ga distance in the dimers in the liqphidse (near 2.4 A or below) is lower than indhe
solid (near 2.46A), and therefore one is tentagiwediuced to infer that in the liquid phase the Ga-
dimer bonding character is more covalent than énsthlid R Ga phase.

Remarkable conclusions of this work, in particuke that (1) liquid Ga is made of Ga atoms and
Ga& dimers in chemical equilibrium with each other) (e bond length of the dimer is between
2.25 and 2.5A, and (3) the map of electronic dgngistinctively shows thathe bond is a truly
covalent bonahot simply ametallic charge overlap forced by ionic proximity.

Sub-nanometric metallic Au clusters as efficient Et” sensitizers in silic&™&User)
E. Trave, G. Mattei, P. Mazzoldi, G. Pellegrini, &ian, C. Maurizio, G. Battaglin
Appl. Phys. Lett. 89 (2006) 151121.

During the last few decades, telecommunicationrteldgy has been largely attracted to Er doped
materials, since the rare earth ion shows a chasiit optical emission at 1540 nm allowing for
application as the active element for light generatand amplification in optical devices. To
overcome the intrinsic small cross section for ¥itation, a useful strategy is represented by the
interaction with sensitizing species such as other earths, semiconductor nanostructures, organic
complexes, and more recently, metals. Concerninglhtespecies, recently an enhancement of the
Er photoluminescence (PL) has been reported irgalokilica samples triggered by the surface
plasmon resonance (SPR) of 20 nm Au nanoclustetdgrihe gettering of the OH groups at the
Au clusters surfadd On the other hand, it has been shown that anlEinétease through Ag
clusters in silica can be attained without develeptrof SPR, i.e., without large metallic clusters

> Fukushima et al, J. Appl. Phys. 2005
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(Stronhofer et al., Appl. Phys. Lett. 2002). S #wmn of this work is to clarify the possibility ah
energy transfer process mediated by ultra-smalbitietlusters.
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Figure 1. Right: In resonance (488 nm) and ouesbnance (476.5 nm) Er PL emission around 1540onthé Er
reference sample before and after Au implantatidloed by a thermal treatment at 600 °C; the Renaity is
normalized to one for the Er reference sample amdequently rescaled for the co-implanted one. EX{AFS

analysis of the Au k-edge spectrum for Er+Au 600 °C, compared to thataf metallic Au. (a) EXAFS spectra. (b)
k>-weighted Fourier transform moduli (in the rangetkt1 A™?) of the EXAFS spectra in (a); the Au-Au first dHl
for the sample is also reported; the spectra arearoected for the phase shift.

The reference sample is an Er-implanted silicac(Ercentration = 18 Er/cn?, corresponding to a
total fluence of 6.8x1d Er/cnf) that underwent a N annealing to repair the radiation damage and
to activate the Er PL emission. A set of samples ween obtained by a subsequent” Au
implantation of the Er-implanted silica (the refeze sample); as for the Er implantation, a multiple
set of implants was made to obtain an homogeneopani concentration (about 20Au/cn,
corresponding to a total fluence of 6.1%¥LAu/cnt), and the implantation energies were chosen to
maximize the overlap between the concentration hdgpbfiles of the two species. Post Au-
implantation treatments were then carried out extdmperature range 400-9@0in N, atmosphere
for 1h. The effect of B annealing is to both wash out the implantatioruoceti defects and to
promote the Au aggregation in clusters.

The occurrence of an energy transfer process #ifeeintroduction of gold ions in Er implanted
silica has been evidenced by a PL study of tH& &nission around 1540 nm both in resonant (
488 nm) and nonresonanmk £ 476.5 nm) pumping conditions. The Figure 1 (leénel, (a))
compares the PL spectra of the Au-implanted samaptealed at 600 °C (Er +Au 600 °C) and of
the Er reference. Exciting both samples at 488 nespnantly with théF;,, Er* level, Er +Au 600

°C sample shows a PL signal sensibly higher tharEthreference one, with an enhancement factor
of about seven. Moreover, only the co-implanted @anshows the Er emission when excited
nonresonantly 476.5 nm: this is the fingerprintofindirect Er excitation mechanism mediated by
Au-related sensitizing centers. It is worth notthgt for the sample heated at 6@, the SPR of
the Au nanoclusters was not observed. The EXAFSeraxent has clarified the structures
responsible for this energy transfer effect. TheAE% experiment was performed at theedges

of Au and Er, at the GILDA beamline of the ESRF.eDio sample dilution, the spectra were
recorded in fluorescence mode by a 13-element gty Ge detector; the samples were cooled at
80 K to reduce the thermal vibrations. In Figur@ight panel, (a)) the Au-edge EXAFS spectrum
of the Er+Au 600 °C sample is compared to that efaiic Au foil: one main oscillation is evident,
extending up to k=12 &. This signal is related to an Au-Au coordinatiseé Figure 1, right panel,
(b)), proving the presence of Au metallic aggregateith an estimated Au-Au distance R
=2.78+0.01 A. This value is about 3% shorter thae first shell distance in the bulk fcc Au
(Rouk=2.88 A): this is consistent with the presencerofi (about 1 nm in size) Au clusters, that
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are known to exhibit a contraction of the interaimrdistances.16 The measured coordination
number of the first Au shell is N=3.920.4 (N=12 foulk Au): this decrease is due to the reduced
dimension of the Au aggregates (1 nm fcc clusteh wihe same interatomic distance as the
measured one would give=R, the exact value depending on the cluster gegnagidl possibly to
the fraction of single Au atoms dispersed into miatrix). Considering that the measured Au-Au
interatomic distance contraction suggests a submater average size for the aggregates, the
coordination number indicates that a large fractainthe Au atoms are present as metallic
aggregates. This picture is further supported lgy Itk of significant correlation peaks in the
EXAFS signal at distances larger than that onerdext The EXAFS analysis of the samples
heated at higher temperature indicates a growtheoAu clusters.

The EXAFS analysis at the Efkedge indicates that Er atoms are dispersed ig@xide matrix
and correlated in the first shell with O atoms; emwer no Er-Er correlation is detected, so the
formation of extended phases such as metallic Er axides can be ruled out.

In summary, from the PL and EXAFS analysis, itasduded that: (i) gold plays an effective role
in Er sensitization, promoting a broadband increafs¢éhe Er PL emission at 1540 nm; (ii) the
energy transfer process should be mostly triggese8id to 6sp interband absorption occurring in
Au nanoaggregates; (iii) small (subnanometric) Austers seem to be more efficient sensitizers
than larger ones.

