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Preface

During the last years the Forschungszentrum Rossendorf has built its own synchrotron
radiation beamline called ROBL (= ROssendorf BeamlLine) at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France. ROBL is one of ten CRG-beamlines (CRG =
collaborating research group). This implies that ROBL is fully financed by the FZR during
the investment phase as well as in the current operation phase. The inauguration of ROBL
took place on June 8, 1998. Since the fall of 1998 ROBL is running with scheduled
experiments.

ROBL has two experimental end-stations operating alternatively, using the same X-ray
optics. One station is the Radiochemistry Hutch (RCH) and the other the Materials
Research Hutch (MRH). A more detailed description of the equipment is given in the first
contribution of this report.

ROBL was built and is operated by the Project Group ESRF-Beamiine of the FZR. This
group consists of scientists, engineers and technicians of the Institute of lon Beam Physics
and Materials Research, the Institute of Radiochemistry and the Central Department
Experimental Facilities and Information Technology. The Department of Safety and
Radiation Protection of the VKTA (Verein fur Kernverfahrenstechnik und Analytik) gave a
strong support for the development of the safety instrumentation of the RCH.

The beamtime is used by 2/3 from the FZR and collaborating institutes. The other 1/3
available beamtime is scheduled by the ESRF for peer-reviewed experiments.

This is the first activity report of ROBL. It is intended to publish every two years such a
report. The report is organised in three main parts. The first part contains extended
contributions on results already obtained at ROBL. The second part gives an overview
about the scheduled experiments, a list of guests having visited ROBL for test experiments
and some other information. Finally, the third part collects the experimental reports of the
users received until end of August 1999.

M; Jth,

Dr. W. Matz
Head of the Project Group ESRF-Beamline
Spokesman of the ROBL-CRG
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Introduction

The ROssendorf Beambine (ROBL) is a collaborating research group (CRG) beamline at

the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The beamiine

was built and is operated by the Forschungszentrum Rossendorf. ROBL has been designed
for performing experiments on two different experimental stations: a Radiochemistry Hutch

(RCH) and a Materials Research Hutch (MRH), both operating alternatively. X-ray

absorption spectroscopy and X-ray diffraction and reflectometry are the main experimental

techniques used in RCH and MRH, respectively. Most of the beamtime is used by the FZR
for in-house research devoted to:

¢ Radioecological research as scientific background for risk assessment and development
of remediation strategies for areas contaminated by radionuclides. Determination of the
chemical speciation of radionuclides interacting with geological material, natural and
anthropogenic organics, and micro-organisms. Study of the influence of these
interactions on radionuclide migration and retardation in the environment.

o Structural identification and characterisation (including texture) of modifications of
surfaces and interfaces produced by ion beam techniques for applications as hard
covers, sensors or in semiconductor technology. Study of interfaces in thin films and
nanometer-muitilayers. Structural investigations of melts and amorphous solids.

The beamline is also available to outside users to perform experiments either in

collaboration with the FZR or by submitting a proposal to the ESRF: one third of the ROBL

beamtime will be allocated by the ESRF for peer-reviewed experiments.

This paper gives an overview about the beamline design and describes the standard

experimental equipment of both experimental stations [#].

Beamline optics

The beamline is located at the bending magnet port BM 20 of the ESRF. The overall layout
of ROBL is shown in the title page of the report. The beamline optics uses horizontally a fan
of 2.8 mrad of synchrotron radiation from the hard edge of the ESRF bending magnet (0.8 T
range, critical energy 19.6 keV) [1]. The layout of the optics is sketched in Fig. 1. The main
elements are a fixed-exit double crystal monochromator located between two mirrors. The
beamline is designed for an energy range from 5 to 35 keV. The lower energy limit is given
essentially by the mandatory Be-windows. The upper energy limit was chosen to allow X-ray
absorption spectroscopy (XAS) experiments on all chemical elements from Ti onward, since
at least one absorption edge is in the energy range 5 to 35 keV.

The two mirrors, with the same grazing angle of 2.5 mrad suppress the higher-order
harmonics in the monochromatic beam, reduce the heat load on the monochromator, and
provide a paraliel or vertically focussed beam at the experimental stations at a fixed height.
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Fig. 1: Scheme of the X-ray optics of ROBL. A mirror - double crystal monochromator ~
mirror arrangement selects a monochromatic beam for the two experimental end-stations

The X-ray mirrors including cooling and bending mechanisms were purchased completely.
The first mirror is made of a single Si crystal which is water cooled. The second mirror uses
a ZERODUR substrate without cooling. Both mirrors are equipped with pneumatic benders.
The first is bent with a radius of 20.8 km to collimate the incident radiation onto the first
monochromator crystal. The second with an adjustable bending radius down to 8 km
focuses the beam vertically to one of the two experimental end-stations. The mirror
substrates were coated with two parallel sitripes of silicon and platinum which are used
alternatively. The harmonic suppression is better than 8x1 0™ for all energies when using the
silicon stripes. For the piatinum stripes, it is of the same order of magnitude for energies
above 13.5 keV.

The calculated spectral flux for the two cases is shown in Fig. 2. The intensity decrease
below 10 keV, is due to the absorption of the beryllium windows.

The double crystal monochromator (DCM) provides a fixed-exit beam with a vertical offset
of 18 mm. It operates with either Si(111) or Si(311) crystal sets. The mechanical
construction aliows to reach 25 keV using Si(111) crystals and 35 keV using Si(311)
crystals. The design is mainly a commercial one. The axis of a high-precision rotation table
is fed into a vacuum vessel. A crystal cage mounted on this axis carries both crystals. The
first crystal is mounted with the rotation axis on the reflecting surface. The second crystal
can be moved relative to the first one, parallel and perpendicular to the beam direction. The
combined motion of both drives realises a fixed-exit beam. The first crystal is water cooled.
The second crystal will be equipped with a bender for sagittal focussing; in the beginning it
will be available only for Si(311).

For Quick-EXAFS, a pseudo channel-cut mode of the monochromator is possible by
keeping fixed the position of the second crystal relative to the first one. In this mode only
the Bragg angle of the DCM is changed during a scan; for energies above 14 keV the beam
height variation during a 500 eV wide scan is less than 0.6 mm.

A feedback system is installed, which compensates intensity modulation during XAS scans,
by fine tuning the orientation of the second crystal on the base of a signal coming from a
monitor in front of the sample.

The overall energy resolution of ROBL is shown in Fig. 3. This resolution allows to study the

near-edge structure at all absorption edges within the accessible energy range with a
resolution better than the core hole width.

In addition to the mirrors and the monochromator, in the optics are various slit units, filters,
and beam position monitors.



The motions of nearly all optical components are motorised, mostly with stepper motors,
controlled by an UNIX workstation based system. Many standard ESRF software
applications are used in the control programs, which utilise SPEC® code package [4].

The control system includes also interlock components for the vacuum, beam shutters and
the cooling of components exposed to the white beam.

The characteristics of the monochromatic beam are summarised in Table 1.
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Table 1: Characteristic data of monochromatic synchrotron beam

energy range 5-35keV

energy range with Si-mirrors 5-12 keV
energy resolution with Si(111) crystals 15-25x10"
energy resolution with Si(311) crystals 0.5—-1.0x10"
integrated flux for focussed beam (calc.) 6x10" ' ph./s @ 20keV, 200 mA
standard beam size 20 mm (w) x 3 mm (h)
focussed beam size <0.5mm x 0.5 mm




Radiochemistry end-station

The radiochemistry end-station is designed for studying radionuclides of environmental
importance such as Tc, U, Th, Np, Pu, Am. X-ray absorption spectroscopy is a powerful
technique to obtain information on the molecular and electronic structure of these
radionuclides in solids and liquids. It is an element specific method and provides information
about the oxidation state as well as the bond lengths and numbers of neighbouring atoms in
the first, second and even third coordination shell of the absorber. Such knowledge is
essential to understand complexation and speciation of radionuclides and also absorption
processes from solutions. Actinides are known to exist in many oxidation states which are
difficult to be determined by chemical or optical methods. In contrast XAS can distinguish
the oxidation state from the shift of the absorption edge, providing also information if
different states are present in one sample. Another advantage of XAS for radiochemical
investigations is the possibility to use solid or liquid samples as well as very dilute ones
(micro-mol region).

The ROBL-CRG obtained a license from the French authorities to perform XAFS
experiments with the isotopes listed in Table 2. Under this license the maximum allowed
activity at any given time present at ROBL is 185 MBq (5 mCi). These elements emit mostly
alpha and beta particles and only weak gamma radiation. Therefore, the heart of the
radiochemistry end-station is a glovebox without additional lead shielding (see Fig.4). To
ensure a safe handling of the radionuclides, the entire experimental station is built as a
radiochemistry laboratory according to iegal safety requirements.

Table 2: List of radioactive elements which can be investigated at ROBL and
the maximum amount of material to remain below the activity limit of 5 mCi

Isotope Half-Live Amount Isotope Half-Live Amount
(years) (¢)) (years) @
Np 237 2.1x10° 6.97 Pu 239 2.4x10° 0.08
Am 241 433 1.4x10~ Pu 242 3.75x10° 1.27
Am 243 7370 0.025 Ra 226 1600 0.005
Po 208 29 8x10° Tc 99 2.1x10° 29.1
Po 209 103 3.01x107 U nat 4.47x10° 1000
Pa 231 3.28x10" 0.106 Th nat 1.4x10" 1000
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Fig. 4: Principal layout of the glovebox. (g8) standard sample position for XAFS experiments; (b)
sample position for fluorescence radiation detection from dilute liquid samples. The ionisation
chambers (1K) are mounted on an optical bench and can also be used for non-radioactive samples
while the box is moved out of the beam. FD- fluorescence detector; LD — Lytle detector; GD - gamma
detector for measurement of sample activity, SC1,2 - sample changers.



The XAFS spectra can be measured both in transmission and fluorescence modes. For
transmission mode the sample is placed perpendicular to the photon beam between two
ionisation chambers (IK in Fig. 4). In fluorescence mode, the sample is inclined by 45° with
respect to the beam and the fluorescence radiation is detected with Ge solid state detectors
(FD in Fig. 4) positioned perpendicular to the beam. The radioactive samples are positioned
inside the glovebox equipped with 125 pm thick Kapton (polyimide) windows which are
transparent to hard X-rays. All detectors, e.g., gas ionisation chambers and fluorescence
detectors, are mounted on an optical bench outside the glovebox. This arrangement allows
a direct and easy access to the detectors and avoids bringing signal cables, gas and power
supply lines into the glovebox. In addition, even in the unlikely case of a contamination
inside the glove box, the detectors will not be affected.

Inside the glovebox it is possible to use sample holders at different positions. Two, marked
(a) and (b), are indicated in the schematic glovebox layout of Fig. 4. At position (a) a larger
space is available so it is possible to mount either an automatic sample holder which
provides room up to eight solid or liquid samples or a closed cycle He cryostat. The samples
in position (a) can be measured both in transmission and fluorescence modes. For
measurements on very dilute samples, a special single sample holder can be placed at
position (a). The rotating arm of this positioning system moves the sample to position (b),
between two Kapton windows and rotates it of 45° with respect to the beam: two Ge solid
state detectors record simultaneously the fluorescence signals.

Since the samples are safely contained in the glove box, it is possible to change some of
the sample conditions during the experiment. With the closed cycle He cryostat the sample
temperature can be varied between 10 K and 295 K. It is also possible to modify the
chemical conditions of liquid samples just before or during the XAFS measurements by
adding non-radioactive substances like acids, bases or complexing agents.

The glovebox is mounted on a support frame which allows to move the glovebox in the
horizontal direction out of the beam leaving the position of the optical bench and of the
detectors unchanged. So, non-radioactive samples can be easily measured outside the
glovebox by mounting them on the optical bench between the first and second ionisation
chambers. For energy calibration purpose a non-radioactive reference sample can be
placed between the second and third gas ionisation chamber. The reference sample is
inside a fluorescence X-ray ion chamber detector (Lytle detector) to have the possibility to
record the XAFS also in fluorescence mode.

When measurements take place downstream in the MRH, the box and the optical bench
are moved out of the beam horizontally and vertically, respectively, and the beam path in
the RCH is closed by a vacuum pipe to reduce the loss of beam intensity.

In order to guarantee a safe operation of the experiments with radioactive samples a
number of safety installations was made to monitor the actual status. Basically a multi-
barrier concept is realised here as usual for radiochemical work [5]. No preparation of
radioactive samples is possible at the ESRF. Ready for measurement samples will be
transported to the experimental end-station in certified transport containers.

To check the energy calibration of the Si(111) double crystal monochromator, the X-ray
absorption near-edge structure (XANES) spectra of several metal foils in the energy range
of 5 — 30 keV were measured in transmission mode. The absorption edges values found for
Ti, Cr, Co, Zn, Zr, Nb, and Sb foils were compared with the values given by [6]. The data
evaluation showed that the standard deviation of the Bragg angle was less than 0.002° in
the entire energy range indicating an excellent linearity of the monochromator mechanics.
Figure 5 displays single sweeps of K-edge XANES spectra of three representative
elements. The features of the Ti and Zr K-edges are well resolved, as expected from the
high resolution of the beamline, that is lower than the material core-hole lifetime.
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Fig. 5: K-edge XANES spectra of metallic Ti, Zr, and Sb. The energy scale was calibrated using the
edge energies given in [6]. The natural line widths of the Ti, Zr, and Sb K shells are 0.94, 3.84, and
9.16 eV, respectively [7].

Materials research end-station

The materials research end-station is mainiy devoted to structural studies of solids and
melts by diffraction and reflectometry. The field of interest for the in-house research are
crystalline phases and structural changes in thin near-surface regions of solids. Mainly
samples produced or modified by ion beam techniques will be investigated. But, the
diffractometer is versatile enough to allow for a wider range of applications than thin film
studies. First single crystal diffraction studies have been performed [8]. A special design
was made for the diffraction on melts with free surfaces.

The goniometer (Fig. 6) in the MRH is a six-circle built from standard components. The
arrangement of two parallel circles each with horizontal and vertical axes, respectively,
allows experiments in both scattering planes. The sample position can be equipped with an
x-y-z-slide or, alternatively, with special sample environment chambers which are mounted
directly on the ¢-circle. The layout is made for a load up to 15 kg at the sample position and
the yx-circle has an inner diameter of 400 mm so that even huge and heavy chambers (e.g.
a high temperature chamber) can be used without difficulties. All axes are equipped with
stepper motors and gear boxes which aliow a minimum angular step of 0.0001°. The z-
translation of the x-y-z-slide has a step width of 1 um while the two other translations have
10 um. Additionally, sample holders for single crystal samples and capillary sample
containers are available. A high temperature chamber up to 1600°C is available.

The goniometer is fully computer controlled by a workstation and the programs are based
on the SPEC® code [4].

Different detection systems can be mounted at the detector arm. As standard, a high load,
high linearity scintillation detector is used. In front of the detector, interchangeable fixed
single or soller slits can be mounted. Other detection systems are a two-dimensional CCD-
camera or an energy-dispersive pin-photodiode. Optionally, a secondary monochromator
unit (crystal analyser) may be mounted in front of the detector.

The resolution of a diffraction experiment depends not only on the energy resolution of the
monochromator but also on the beam divergence. The experimentally achievable resolution
was measured using silicon single crystals and powders. At present, radiation with the
natural horizontal divergence of the synchrotron radiation beam from the source is used
since the sagittal focussing option at the monochromator is not yet installed. The vertical
divergence is reduced by the first collimating mirror.