Temperature dependence of the structural parametersf gold nanoparticles investigated
with EXAFS(STAFF&USER)

T. Comaschi, A. Balerna and S. Mobilio

Physical Review B7, 075432, 2008

Metal nanoparticles show a variety of novel ancifesting electrical, magnetic, and chemical
properties arising both from the presence of aelgrgrcentage of low coordinated surface atoms
and from the confinement of electrons to dimensisimsrter than the electron mean free path and
the Fermi length.From the structural point of view, metallic nanatkrs often undergo a
contraction of the lattice distances with respedbulk materials because of surface stress tension.
According to Laplace’s law, the lattice parametefdreseen to linearly decrease with the inverse
particle dimensiorD. Recently, temperature dependent x-ray diffractimasurements on a gold
nanoparticle powder mean dimension of about 4 lnowedfor the first time an additional effect,
i.e., the occurrence of erossoverin the temperature dependence of the cell parametach
changes from an initial thermal expansion at lomgeratures to a thermal contraction Toaround
125 K*. This result is not due to changes in the strecbfrthe nanoparticle, which continues to
show a fcc atomic arrangement as the bulk metalchuat be attributed to the contribution of
electronic excitations to the total energy of tlystem. Indeed, for a bulk system, the electronic
contribution to the total energy results slowly igarwith temperature and, for this reason, bulk
materials generally show a thermal expansion, maigig from the anharmonicity of the lattice
potential. On the other handin nanoparticles, the presence of electronic discemergy levels
separated by only a few meV implies a relevantatem of the electronic energy with. At
GILDA, we explored more deeply this effect to assespresence and to quantify it even in smaller
clusters, where localization effects are expeatdaetome stronger and stronger. At very low sizes,
x-ray diffraction does not allow measuring of thedl parameter of the nanoparticle with sufficient
accuracy; at this purpose, we used EXAFS spectpysabthe Au k edge to get a very accurate
estimate of the nearest-neighbour distance asaidmnof temperature.

“W.-H. Li, S. Y. Wu, C. C. Yang, S. K. Lai, K. Cek, H. L. Hunag, and H. D. Yang, Phys. Rev. |891.135504,
2002.
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The EXAFS results are shown in figure 1, which réghe first shell distance for different Au
metallic cluster samples of diameter ranging fr&®50 A. Quite marked differences between the
different samples are evident. Au-NP1, the samptk the greatest nanopatrticle size, has a bulk-
like trend with slightly loweR values. On the contrary, Au-NP2 at I@was a bulk-like behaviour,
while over 170 K, itsR values do not grow as in the bulk case and becooehiower than the
bulk ones as the temperature increases up to 30BukNP3, the greatest sample of the two
produced using evaporation, shows a thermal bebagimilar to Au-NP1. As Au-NP2, Au-NP4
also follows the bulk behaviour at low temperatusgBile over 200 K, the achieveRivalues are
quite lower than the bulk ones. Finally, the Au-S&inple shows a nearly zero expansion in the
investigated temperature range.
In order to have an understanding of the thermladbeur of our samples, we have calculated the
thermal behaviour of the nearest-neighbour distémrcapproximately spherical gold nanoclusters
of different sizes. We considered the total en@fgiye system as sum of three main contributions:
Etot = U + Eyip + Eq
whereU, E,i,, andEg are the static, the vibrational, and the electr@mergy of the nanopatrticle,
respectively. The temperature-independent parh@ftdtal energy is represented by the static term
U. Eiib was calculated as the energy of a finite seriehamonic oscillators and introducing
anharmonicity effects by considering the volumpetalence of the phonon frequencies, described
by the Grineisen parameterThe electronic contribution to the total energgswreated according
to Kubd". In this approach, the discrete energy level distiiin, En, induced by the finite particle
size, which also depends on the particle shapesarfdce conditions, is averaged and assumed to
be an equally spaced energy level distribution.

*"R. Kubo, J. Phys. Soc. Jpt, 975, 1962.
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Figure 2
Comparison between the experimental thermal expartdigold bulk and thermal expansion predictednfiaur
calculations for a bulklike system together with theoretical trends with of the relative values of the mean
interatomic distance for different nominal sizesh# nanocluster.

In Figure 2, the excellent agreement between theakmlated thermal expansions of the bulk with
the values experimentally observed is clearly silwhich confirms that anharmonic effects are
properly taken into account by our model. We obsénat for clusters our calculations foresee
three regimes:

1. for high cluster dimensions, a bulk-like behaviwith a reduced thermal expansion;

2. for intermediate cluster sizes, a crossover frawdaiced thermal expansion at I3vio a
negative thermal expansion at higlwith a crossing temperature which lowers at smaller
dimensions;

3. anearly zero thermal expansion for low sizes.

We underline that such behaviours are in qualigagigreement with those experimentally observed,
reported in Figure 1.

107



C - Materials for Energy Production and Transport

Indium Doping in Barium Cerate: the Relation betwesn Local Symmetry and the Formation
and Mobility of Protonic DefectsVSER

Giannici, F., Longo, A., Balerna, A., Kreuer, K.;Martorana, A.

Chemistry of Materials, 19, 5714-5720 (2007).

The solid solution series Ba(In,Ce){has been investigated with respect to structumepdaon,
and mobility of protonic defects. XRD demonstrattest indium is soluble in any ratio in barium
cerate, anyway maintaining the perovskite structiréhe parent oxide. Compared to the limited
solubility of Y>03 in BaCeQ and BaZrQ, the complete solubility of h®s is suggested to reflect a
relation between absolute hardness of the dopahthenease of insertion into the hosting lattices.
Extended X-ray absorption fine structure (EXAFSkwaed to probe the local environment of In3+
in barium cerate: in the surroundings of the dopdme orthorhombic structure is strongly
modified, resulting in an increase of local symmeas it is sketched in figure 1.
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Schematic drawing showing the increase of localregtny around the In dopant in In-doped barium eerat

This result could be achieved by a detailed anslgbihe local structure around indium, performed
at GILDA. In the figure 2 the reliability of sucmalysis is demonstrated:

T , T T | T
= o X BCI2 dry
e
1
&
2r
x -
VAN
=1 | 1 J L | 1 | |
4 8 12 16
k(AT
Figure 2
Experimental kweighed EXAFS spectra, best fits and residualtions for BCI2 dry and for BCI30 as-prepared
samples.
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Then, it is concluded that the InO6 octahedra ary vegular, and that there is no indication
for any defect clustering. This is suggested tah@emain reason for the low entropy of formation
of protonic defects by water dissolution. The mibpibf such defects is lower than in Y-doped
BaCeQ, but at high dopant levels the high local symmethpws for formation of very high
concentrations of protonic defects, which may badathe lower proton mobility compared to
Y:BaCeO3. This doping behavior is also suggestetletdhe consequence of the lower Pearson
absolute hardness of *lncompared to Y. Contrary to Y:BaCe¢) protonic defects do not
referentially reside in the vicinity of the dopadgmonstrating a quite different rearrangement of
the O-H chemical bond as a consequence of In ingeffhe results of this paper demonstrate that
ionic radius matching is only one and probably, imsconfirmed by the behavior of other
perovskites, not the most important criterion faflaring a good proton-conducting ceramic
material. Actually, chemical matching is even morportant than the structural one. The high
dopant solubility is a further parameter to be tak&o account for development of perovskite
oxides for electrochemical applications.