Using the Si(111) monochromator and the Si mirrors, at 12 keV and a vertically parallel
beam, the FWHM of a Si(004) single crystal reflection was measured to be AS = 0.003° (10
arcsec). This cormresponds approximately to a resolution Ad/d = 1.3x10™. Vertical focussing
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Fig. 6: Scheme of the goniometer (a) in the materials research end-station and of the deflector unit
(b) for the study of melts with free surfaces. The small goniometer head with the deflecting multilayer
mirror (b) can be positioned at different distances to the sampie by a translation slide (c).

with the second mirror raises the FWHM up to 0.0051° but increases the incident radiation
intensity significantly. It follows from these results, that ROBL s optics allows optimising the
intensity by vertical focussing without significant loss in resolution for polycrystal diffraction
experiments.

For powder diffraction, the instrumental contribution to the intrinsic FWHM of Bragg peak
was estimated. The angular resolution in the case of Si(111) sample is entirely determined
by the convolution of the incident and receiving slit apertures. The profil fitting of the
measured Si(111) peak from a powder sample with a pseudo Voigt function (Fesv = *F,.
+(1-n)*Fg) gives a FWMH of 0.0528° which agrees with the value of 925 prad = 0.0530°
estimated from the apertures. The very small n-parameter (n=0.0485) indicates that the
instrumentally determined Gaussian part dominates over the sample broading effects
expressed by the Lorentzian term.

To get the full possible resolution for powder diffraction (0.01°-0.03°) it is possible to use a
narrower receiving slit or a perfect crystal analyzer.

Typical Si-powder resolution curves Ad/d for different energies are given in Fig. 7. These
data show that the materials research end-station is also suitable for high resolution X-ray
powder diffraction and for the study of line broadening effects [9].

The study of melts (or more general liquids) with free surfaces by diffraction requires an
incident beam inclined to the horizontal, to hit the horizontal surface of the melt. The
additional demand to tune the energy in order to make use of anomalous scattering led to
the installation of a deflection unit (b) as displayed in Fig. 6. A suitable multilayer mirror of
40x100 mm?® is mounted on a circle with a horizontal rotation axis perpendicular to the
incident beam and deflects the beam downwards. The reflecting efficiency of the deflecting
multilayer mirror is 50% at 8 keV. In order to make the deflected beam to hit the sample the
goniometer has a motorised height adjustment. The sample position can be set 250 mm
below the primary beam from the monochromator. When changing the energy of the
incident beam, the deflection angle of the mirror and the height of the sample have to be
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changed. To avoid height adjustment of the huge diffractometer where the sample is
mounted, the multilayer-mirror deflection unit is mounted on an additional translation stage
(c). So leaving fixed the sample height the adjustment is performed by translation and
rotation of the deflecting mirror alone, for an energy range of 5 keV when working at 10 keV
and of 11 keV when working at 25 keV.

6 T T
Si powd . . . .
—vliozoirev hd Fig. 7: Experimental resolution Ad/d obtained on
L A— 14 keV ) silicon powder inside a glass capillary (diameter
S -@— 8keV 0.4 mm; wall thickness 0.01mm). For comparison
o 4r ] the value from a single crystal sample is
e® indicated. The Si(111) monochromator crystals
B ® are used.
3
5 'v—v/
5 2F '
© /A
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single crystal
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lattice spacing d (nm)
Conclusion

The ROBL beamline with both end-stations became fully operational in fall 1998. First
experiments show a reliable performance of the entire beamline and its components. This
CRG beamline adds new experimental possibilities to the ESRF.

The advantages of the ROBL radiochemistry station when compared to the other
synchrotron radiation beamlines are manyfold: (i) the maximum allowed amount of
radioactive material is 5 mCi which is higher than at most other synchrotron light sources,
(ii) it is the only dedicated end-station for XAFS experiments of actinides in Europe. In
addition, as to our knowledge, ROBL is the only XAFS station in the world where it is
possible to manipulate the chemical and physical properties of the sample in a glove box on
site and during the experiment at a third-generation high-energy synchrotron radiation
source. Dedicated beamlines for the study of radioactive materials have become
operational in Japan at the Photon Factory (PF) and Spring-8, but working in lower energy
region [10,11]. At SSRL (USA) the maximum allowed quantity of >’Np in the experimental
X-ray hutch at one time must be less than 50 yCi. The total amount of Np material that can
be shipped to and be at SSRL must be less than 500 mg (325.5 uCi) [12].

The materials research hutch (ROBL-MRH) offers horizontal and vertical scattering planes
as well as off-plane diffraction possibilities. The dedicated ESRF powder diffraction
beamiine (BM16) or the powder diffraction set-up of Swiss-Norwegian-Beamline (BM1) are
equipped with goniometers which are restricted to one scattering plane [13-15]. For powder
or polycrystalline samples we provide the same diffraction resolution and nearly the same
wavelength range as the mentioned beamiines. Concerning the study of liquids with free
surfaces the ROBL-MRH setup is complementary to the BM32 one, but the latter uses a
silicon crystal in Laue geometry as beam deflector [16]. The arrangement at ROBL-MRH
reduces the necessary movements of the goniometer and makes the arrangement of
samples in chambers with small radiation windows easier.
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Silicon implanted with carbon ions: SiC crystallite formation
and strain in Si

F. Eichhomn, N. Schell, W. Matz, R. Kégler
Forschungszentrum Rossendorf, Institute of lon Beam Physics and Materials Research

Carbon is a common impurity in CZ-silicon crystals. C in Si can deteriorate important
device characteristics as leakage current and minority carrier lifetime, if the C concentration
exceeds a threshold of about 1x10" C/cm® [1]. On the other hand an additional C ion
implantation into Si reduces the transient enhanced diffusion of B dopants [2] and can improve
device characteristics because of the suppression of the formation of extended defects after
implantation [3]. Moreover, high energy C implantation is applied for the formation of gettering
layers with high trapping efficiency against unwanted metal impurities [4]. Furthermore, SiC is
well known as a wide-band gap semiconductor with high thermal and chemical stability for
realizing integrated circuits for high frequency, high power and high temperature applications [5].
C implantation with stoichiometric doses at elevated temperatures (400 - 900°C) [6] or an
implantation followed by annealing [5], [7] is used to synthesize buried SiC layers in Si.

The aim of this paper is to investigate the process of the formation of SiC precipitates in
the Si matrix during C impiantation. It is known from previous investigations that SiC formation
is not a single step process[8], [9], [10]. Depending on the conditions of mixing C into Si the
carbon is localized in different atomic surroundings. By implantation of C into Si the
damaged and implanted region is in a non-equilibrium state and most of the C atoms
occupy interstitial positions. In thermodynamic equilibrium the solubility for C in Siis only
10 to 10™ at.% at 1200 to 1400°C [11] and the excess C is dissolved substitutionally or the
new phase SiC is formed. The volume concentration of C and with it the strain of the Si
substrate lattice varies in depth; resulting in different local conditions for nucleation and
growth of Si-C complexes and SiC particles. The present study is focused on the strain in
the crystalline material (Si substrate and SiC particles) due to implantation and on the first
stages of forming the SiC phase in the Si lattice by using X-ray diffraction with synchrotron
radiation. The new material research goniometer of the ROBL beamline at the ESRF [12]
enables to follow the early stage of phase formation.

The samples were prepared by implantation of C ions with an energy of 195 keV lnto
Si (001) wafers under perpendicuiar incidence, at doses varying from 5x10" ions/cm® to
4x10" ions/cm? and temperatures between room temperature and 800°C. A survey of the
samples is given in Table 1.

Tab. 1: Sample characterization: Concentration of C, implantation temperature and ion fluence

Maximum C Percentage of Implantation lon fluence
concentration stoichiometric temperature

(10> atoms/cm®) | concentration for SIC_ | (°C) (10" ions/cm?)
0.27 0.6 room temp. 0.5

0.27 0.6 500 0.5

0.27 0.6 800 0.5

2.7 6 500 5

22 45 500 40

22 45 800 40

X-ray diffraction using synchrotron radiation was carried out on the ROBL beamline
at the ESRF Grenoble [12]. In ROBL the X-ray beam is conditioned by adaptively bent Si
mirrors and a Si(111) - Si(111) double crystal monochromator. The choosen wavelength
was A = 0.10008 nm.
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During the implantation process in the near-surface layer the ions generate only
weak distortions (damage profile). Later the ions are stopped in a deeper region (ion
distribution profile), resuiting in a higher content of impurity atoms (implants) with their
deformation field. The damage and ion distribution profiles calculated with TRIM and a
schematic representation of the regions are shown in Fig. 1. In dependence on the process
temperature, the local implant concentration and the strain vaiues determine the formation
of a solid solution of C in Si, a substitutional alloy, or crystallites of SiC.
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Fig. 1: Depth distribution of damage energy and C atoms after implantation of 4x10" cm™ C ions with
an energy of 195 keV into Si(100) as calculated by the TRIM code (version 96.01). The regions of
different strain for the simulation model are indicated.

The formation of SiC crystallites is indicated by the reflections (111), (200), (220},
and (311) of the 3C-SiC phase. Other SiC polytypes were not detected in the X-ray
diffraction diagram. The reflections (111), (220), (311), and (400) of the Si substrate were
used to characterize the damage and strain of the Si lattice in dependence on the implanted
ion dose and the thermal treatment. Both, the damage and the ion distribution profile
influence the X-ray diffraction peaks from silicon due to the strain induced by them in the
formerly perfect Si lattice.

Fig. 2 shows the diffraction patterns in the vicinity of the most intense 3C-SiC(111)
reflection which is representative to detect the SiC formation. No signal caused by SiC
crystallites smaller than 3 nm was detected after implantation with the lowest dose of 5x1 o®
ions/cm?. With increasing implantation dose (5x10™ ions/cm? to 4x10'" ions/cm?) and
temperature (500 °C to 800 °C) carbon related diffraction intensities occur starting with a
broad distribution at the low-angie side and growing up to a crystalline peak at the expected
line position.

The high resolution diffraction curves of the Si(400) reflection are given in Fig. 3.
They reveal a lattice strain component perpendicular to the sample surface. The occurence
of fringes beside the interference maximum is characteristic for a layered structure. The
diffraction line is a superpositon of intensity modulations caused by the weakly distorted
surface layer as well as by the implanted layer. The later varies in density and strain as
graded transitions from the surface layer to the matrix. To get quantitative results for strain
and layer thickness the measured intensity versus scattering angle is simulated by the
HRXRD-code [13] with a model on the base of the damage and ion distribution profiles. The
near-surface region (a) of the Si wafer is only weakly distorted by the ion damage. In the
deeper region (b) near the maximum of the damage and the implant concentration the Si
lattice is destroyed in a higher degree resuiting in an X-ray peak shift. In the depth the bulk
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material (c) diffracts X-rays as a perfect crystal. The superpositon of the waves diffracted by
the bulk material (c) and by the weakly distorted near-surface region (a) causes X-ray
interference fringes, so far as the phase shift is only small. If these fringes are visible the
lattice strain in the near-surface region can be assumed to be zero for modelling.
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Fig. 2: Diffraction curves (0:20 scans) in the vicinity of the most intense 3C-SiC(111) reflection
indicating the formation of Si-C prestages and crystalline SiC particles. .
Curves correspond to different implantation conditions:

m 5x10" ions/cm? at room temperature, ® 5x10% jons/om? at 500°C
+ 5x10" jons/cm? at 800°C, ¥ 5x10" jons/cm? at 500°C,
# 4x10" ions/cm? at 500°C, + 4x10" ions/cm? at 800°C.

The line marks the position of the SiC(111) diffraction line according to the JCPDS-PDF data. For
clearness the curves are shifted vertically in two groups.
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Fig. 3: Diffraction curves (0:26 scans) of the Si(400) reflection revealing the lattice strain component
pergendicular to the sample surface. Characteristic features and their cause are marked (Symbols as
in Fig. 2. For clearness the curves are shifted vertically by multiplying neighbouring curves by 10.

At the towest fluence of 5x10™ C ions/cm’ the silicon lattice is expanded due to

implantation. Above the non-implanted substrate region a strained layer with a thickness in
the range of 100 ... 200 nm and a strain on the order of 1x10™ due to the interstitials of C
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and/or Si exists as it is indicated by the extended intensity left from the substrate peak
(marked by the vertical line in Fig. 3). This strained layer is located below a non-strained Si
layer with a thickness of 500 nm which causes the thickness fringes. This layer thickness
increases up to 560 nm with increasing implantation temperature. Again all the samples
implanted with 5x10' ions/cm? show very similar curves. At the high-angle tail of the Si(400)
reflection a small peak is detected which indicates the existence of a Si lattice region with
reduced spacing ((Ad/d)s; = -0.001). At the higher implantation dose of 5x10' C ions/cm?®
the fringe distance increases which means that the thickness of the undisturbed layer is
reduced to 120 nm. Its transition to the implant layer is more smooth. At the doses 5x10
ions/cm? and 4x10" ions/cm? some additional peaks appear in the vicinity of the main peak.
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Fig. 4: Reciprocal space maps near the SiC(002) reflection for Si wafers implanted with 4x10" cm™
C” with an energy of 195 keV at 500 °C (on the left) or 800 °C (on the right), respectively. The

isointensity lines are choosen in a logarithmic scale, the bulk ones corresponds to 512 counts and
2048 counts per 3 sec.

In addition, the orientation relation between the lattice of the SiC particles and the Si matrix
is determined by the measurement of reciprocal space maps (RSM) of symmetric SiC(002)
- Si(004) and asymmetric SiC(113) — Si (113) reflection pairs. The alignment of the cubic
axes of the SiC crystallites to the Si matrix is confirmed. Fig. 4 shows the RSM near the
SiC(002). The centre of the Si(004) reflection lies at q=0 and q;=46.3 nm™. For
implantation at the lower temperature of 500 °C the cubic axes of the SiC crystallites are
orientated with a nearly isotropic spread (FWHM = 4.5°) parallel to Si [001] direction.

More of SiC grows during carbon implantation at 800°C and a more complex distribution is
found (right hand side of Fig. 4): The majority of crystallites is highly aligned with a spread
of 2.5° isotropically distributed around [001] as shown by the symmetric top of the SiC peak,
whereas the minority is anisotropically distributed around this axis with preferences into the
<111> directions (streaks at the bottom of the SiC peak).

The experimental observations can be explained with the following processes:

1. The observed Si lattice expansion at the fluence of 5x10™ C ions/cm? is caused
mainly by carbon interstitials and Si self-interstitials. No SiC precipitates, which X-rays
detect as crystalline, were found (see Fig. 2, 3).

2. The Si lattice region with reduced spacing ((Ad/d)s; = -0.001) may be caused by
substitutional C with an average concentration of 1.5x10%° atoms/cm® according to Vegard’s
rule. The corresponding peak is detected up to the dose of 5x10'® C ions/cm® at 500°C.
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3. Very small SiC particles (pre-stages 1 and 2) with enhanced lattice spacings
((Ad/d)sic = 0.07 and (Ad/d)sic = 0.02 in comparison to the value of 3C-SiC) are found at
5x10' and 4x10"" C ions/cm® and 500°C. They give the increased X-ray intensity detected
at the low angie tail of the SiC(111) diffraction line (Fig. 2). By IR absorption studies [9] Si-C
pre-stages are identified. The wavenumber of the stretching mode of Si-C bonds starts to
increase before the final SiC crystallization, this is correlated with an increased atomic
distance found here.

These particles cause also a small strain of (Ad/d)s; = -0.0004 in the Si lattice. This is
concluded from the additional intensity which arises near the central substrate peak of
Si(400) at its high-angle slope (Fig. 3} in the same samples.