Metal-Support Interaction and Redox Behavior of Pt(1 wt %)/Ceq 6Zr 9.40."SE?

Deganello, G., Giannici, F., Martorana, A., Pargalé., Prestianni, A., Balerna, A., Liotta, L.F.,
Longo, A.
Journal of Physical Chemistry,B10, 8731-8739 (2006).

This paper reports a study of the interaction ofaeeirconia (CZ) with Pt nanoparticles supported
onto the mixed oxide surface. The material is adhway catalyst, designed to limit the impact of
pollutants, CO, NOx and hydrocarbons, produceddaryeagines.

Pt supported on ceria-zirconia gives rise to peacuyroperties of the resulting composite material:
(i) CO2 coming from anaerobic CO oxidation is proed in larger amount and at lower
temperature with respect to metal free CZ; (ii)avedged Pt/ceria-zirconia shows evidence of a
direct Pt—Ce interaction; and (iii) Pt/CZ bulk retion is much faster and starts with an induction
time with respect to CZ. It is proposed that theution mechanism of Pt/CZ consists of two steps:
initially, the preferential reduction of the suppsurface takes place; afterward, bulk reduction is
accomplished. As demonstrated by in situ XRD penfsdt at GILDA, the overall lattice oxygen
amount that CZ and Pt/CZ can deliver at 773 K far dxidation of CO is about the same for the
two materials, but the much faster bulk reductitmsesved by in situ XRD for Pt/CZ has been
attributed to a beneficial effect of the supponteetal, and in particular to an easier release of
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(a) Lattice constant a as a function of in sitatneent; (b) 220 peak fwhm of r-Pt1CZ. The chandeseatment gases
are indicated by vertical lines at 10* (switching @f CO/He), 60‘ (change to O2/He), and 90 (secodtlictive
treatment). The variation of both lattice constamd fwhm is very quick. Outside the transition oz, the powder
patterns are fitted with a single phase. Duringtthasitions from the oxidized to the reduced plas®vice versa, two
phases, one oxidized and one reduced, are necésgaatform the Rietveld refinement; the correspogdalues of

lattice constant and fwhm are weighted averagelsese two phases.
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reacted CO2, producing a more effective turnovereattants at the catalyst surface. The figure 3
shows the EXAFS analysis, that evidences the pceseha Pt5Ce alloy in reduced Pt/CZ that
actually demonstrates envisaged the strong mepgdestiinteraction (SMSI) in this material.
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Component signals and overall fitting to the r-FZIEXAFS data. Two-body components are indicategi{®) and
three-body components Iny3). (a) Allowing for a Pt—Ce contribution; (b) thiout Pt—-Ce. The residual in panel b
clearly shows that a well-defined frequency is imigs
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D - Environment

In situ Study of Methane Anaerobic Combustion on Ion Oxides: Towardsa Clean Hydrogen
Production Proces§’SER

M. Gemmi, M. Merlini, U. Cornaro, D. Ghisletti, @urtioli

J. Appl. Crys(2005)38, 353-360.

Hydrogen will be one of the most important fuelsaifuture sustainable economy. In the medium
term, hydrogen production will still rely on fosduels, whose environmental impact has to be
lowered both by modifying actual technologies andfeveloping new ones capable of mitigating

CO2 emissions. ENI is developing a clean processifproduction from fossil fuels based on the

properties of selected oxides that, once reducédhyidrocarbons, are capable of being re-oxidised
by splitting H20 into H2 and [O], which in turn oxidises the solid closing the lotp

4MexOy + CH4 -, 4MexO(y-1) + 2H20 + CO2

4MexO(y-1) + 4 H20-, 4MexOy + 4H2

CH4 + 2 H20- 4H2 +C0O2; AH = 39.5 Kcal
A redox solid circulating among three fluidised hredctors is the asset developed to exploit the
reaction schem@-igure 1).

—; Figurel. Conceptual reactors design to
exploit the redox concept on iron oxide based
Esrzl%{ite circulating solid. A concentrated stream |of
CO2/H20 (ready to be buried) is produced
-=, in reactor 2, when the solid is reduced |by
Ffeo LR3] methane (Fe203/FeO). A stream of H2
wuestite (virtually carbon free) is produced in reactor
1, when the solid is partly oxidised with
water (FeO/Fe304). Thermal balance is
achieved in reactor 3, where the solid is fully
reoxidised (Fe304/Fe203).
Fe;0,4
magnetite |4
Air

We carried out a combined X-ray diffraction (XRDjnass spectrometry (MS) experiment at the
Italian CRG BMO08 “GILDA” beamline, to study the sttural evolution of an iron based solid
exposed to methane under anaerobic combustion tammglias a first step of such a redox cycle.
The Ce0O2/Fe203 solid investigated was exposedhigratemperature (~ 1000 K) CH4 reducing
flux followed by a re-oxidation in air. The sampl@as contained in an open quartz capillary. One
side was connected to a gas injecting system (CH#fi&ture, air and Ar for purging cycles), the
other to a mass spectrometer (MS). X-ray powddradifion was collected by a translating image
plate system with a time resolution of one minététhe collected powder patterns were analysed
by the Rietveld method, obtaining a complete stmgctharacterisation of the process in terms of

“8U.Cornaro, D.Sanfilippo US2004152790-A1
112



guantitative analysis of the crystal phases invibl{s=e Figure 2a). As soon as the CH4 enters the
capillary, a series of redox reactions take plan present as Fe3+ in Fe203 is progressively
reduced to Fe+2Fe+3204 (magnetite), Fe+20 (wupsind finally to Fe. The appearance of
metallic iron in the XRD signal coincides with tlh2 emission and the decrease of the flow of
outgoing CH4 (Figure 2b) detected by MS. This iecli evidence of methane cracking (CH4C

+ 2H2) catalysed by iron. The carbon produced Iy réaction appears two minutes later as Fe3C,
which replaces iron in catalysing the cracking, @sda polymorph of graphite. We have clear
evidence that CeO2 participate to the reductiorgss. It is known that in a reducing environment
ceria may convert into a non-stoichiometric reduieth (CeO2-x), whose crystal structure has the
same symmetry but a larger unit cell.