4. Finally, crystalline 3C-SiC particles are found for a fluence of 4x10" C ions/cm? at
800°C. They are aligned to the Si host lattice in such a way that the cubic crystallographic
axes of matrix and particles coincide within an accuracy of 2.5° as it was revealed by RSM
studies. The 3C-SiC crystallites are surrounded by an expanded Si lattice (the peak position
in Fig. 3 gives (Ad/d)s; = 0.0002). The latter may be the consequence of the thermal stress
by cooling down the sample from the process to room temperature due to the different
coefficients of thermal expansion for Si (3.59x10° /K) and SiC (4.2 to 4.68x10° /K),
respectively [14]. The SiC lattice itself is strained only negligible (see Fig. 3) if the phase
formation occurs during the high-temperature implantation process. This is in contrast to
strained SiC particles ((Ad/d)sic = 0.01) which have been reported [15] to form after thermal
treatment following room temperature implantation.

Further complex X-ray studies including reciprocal space mapping and texture
analysis will enlighten the mechanisms of the formation of SiC precipitates and their state in

the Si host lattice.
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Fold of a buried relief in epitaxially grown Nb layers
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Geschwister-Scholl-Platz 1, D — 80539 Minchen
2 Forschungszentrum Rossendorf, PF 510119, D — 01314 Dresden

Some metals, like niobium, can dissolve large amounts of hydrogen up to concentrations of
one H atom per Nb atom. The hydrogen atoms are located in the niobium host lattice on
tetrahedral interstitial sites and expand the lattice. The resulting long-range displacement
field in the metallic host lattice causes an indirect elastic interaction between the hydrogen
atoms. In a non-ideal finite crystal, surface effects play an important role. In thin layers, like
the studied system of niobium on sapphire, the elastic displacements are not only influenced
by the air film interface but also by the strain between film and substrate.

it is well known that for low hydrogen concentrations, thin epitaxially grown niobium films only
expand perpendicular to the film plane (out-of-plane direction) [1]. During measurements in
1996 at HASYLAB we found by comparing different in-plane Bragg reflections in grazing

incidence diffraction geometry (GID) that at higher concentrations the niobium lattice also
expands laterally.

To measure various in-plane reflections — additionally, out-of-plane conventional Bragg
diffraction and specular refiectivity data were taken — the sample had to be removed from its
loading chamber and to be reinserted with a different orientation. That meant to unload the
sample and thereby to change the system’s morphology, rendering the subsequent data
ambiguous. Therefore, it is absolutely necessary to keep the sample in a constant
environment and to allow all three measuring modes (Bragg, GID, reflectivity) at the same
time. To achieve those demanding conditions, a UHV chamber specially adapted for the
ROBL six-circle-diffractometer was constructed (fig. 1). It allows in situ hydrogen loading
without restricting the necessary diffractometer’s degrees of freedom.

CF - connection o

pumping set
f corrugated hose

\ beryllium hemisphere

— e NS G v e —

Fig. 1: In situ UHV hydrogen loading chamber IGEL* for the ROBL diffractometer.

The aim of the experiments at ROBL was to observe the cross-over from one dimensional to
three dimensional lattice expansion by measuring the lattice parameters under in situ
conditions and to determine the degree of anisotropy of the lattice expansion in dependance
of the hydrogen content unambiguously.
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Sample System and Experimental Method

Two samples of different Nb film thickness (220 A and 790 A) were examined. Both were
epitaxially grown on [1120] oriented sapphire substrates (Al,Oz) with surface areas of 10x10
mmZ. The niobium layers were [110] oriented. Palladium cap layers of appr. 100 A and 200
A, resp., were protecting the niobium films against oxidation and facilitating hydrogen uptake
by catalytic dissociation of the Hx-molecules. The samples were grown by MBE (molecular
beam epitaxy) at the Lehrstuhl H. Zabel at the Ruhruniversitat Bochum.

The niobium films were loaded with hydrogen under in situ conditions at temperatures
between 200 °C and 300 °C and at hydrogen pressures ranging from 0.1 mbar to 50 mbar. A
delicate manipulation with leak and throttle valves, separating the stainless steel chamber
(diameter appr. 60 mm and height 40 mm, capped with a 0.5 mm thick Be hemisphere) from
the high pressure hydrogen storage container, allowed the precise control of the various
experimental pressure conditions (shown below) and at the same time fulfilled stringent
safety requirements.

The lattice parameter in the [110] growth direction is measured by conventional out-of-plane
Bragg diffraction. The Laue fringes in (110) radial scans (due to the limited number of atomic
planes in the thin films) provide information about the crystaliine quality of the film
perpendicular to the surface (fig. 2). Total specular reflectivity measurements (©/20-scans
under small vertical angles) reveal the thicknesses of the palladium and the niobium layers
under different hydrogen loading as well as the surface and interface roughnesses (fig. 3).

T T T T T T

sapphire niobium —s—- unloaded
unioaded

—u— unloaded
—o— 50.0 mbar 3

norm. reflectivity

20 (deg) 26 (deg)

Fig. 2: Radial (110) Bragg scans for 790 A Nb. Fig. 3: Specular reflectivity for 790 A Nb.
The H induced shift — hydrogen does not The frequency shifts in the Kiessig
dissolve into the sapphire substrate, its Bragg oscillations (the high frequency is due to
reflex thus serves as an angle reference - the Nb layer, the low frequency due to the
corresponds 1o a relative verical lattice Pd layer) show the changes in vertical
expansion of 4 %. In the loaded sample the overall  thickness. The diminished
Laue fringes are no longer recognizable, amplitudes of the Kiessig oscillations reveal
revealing a diminished crystal quality. increased roughness.

Additional information about the changes in crystalline quality of the niobium films as well as
the palladium cap layers under different hydrogen pressures can be monitored by comparing
the changes in amplitudes of the Laue fringes in the Bragg scans and the Kiessig oscillations
in the specular reflectivity curves (compare again figs. 2 and 3). The lateral in-plane lattice
Parameters and their hydrogen induced changes in the directions [110], [112] and [002] are
accessible by diffraction under grazing incidence and exit angles (fig. 4).
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Fig. 4: Radial scans for two Bragg reflexes in GID geometry
for 790 A Nb. The lattice expansions in the two orthogonal
directions [110] and [002] are 2.4 % and 2.8 %, respectively.

Anisotropic Lattice Expansion

Fig. 5 shows the relative lattice expansions in the aforementioned three orthogonal directions
for the sample with 790 A Nb thickness proving the necessity to measure under identical in
situ conditions. (All three Bragg reflections were measured under the same experimental
conditions before choosing a new equilibrium pressure and temperature.)
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Fig. 5: Relative lattice expansions in three orthogonal directions for

the sample with 790 A Nb layer thickness (compare text).

The relative volume change AV/V can be calculated by the laitice expansion by
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One can recognize in fig. 5 that after the first unloading’ the Nb lattice remains contracted in
its out-of-plane, i.e. growth, direction, whereas it is still expanded in the lateral [110] direction.
By conservation of volume the unit cell reacts elastically: a lateral residual strain in [110]
direction leads to a Poisson contraction in the perpendicular out-of-plane direction [110].
After the third loading cycle the Nb unit cell remains expanded in all three orthogonal
directions due to residual hydrogen. (At 200 °C a certain amount of hydrogen remains in the
sample even under evacuating; it cannot be removed totally in reasonable times.)

While X-ray diffraction shows that at a certain hydrogen concentration the niobium unit cells

expand laterally, light-microscope measurements show that the Nb layer as a whole is not

laterally expanding. Thus, the volume changes of the film as a whole can also be calculated

by the one dimensional film thickness expansion At determined by specular X-ray reflectivity
AVIV = Atft

Fig. 6 demonstrates the equivalence of both calculations.
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Fig. 6: Equivalence of the relative volume change calculated
by the three dimensional unit cell expansion AV/V and the one
dimensional film thickness increase At/t for 790 A Nb.

Model explanation

The lateral unit cell expansion finally leads to a gliding of parts of the niobium lattice in the
direction of the surface. Thus, a disproportionally larger change of the film thickness results.
Specular reflectivity shows that the roughness of the protecting palladium surface increases.
An analysis of the Pd Bragg reflections proves that no hydrogen is incorporated into the
paliadium. However, the FWHM widths of the Pd reflections increase by more than a factor
of ten. Additionally, one finds an irreversible increase of the Pd layer thickness of up to 5 A.

These observations can be explained by a fold of a relief* at the niobium surface in
connection with the abovementioned glide process. The ,fold-process" with its lattice
imperfections, like grain boundaries and misfit dislocations, is responsible for the observed
changes of the niobium layers and consequently leads to a passive destruction of the

' The Nb layer is unloaded by evacuating the external hydrogen atmosphere. At the experimental
temperatures of 250 °C — 300 °C the hydrogen then completely diffuses out of the sample.
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palladium layers. The details of this unexpected gliding process are under further
investigation by our group.

We would like to mention again that the combination of a high brilliance source of an ESRF
bending magnet together with a high-load versatile six-circle-diffractometer — realized at
ROBL - in connection with the specially adopted in situ loading chamber were mandatory for
this kind of experiment, i.e. the simultaneous measurement of Bragg reflections in three
orthogonal directions and specular reflectivity under identical experimental conditions for the
low scattering system niobium on sapphire.

[1] Miceli, P.F., Zabel, H., Dura, J.A., and Flynn, C.P. (1991). Anomalous lattice expansion of
metal-hydrogen thin films. Journal of Materials Research, 6, (5), 964-968.
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Determination of radionuclide speciation in aqueous solutions
by EXAFS spectroscopy

T. Reich, L. Baraniak, G. Bernhard, H. Funke, G. Geipel, C. Hennig, A. RofRberg
Forschungszentrum Rossendorf e.V., institute of Radiochemistry, Dresden, Germany

Introduction

A significant part of environmental research on radionuclides is devoted to the
determination of fundamental parameters that allow to understand and to predict the
migration behavior of radionuclides in the bio- and geosphere. Almost every radionuclide
interaction in the environment involves aqueous systems, e.g., complex formation with
dissolved organic substances, colloid formation, sorption onto mineral surfaces, interaction
with microorganisms, dissolution and precipitation, and redox reactions [1].

Extended X-ray absorption fine structure (EXAFS) spectroscopy is a powerful tool for the
determination of molecular-level information on the speciation of radionuclides in aqueous
solutions. The speciation not only describes the type of the radionuclide and its
concentration but also its oxidation state and coordination sphere. The structural
parameters of the radionuclide surrounding, i.e., bond distances, coordination numbers, and
type of neighboring atoms, can be determined by EXAFS spectroscopy. The X-ray
absorption near-edge structure (XANES) contains information on the electronic structure
and the molecular symmetry of the radionuclide.

Although EXAFS and XANES spectroscopies have demonstrated their potentials in
many areas of research since the mid seventies, they were rarely used in radionuclide
studies until the mid nineties. Only then it became possible at a few synchrotron light
sources in the world to implement protocols and procedures allowing to handle
radionuclides safely at large multi-user facilities. However, these protocols impose
restrictions on the activity and type of radionuclides that can be studied and do not, usually,
allow for any sample manipulation.

The Rossendorf Beamline (ROBL) is unique in that sense that it operates the first
experimental station dedicated to X-ray absorption spectroscopy on radionuclides at a
synchrotron light source in Europe. At ROBL it is possible to study solid and liquid
radionuclide samples of the following actinides Th-nat, Pa-231, U-nat, Np-237, Pu-239,
Pu-242, Am-241, Am-243 as well as Ra-226, Po-208, and Tc-99 [2]. The maximal total
activity authorized to be at ROBL at any given time is 185 MBq (5 mCi). In addition to all the
advantages offered by a third-generation synchrotron light source as the ESRF, the
uniqueness of ROBL is also due to the possibility of sample manipulation in a specially
designed glove box before or during the measurement.

The first X-ray absorption spectra of uranium sample were collected at ROBL in August
1998 followed by the first X-ray absorption fine structure (XAFS) measurements on
neptunium and technetium samples in November 1998. Since the beamline was still in
commissioning at that time, some of the experiments were designed to test ROBL’s
technical capabilities for XAFS measurements. Due to the importance of radionuclide
speciation in aqueous systems mentioned above, this report will highlight some resuits
obtained on solutions of Np, Tc, and U using XAFS spectroscopy and illustrate the type of
information that can be obtained at ROBL.

Experimental

This section describes briefly sample preparation, data collection and data analysis.
More details are given in the corresponding Experimental Reports at the end of this report.
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For EXAFS measurements on liquid samples, 4 ml of the solution was filled in a
polyethylene cuvette, which was sealed and put in a polyethylene bag. Multiple scans of the
EXAFS were coliected at room temperature using the Si(111) double-crystal monchromator
[2, this report, p.5]. The energy scale was calibrated using the first inflection point of the
absorption spectra of various metal foils. The data were analyzed according to standard
procedures [3] using the software EXAFSPAK [4]. Theoretical scattering phases and
amplitudes were calculated using the scattering code FEFF6 [5].

Neptunium samples

A series of aqueous solutions containing 50 mM Np in three different oxidation states
was prepared by dissolving solid NpO(NO3) in 0.1 M HNO;. The isotope used was Np-237.
Solution Np1 consisted of 50 mM Np(lV) in 0.1 M HNO; and 2 M H,SO,. The sulfuric acid
was added to stabilize the Np(IV) oxidation state in the solution. The composition of
solutions Np2 and Np3 was 50 mM Np(V) and Np(VI), respectively, in 0.1 M HNOs. The
different oxidation states of Np were obtained by electrochemical oxidation/reduction in a
conventional H-formed electrolysis cell with a diaphragm between anode and cathode.

Technetium samples

Technetium Tc-99m is an important imaging agent in tumor diagnostic. EXAFS structural
analysis of novel Tc complexes, which are synthesized by the Institute of Bioinorganic and
Radiopharmaceutical Chemistry of the FZR, is the topic of intensive collaboration with the
Institute of Radiochemistry [6, 7]. For Tc complexes, which do not form single crystals or do
only exist in solutions, EXAFS spectroscopy is the only method that allows to obtain
structural parameters of the near-neighbor surrounding of Tc. In order to evaluate the
possibilities of ROBL’s radiochemistry station for future EXAFS studies on Tc samples, two
solutions were prepared for a first experiment with Tc-99 at ROBL. The amount of Tc in the
concentrated sample with 127 mM NaTcOy(aq) yielded an edge jump of ~1 across the Tc
K-edge at 21 keV. The second sample was 100 times more dilute, i.e., the Tc concentration

was 1.3 mM. This sample was measured in fluorescence mode using a quad pixel Ge
fluorescence detector [8].

Uranium samples

Protocatechuic acid (PCA, 3,4-dihydroxy-benzoic acid) forms strong complexes with
U(VI) and is an important wood degradation product present in waters of flooded uranium
mines. The species distribution for 1 mM U(V1) and 50 mM PCA at | = 0.1 M was calculated
under exclusion of CO, using the complexation constants determined by potentiometric pH
titration [9] (see Fig. 1). The pH titration curves were evaluated assuming several 1:1, 1:2
and 1:3 wuranyl comp!exes
with PCA as indicated in Fig.
1. To validate these
assumptions and to
determine the role of the
carboxylic COOH group and
of the two phenolic OH
groups of PCA in the
complexation, seven
solutions containing 1 mM
UO,(CIO4), and 50 mM PCA
at different pH ranging from
WA .\, 4.30 to 6.75 were prepared
e 6 s 1 under inert atmosphere for

] B i | EXAFS measurements.
Fig. 1: Calculated species distribution of uranium as a function

of pH in 50 mM PCA and 1 = 0.1 M.

ol

Concentration [Mol/L]
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Results and Discussion

Np(1V), Np(V). and Np(Vl) solutions

Figure 2 shows the normalized Np L(lll)-edge XANES spectra of 50 mM Np solutions of
the different Np oxidation states 1V, V, and VI. In contrast to Np(IV), Np in its oxidation
states V and VI is known to form trans dioxo cations. This is the reason why the Np L(ll})-
edge XANES spectra of Np(V) and Np(Vl) have a similar shape, which significantly differs
from that of Np(lV). As can be seen from Fig. 2, the increase in the formal oxidation state
from V to VI leads to a small shift of the absorption edge by 2.5 eV toward higher energy.
The observed spectral features allow to distinguish between these three different Np
oxidation states by Np L(lli)-
B e A A M e B A edge XANES spectroscopy.

In addition to the XANES
spectra, information on the
molecular structure is also
contained in the EXAFS
where it can be extracted in a
quantitative way as several
structural parameters. The
raw EXAFS data and the best
theoretical fit for solutions

n
T

Normalized Absorption
5
T
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00 17580'LJ mlsoo ' unézo ‘ 17:340 ' 176Lé(; - 17leso ' 17;00 Np1-Np3 are shown in Fig. 3.
Energy (eV) The obtained structural

Fig. 2: Normalized Np L(lll)-edge XANES spectra of 50 mM Np| parameters are given in Tab.
solutions. 1. In solution Np1 Np(V) is

surrounded by 11 oxygen
atoms at a distance of 2.39 A.
In the second coordination
sphere we observed two
sulfur atoms with a Np-S

T 1 | distance of 3.07 A. This
o fM_ NeWd distance corresponds to a
o Ny 4 5 oosk f i bidentate coordination of the

\ YoA\n NV SO, ion to the Np. Using the
T e rEEETERyE— 00 b measured Np-O distance of

2 4 é10121416]8 0 123 456
KA R¥5(A) 239 A and the structural
Fig. 3: Raw Np L(Il)-edge k>-weighted EXAFS spectra (leff) and| parameters of the SO, unit
corresponding Fourier transforms (right) of 50 mM Np solutions.| (S-O = 1.51 A, angle O-S-O =
Solid iine — experiment; dots — theoretical fit. 109° [10]), the calculated Np-
S distance of 2.93 A is in

EXAFS [£*x(k)]
A
]
%
]
Fourier Transform Magnitude
5

good agreement with the measured value of 3.07 A.

Both Np{V) and Np(VIl) solutions Np2 and Np3 show the typical structural parameters of
an actinyl ion. In case of Np(V), the distance to the axial oxygen atoms, O, is 1.82 A. In the
equatorial plane the Np is surrounded by 4 water molecules with a Np-O., distance of 2.49
A. The increase of the Np oxidation state from Np(V) to Np(VI) leads to a shortening of the
axial and equatorial oxygen bonds by 0.07 A and an increase of the number of water
molecules attached to the neptunyl from four to five. The bond distances Np-O., and Np-Oe,q
of the Np(V!) solution are 1.75 A and 2.42 A, respectively.

The observed structural parameters for the Np-O bond distances of Np(lV) and Np(V) are
in good agreement with the values reported for 5 mM Np in chlorine solution [11]. The
structural parameters for Np(lV) sulfate and Np(VI) hydrate given in Tab. 1 are reported for

the first time.
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Tab. 1: EXAFS structural parameters for 50 mM Np solutions.

Sample Shell R(A) N c° (102 A%

Np1, Np(IV) Np-O 2.39 11.3(4) 1.18
Np-S 3.07 2.2(3) 0.70

Np2 Np(V) NP-O. 1.82 1.9 0.23
Np-Ocq 2.49 3.6(2) 0.61

Np3 Np(V1) Np-O,x 1.75 2.0 0.15
NP-Ocq 2.42 4.6(2) 0.56

Tc Model Solutions

The raw Tc K-edge k*-weighted EXAFS spectra of two model solutions containing 127
mM and 1.3 mM TcO, are shown in Fig. 4. The spectrum of the 127 mM Tc solution was
recorded in a single sweep up to k=21 A, During this sweep the counting time per data
point was gradually increased from 2 to 20 sec. It follows from the best theoretical fit to the
data (Fig. 4) that Tc is surrounded by 4 oxygen atoms (N=4.1+0.1) at a distance of
1.72+0.01 A (6°=0.0013+0.0004 A%). The EXAFS spectrum of the 100 times more dilute
NaTcO4(aq) sample is also shown in Fig. 4 and represents an average of four sweeps
measured in fluorescence mode. The intensity of the Tc Ka fluorescence line was 1.2x1 o°
counts/sec. The total count rate processed by the fluorescence detector was 6.4x10°
counts/sec. Under these conditions, it was possible to analyze the Tc K-edge k>-weighted
EXAFS spectrum of the 1.3 mM Tc solution up to k=15 A, The structural parameters
obtained are the same as for the TcOy4 ion in the concentrated solution, i.e., N=3.9+0.2,
R=1.7240.01 A, and ©°=0.0016+0.0003 A% These structural parameters agree with a
previous Tc K-edge EXAFS measurement of a 200 mM NH,TcO,(aq) solution [12].

These measurements on

—— T - T A LA model solutions show the
20} - c-O
127 mMolL TeO,

'y
T

y 5 127 Mo | capability of ROBL to record
= I &, TeO, EXAFS spectra over a large
R0 z energy range covering at least
P s <, 4 two orders of magnitude in
X0 é —— metal concentration due to the
A il Teor high degree of beam stability,
1ol I3mMOLTeOS] - which was achieved using an

: - " prs O R e additional monochromator

KAy ResA) feed-back  system.  The

Fig. 4: Raw K-weighted Tc K-edge EXAFS spectra (left) and| possibility to record an EXAFS
corresponding Fourier transforms (right) of experimental dataj spectrum over 21 Al asin the
(solid line) and theoretical fits (dots) for 127 mM (top) and 1.3| case of the 127 mM Tc
mM (bottom) NaTcO4(aq). solution, which is a record in
itself, is of great practical importance. The ability to resolve neighboring atoms as individual
coordination shells, i.e., the expected smallest interatomic distance known as resolution AR,
is given by the ratio AR=n/25k, where 8k is the k-range of the data. For the two spectra
given in Fig. 4, the expected resolution AR is 0.09 and 0.13 A, respectively.

U(V]) complexation with protocatechuic acid (PCA)

Figure 5 depicts the raw U L{lll}-edge k>-weighted EXAFS spectra and corresponding
Fourier transforms of seven solutions with 1 mM U(VI) and 50 mM PCA as a function of pH
ranging from 4.30 to 6.75. A significant change in the shape of the EXAFS with pH is
observed in the k-range between 6 to 8 A™. The structural parameters determined for the
sample at pH 4.30 can be summarized as follows. The uranium is surrounded by two axial
oxygen atoms, O,,, at a distance of 1.79 + 0.02 A. The equatorial coordination shell consists
of approximately 6 oxygen atoms, O.q, With an U-O,q distance of 2.45 £ 0.02 A. This long U-
O, distance is typical for bidentate coordination of the carboxylic group to the uranyl unit
(see Fig. 6, leff) 13, 14].
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Fig. 5: Raw U L(lll)-edge k>-weighted EXAFS spectra (left) and
corresponding Fourier transforms (right) of uranyl complexes
with PCA as a function of pH.

As one can see from the
Fourier transforms given in
Fig. 5, the U-O, bond
distance  decreases with
increasing pH. For the sample
at pH 6.75, the U-O.4, bond
distance is 2.36 £ 0.02 A, i.e.,
almost 0.1 A shorter than at
pH 4.30. At high pH, the PCA
ligands coordinate to the
uranyl group in an o-
diphenolic bonding fashion
and the carboxylic group is
not involved in the complex
formation (see Fig. 6, right).

the U-Og, bond distances in A.

Fig. 6: Schematic dréwing of the coordination of UOZ2+ unit to PCA via the
carboxylic group (left) and the two phenolic hydroxyl groups (right). U - large
spheres, C and O - medium spheres, H - small spheres. The numbers indicate

Since the synchrotron beam probes the entire volume of the sample, the EXAFS
spectrum is an average over all uranyl species present in the solution. If one assumes that
the solutions at pH 4.30 and 6.75 contain only one uranyl species of different structures, it is
possible to describe the EXAFS spectra at pH between 4.45 and 6.03 as a superposition of
the EXAFS spectra of these two species. For pH 6.75 this assumption is supported by our
previous EXAFS measurement of a sample at pH 10 where we observed similar structural
parameters as at pH 6.76 [15]. The calculated contributions of the two coordination modes,
i.e., bidentate-carboxylic and o-diphenolic, are shown in Fig. 7. At pH ~4.7 both uranyl

complexes with PCA are equal in concentration. The

bidentate coordination of the

carboxylic COOH group dominates at pH lower than 4.7. However, above pH 4.7 the uranyl
cation is predominantly coordinated by two neighboring phenolic OH groups as illustrated in

T T i T ] T L
0.0010 .
bidentate

coordination i i
o-diphenolic

0.0008}1- coordination N

0.00064-

0.00031

Concentration MobiL,

0.00021

Fig. 7: Distribution of uranyl complexes derived from the
EXAFS spectra given in Fig. 5.
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Fig. 6. The calculated species
distribution given in Fig. 1
shows also a change around
pH 4.7. The concentration of
the 1:1 complex [UO.H,LT
decreases and that of the 1:2
complex [UOHL.]* increases.
The agreement between the
calculated  (Fig. 1) and
measured (Fig. 7) species
distributions  supports  the
complexation models used to
extract the complexation
constants from the
potentiometric pH titration data.



This EXAFS study of uranyl complexation demonstrates the important role EXAFS
spectroscopy can play for the validation of structural models, which are needed as input
parameters for the determination of complexation constants from titration experiments. The
molecular-level information obtained by EXAFS is essential for the validation of models that
give a macroscopic description of the complexation. EXAFS analysis can also be used to

validate or to suggest surface-compiexation models that describe the interaction of
radionuclides at mineral-water interfaces.

Summary and Conclusions

The following conclusions can be drawn from the EXAFS and XANES studies performed
on Np, Tc, and U solutions at ROBL: 1) All EXAFS spectra measured in transmission mode
in the energy range of 17 - 21 keV, which have a high signal-to-noise ratio, demonstrate the
excelient performance of all beamline components including the synchrotron source, the
monochromator and mirrors, sample positioners, and detectors. Based on the author’s
experience from radionuclide experiments on second-generation synchrotron light sources,
we conclude that the large k-range and data quality that can be achieved at ROBL are
superior. 2) EXAFS spectroscopy is a powerful technique to obtain structural information on
radionuclide species in solutions. The EXAFS study on U(VI) complexation with PCA
demonstrated the interplay between EXAFS and other techniques, in this case
potentiometric pH titration. The complexation constants obtained by titration are needed to
calculate the species distribution in order to prepare meaningful samples for EXAFS
measurements. The molecular level information, which is the result of the EXAFS analysis,
can be used to validate or to modify the underlying complexation models. 3) The actinide
L(lll)-edge XANES spectra are sensitive to the electronic and molecular structure of the
actinide complexes and can be used to determine the oxidation state of the element under
study [16]. XANES spectroscopy is especially valuable in cases where other analytical
techniques, like UV/Vis spectroscopy, are limited due to matrix effects. 4) One disadvantage
of performing experiments at a synchrotron light source is that the samples are usually
prepared at the home institute and shipped to the experimental station, which can introduce
unwanted changes in the sample composition during transportation. This is especially the
case for experiments with radionuclides. At ROBL it is possible to overcome this
disadvantage by preparing/modifying the radioactive samples in the glove box. For
example, it is difficult to stabilize the Np(lll) hydrate in solution. But with an electrochemical
cell positioned in the synchrotron beam, it will be possible in the future to prepare the Np(lll)
oxidation state and to measure the XANES and EXAFS spectra in situ. Additional
experimental possibilities, which are not discussed here, are available at ROBL for time-
dependent and spatially-resolved XAFS studies using the monochromator in quick-EXAFS
mode and by focusing the synchrotron beam [2]. In conclusion, the radiochemistry station at
ROBL provides many unique features, which will contribute significantly to a better

understanding of processes that are currently of great interest in environmental
radiochemistry.
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Solution coordination chemistry of uranium in the binary
UO,**-S0,* and the ternary UO,*-SO4%-OH system, a
combined EXAFS and 7O NMR study.
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Introduction

UO,*" forms binary complexes UO(SO4).?", n = 1 — 3 in slightly acid solution. The
complexes are moderately strong, B1 ~ 50, and different experimental techniques
(potentiometry, spectrophotometric measurements, and TRLFS) have been used to
determlne the composition and stability of these species [1-3]. The occurrence of uranium
(10° M) and sulfate (3 x 102 M) in some ground and surface waters indicates that uranyl
sulfate species may be important for the understanding of the mobility of uranium in nature.
At higher pH a number of different ternary complexes containing both hydroxide/oxide and
sulfate are formed. This was first shown by Peterson [4] who determined the conditional
hydrolysis constants of U(VI) in 1.5 M Na,SO,, and showed that both the stoichiometry and
the equilibrium constants were different from those previously found in perchlorate media.
This can only be explained by the formation of ternary complexes containing coordinated
sulfate. An attempt to determine the stoichiometry with respect to sulfate was first made by
Grenthe and Lagerman, who studied the system at different total concentrations of sulfate
and from these data proposed the stoichiometry and stability of the major temary
complexes:  (UO2)(OH)(SO4).", (UO,)s(OH)4(S04),*", and (UO2)s(OH)s(SO4)s'>  [5].
Equilibrium analysis used in [1-3] gives only the analytical composition and the amounts of
species present in solution, these are in general in rapid equilibrium. Information about
chemical structure and dynamics of the systems must be obtained using other experimental
methods. The structure and dynamics of aqueous uranyl sulfato species are poorly
understood. Infrared (IR) and Raman measurements gave no clear answer regarding the
mode of co-ordination of sulfate, unidentate, bridging or chelating, to UO,** [6, 7], however
the authors assume that a bridging bidentate behaviour is more likely at SO,4:U ratios, > 5.
in this study we have determined the structure and dynamics in the systems outlined above.
Two sets of experiments have been made: determma’uon of the mode of coordination of

sulfate using U Ly-edge EXAFS spectroscopy; "O-NMR spectroscopy to determine the
reaction dynamics in the binary and ternary system.

Experimental

EXAFS measurements. Samples were prepared by taking aliquots of the acidic UO,(CIO.).
stock solution to get a final uranyl concentration of 0.05 M. The sulfate concentration in the
acidic test solutions (samples A - C) was adjusted using H,SO, or Na,SOs. The pH of
sample D was adjusted with NaOH. Speciation calculations were made using known
equilibrium constants and the program SOLGASWATER [8]. Solid U0,80,2.5H;0, was
synthesised as described in [9] and was mixed with polyethylene and then pressing to give
pellets with a diameter of 13 mm. EXAFS data were recorded at the Rossendorf Beamline
(ROBL) at the ESRF in Grenoble. The transmission spectra were measured at room
temperature using a cooled Si{(111) double crystal monochromator of fixed-exit type (E= 5-
35 keV). The higher harmonics were rejected by two Si and Pt coated mirrors. For energy
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calibration of the sample spectra, the spectrum from a Zr foil was recorded simultaneously.
The ionisation energy of the U L electron, E,, was arbitrarily defined as 17 185 eV. The
data were treated using the WinXAS software [10]. Theoretical backscattering phase and
amplitude functions, 3(k) and F(k), used in data analysis were calculated for the test
compound, U0,S0,4-2.5H,0 [11], using the FEFF7 [12] program.

NMR measurements. The 7O NMR spectra were measured using 10 mm sample tubes, on
a Bruker AM400 specirometer at -5 °C, unless otherwise mentioned. 5% D,0O in the test
solutions were used to obtain locked mode. The probe temperature was adjusted using a
Bruker Eurotherm variable temperature control unit and was measured by a calibrated Pt-
100 resistance thermometer. The chemical shifts are given in ppm, using external water as
a reference. The ""O-NMR measurements were made using an acidic "’O-enriched uranyl
stock solution prepared as described previously using H,''O (29% 70 Campro Science)
[13]. The line widths were determined by fitting a Lorentzian curve function to the measured
signal using the WIN-NMR program {14].