—m— Ce02 ox—e— Fe304 Fe3C
—0—CeO2re—e—FeO —m—C
—p— Fe203 —e—Fe
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By mapping the variation of CeO2 unit cell parametesmall jump corresponding to CH4 injection
and a large jump corresponding to H2 emission @addiected. The latter hange is simultaneous
with a splitting of the ceria diffraction peaks tl@n be interpreted as a mixture of two reduced
ceria phases with different defectivity (Figure .26he stoichiometry of the reduced ceria is
proportional to the unit cell variation and seemsbe temperature independ&ntThe estimated
compositions are Ce01.99 after the CH4 injection &e01.88 for the most reduced form
appearing after H2 emission. Peak shape analysigmgrates that during CH4 combustion CeO2
undergoes re-crystallization since the full widgdfhmaxima of CeO2 peaks constantly decrease.
The oxidation follows the reverse path of the reiducexcept for the direct oxidation of Fe3C to
FeO without the intermediate formation of iron. Ti@al solid has the same composition as the
starting mixture demonstrating that the cycle taltg reversible.

“H. Chiang, R. N. Blumenthal, R. A. Fournelglid State lonic66, 85-95 (1993).
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X-ray absorption investigations of copper resinateblackening in a XV century Italian
painting.(YSER

Cartechini L. Miliani C. Brunetti B.G. Sgamello#i. Altavilla C. Ciliberto E. d'Acapito F.
Applied Physics A92, 243-250, 2008.

This paper reports the study of the darkening gipeo resinate, a green copper-based
pigment, observed in a XV century easel paintifighe Italian artist Niccolo Liberatore.The
painting revealed serious problems of conservatios to the blackening of green and blue areas
containing the copper-based pigments azurite, rha#aand copper resinate. In particular, it has
been observed that while azurite and malachitetipgitayers still contain unaltered crystals of the
pigments, the copper resinate layer has undergeonenglete blackening.

Copper resinate is a transparent green glaze wiashobtained by mixing copper pigments,
usually verdigris, with terpenic resins, often Ire tpresence of drying oils. The resulting pigment
consisted of a complex mixture of copper carboxytaimplexes of resin and fatty acids which was
used fresh to produce a transparent amorphous grgen or in the form of dried powder dispersed
in a binder (drying oil or tempera grassa). Coppsimate was particularly appreciated for its glass
brilliant optical effects, but unfortunately it hthee tendency of discolouring to brown in a relaly
short time.Understanding the role of copper-based pigments ithe alteration processes of
painting layers is of great interest for conservabn science.

XANES and EXAFS measurements were collected aCihK-edge on an original painting
sample, as well as on fresh pigment standards arghmting models, with the aim of providing
structural information on the oxidation states #&mellocal chemical environment of copper in the
unaltered and blackened pigments, and to elucidatge discoloration mechanism. XAS
measurements were performed on the original pgjrgample (5x15mnT) and on the painting
models in the X-ray fluorescence yield mode (XF¥3ing a high-purity 13-element Ge detector.
This experimental configuration allowed to colléise Cu signal by probing the first tens oh
through the depth of the painting layer. Moreoveeasurements in the total electron yield (TEY)
mode were collected for the blackened copper resgample, limiting the probed depth to the first
hundreds of nanometres of the painting layer . §tiheng analogy of the spectral features in XFY
and TEY modes allowed to assess that the coppal &wironment does not change across the
depth of the blackened layer and no surface eftaetpresent.

EXAFS analysis evidenced that the local chemicairenment of Cu in copper resinate can
be described using neutral copper acetate as almibdmnsists, essentially, of bimetal €u
carboxylate complexes with a distorted octahedvardination. Such a structure is retained in the
blackened pigment, although some differences wksemved. It has been found that the alteration
takes place without change of the valence stat€ugfl) ions, while the formation of the copper
oxides CuO and GO responsible for the embrownment is excluded. I@nlasis of the XAS
results it is deduced that discoloration of copesinate may be related to local modification &f th
copper coordination structure as evidenced by bsemwation of an increase of the Cu—Cu and Cu-
C distances in the EXAFS spectra.

Copper ions have been demonstrated to play a priesstive role in oxidation processes of
drying oil. Thus, the copper chemical environmesipecially in a lipid binder, can undergo local
molecular rearrangements, which, in specific cood#, may lead to a change of the chromatic
properties. As a matter of fact, the results o thork strongly suggest that copper complexes are
primarily involved in pigment embrownment. It isadnable to assume that discoloration takes
place as result of strong copper—organic matrigratdtions (copper-ion extraction @odmetal-
catalysed oxidation of the organic matrix) followbyg the modification of the Cu coordination
structure, as demonstrated by the EXAFS spectresd modifications could be due, during the past
history of the paint, to specific environmentalndgions (undocumented cleaning procedure,
exposure to light or heat, etc.), which drasticaifuenced the copper chemistry.
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Figure 1.
Scheme of the bridging bidentate coordination of@s in copper acetate (Cudark red C =grey, O =red). Apical
oxygen atoms are also shown
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E — Life Science

Zn?" binding sites in photosynthetic reaction centersrad respiratory complexe$”SE?
Giachini, L., Francia, F., Mallardi, A., Palazzo,, Garpeng, E., Boscherini, F., Venturoli, G.
Multiple scattering X-ray absorption studies of Zi@nding sites in bacterial photosynthetic reacticenters
Biophys. J88, 2038-2046, 2005.
Giachini, L., Francia, F., Veronesi, G., Lee, D.Waldal, F., Huang, L.S., Berry, E.A., Cocco, TapR, S., Boscherini,
F. and G. Venturoli
X-Ray Absorption Studies of ZrBinding Sites in Bacterial, Avian, and Bovine @yimme bg Complexes
Biophys. J93, 2934-2951, 2007.
Francia, F., Giachini, L., Boscherini, F., Ventiy@., Capitanio, G., Martino, P.L., and S. Papa:
FEBS Lett581, 611-616, 2007.

Zn** metal ions bind specifically to a number of chatgenslocating membrane protein
complexes, strongly inhibiting electron and/or protransport. Among these protein complexes are
the bacterial photosynthetic reaction center (R@) ®vo key enzymes of the respiratory electron
transfer chain: the cytochrome (cyt) lmomplex and cytochrome c oxidase.