Results and discussion

EXAFS in the UO;*-SO/ System. The isolated EXAFS oscillations and corresponding
Fourier transforms for samples A to C and E are shown in Fig. 1. The obtained structural
parameters are given in Tab. 1.
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Figure 1: Experimental EXAFS oscillations and corresponding Fourier
transforms for samples A-E including the best theoretical fits.

In all samples uranium is surrounded by two O, atoms at 1.77 + 0.01 A. Approximately five
O., atoms are coordinated to the linear uranyl group at 2.39-2.43 A in the equatorial plane.
In sample C, where UO(SO4),” is the dominant species, approximately two sulfur atoms
were located at 3.11 A from uranium. This is in agreement with the value 3.07 A, reported
by Blatov et al. in the solid UO,S04-2CH;CON(CHs),, where SO, is bidentate coordinated
to UO,* [15]. The U-S distance is longer, 3.63 A, if sulfate is monodentate and bridging,
like in UO,S042.5H,0. There was also evidence for U-U interactions. The U-U distance at
5.40 A can be clearly identified (8.2 % of the total EXAFS oscillation). The U-U distance at
4.80 A was included according to the crystal structure (3.8 % of the total EXAFS oscillation).
In samples A and B it is difficult to localise the S backscatterer. In sample B one could
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Table 1: Fit parameters to U L, edge EXAFS data in the binary uranyl sulfate system (Samples A-C,

and E) and the ternary uranyl hydroxide sulfate system (Sample D); AEg set at -7.0 eV. XRD values
from reference [11] are in parenthesis.

Sample Scattering N o2 (A?) | R(A) | Residuals
Path

A U-Oax 1.9+02 [ 0.0013 | 1.775 11.5
82% UO,S0, (aq) U-Oeq _ 50+04 | 0.0084 | 2.41,
12% U0, U-s 1f 0.0105 | 3.11f

B U-Ou 1902 [0.0013 | 1.77, 18.7
50% U0,S0, (ag) U-Ozq 50+04 | 0.0082 | 2.40,
50% UO(SO.)," u-s 1f 0.0086 | 3.14¢

c U-Ox 20£02 | 0.0013 | 1.78, 13.4
12% UO,S0, (ag) U-Ocq 5004 | 0.0107 | 2.43;
88% UO(SO.),> U-s 22+0.5 |0.0075 | 3.113

D U-Ox 2002 [0.0017 | 1.78, 14.4
10% UOx(SO4),> UOe | 5004 [00119 | 2.43,
50% (UO2)s(OH)s(S04)s' U-s 21+05 [0.0072 | 3.10

20% (Uoz)s(OH)4(so4)3‘2"
20% (UO2)2(0OH)»(S04),*

E U-O4 1.7+£0.2 0.0011 1.77¢ 17.5
U0,S042.5H,0 2 (1.760)
U-Ogq 49104 0.0066 | 2.39;
(5 (2.409)
U-S 11203 0.0020 | 3.625
) (3.583)
U-U 08+0.2 0.0075 | 4.87,
M (4.819)
U-U 0.9+02 0.0045 5.40
) (5.44,)

. held constant during the fit.

assume both a shorter U-S distance at 3.11 A and a longer U-S distance at about 3.60 A.
We found it unlikely, considering the resuits from sample C, that samples A and B
contained a monodentate bonded sulfate and therefore included a U-S distance fixed at
3.11 A in the model. The short U-S distance in samples A and B are supported by the
presence of a residual oscillation after subtraction the model EXAFS oscillation obtained
without including the U-S shell. This remaining oscillation showed in all solutions the same
pattern at a k range of 2.8 t0 9.2 A, The resulting peak was FT filtered and the oscillation
could be described using a U-S distance of 3.16 A. However, from the results of the
samples A and B alone one cannot conclude the presence of a bidentate sulfate. But by
considering all information the EXAFS data indicate clearly that SO, is bonded in a
bidentate fashion to the uranyl unit in solution.

"O-NMR studies of the UO,*"-SO# System (for detailed information see [16]). The line
width and the chemical shift increase with the sulfate concentration is a result of the
formation of uranyl sulfate complexes. The only observed peak in the binary system
indicates a fast exchange between the complexes on the "O-NMR time-scale. The
measured line shape can then give information about the dynamics of the system, using the
matrix formalism introduced by Reeves and Shaw [17]. The chemical environment of the
uranyl ion is changing by sulfate exchange which takes place via two pathways, and the
pseudo first order rate constants describing the exchange between UO,>" and UO,S0.,
kiobsy, @nd between UO,S0; and UO(SO4),”, kzposs), Can be determined from the line width
using the formalism described above. The following reactions can contribute to the pseudo
first order rate constants: a) UO,>" + SO, < UO,S0, [k=(3.40.5) x 10° M's™], b) UO,™ +
UO2(S04)* < 2U0,S04 [ko=(2.1£0.3) x 10° M's™], ¢) UO,S04 + SOF < UOASO4)."
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[ke=(1.4+0.2) x 10° M*'s™], and d) U*0,*" + UO,S0, «> U*0,S0, + UO,*" [k=(9.3+0.8) x 10*
M's™. Similar type of reactions were observed in the case of the binary uranyl-fluoride
system [18]. The mechanism consists of two steps, a faster bonding of a chelating sulfate,
ki = 3.4 x 10° M"'s™, to form the neutral complex UO,SO,, which is followed by the
coordination of a second sulfate with ks = 1.4 x 10° M's™. These rate constants are similar
to those measured for the binary uranyl-fluoride system [18]. Szab6 ef al. found a rate
constant of kms ~ 5 x 10* M s for the fluoride exchange reactions and suggested an
intimate mechanism of the Eigen-Wilkins type. The experimental findings, ke ~ 7 x10* M™'s™,
indicate that the rate of complex formation is not strongly dependent on the entering ligand,
F* (Kmn ~5 x 10° M s™ in [18]) or SO,%, supporting an Eigen-Wilkins mechanism.

EXAFS in the UO,**-SO/Z-OH System. Figure 1 depicts a typical example for the EXAFS
data measured in the ternary system. The results (Table 1, sample D) showed no significant
differences from the binary uranyl sulfate system. Approximately two sulfur atoms were
measured at 3.10 A indicating that SO, is bonded as a chelate in the uranyl hydroxo
species. We can exclude single bonded bridging, but not chelating bridging co-ordination,
c. f. the structure proposals in Grenthe and Lagerman. Sulfate may like chromate [19] act
as a bidentate bridging ligand to stabilize the polynuclear hydroxo complexes. According to
the structural model of Grenthe and Lagerman and the coordination geometry of uranyl in
polynuclear hydroxo complexes, it is not possible to coordinate more than 1.5 sulfates per
uranyl unit. The theoretical coordination number of sulfur in sample D is between 1.2 and
1.5. The error in the coordination number using EXAFS is large, but the second number is
not inconsistent with the theoretical value. Calculations using a fixed coordination number of
1.5 showed no significant changes in the resulis. A residual value of 14.8 was obtained
compared to 14.4 when the coordination number was not fixed. No peaks corresponding to
a U-U interaction between 4 and 6 A were observed. Nevertheless, this is not an indication
that the ternary species are not formed, the potentiometric measurements (see [16]) and
the "O-NMR investigations clearly show the presence of polynuclear species. The
measured EXAFS oscillations represents the sum of all absorber-backscatterer shell
contributions. Such contributions which are out of phase, may result in the disappearance of
a U-U peak. CaCOs is one example for such "out-of-phase” effects [20]. Thompson et al.
found that distant contributions from U ( 4.9 to 5.2 A) are weak and therefore might be
difficult to detect in samples of unknown composition (see structural parameters of
UO,S0,2.5H,0 in Tab. 1) [21]. An other example might be the weak U-U interaction at 4.92

A in [(UO2)3(COs)el* [22].

TO-NMR in the UO*-SO#-OH System. "O-NMR was applied for the first time to obtain
structural and dynamic information about this complicated system. "O-NMR spectra

(U0,),(OH),(SO0). /f\‘ U0,(80.)," / V0,80, vo
\ .

If \_ N wos0)" U0,(0H), (3)
4 % 3 3
/ \
N 0.8t
w/ ~ / \t‘ N N wosoneoy
/ \/i /‘ \
pH: 4.75 / A \ os|
/! £
pH: 4.50 'n'\‘ g ..l
! ‘g\—d-*"““ = {U0,),(0H),(50), @0,),(0H),(50,),
pH: 4.00 1
e | o2}
1136 1334 1152 1130 1128 1326 1324 1122 1126 1118 1116 1114 oo

8 30 35 4jD 45 5z0 5j5 6.0 ~ STS 7.0
HogH]
(ppm) ’
Figure 2: O-NMR spectra and the distribution diagram for solutions of [UO,* "} 0.05 M,
[SO4*7: 0.5 M at 25 °C and varying -log[H"] from 4.0 to 5.0.
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measured at 0.05 M U*O,** in 2 M NaClO, + 0.5 M Na,SO, and 25°C are summarized in
Fig. 2.

The appearance of a second peak in addition to the peak of the binary species, which then
dominates the spectra at increasing -log[H"] is a clear indication for the formation of ternary
uranyl sulfate hydroxide species, as expected form the speciation calculations. The
integrals of the two peaks give information on the amount of uranium present as
mononuclear and polynuclear complexes. This quantity was compared with that calculated
from the equilibrium constants. The agreement between the two values was within 15%,
which is within the accuracy of the two measurements. The only broad peak at 1126.2 ppm
shows that it is not possible to identify the different polynuclear complexes, very likely
because of the small chemical shift difference and the fast exchange between them. From
the experiments we have made it is not possible to get more concrete information about the
dynamics of the ternary systems. Co-ordination of sulfate to the polynuclear hydroxide
complexes results in a fairly large change in the chemical shift of the “yI"-oxygens, from
1120 ppm in (UO)2(OH),** and 1124.7 ppm in (UO,)s(OH)s" measured by Jung et al. [23], to
1126.2 ppm in the ternary system.
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Scheduled Experiments at ROBL-RCH

number |[title proposers institution |experimen- shifts
tators
20_01_001 |Uranium Ly~edge Reich, Bernhard, Geipel, |[FZR (FWR), |Funke, Hennig, 81
EXAFS measurements |Nitsche, Rutsch, Funke, |PSIi Reich, Dahn,
of uranium (V1) Hennig, Scheidegger, RoBberg
compounds; Déahn
commissioning of
ROBL-RCH
20_01_002 |Neptunium L;-edge Reich, Bembhard, Geipel, |FZR (FWR) |Funke, Seifert, 48
and technetium K-edge |Rossberg, Funke, Hennig Kinstler, Hennig,
x-ray absorption Reich, Rofkberg,
spectroscopy Strauch
20_01_003 |EXAFS Study of Ni, Zn, |Reich, Scheidegger, PSl, FZR  |Scheidegger, 21
and Se Sorption on clay|Déhn, Funke, Hennig (FWR) Dahn, Spieler,
mixtures and cement Reich, Hennig,
phases RoRberg,
Strauch, Funke
20_01_004 |[EXAFS study of Simoni, Catalette, IPN, GREC! |Simoni, 6
uranium{V!) sorption on |Lomenech Lomenech,
zircon and zirconia Reich, Hennig,
RoRberg
20_01_005 {Uranium(V1) Moll, Denecke KTH, INE Moli, Reich, 6
complexation in Hennig, RoRberg
alkaline solutions
20_01_006 [Uranium (Vi) EXAFS |Reich, Schmeide, FZR (FWR), |Schmeide, 52
spectroscopy of organic|Rutsch, Funke, Hennig, |Uni Louvain [Pompe, Funke,
complexes Rofsberg Vanbegin,
Froment,
Hennig, Reich,
RoRberg, Funke
20_01_007 |Thorium Ly~edge and |Scheidegger, Déhn, PSi Scheidegger, 15
Ni K-edge EXAFS Spieler Spieler, Dahn,
measurments of solu- Hennig, Reich,
tions and clay pastes RoBberg
20_01_008 |EXAFS Study of Reich, Hennig, RoBberg, {FZR (FWRS,|Rutsch, Amayri, 8
Neptunium Hydrates  |Funke, Rutsch, Amayri |FWRE) Funke, Hennig,
Reich, Ro3ber
ESRF Allocated Time for ROBL-RCH
number |title proposers institution |experimen- shifts
tators
CH-618 [Coordination sphere of |Litzenkirchen, Barillon, {lreS Billard, 21
the uranyl ion in Billard, Gaertner, Jung, |Strasbourg |Litzenkirchen,
solutions of perchloric |Rossini Rossini, Hennig,
and triflic Reich, RoBberg
CH-619 |The influence of Pu Ripert, Beauvy, CE Ripert, Caranoni,| 21
local environment on  {Desgranges, Petit Cadarache, |Desgranges,
the non ideality of CE Grencble {Ruello, Hennig,
(U,Pu)O, solid solution Reich, Roiber
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Scheduled Experiments at ROBL-MRH

number |titie proposers institution experimen- shifts
tators
20_02_001 | Strain effects in Si after |F. Eichhorn FZ Rossendorf |Eichhorn, Schell 10
C implantation (FWIS)
20_02_002 | Specular reflectivity on |F. Prokert FZ Rossendorf |Prokert, Schell, 8
Cu/Co multilayers near - (FWIS) Matz
absorption edges
20_02_003 | Grain size and stress in |E. Thiele TU Dresden, Thiele, Hecker, 8
UFG nickel IPMK Schell, Reichel
20_02_004 | Anisotropic deformation |J. Peisi LMU Munich Edelmann, 16
of Nb films during H load Schmidt,
Berberich, Scheli
20_02_005 | lon beam induced A. Hofgen, FZ Rossendorf |Schell, Eichhorn, | 20
recrystallization of SiC  |F. Eichhorn (FWIM, FWIS) |Hofgen, Prokert,
: Betzl
20_02_006 | Stress in Ni/Cu J. Battiger, University of Schweitz, 4
multilayers K. Schweitz Aarhus Bettiger, Matz,
Schell
20_02_007 | Diffuse scattering on F. Prokert, FZ Rossendorf |Prokert, Schell, 10
Co/Cu muitilayers near |E. Wieser (FWIS, FWIl) |Matz, Betzl
absorption edges
20_02_008 { Oxide nuclei formation |A Knoll, Uni Strasbourg | Knoll, Prokert, 8
and kinetic roughening |A. Cornet, Schell
of polycrystalline metal |E. Smigiel
surfaces
20_02_009 | Reciprocal space F. Eichhomn FZ Rossendorf |Eichhorn, Schell, 15
lengterm | mapping of Si after C (FWIS) Reichel, Betzl
implantation / formation
of SiC
20_02_010 | Depth distribution of W. Matz, FZ Rossendorf |Berberich, Schell | 10
nitrides in Ti64 after N |F. Berberich (FWIS)
implantation
20_02_011 | Short-range structure of |J. Eckert, IFW Dresden  |Mattern, Xing, 11
bulk amorphous metallic | N. Mattern Schell
alloys
20_02_012 | Phase formation and T. Fahr, IFW Dresden | Mattern, Fabhr, 3
texture in Bi-2223/Ag N. Mattern, Schell
superconductors K. Fischer
20_02_013 |Interfacial roughness in | C.M. Schneider, IFW Dresden Hecker, Tietjen, 6
GMR multilayers L.v. Loyen Mattern, Schell
20_02_014 {High-precision A. Bauer, FSU Jena Bauer, Kraufdlich,| 17
determination of atomic |K. Gétz, Kocher, Schell,
positions in 6H- and 4H- |J. KrduBlich Matz
SiC crystals
20_02_015 | Observation of extrinsic | T.H. Metzger, LMU Munich Metzger, Kegel, 21
stacking faults in B J. Peisl, Berberich, Schell
implanted Si by CTR J. Patel
scattering
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20_02_016 | XR-study of ion beam F. Prokert, FZ Rossendorf }Prokert, Noetzel, 12
longterm  iinduced mixing effects in|J. Noetzel, (FWIS, FWII)  iSchell, Berberich
Co/Cu-muttilayers E. Wieser
20_02_017 | Study of self-organized |F. Eichhom, FZ Rossendorf |Eichhorn, Schell, 18
dots on the surface of J. Sass, (FWIS), Berberich
implanted and annealed K. Mazur ITME Warsaw
silicon
20_02_018 | Comparison of the strain |F. Eichhorn, FZ Rossendorf |Eichhorn, Schell 9
longterm | profile due to R. Kégler (FWIS, FWIM)
implantation of Si into Si
wafers of (100) and
(111) orientation
20_02_019 ] In-situ temperature F. Berberich, FZ Rossendorf |Berberich, Matz, 15
longterm | dependent measure- W. Matz, (FWIS, FWII) [Scheli
ments of phase trans- E. Richter,
formations in N-ion N. Schell
implanted Ti-6Al-4V
alloys
20_02_020 | In-situ study of structural | W. Matz, FZ Rossendorf |Matz, Berberich, 6
trans-formations of the |F. Berberich, (FWIS, FWII)  {Schell
S-phase in nitrided E. Richter,
stainless steel during W. Méller
thermal cycling
20_02_021 | Characterization of T. Salditt, LMU Munich, |Pfeiffer, Salditt, 6
waveguide-structures F. Pfeiffer ILL Grenoble Schell
with single-/mutti-mode-
guiding-layers
20_02_022 | Stress relaxation in CrN |J. Battiger, University of Battiger, 6
layers P. Kringhgj, Aarhus Kringhgj,
W. Matz, Schell,
N. Schell Berberich
ESRF Allocated Time for ROBL-MRH
number |title proposers institution experimen- shifts
tators
HS-897 iLocal internal strains and |E. Thiele, TU Dresden, Thiele, Buque, 15
stresses in coarse-grained |C. Holste IPMK Schell