The high-affinity binding of ZA" has been characterized with great detail in thetebial
photosynthetic reaction center (RC). This pigmewtgin complex, which catalyses a light-induced
electron transfer across the membrane dielectaq, lme considered as a model system when
examining more complex redox enzymes. Structural @pectroscopic studies of Zn-RC
complexe? have revealed that Zhinhibits the rate of proton transfer from the pintsurface to
the final electron acceptor of the RC by competwmth protons for the same binding site which
involves two histidine residues. This finding allesvdetermination of the entry point of Hnd led
to a full definition of the proton pathway from thgueous phase to the acceptor quinone molecule
bound to the R&. The location of the RC Zfibinding site has suggested that the Zn inhibitory
effects observed in other redox enzymes shareatime snechanism, i.e. binding of a divalent metal
ion blocks competitively an entry or exit protorttpaay close to the protein surface. Location of Zn
binding sites and resolution of their local struetdbbecomes therefore a powerful tool in tracing
proton pathways in an entire class of membranespret

In view of the above considerations a systematigiept has been undertaken, aimed at
determining by XAFS the local structure of bound®Zm the photosynthetic reaction center
purified from the bacteriunRhodobacter sphaeroidesn prokaryotic and eukariotic cyt bcl
complexes, and in the cytochrome c oxidase. Thectibp was to determine the location of the
binding sites, defining at high resolution the aboation geometries, in order to clarify the
common, structural origin of the inhibitory effectisserved.

X-ray absorption spectroscopy of stoichiometric G- complexes, embedded into polyvinyl
alcohol films [Giachini et al., 2005] allowed a atecut determination of the local structure of the
high affinity Zrf* binding site previously identified by x-ray diffrion at 2.5 A resolution. XAFS
data were analysed by combinirap-initio simulations and multiparameter fitting; structural
contributions up to the fourth coordination shalidamultiple scattering paths (involving three
atoms) have been included. The results indicatadzif* binds two O and two N atoms in the first
coordination shell. Higher shell contributions amnsistent with a binding cluster formed by two
His, one Asp residue and a water molecule. Analgkisomplexes characterized by approximately
2 Zn ions per RC reveals a second structurallymdisbinding site, involving one O and three N
atoms, not belonging to a His residue. The locaicstire obtained for the higher affinity site nicel

=0 Axelrod, H.L., Abresch, E.C., Paddock, M.L., OkamuM.Y., Feher, G. (2000) Proc. Natl. Acad. Sci.AU%/, 1542-
1547.
Paddock, M.L., Sagle, L., Tehrani, A., Beatty, JHeher, G., Okamura, M.Y. (2003) Biochemistry 4226-9632.

°1 Adelroth, P., Paddock, M.L., Sagle, L.B., Feher, Gkamura, M.Y. (2000) Proc. Natl. Acad. Sci. USA, 943086-
13092
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fitted the coordination geometry proposed on th&idbaf XRD data while the first shell distances
resulting from XAFS analysis were considerably caciied in comparison with those determined
by XRD.

Cyt bg complexes are electrogenic quinol:cyt ¢ oxidoreéalses, encountered in a broad variety
of prokaryotic and eukaryotic organisms. These spdead membrane integral enzymes play a
crucial role during photosynthesis and respirafiom all cases these energy transducing enzymes
transfer electrons from a hydroquinone derivati@&l{) to a soluble electron carrier (a c-type cyt).
The bg complex is one of the major contributors of thenemembrane electrochemical proton
gradient used for ATP synthesis. The mechanismedbx coupled H translocation by the hc
involves two catalytic sites facing the two oppestdes of the energy transducing membrane: the
Qo site, at which QK oxidation is coupled to proton release and cyeduction, and the Gite,
where quinone reduction is coupled tb ptake. A complete catalytic cycle requires twmavers
of the Q site, so that 4 Hare released to one side and 2afe taken up from the other side of the
membrane. Various XRD structures of the mitochoaldoic complex are available; recently an
XRD structure of the simpler bacterial cytlat 3.8 A has been publishéd

Zn** is a well established inhibitor of the bovine nshiondrial cyt bg in which it competes
with H" ions. In bacterial hccomplexes Zfi has been recently shown to decelerate specific
electron transfer steps and the generation of trantbrane voltagé These observations have been
tentatively explained by proposing that?Zibinds close to the ¢Xite, blocking the proton release
channel(s). In agreement with this suggestion tetemtial inhibitory ZA* binding sites have been
revealed in the XRD structure of the avian cyt: lmme of them, (Zn01), located in a hydrophilic
area between cyt b ang enight interfere with the egress of kb the aqueous medium. Although a
number of putative Zn ligands (including histidipegere identified, the coordination geometry
could not be resolvéd

Using Zn K-edge XAFS the local structure of’Zbound stoichiometrically to non crystallized
cyt b complexes has been investigated [Giachini e@D;7a). In a comparative study the avian,
the bovine and the bacterial enzymes were examieakge number of putative clusters, built by
combining information from first-shell analysis angketalloprotein databases, were fitted to the
experimental spectra by usiadp initio simulations. This procedure led to the identifmatof the
binding clusters with high levels of confidence.both the avian and bovine enzyme a tetrahedral
ligand cluster formed by two His, one Lys and oaeboxylic residue was found, and this ligand
attribution fit the crystallographic Zn01 locatiaf the avian enzyme. In the chicken enzyme the
ligands were the His121, His268, Lys270 and Asp&&ddues, and in the homologous bovine
enzyme they were the His 121, His267, Lys269 ang2B4 residues. Zfi bound to the bacterial
cyt bc; complex exhibited quite different spectral feagyreonsistent with a coordination number of
six. The best fitting octahedral cluster was forrbgdne His, two carboxylic acids, one GIn or Asn
residue and two water molecules. Interestingly,abgning the crystallographic structures of the
bacterial and avian enzyme, this group of residwes found to be located in the region
homologous to that of the Zn01 site. This clustetuded the His276, Asp278, Glu295 and Asn279
residues of the cyi subunit. The conserved location of théZbinding sites at the entrance of the
putative proton release pathways, and the presehddis residues pointed out to a common
mechanism of inhibition. As previously shown foe thhotosynthetic bacterial reaction center, zinc

52 Berry,E.A., Guergova-Kuras,M., Huang,L.S., CrofisR. (2000a) Ann. Rev. Biochem. 69, 1005-1075

%3 Berry, E.A., Huang, L.-S., Saechao, L.K., Pon, N¥alkova-Valchanova, M., F. Daldal (2004) PhotasyrRes. 81,
251-275.

>4 Klishin, S.S., Junge, W., Mulkidjanian, A.Y. (200&jochim. Biophys. Acta 1553, 177-182

%5 Berry, E.A., Zhang, Z., Bellamy, H.D., Huang, LO@b) Biochim. Biophys. Acta 1459, 440-448
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would compete with protons for binding to the Hisidues, thus impairing their function as proton
donor/acceptors.

Cytochrome c oxidase is the terminal componenthef tespiratory chain: it catalyses the
oxidation of cyt ¢ reduced by thebcomplex, reducing ©to H,O and pumping 4 protons across
the mytochondrial membrane. Definition of the protwansfer pathways is an open question,
crucial for understanding the complex catalyticchmnism of the enzyme. XRD structures of cyt
oxidase have helped identify two putative chanrieisH™ uptake, referred to as the D and K
channels. The roles of these channels are stilitéelin terms of the number and destination of the
protons they conduct and how the individual praiptake events are coupled to electron transfer
Zn** inhibits bovine heart cyt ¢ oxida€e In analogy with the scenario observed with the
photosynthetic RC, it has been proposed that irc aytidase Zfi” binds near the entry point of the
D-pathway at which a cluster of histidine residard carboxylates is fourft

XAFS analysis performed according to the procediascribed above for the cytochrome bcl
complex, allowed to identify tetrahedral coordipatisite(s) for Zf" with two N histidine
imidazoles, one N histidine imidazol or N lysinedaome O-COOH (glutammate or aspartate), most
likely located at the entry site of the proton coctihg D pathway, and involved in inhibition of the
oxygen reduction catalysis [Francia et al., 2007].

%6 Brzezinski, P. (2004) Trends in Biochem. Sci. 280-387.
>" Nicholls, P., Singh, A.P. (1988) Life Sci. Adv.321-326

%8 Aagaard, A., Namslauer, A., Brzezinski, P. (200®)cBim. Biophys. Acta 1555, 133-139
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F — Soft Condensed Matter

H.S gas interaction with Pt(ll)-containing polymetallaynes of selected chain length: an XPS
and EXAFS studyVSER

Battocchio Chiara, Fratoddi llaria, Russo Mariat®fita, Polzonetti Giovanni

Journal of Physical Chemistry A, 112, 7365-7373&0

Sulfur-containing compounds are common impuritiesfassil-derived fuels and chemical feed
stocks®, and damage the quality of the air by forming wubbxides SQ during the burning of
fuels, that are major air pollutants leading talawiirf®. Therefore, the detection and monitoring of
sulfur — containing compounds are highly attractivethis framework, the main objective of this
research was to establish a relationship betweemiclal, geometrical and electronic structure of
small Pt containing organometallic systems (no ntloa@ four repetitive units) and their sensitivity
and selectivity with regard to a sulfur containmglecule as k5. Poly-ynes consisting of Pt or Pd
square planar complexes in the chain between argapacers have been synthesized and
characterized in our group. Our systems have beegessfully used in sensors and optical
device§’. Structural data have been achieved on these ialatby means of SR-XPS, NEXAFS
reflEXAFS and EXAFS [C. Battocchio et al. 2006a, Battocchio et al. 2006b].

The simpler related model molecules, recently sgited to have model systems whose
characterization would be crucial for the interptiein of the polymers chemical physical
properties, have been studied by XPS and EXAFSaasguare planar structure around the metal,
together with a charge transfer interaction betweagts were assessed.

The here considered samples are the binuclearittoeinsnetal dialkynyl
bridged Pt(Il) complexrans, trans[CIPt(PBw),(C=C-C¢H;-CsH4-C=C)Pt(PBu),Cl]
(1), the tetranuclear linear oligomeitrans{Cl-[Pt(PBus),(C=C-CiHs-CeH,-
C=C)]sPt(PBuw).Cl} (2), the tetranuclear cyclic oligomeis-[Pt(PBw).(C=C-CsH,-
CeH4-C=C)]4 (3) and the multinuclear (ten Pt containing unitegér oligometrans
{CI-[Pt(PBU3),(C=C-CsH4-CsH4-C=C)]oPt(PBw).Cl} (4) (molecular structures are
reported in Figure 1).

EXAFS spectroscopy was performed at the Pt Llllestlinvestigate the interaction between Pt-
DEBPn (Pt-diethynylbiphenyl, n = 2,4) oligomers different length and geometry (linear and
cyclic, depending on the Pt square planar compbeiguration,trans or cis respectively) and 6
molecule. The hypothesized chemical interactiorugary between Pt(ll) and S was verified and
investigated. We believe that this chemical inteoaicis responsible for the high sensitivity and
selectivity of Pt-DEBPn based mass sensor devm&artls sulfur-containing compounds [3]. The
experiments were carried out by EXAFS measuremamtBt-DEBPN pellet samples, both in low
vacuum conditions (P = TomBar) and in presence ot8li gas (P = 500 mBar) using the chemical
cell. Detection of the transmission signal was dainthe Pt |-edge (11564 eV)n situ treatments
were made possible at GILDA by a small chamberpmgmrd with input and output gas lines, that
allows to perform EXAFS measurements on samplesomtrolled chemical environment [A.
Longo et al. 2005] .

%9 Speight, J. GThe Chemistry and Technology of Petrole@md ed. , Dekker, New Yor991

0 Stern, A. C.: Boubel, R. W.; Turner, D. B.; Fox, D Fundamentals of Air Pollutigre" ed., Academic Press,
Orlando, FL,1984

®1C. caliendo, G. Contini, |. Fratoddi, S. Irrerafertici, M. V. Russo, G. Scavia, Nanotech. 10{@0L25504.

%2 C. Battocchio, I. Fratoddi, M. V. Russo, G. Poletiip Chem. Phys. Lett. 400 (2004) 290.
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Figure 1.
Molecular structures of trans, trans-[CIPt(EBEC=C-CsHs-CsH4s-C=C-Pt(PBu)2Cl] (1), trans-{ClI- [Pt(PBu)2-C=C-
CsHas-CsHa-C=C-]s Pt(PBu)2 -Cl} (2), cis-{[Pt(PBu)2-C=C-CsHs-CsHs-C=C-]s Pt(PBu)2] (3) and trans-{CI-[Pt(PB1)2
-C=C-GCsHs-CsHs-C=C-]o Pt(PBu)2 -Cl} (4).

The interaction of Pt containing organometallic ypphes with HS molecules has been
investigated for one complex and three oligomeiferdintiated in both chain length (4, 9 repetitive
units) and conformationcis or trans). EXAFS, XPS, and UV-visible absorption spectrgses,
have been employed on purpose to perform an extenbaracterization of the four samples before
and after exposure to,8.

EXAFS measurements gave evidence for the interadieiween the metal and theSH
gaseous molecules showing a S-Pt coordinationgtsitial modifications at the Pt coordination
center have been detected as a consequence antdrigction. XAS data analysis suggested the
change of Pt coordination from a square planacsira into a square-pyramidal geometry around
the transition metal with 6 in the apical position for the pentacoordinatémtium units, as
depicted in Figure 2.
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Figure 2
Tridimensional structure of the pentacoordinatedl)Rtluster; the sulfur atom is in apical positjoon the z axis; the
two P atoms and the two acetylene units are ixyh@ane.