due to cyclic plastic

deformation

and in ultrafine-grained Ni

39




Guests at ROBL

Additionally to the above mentioned experimentators for scheduled experiments, here guest

are listed who came to test experiments. Informal visitors are not included.

Name

Dr. K. Richter
Dr. D. Meyer

Dr. J. Rinderknecht
Prof. A. Mkrichyan
Dr. V. Mirzoyan

Dr. A. Mkrtchyan
Dr. W. Wagner

Dr. T. Halm
J. Nomssi

Prof. G. Bauer

Dr. P. Heghgj

Institution

Technical University Dresden, Institute of Crystallography and
Solid State Physics

Advanced Micro Devices (AMD) Saxony, Dresden

Institute of Apllied Problems of Physics, National Academy of
Sciences of Armenia, Yerevan

Institute of Nuclear and Hadronic Physics, FZ Rossendorf

Technical University Chemnitz, Institute of Physics

Johannes-Kepler-University Linz, Austria

institut Laue Langevin, Grenoble, France
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Personnel of the Project Group ESRF-Beamline

The project group has no direct positions. The personnel comes from different institutes and
departments of the FZR.

Head of the Project Group / Spokesman of the CRG: Dr. W. Matz
Local contact at ESRF and responsible for MRH: Dr. N. Schell
Responsible for RCH at ESRF and for radiation protection: Dr. T. Reich

Staff at ESRF in Grenoble

Dr. Ch. Hennig (2005) F. Berberich (2371)

Dr. N. Schell  (2367) A. RoRberg (2372)

Dr. T. Reich  (2339) U. Strauch  (2372)

Postal address:
ROBL-CRG Phone:+33 4 76 88 xx xx
ESRF / PLUO E 217 Fax: +3347688 2505
BP 220 e-mail: surname@esrf.fr

F-38043 Grenoble Cedex, France

FZR - personnel working at ROBL

Institute for lon Beam Physics and Materials Research

Dr. M. Betzl W. Boede A. Hofgen
Dr. F. Eichhorn J. Kreher J. Noetzel
Dr. W. Matz P. Reichel

Dr. F. Prokert

Institute of Radiochemistry

Dr. L. Baraniak Dr. G. Geipel M. Rutsch

Dr. G. Bernhard Dr. K-H. Heise Dr. S. Pompe
Dr. V. Brendler G. Huttig Dr. K. Schmeide
Dr. H. Funke Dr. P. Merker S. Amayri

Institute of Bioanorganic and Radiopharmaceutical Chemistry

Dr. S. Seifert . J.-U. Kinstler

Central Department Experimental Facilities and Information Technology

J. Claufiner W. Neumann T. Riedel

S. Dienel Dr. W. Oehme D. Boden

H. Hauck Dr. D. Prohi B. Caspar

Dr. H. Krug R. Schienk 5. Winkelmann

Y. Zimmermann
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Experiment title: Experiment
@E EXAFS investigations on uranyl arsenates number:
20-01-01
ROBL-CRG
Beamline: | Date of experiment: Date of report:

BM20 [from: 19/08/98 to: 31/08/98 25/08/99
Shifts: Local contact(s): Received at ROBL:

35 02.09.99

Names and affiliations of applicants (* indicates experimentalists):

C. Hennig®, T. Reich®, M. Rutsch*, A. Rofiberg®, H. Funke®,

G. Geipel, G. Bernhard, H. Nitsche
Forschungszentrum Rossendorf e.V., Institute of Radiochemistry, D-01314 Dresden

First EXAFS measurements were taken on the new Rossendorf Beamline (ROBL) at the
European Synchrotron Radiation Facility (ESRF) in Grenoble. The monochromator, equipped
with 2 Si{111)} water cooled double-crystal system, was used in the cannel-cut mode.
Higher harmonics were rejected by Pt coated mirrors. U Ly-edge and As K-edge EXAFS
spectra were coflacted in transmission. The Cu K-edge EXAFS spectrum was measured with
a multichannel Ge fluorescence detector /1/, Two or three scans were obtained in
transmission mode and 32 single accumulations were taken for the Cu K-edge fluorescence
spectra. The measuremernts were carried out with a sample orientation of 02 and 45° to
the beamn direction to investigate the influence of polarization effects (not discussed here).
For energy calibration of the uranium spectra we used the first inflection point of Zr at
17996eV. The samplos are natural meta-zeunerite from Wheal Basset, Cormnwall, and
hydrogen uranyl arsenate hydrate, prepared according to the literature /2/.

Urany! arsenates like meta-zeunerite, CulUO,As0,], 8H,0, and hydrogen uranyl arsenate
hydrate, HIUO,As0,] 4H,0, are built up by stable layers of [UD,J** and [AsO,J* units. The
charge neutrality is achived by differant interiayer cations like Cu®*, H* and H,0*. We used
EXAFS measurements to compare the crystal structures. The results of the curve fitting to
the k*-weighted EXAFS data are shown in Figs. 1-2.

i

2 4 6
R+a [A]

"2 6 8 0 12 14 160 2 4 6
k[A"] R+a [A]

Fig. 1: U L,-edge EXAFS spectra and FT of H{UO,AsQO,} 4H,0 (a}, and CulUO,AsO,], 8H,0

{(b). Fig. 2: As K-edge EXAFS spectra and FT of H[UO,AsO,] 4H,0 (a), and CulUO,As0,],

8H,0 (b}

All figures show left the k®weighted EXAFS spectra and right the corresponding Fourier
transforms, the solid lines are measured data, the dotted lines are the calculated values, In
the U L -edge EXAFS of meta-zeunerite (Fig. 1}, the first shell represent the axial oxygen
atoms {0,,) at a distance of 1.79A, The second shell correspond to the equatorial atoms
with a distance of 2.28A and the third shell originates from the arsenic atoms with a
distance of 3.674, Using As as absorbing atom (Fig. 2), the As-U distance was confirmed
to 3.68A and the As-O,, distance was determined to 1.68A. The measurements at two
near-neighbour absorber atoms allows to calculate the bond angle U-O,,-As to 135.34°,
The interlayer Cu-O distance in meta-zeunerite was measured by Cu K-edge EXAFS to
1.95A. The EXAFS data of the uranyl arsenate layer on H[UO,As0O,] 4H,0 are quite similar
within the error of 0.02A. In conclusion, the uranyl arsenate layer structure is nearly
independent from the interlayer cation arrangement. Furthermore, our investigation
demonstrates the possibility to compensate the lost angle information in EXAFS using the
radial distribution functions at various absorption edges.

References:
/1/ Bucher, J.J., et al., Rev. Sci. Instrum., 67, 1, 1996
/2] Weiss, A., et al., Z. Naturforsch., 12b, 669, 1957




Experiment title: ' Experiment
@Z@ Coordination Geometry of Ferrihydrite number:
20-01-01
ROBL-CRG
Beamline: | Date of experiment: Date of report;

BM20 {from: 19/08/98 to: 31/08/98 25/08/99
Shifts: Loeal contact(s): Received at ROBL:

6 01.09.99

Names and affiliations of applicants (* indicates experimentalists):

C. Hennig*, T. Reich*, H. Funke*, T. Arnold
Forschungszentrum Rossendorf e.V., Institute of Radiochemistry, D-01314 Dresden

 The coordination geometry in ferrihydrite was studied by EXAFS measurements at the
Rossendorf Beamline (ROBL) at the European Synchrotron Radiation Facility (ESRF) in
Granabhle. lron K-edge EXAFS spectra were collected in transmission mode,

Ferrihydrite (FH) occurs during weathering processes of iron containing rocks as a
metastable compound which transforms into crystalline and stable goethite (o-FeOOH)
and/or hematite (o-Fe,04). FH precipitates from agueous Fel(lll) solutions in particles of any
nm size. Differences of peak numbers in X-ray diffraction patterns lead to a distinction
between two general FH structure types: the so-called 2-line (2L-FH) and the 6-line (6L-FH)
ferrihydrite. The structural and genetic relationship between 2L-FH and 6L-FH is still under
discussion /1/. Therefore, we compared the EXAFS of 2L-FH and 6L-FH with hematite (Fig.
1)

in hematite, the iron is octahedrally coordinated by oxygen. The first coordination shell
Includes two bonding distances: Fe-O1=1.94A and Fe-02=2.11A /2/. These bond length
differences are too small to be separated by EXAFS. Ferrihydrite, in comparison, shows a
varry similar radial distribution function for the Fe-O distance and the coordination number.
This leads to the assumption of a preferred octahedral coordination geometry in FH. But the
radial distribution function for the Fe-O in FH is broadened to higher R-values, which
indicates additional largar Fe-O bondings. The Fe-O octahedra in hematite are c?nnected
about 1 face (Reyeeq=2.89A), 3 edges (Reps=2.97A), 3 cOrers (Reprs=3.36A) and 6
corners (Re,se=3.70A) 12/, This coordination gives a splitting of the second feature in the
EXAFS radial distribution function of hematite into two asymmetric peaks (Fig. 1a).

£ PP by 1. Left K-weighted
Fe-Fe3ld]  Fe K-edge EXAFS
spectra of o-Fe,0, (a),
2L -ferrihydrite (b)
and 6L-ferrihydrite (c).
Right: the
corresponding Fourier
transformed EXAFS.
Only the measured
spectra are shown here

x(0K

1

1

(SN

60 2 4 6

46 8 10 12 14 160 32
kA R+A [A]

It is difficult to isolate these bond distances by numerical fits. However, Fourier filtering
shows, that the first peak corresponds to the 2.89A and 2.97A shells and the second peak
results mainly from the 3.70A shell including additional Fe-O distances. In contrast, the
maximum of the second shell in FH is Jocated at R+ A= 2.7A with a shoulder at
R+ A= 3.0A, which gives after phase correction Fe-Fe distances at 3.1A and 3.4A. This is
in a significant difference to hematite. The lowered peak height in the EXAFS fourier
transform of FH results from a short range disorder. Therefore, in connection to the
broadened Fe-O Fourier transformed peak, a simple octahedral coordination geometry is not
expected. In contrast to hematite, preferred bond lengths of 3.1A to 3.2A are obtained.
Only small differences are found between the EXAFS spectra of 2L-FH and 6L-FH. In the
spectra of the 6L-FH, the peak height of the second shell is slightly increased in comparison
to the 2L-FH. This is connected to a lowering of the Debve-Waller factor. It means the
stuctural ordering increases from 2L-FH to 6L-FH.

We thank J. Friedl/TU Munchen faor the prepartion of the ferrinydrite samples.
References
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Experimental -

Twao series of aqueous solutions containing 50 and 5 mMol/L neptunium in three different
oxidation states were prepared for EXAFS measurements at the new Rossendorf
Beamline (ROBL) at the European Synchrotron Radiation Facility (ESRF) in Grenoble,
France. Solution 1 consisted of 50 mMol/L Np(lV) in 0.1 M HNOg and 2 M H,80,, The
composition of solutions 2 and 3 was 50 mMol/L. Np(V) and Np(Vl), respectively, in 0.1 M
HNOs;. Solutions 4 ~ & were identical to solutions 1 — 3 except for the lower Np
concentration of 5 mMol/L. The starting material for the sample preparation was solid
NpOLANOs) (AEA Technology, QSA GmbH). It was dissolved in 0.1 M HNOs. The different
oxidation states of Np were obtained by electrochemical oxidation/reduction in a
conventional H-formed electrolysis cell with a diaphragm between anode and cathode.
The oxidation state of neptunium and its stability with time were determined for the 6
mMal/l. Np solutions by UV-Vis spectroscopy using the characteristic absorption bands of
Np(tvy, Np(V), and Np{Vi) at 967 nm, 980 nm, and 1223 nm, respectively /1/.

For the measurements, 4 m! of the solution were filled in a polyethylene cuvette, which
was sealed and put in a polyethylene bag. Multiple scans of the Np Ly-edge EXAFS of
solutions 1 ~ B were collected in transmission mode at room temperature at ROBL using
the Si(111) double-crystal monochromator In fixed-exit mode. The energy scale was
calibrated using the first inflection point of the absorption spectrum of a Zr foil (17998 eV).
The scattering phases and amplitudes where calculated for hypothetical clusters of

NpQsSz, NpOz04, and NpO,0s using FEFFS6.

Results
The raw EXAES data and the best theoretical fit for solutions 1 — 3 are shown in Fig. 1.

The obtained structurat parameters are given in Tab. 1. In solution 1 Np(lV} is surrounded

by 11 oxygen atoms at a distance of 2.39 A. In the second coordination sphere we
observed two sulfur atoms with a Np-S distance of 3.07 A. This distance corresponds to a
bidentate coordination of the SO4% ion to the Np. Using the Np-O distance of 2,39 A and
the structural parameters of the S04 unit (S-O = 1.51 A, angle 0-S-O = 109° /2/), the
calculated Np-S distance of 2.93 A is in good agreement with the measured value.

Both Np(V) and Np(Vl) solutions 2 and 3 show the structural parameters of the actiny! ion.
In case of Np(V), the distance to the axial oxygen atoms, O,,, is 1.82 A. In the equatorial
plane the Np is surrounded by 4 water molecules with a Np-Oq distance of 2.49 A. The
increase of the Np oxidation state from Np(V) to Np(V1) leads to a shortening of the axial
and equatorial oxygen bonds by 0.07 A and an increase of the number of water molecules
attached to the neptunyl from four to five. The bond distances Np-Oa and Np-Oeq of the
Np(V1) solution are 1.75 A and 2.42 A, respectively.