The chemical interaction arising between Pt(ll)teesand sulfur atoms has been assessed
by the XPS Pt4f and S2p core levels analysis (spead-3).

XPS ptaf
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Pt Ptfs2b s B
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Figure 3.
Pt4f XPS spectra collected on sample (4) priorafter exposure to 4$. For all the treated samples the overall
signal is wider, and a small asymmetry, arisinghi®ynew spectral component, is detectable at |®&erThe
component ascribed to the pristine Pt poly-ynef(ib4 higher BE values) in the treated sample specsiuovs the
same BE and FWHM values of the pristine sampletspec Pt4f BE and FWHM values of all samples, batistine
and interacting with k6 (b component), are reported in the table.

No interaction between Pt and S has been eviddocesdmples exposed to $i@ the same
conditions, thus confirming the selectivity of PEBPn as sensors.
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Furthermore, the S/Pt atomic ratio of 1/3 for alinples, as estimated by XPS, suggests that
in the here considered experimental conditionspP-ynes samples exposed t@SHgas at
500mBar) the adsorption undergo saturation.
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G — Catalysis

Coordination and oxidation changes undergone by ino species in Fe-MCM-22 upon template
removal, activation and red—ox treatments: an in $il IR, EXAFS and XANES study (YSER)
Berlier, G., Pourny, M., Bordiga, S., Spoto, G.c&&na, A., Lamberti, C.

Journal of Catalysis, 2005, 229, 45-54

Extraframework iron cations embedded in zeolitas slaow different valence states (Fe2+, Fe3+
and even Fe4+) depending upon the reducing or iRglicharacter of the reagents present in the
catalyst environment. An example of catalytic atfivassociated with the interplay between
different oxidation states of Fe is given by theNd@x catalysis on an isomorphously substituted
Fe-MCM-22 sample. The paper reports its charagtoz by FTIR, XANES and EXAFS
spectroscopies. Template burning and subsequert@ah in vacuo causes the migration of a
fraction of framework F& species to extraframework positions, accompanjethé® reduction of a
fraction of F&" to FE€*. This conclusion is achieved by analysis of theAE% and XANES data
collected at GILDA on the templated Fe-substitut@M-22 sample, after template burning and
after NO treatment.
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Figure 1

(a) Experimental )(k) of the Fe-MCM-22 sample in the presence of teep(full line), after removing template and
subsequent activation at 773 K (dashed line), éted subsequent interaction with 15 Torr of NO &t ([@otted line);
(b) Correspondingkweighted, phase uncorrected FT.
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Figure 2
XANES spectra of sample Fe-MCM-22 with templatdi(stine), after removal of template and subsequetitvation
at 773 K (dashed line) and subsequent adsorptid® &fO at RT (dotted line). The inset shows the mifagation of
the pre-edge peaks. The scattered curve in ther yapeof the inset is the difference between frectum of the
activated sample and that of the sample with tetapla

A fraction of extraframework Eé& sites is able to adsorb NO, forming?f{®lO), complexes
(n=1,2,3), which indicates a high coordinative dasaion of such sites. The X-ray absorption
spectroscopies demonstrate that this fractionweekier small, as both EXAFS and XANES spectra
are almost unperturbed by NO adsorption. The cpomding FTIR bands are highly broad and
asymmetric, not allowing to detect the presenceedf(NO) complexes. The broad character of the
nitrosyl bands suggests the presence of small @xatiisters, in agreement with XANES and
EXAFS evidences. The nature and distribution ofafximework Fe species are influenced by
water preadsorption, which causes the increasehef amount of the most coordinatively
unsaturated Fé sites, able to form BE§NO); complexes. The effect of red-ox treatments with O
and H is also investigated. Upon oxidation, adsorbedgeryis formed, which efficiently shields
the Fe centers and does not rapidly nor efficiergfct with NO. Upon reduction, the intensity of
nitrosyl complexes increases, indicating the reduocdf extraframework Fé (likely present on the
surface of small oxidic clusters) to¥e
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In situ, Cr K-ed?e XAS study on the Phillips catalgt: activation and ethylene
polymerization."SE?

Groppo, E., Prestipino, C., Cesano, F., BoninoBbrdiga, S., Lamberti, C., Thine, P.C.,
Niemantsverdriet, J.W., Zecchina, A.

Journal of Catalysis, 2005, 230, 98-108

In this paper, two ethylene polymerization routestlee Phillips Cr/Si@ catalyst are investigated
and compared by in situ EXAFS and XANES. The forpercess mimics the process adopted in
industrial plants, where ethylene is dosed direotlythe oxidized catalyst, while in the latter the
oxidized catalyst is first reduced by CO at 62304 this reduced catalysti, polymerization has
been investigated at room temperature and at 37l Kallow experiments in transmission mode, a
Cr loading of 4 wt% has been adopted. At this Ingdh fraction of clustered @; particles has
been observed and quantified. The high energyuBenland signal-to-noise ratio of the XANES
data allowed to determine the fraction of Cr site®Ived in the polymerization reaction. So, it was
possible to discriminate the presence of differ€nil) sites on the basis of the observation of
different XANES features in the samples reduce€yand by GH..
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Figure 1
High resolution XANES spectra of the catalyst aftesitu polymerization. The dashed line and thehddotted line
spectra refer to the CO reduced sample, subsegummttacted with ¢H, at RT and at 373 K, respectively. The
scattered square line refers to the Cr/SiO2 cdtdlysctly reduced in ¢, at 523 K for 1 h (ethylene-reduced catalyst).
As an example of unengaged Cr(lIl) species, thetspaaollected on the CO reduced catalyst (priottact with
ethylene) is also reported (full line). The insgarts a magnification of the pre-edge features.

In particular, figure 1 allows to notice a charastic shoulder at about 5996 eV that was

demonstrated to be diagnostic of isolated Cr(lgcsps, so allowing to discriminate Cr(ll) centers
involved in the ethylene plymerization. Prelimind&eflEXAFS experiments have been performed

125



0.2

Normalized px

[..© 5988 5992 5996

5980 6000 6020 6040
Photon energy (eV)

on a model catalyst prepared by impregnation ob€r flat Si(100) substrate covered by a thin
layer of amorphous silica. Experiments have beefopeed ex situ on the grafted catalyst (i.e.,

after impregnation and thermal activation) anchateénd of the polymerization stage demonstrating
that, as a counterpart of a similar behavior dupotymerization, this model system also shows
similar XANES features as the standard Cr/SiO2lgsita

Figure 2.
XANES spectra of CrOx /SiO2/Si(100) model catabfser thermal activation (full line) and after polgrization
(dotted line), collected ex situ in ReflEXAFS mode.

The RefIEXAFS XANES pattern demonstrates that algsbe model catalyst after polymerization
the shoulder at 5996 eV, typical of isolated Cr§lecies, is absent (dotted line). The presence of
the diagnostic shoulder at 5996 eV allowed to deitee that fractions of about 25 and 55% of the
original Cr(ll) sites are involved when ethylendypoerization is performed on the model catalyst
at room temperature and at 373 K, respectively.
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H. Miscellanea

Negative thermal expansion in CuCl: An extended Xay absorption fine structure
Study_(STAFF&USER)

Vaccari M., Grisenti R., Fornasini P., Rocca Fn&m A.

Phys. Rev. B 75 (2007) 184307

The recent discovery of compounds exhibiting negathermal expansion (NTE) over very
large temperature intervals has renewed the intéses deeper understanding of the mechanisms
of NTE. The macroscopic expansion of crystals tesfibm a competition between a positive
contribution due to bond stretching and a negato@ribution due to tension effects. The ability of
EXAFS of measuring the real expansion of inter-atodistances and the corresponding parallel
and perpendicular mean square relative displacem@®$SRDs) represents an effective tool for
directly monitoring the local behaviour of NTE madds.

It is well known since long time that many tetrataly bonded semiconductors with the
diamond or zinc-blende structure - such as Si,&#s, ZnTe, CuCl - undergo NTE at very low
temperatures, strength and temperature interval & increasing with ionicity. In view of the
relative simplicity of these structures and of the amount of information available on them, a
systematic exploration of diamond/zincblende cigstes particularly useful to search for
correlations between the NTE properties and thentifies measured by EXAFS, and to gain a
deeper insight into the local mechanisms of NTE.

Germanium, affected by very weak NTE, had alreasnithoroughly studied by EXAFS. CuCl
exhibits the strongest NTE among tetrahedral semdigctors: the thermal expansion coefficient is
minimum at about 30 Ko(nin ~ -8x10°K™), and is negative up to 100 K. The EXAFS structfre
theK edge of copper in CuCl has been studied as a mofitemperature, from 6 to 300 K.

The main results can be summarized as follows:

. While the distance between the average positiom®pper and chlorine, measured by Bragg
diffraction, undergoes negative expansion below KQQ@he expansion of the Cu-Cl bond
length is positive at all temperatures. The diffieee between EXAFS and Bragg diffraction
expansions is due to relative vibrations perpendrcio the Cu-Cl bond. By comparing with
the previous results for germanium, one can sekth®a positive expansion measured by
EXAFS is larger for the crystal affected by theosgger NTE.

. The relative thermal vibrations exhibit a markedpeadicular to parallel anisotropy, in
contrast with the isotropy of the absolute therfaators of single atoms measured by Bragg
diffraction. The relative anisotropy is reasonaldgnnected to the tension mechanism
responsible for NTE. Again, by comparing with tlesults for germanium, one can see that
the anisotropy is larger for the crystal affectgdstronger NTE.

. A connection can be established between perpemdicstan square relative displacements
(MSRD) and low-energy transverse acoustic modeschwaire known to be responsible for
NTE in zinc-blende structures.

. The Cu-Cl bond thermal expansion cannot be obtafreed the third cumulant. A similar
result was found for the nearest-neighbor distancespper and germanium.
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Figure 1
Thermal expansions of the nearest-neighbors distareasured by EXAFS and by Bragg diffraction ina@d in CuCl.
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Parallel and perpendicular mean square relatiygatiements of the nearest-neighbours atomic paasared by
EXAFS in Ge and in CuCl.
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| - Instrumentation and data treatment methods

A new procedure for the quantitative analysis of ebended x-ray absorption fine structure
data in total reflection geometry®

F. Benzi, I. Davoli, M. Rovezzi, and F. d’Acapito
Review of Scientific Instrumers, 103902 (2008).

Extended x-ray absorption fine structure (EXAFS)atal reflection mode (reflEXAFS) is an
experimental technique that provides local ordéarmation around a given atom with high surface
sensitivity. This is due to the extremely small extinction lén¢d few tens of A) of the evanescent
wave appearing when the probe beam shines the samptotal reflection conditionsThe
noticeable advantage of this technique is that \ag use the x-ray absorption spectroscopy (a bulk
probe) to investigate surface effects. In particutae technique permits the analysis of buried
interfaces. Applications of ref[EXAFS can be fouimdliterature on a variety of fields, namely,
chemical reactions at the solid staseyface treatment@nd structural studies of thin film#

variety of spectrometers dedicated to this metlsodvailable on the major synchrotron radiation
sources.
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Example of working flow of the program) fit of the reflectivity at fixes energly) fit of the
reflectivity at fixed angle. From these fits thegraeters describing the surface (the roughness S,
the angular errof@, the density N) are derived. Successively thergétexal EXAFS signals are

generated and the fit of the data at any angleamged out ¢ left and right). The example is relative
to a 2000 A gold film on Si and the nominal collentangle is shown aside. The structural fits are
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carried out with a model consisting in Single andltidle scattering paths up the fourth
coordination shell.

The theory of x-ray absorption spectroscopy is gmdg well understoo@nd it permits the
guantitative determination of local structure paetens both from the near edge region as well as
from the extended zone. On the other hand no &tfaigvard analysis procedure has been
developed for Ref[EXAFS data because spectra detletn total reflection mode (i.e., at an
incidence anglep smaller than the critical angle for total extermafflection @) are less
straightforward to analyze, since the sample réflég R as a function of the photon energy
depends in a complex way on both the deahd imaginary parts of the refractive index.

A novel general approach has been developed bgroup which allows the complete fit of
the experimental data. The proposed method consigitsee basic steps:

1. determination of sample specific parameters (najraysity and roughness) permitting to
reproduce the sample reflectivity both at fixedlarapnd energy (Fig 1a and 1b).

2. computation of EXAFS theoretical scattering paththvan ab initio code and subsequent
generation of modifiedefl-EXAFStheoretical scattering paths based on the reflégtof the
sample. Both single- and multiple- scattering patns be generated.

3. The newly calculated theoretical paths are latedudsr the fitting of the oscillating part of the
reflectivity (Fig. 1c).

With this method multi-shell fits can be carriedt @ermitting a detailed structural description of
the sample.

The method is implemented as a PYTHON cadd is based on the theoretical calculations
of the FEFF programlthough the procedure is quite general and coalddbally used as well in
conjunction with differenab initio codesand fitting programsAs a test case the application of this
method to ref[EXAFS data collected on a gold filhjncidence angles below and above the critical
value, is presented in Fig 1. The code is presdigtigg further developed in collaboration with the
SciSoft group of ESRF.
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