The analysis of the 5 mMol/l. Np solutions 4 ~ 6 gave resuits (not shown here) similar to
the 50 mMol/L solutions. There is only a small increase of the coordination number of
sulfur from 2.2 to 2.8 when going from 50 mMol/L to 5 mMol/L. Np(IV).

The observed structural parameters for the Np-O bond distances of Np(IV) and Np(V) are
in good agreement with the values reported for 5 mMol/. Np in chlorine solution /3/. The
structural parameters for Np(lV) sulfate and Np(Vi) hydrate given in Tab. 1 are reported
for the first time. )

References

/1/ Keller, C., The Chemistry of the Transuranium Elements, Verlag Chemie, Weinheim, 1971, p, 294
/2/ Hollemann, A.F., Lehrbuch der anorganischen Chemie, 101th Ed., Walter de Gruyter 1995, p. 585,
13/ Allen, P.G., et al, Inorg. Chem. 36 (1997) 4676.

Tab. 1: EXAFS structural parameters for 50 mMol/L Np solutions,

Sample Shell R(A) N Pkl
| 1, Np(V) Np-O 2.39 11.3(4) 1.18
Np-S 3.07 2.2(3) 0.70
2 Np(V) Np-O 1.82 1.9 0.23
Np-Opq 249 3.6(2) 0.61
3 Np(vl) Np-Opy 1.76 2.0 0.15
Np-Oeq 2.42 4.6(2) 0.56

a) oin units of 10Z A2

Fig. 1: Raw Np Ly-edge k>-weighted EXAFS spectra (left) and corresponding Fourier transforms (right) of
50 mMol/iL. Np solutions. Solid line — experiment; dats — theoretical fit.
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Experimental

The structure of novel Tc complexes has been studied successfully in the framework of a
collaboration between the Institute of Radiochemistry and the Institute of Bioinorganic and
Radiopharmaceutical Chemistry over the last few years /1,2/. In order to evaluate the
possibilities of the new Rossendorf Beamline (ROBL) for Tc EXAFS studies, we prepared four
samples for a first experiment with ®Tc at ROBL. The samples were 127 mMol/L. NaTcO.(aq),
1.3 mMol/l, NaTcOu4(aq), KTcOq(s), and TeOz*nH,0(s). Except for the 1.3 mMol/L Tc solution, the
amount of Tc in the samples yielded an edge jump of ~1 across the Tc K absorption edge at 21
keV. These samples were measured in transmission mode using the 8i(111) double-crystal
monochromator in fixed-exit mode with an additional feedback system to minimize beam intensity
fluctuations. The Tc K-edge EXAFS spectrum of the dilute solution was recorded using a four
pixel Ge fluorescence detector. The energy scale of the XANES scans was calibrated with a Mo
metal foil (Mo K edge at 20004.3 V). For the EXAFS analysis, the first inflection point of the
pre-adge absorption peak for the NaTcO4(aq) sample was defined as 21044 eV /3/.

Results and Discussion

Fig. 1 displays the raw Tc K-edge k>weighted EXAFS spectrum of NaTcOa(aq). The spectrum of
the 127 mMol/L Tc solution was recorded in a single sweep up to k=21 A", During this sweep the
counting time per data point was gradually increased from 2 to 20 sec. To our knowledge, this is
the first Toc EXAFS spectrum of a liquid sample where it was possible to observe the fine
structure of the x-ray absorption spectrum over an energy range of 1700 eV. In addition, this
spectrum is an impressive demonstration of the superb quality and stability of all beamline
components. It follows from the best theoretical fit to the data (Fig. 1) that Tc is surrounded by 4
oxygen atoms (N=4.120.1) at a distance of 1.72¢0.01 A (6°=0.00130.0004 A%). The EXAFS
spectrum of the 100 times more dilute NaTcO4(aq) sample is also shown in Fig. 1 and represents
an average of four sweeps measured in fluorescence mode. The intensity of the Tc Ka
fluorescence line was 1.2x10° counts/sec. The total count rate processed by the fluorescence

detector was 6.4x10° counts/sec. Under these conditions, it was possible to analyze the Tc K-
edge k>weighted EXAFS spectrum of the 1.3 mMoliL. Tc solution up to k=15 A", The structural
parameters obtained are the same as for the TcO4 ion in the concentrated solution, i.e.,
N=3,920.2, R=1.72+0.01 A, and ¢°=0.001620.0003 A%. Our structural parameters agree with a
previous Tc K-edge EXAFS measurement of a 0.2 Mol/l. NH,TcO,(ag) sample /3/.

Fig. 2 displays the Tc K-edge XANES spectra of KTcO4(s), and TcO2*nH20(s). The energy of the
main absorption edge defined by the first-derivative method increases from 21061.6 eV to
21065.8 eV as the Tc valence increases from IV to VIl This energy shift of 4.2 eV is in
qualitative agreement with previous measurements /3/, The shape of the Tc K-edge XANES
spectra reflects the symmetry of the oxygen atoms surrounding Tc. The most distinct feature of
the TcO4 ion, which has T symmetry, is the pre-edge peak at 21050.8 eV. The XANES features
can been used as a probe to determine the Tc speciation as it has been shown, for example, in
cement waste forms /3/.

In summary, the Tc K-edge x-ray absorption measurements on T¢ model compounds showed
that high-quality data can be obtained for liquids and solids at the new Rossendorf Beamline.
We conclude that ROBL. provides excellent experimental conditions to study the structure of
solid and liquid Tc complexes with a large variety of organic and inorganic ligands covering a Tc
concentration range of at least two orders of magnitude.

References:

{1/ Johannsen, B., et al.; Appl. Radiat. Isot. 48, 1045 (1997) °

12/ Jankowsky, R., et al.; J. Inorg. Biochem, 70, 99 (1998)

13/ Allen, P.G., et al. Radiochim. Acta 786, 77 (1997) and references therein

Fig. 1: Raw k>-welghted Tc K-edge EXAFS spectra (left) and corresponding Fourier transforms {right) of
experimental data (solid line) and theoretical fits (dots) for 127 mMol/L (top) and 1.3 mMol/L. {bottom)
NaTcOu(aq).
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Report:

First EXAFS measurements of a rhenium(l) carbonyl complex were performed using the
Rossendorf Beamline (ROBL). Being a collaboration between the Institute of Radiochemistry
and the Institute of Bioinorganic and Radio-pharmaceutical Chemistry, this analysis serves as a
stepping stone towards preparing future EXAFS experiments with %T¢ carbonyl complexes.
Rhenium and technstium carbonyl complexes of the general formula [M(CO)sXL] (M = Re, Tc;, X
= Br, CI; L = bidentate thioether or Schiff base ligand) are at present under study for the
development of neutral receptor-affine complexes which are able to cross the blood-brain barrier
and to bind to receptors of the central nervous system. Some of the rhenium carbonyl thioether
complexes are fully characterized by X-ray analysis and other chemical methods, whose data
may be used for comparison with EXAFS results.

The EXAFS spectra of the Re Ly and Br K-edges of the same sample were measured in
transmission mode, using the Si(111) double-crystal monochromator in fixed-exit mode.
The sample consists of 20 mg of the following rhenium complex:

mixed with Teflon powder as matrix material and pressed into a pellet. The EXAFS spectra were
evaluated, using the program package EXAFSPAK, and the scattering code FEFF6.

To obtain a satisfactory fit result for the Re spectra, the individual scattering paths Re-C, Re-S,
and Re-Br and the multiple scattering path along the carbonyl group, i.e. Re-C-O, have to be
included (see Tab. 1).

The EXAFS scan of the same compound with bromine as the central atom gives a more
complicated spectrum, which is dominated by the heaviest possible backscatterer rhenium. Apart
from the main scattering path Br — Re, the nearly linear multiple scattering paths Br — Re ~C and
Br - Re — C - O yield the most important contributions to the radial distribution function. The

evaluated bond length Br —~ Re is 2.60 A.

Tab. 1 Comparison of bond distances obtained by EXAFS measurement and X-ray analysis data
(XRD) of similar complexes (AR gxars < 0.02 A)

EXAFS XRD P XRD?

Path N k) RIAI R{A] R [A)
Re —C1 2.7 1.8 1.92 1.92 1.98
Re-C2 1.90 1.94
Re - C3 1,90 1.92
Re — Br 0.9 3.3 262 2.64 2.61
Re ~ 81 2.4 36 249 2.47 254
Re — 82 2.46 2,53
Re-C-0 277 3.0 3.07 3.07
(3 legs) no
Re-C-O 27 3.0 3.06 3.07 data
(4 legs) ’

! Re(CO)sBH{CHy-8-CoHy-8-CH3-CCH), (2)

3 Re(CO)aBr(Cl-CyHy-S-CoHe-8-CoHa-Cl), (3)
% Debye Waller factors in 10 A?

A The degeneracy of 2 was taken into account

Measurements of the inner coordination spheres of rhenium carbonyl complexes which differ in
dithioether ligands using X-ray crystal structure methods, lead to Re — Br distances between
2.61 and 2.64 A (1,2). The presented EXAFS resuits are consistent with these data.
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Aims of the experiment and scientific background

Sorption of heavy metal ions on mineral surfaces is an important process for maintaining
environmental quality. A thorough level understanding of sorption mechanisms of heavy
metal sorption on mineral surfaces is therefore of fandamental importance. On smectitic clay
minerals Ni(II) can sorb as surface complex on edge sites and/or interlayer sites.

The aim of this study is to use EXAFS to determine sorption mechanisms of Ni on
montmorillonite. Montmorillonite is an important smectitic mineral responsible for the
retention of metals in the geosphere. Furthermore, the clay is used as a backfill material in the
Swiss concept for a high level radioactive waste repository and thus, metal sorption on
montmorillonite has been investigated in our laboratory in great details [1].

Experiments -+ Results

Samples were prepared in a glove box by reacting Ni and montmorillonite at pH 8.0 and at
high ionic strength 0.2M Ca(NOs); to block cation exchange processes. The initial Ni
concentrations for the samples varied from 0.03 mM to 0.92 mM Ni. After a reaction time of
1-90 days the samples were centrifuged and the wet paste was transferred into a Plexiglas
sample holder, Ni K-edge fluorescence EXAFS spectra were recorded for samples containing
4 - 96 pmol/g Ni sorbed onto the montmorillonite. Figure 1 shows the dependence of
different Ni concentrations sorbed onto montmorillonite after a reaction time of 90 days.

With increasing Ni loading a characteristic shoulder at 5.3 A" appears in the EXAFS
spectra, The corresponding radial distributions function are shown in Figure 2. The first
peak represents an oxygen shell and its position and height does not depend on the Ni
concentration. The second peak shifts with increasing Ni concentration to lower R values
(from 2.9 A to 2.7 A) and its peak height is increasing, The dashed line characterises the
position of a Ni-Ni shell in an o-NiOH, and suggests the presence of a Ni-hydroxide like
phase in the most concentrated sample. The sample with the lowest concentration suggests
specific bounds of Ni to the montmorillonite surface and the absence of a Ni-nucleation. To
date, however the structural origin of the second peak of the lowest concentration is still
under investigation using theoretical approaches.

96 umol/g l
12 umol/g
4 pmollg
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Figure 1: k®weighed Ni K-edge EXAFS spectra for
different Ni-concentrations sorbed onto montmorillonite

,\/\/ 96 pmol/g

2K

: J\/ 12 pmolig
¥
g
£
N
: ] T :

R(AY

Figwre 2: Concentration dependence of the Ni K-edge
RDF of Ni sorbed onto montmorillonite
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Experimental

Samples were prepared by taking aliquots of an acidic UO2(ClO4), stock solution to get a
final uranyl concentration of 0.05M. The sulfate concentration in the acidic test solutions
were adjusted using H2SO4 or Na;S0O,4. The solid, U0;804-2.6H.0, was prepared as
described in /1/. The EXAFS spectra were recorded at the new Rossendorf Beamline
(ROBL} at the ESRF in Grenoble. The transmission spectra were measured at room
temperature using a cooled Si(111) double crystal monochromator of fixed-exit type (E= 5-
35 keV). The higher harmonics were rejected by two Si.and Pt coated mirrors. For energy
calibration of the sample spectra, the spectrum from a Zr foil was recorded
simultaneously. The ionization energy of the U Ly electron, Eo, was arbitrarily defined as
17 185 eV. The data were treated using the WInXAS software /2/. Theoretical
backscattering phase and amplitude functions, §(k} and F(k), used in data analysis were
calculated using the FEFF7 /3/ program.

Results
The isolated EXAFS oscillations and the corresponding Fourier transforms for samples A

to D are shown in Fig. 1. The FT peaks below 1.5 A (without phase-shift) are artifacts of
the spline removal and are not associated with any coordination distance. The obtained
structural parameters are given in Tab. 1.

There are no EXAFS results about uranyl sulfate complexes published yet. In afl samples
uranium is surrounded by two Oy atoms at 1.77£0.01 A. Approximately five O.q atoms are
coordinated to the finear uranyl group at 2.39-2.41 A in the equatorial plane. The large
Debye-Waller (DW) factor observed for the third shell in samples A-B indicates the
difficultios to localize the S backscatterer, may be due to a broad distribution of U-S
distances. In sample C, where UOx(S04),” is the dominant species, approximately two

sulfur atoms were measured at 3.11 A. Blatov et al. reported an U-S distance of 3.07 A in
the solid U02804-2CH3CON(CHa),, where SO4% is bidentate coordinated to UO:2" /4/. If
sulfate is bridging and monodentate bonded to uranyl, like in U0;S042.5H,0, one
expects a longer U-S distance. The EXAFS results confirm this assumption, And a U-8
distance of 3.63 A was measured. The structural parameter determined for
U0,50,4-2.5H,0 are consistent with XRD measurements /5/.

By considering both previous structure information and the EXAFS data, we conclude that
S04% is bonded in a bidentate mode to the uranyl unit in solution. The resuits of these
study provide necessary structural information to interpret ongoing reaction dynamic
investigations in the binary uranyi suifate system.

Tab. 1: EXAFS structural parameters for uranyl suifate complexes in solution and in

U0,8042.5H,0.
Sample shell [RIAI] N T &°[Ag

A U-0, | 1.77 | 2f | 0.0014

82% U0:80, (aq) | U-Oh | 241 | 4.0 | 0.0071

12% U0, U-s | 3.142f | 1f | 0.0105

B U-0, | 1.77 | 2f | 0.0013

50% U0,S04(aq) | U-Os | 240 | 4.3 | 0.0068
50% UOx(S0.)," | U-S | 315 | 1f | 0.0083
C U-O, | 178 | 2f | 0.0013
12% U0,S04 (aq) | U-O,, | 2.44 | 5.1 | 0.0110
88% UOy(S0.)," | U-S | 3.11 | 2.4 | 0.0075
D U-Ox | 1.77 | 2f | 0.0016
UO;S0+2.5H,0 | U-O4 | 2.39 | 4.0 | 00048
U-s | 363 | 1.2 | 0.0021
f) parameter was held constant during the fit.

EXAFS €+ chi(k]

0 1 2 3 4 5 8 7 8
kA R+4A[A]

Fig. 1: Raw U Ly, edge k>weighted EXAFS data for samples A-D and corresponding FT's,

0 2 4 & 8 o2 %N
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Iniroduction: The objective of this study was to obtain information about the binding of
uranium(VI) outo functional groups of humic substances. Uranyl complexes of Kranichsee
humic and fulvic acid (KHA and KFA: isolated from surface water of the mountain bog
‘Kleiner Kranichsee’ /1/), Aldrich humic acid (A2/97) as well as a synthetic HA type M42
{2/ were therefore investigated.

Experimental: The samples were prepared according to /3/. The uranyl loading was between
18 and 19 % of the carboxylic group capacity of the humic substances. Complex formation
was confirmed by IR spectroscopy. The samples were dispersed in Teflon and pressed as 1.3
cm diameter pellets. The U content of the resulting pellets was 11 to 22 mg U. The EXAFS
measurements were carried out at the Rossendorf Beamline at the European Synchrotron
Radiation Facility in Grenoble, Uranium Liy-edge X-ray absorption spectra were collected in
fransmission mode. The Si(111) double-crystal menochromator was used in the channel-cut
mode.

Results: The k3-weighted EXAFS spectra and the corresponding Fourier transforms are
shown in Figs. 1 and 2. In both figures the solid lines represent the experimental data and the
dotted lines the theoretical fit of the data. A two-shell fit fo the experimental EXAFS data
was used with oxygen atoms as backscatterers. The multiple scattering along the uranyl unit
at 3.6 A was also included in the fit. The coordination number (N) for the axial oxygen atoms
and AEy were kept constant at 2 and -13.6 eV.
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Fig. 1: K-weighted U Ly-cdge EXAFS spectra of
uranyl complexes with KHA, KFA, A2/97 and M42

Fig. 2: Fourier transforms of the EXAFS spectra of
uranyl complexes with KHA, KFA, A2/97 and M42

The EXAFS structural parameters of the wranyl humates are compiled in Tab. 1.

Tab. 1: Structural parameters of the uranyl humates

Sample U-0 U-0g

RIA o’ [A% N RIA} o’ [A}
UO,-KHA 1.78 0.001 5.2 2.39 0.012
UO,-KFA 1.78 0.002 5.3 2.39 0.012
U0,-A2/97 1.78 0.001 5.3 2.40 0.012
UO,-M42 1.78 0.001 5.4 2.40 0.014

Error: N 410 %, R£0.02 A

Axial U-O bond lengths (R) of 1.78 A were determined for all uranyl humates. In the
equatorial plane approximately five oxygen atoms were found at a mean distance of 2.40 A,
Since carboxylic groups are generally considered the main functional groups of the humic
substances involved in the complexation of metal ions at pH < 4, the results of this EXAFS
study were compared with the mean values of the bond distances found for crystalline uranyl
carboxylate complexes of known structures given in /4/. It turned out that the mean bond dis-
tance of 2.40 A in the equatorial plane determined for the humates is the same as that found
for the carboxylates where the uranyl jons are bound monodentately.

Conclusion: Both for natural humic substances (KHA, KFA, A2/97) and for the synthetic HA
type M42 comparable structures of urany! complexes were found with predominantly
monodentate coordination of the humic acid carboxylic groups onto uranium(VI) ions.

Acknowledgment: This work was supported by the EC Commission under contract no. F14W-CT96-0027.

References: /1/ Schmeide, K., et al., Report FZKA 6124, Forschungszentrum Karlsruhe, 161 (1998); /2/
Pompe, S., et al.,, Radiochim. Acta 82, 89 (1998); /3/ Bubner, M., et al., Report FZR-272, (1999); /4/
Denecke, M, et al., Radiochim. Acta 79, 151 (1997).
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Report:

To study the influence of phenolic OH groups on the short-range order surrounding of
uranium(VI) in uranyl humate complexes we investigated solid uranyl humates of the
modified synthetic humic acid (HA) type MI1PB and of the modified natural HA Aldrich
(A2/97PB) and Kranichsee (KHAPB) with blocked phenolic OH groups /1/. These samples
were compared to urany! humates of the original HA type M1, A2/97 and KHA,

Experimental: The preparation of the solid uranyl humates as well as their uranyl loadings
are described in /2/. The samples dispersed in Teflon were pressed as 1.3 cm diameter
pellets. U Li-edge EXAFS transmission spectra were measured at room temperature at the
Rossendorf Beatnline at the ESRF. The monochromator, equipped with a Si(111) water
cooled double-crystal system was used in the channel-cut mode.

Results: As examples, the k’-weighted U Ly-edge EXAFS and the corresponding Fourier
transforms for the investigated uranyl humates of HA type M1 and MIPB as well as HA
A2/97 and A2/97PB are depicted in Fig. 1 and Fig. 2. The EXAFS oscillations of all samples
as well as the Fourier transforms are similar. The EXAFS oscillations were fitted to the
EXAFS equation using a structural model with two coordination shells containing oxygen
atoms as backscatterer and including multiple scattering effects along the uranyl unit (Tab.

1).
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Fig, 1: kK*-weighted U Ly-edge EXAFS spectra of solid Fig. 2: Fourier transforms of the EXAFS shown in.
uranyl humates of modified and unmodified HA, Solid Fig.1.

lines: experimental data, dashed lines: fit results.

Tab. 1: EXAFS structural parameters, AEp =-13.6 ¢V, N, = 2, errors in bond length (R) and coordination munbers
(N) are £0.02 A and ~10 %, respectively.

Sample U-0, U-0,

R(A) o’ (AD N R (A) o’ (AD
UQ,-MI 1.78 0.002 5.2 2.38 0.014
U0,-MIPB 1.78 0.001 5.0 2.38 0.014
U0,-A2/97 1.78 0.001 53 2.40 0.012
VU0,-A2/97PB 1.77 0.001 5.1 2.40 0.011
U0,-KHA 1.78 0.001 52 2,39 0.012
UOQ,-KHAPB 1.78 0.002 5.4 2.40 0.013

The medified HA show a smaller amount of phenolic OH groups than the unmodified HA /1/.
Therefore, the spectra of the modified HA are more dominated by the interaction of UQ,*
with carboxylic groups. The determined U-O, bond distances correspond to monodentate
coordination of the carboxylic groups /3/. The structural parameters obtained for the solid
wanyl humates of the unmodified HA do not differ from that of the modified HA. This
indicates a comparable short-range order swrounding of the UOy** ion. One can conclude
that in the solid complexes the phenolic OH groups have only a small or no influence on the
complexation of the UO,?* ions.

However, a contribution of phenolic OH groups to the complexation of UO;**can not fully be
excluded by the EXAFS results, because the obtained structural parameters represent an
average over all interactions between HA and UO,”. From EXAFS investigations
conceming the complexation of pyrogallol with UO,** at pH 4.8 /4/ it is known that phenolic
OH groups can complex to the UO,** ion with distances of 2.40 A, which can not be

distinguished from Ry.oeq of the humates.

References: .
/1/ Pompe, S., et al., Report FZR-272 (1999); /2/ Bubner, M., et al., Report FZR-272 (1999);
/3/ Denecke, M., et al., Radiochim. Acta 79, 151, 1997; /4/ RoBberg, A., et al., Report FZR-247 (1999) p.

53
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Report:

Experimentai

The speciation of the complexes on ionic strength of 0.1 M (NaClO4) and 256 C in the absence
of CQ; was calculated with the computer program RAMESES . The metal concentration was 1
mM UO,(ClQ4); and the PCS concentration was 50 mM. Uranium(V!) hydrolysis was considered
in the in the calculations.

The U L y-edge spectra of the uranium(Vl) complexes were measured at the Rossendorf
Beamline using a Si(111) double-crystal monochromator in channel-cut mode. The fluorescence
signal was measured with a 4-pixel germanium detector. The ionization potential of the U L -
edge was defined as 17,185 eV. The weights of the four detector channels were calculated
according to their statistical signal-to-noise ratios. The dead-time corrected EXAFS spectra were
analysed by the standard procedure, using the EXAFSPAK suite of programs and the theoretical
scattering phases and amplitudes calculated with the scattering code FEFF6 /1/,

Resuits and Discussion

The raw k>weighted U Ly-edge EXAFS of the complex systems and their corresponding Fourier
transforms (FT) are shown in Fig. 1 and the fit results in Tab. 1. During the fitting procedure the
coordination number (N) of the axial oxygen of the urany! unit was kept constant at N = 2, The
average of the radial U-O, distance between uranium and axial oxygen is 1.79 + 0.02 A. The
average Debye-Waller factor is 0.002 A% The features in the k range from 6 A” to 8 A™ and the
radial distance of the equatorial oxygen change with the pH values (Fig. 1). The great distance
of the equatorial oxygen of the 1:1 PCS complex at pH 4.3 indicates that the carboxylic group
coordinates with the uranyl cation in a bidentate fashion (Tab. 1). The coordination number of
carbon in the PCS complex is 2.4 atoms at pH 4.3. It is possible that at pH 4.3 two PCS ligands
bind with the uranyl ion in a bidentate fashion, With increasing pH value, the bond distance of
the equatorial oxygen decreases.

PCS(L) pH {Atom[R  [o™0® TN
1:1,83% | 4.30 O 245 (8 5.7
c 2.88 (3 2.4
1:1,46% 445 |O 2.40 {12 7.0
1:1,23% 483 |O 2.37 |13 7.3
1:2, 30%
1:1, 10% 504 |0 2.38 |10 6.0
1:2. 65%
1:2,100% |554 |O 2.37 |8 6.0
1:2,100% [6.03 |O 2369 6.4
1.2,90% |6.75 |O 2.36 [ 10 6.6

Tab. 1 Fit results far the second coordination shell (N - coordination number, R - radial distance
in A, o® - Debye-Wailer factor in A?).

At higher pH values, the PCS ligands coordinate with the urany! cation in an o-diphenolic
bonding fashion and the carboxylic group is not involved in the complexation. The calculated
speciation of the PCS system shows at pH 4.8 the change from the carboxylic to the o-diphenolic
coordination. The Debye-Waller factor for the equatorial oxygen has a maximum at this pH (Tab.
1). The similarity of the EXAFS spectra and coordination parameters of the uranium(Vl) PCS and
the BCT complexes increases with the pH /2/. The possible main complex species of PCA with
the uranyl cation should be confirmed by principal component analysis of the EXAFS
measurements. This can be used to validate the complexation constants for calculation of the
speciation /3/.
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Fig. 1: Left: Raw k®-weighted EXAFS spectra of PCS complexes sorted by pH values.
Right: Corresponding Fourier- transfarms without phase corrections.
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Report:
Aims of the experiment and scientific background
Organic ligands are inherent components of low- and intermediate level waste. They

originate from decontaminating processes in nuclear power stations (e.g. citric acid, oxalic
acids, ED'TA), from organic compounds added to cement to change its properties (e.g.
gluconic acid (Gluc)) and from the degradation of polymeric materials present in the waste
(fon exchange resins, cellulose, bitumen). The degradation of cellulosic materials under
alkaline conditions results in the formation of polyhydroxy type ligands (PHL) such as o~
isosaccharinic acid (ISA) [1]. Due to their strong complexing properties, PHL may reduce the
sorption of radionuclides on the repository matrix by several orders of magnitude or enhance
the sofubility of the radionuclides (hydr)oxides precipitations. This might result in an
enhanced release of radionuclides from the waste repository into the biosphere.

In a first step the EXAF'S studies at ROBL included two goals: To investigate the complex-
ation of Th(IV) with ISA and Gluc under highly alkaline condition and to gain experience

with liow active samples can be transported to ROBL (transport and import permission).

Experiments -+ Results

Th samples were prepared in a glove box by reacting Th with ISA and gluconic acid at pH
13.3 in 0.3 M NaOH The Th concentrations for the solutions were 0.1 -6.6 mM for ISA
and1-10 mM for Glue. The sampls were then packed into 4 ml PE cuvettes and tightly sealed.
The EXAFS measurements were conducted in fluorescence mode (dilute samples) and
transmittance mode (references).

Figure 1 shows the radial distribution functions of Th-ISA and Th-gluconic acid in
comparison with a Th nitrate reference solution. The figure reveals that although
structurally related, the spectra of TW/ISA and Th/gluconic acid are distinctly different
beyond the first coodination shell. Data analysis suggests that the first coordination shell
consists of 10 O atoms at distance of ~2.4 A. The second shell of TH/ISA and Th/gluconic
acid consists of C neighbouring atoms at ~3.1 A ‘and ~33 A. Based on energy
minimisation calculations, these distances are consistent with the polydendate binding of
ISA and gluconic acid to the Th central atom. The structural origin of further Th shells is

currently analysed using theoretical approaches.

~—— Thigluconic acid
------- Thiisosaccharinic acid
. —-om THNO),

Transform Magnitude

Distance (A)

Fig. 1: Radial structure functions of Th-ISA, Th-gluconic acid and a Th nitrate solution
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Report:

Carbon is au important impurity in semiconductor silicon. 1t can deteriorate microelectronic device
characteristics as leakage current and minority carrier lifetime or improve them due to the
suppression of extended defects after implantation [1}, Moreover, implantation of C is applied for
the formation of gettering layers [2] or preparing SiC crystallites. In dependence on the conditions
of mixing C into Si the carbon is in different atomic surroundings. By implantation of C into Si
the implanted region is in a non-equilibrium state and most of the C atoms are assumed to
occupy interstitial positions. In thermodynamic equilibrium the solubility for C in Si is only
10* to 10 at.% C at 1200 to 1400 °C and the excess C is dissolved substitutionally or the
new phase SiC is formed. It is known from previous investigations that SiC formation is not a
single-step process [3]. The question how the implantation and annealing conditions influence
the quality of the SiC layer can be only cleared up by studying the formation process in detail.
Here we studied by synchrotron x-ray diffraction the strain in the crystalline material (Si
substrate and SiC particles) due to implantation and the first stages of forming the SiC phase

in the Si lattice (details in [4]).

Implantation of C ions with an energy of 195 keV into Si wafers heated up to 800 °C results in
an elastic distortion of the Si host lattice and in the formation of crystalline SiC particles or
their prestages depending on implantation dose and temperature. Only a Si lattice deformation
without growth of SiC was observed if the fluence does not exceed 5x10'° C jons/cm?®. After
implantation of C ions up to 4x10'7 cm™ at a temperature of 500 °C, agglomerations of Si-C
and an altered state of Si lattice deformation are found. By implantation of 4x10'7 ions/om? at

800 °C, particles of the 3C-SiC (B-SiC) phase grow, which are aligned to the Si matrix [4].
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Figures: On the left - Diffraction curves (0:26 scans) in the vicinity o% the most intense 3C-

SiC(111) reflection indicating the formation of Si-C prestages and crystalline SiC particles.
Curves correspond to different implantation conditions (fluence in ions/em?® and temperature):
M 5x10" at room temperature, ® 5x10' at 500 °C, ~ 5x10" at 800 °C, ¥ 5x10'¢ at 500
°C, 4 4x10" at 500 °C, + 4x10'7 at 800 °C.

On the right - Diffraction curves of the Si(400) reflection revealing the lattice strain
component perpendicular to the sample surface. Characteristic features and their reason are

marked.
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[4] F. Eichhorn, N. Schell, W. Matz, R. Kogler, J.Appl.Phys. 1999 (accepted for publication)
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Report:

Carbon is an fmportant impurity in semiconductor silicon. It can deteriorate microelectronic device
characteristics as leakage cuirent and minority carrier lifetime or improve them due to the
suppression of extended defects after implantation {1]. Moreover, implantation. of C is applied for
the formation of gettering layers [2] or preparing SiC crystallites. In dependence on the conditions
of mixing C into Si the carbon is in different atomic swrroundings. By implantation of C into Si
the implanted region is in a non-equilibrium state and most of the C atoms are assuined to
accupy interstitial positions. In thermodynamic equilibrium the solubility for C in Siis only
107 to 10 at.% C at 1200 to 1400 °C and the excess C is dissolved substitutionally or the
new phase SiC is formed. It is known from previous investigations that SiC fornation is not a
single-step process [3]. The question how the implantation and annealing conditions influence
the quality of the SiC layer can be only cleared up by studying the formation process in detail.
Here we studied by synchrotron x-ray diffraction the strain in the crystalline material (Si

substrate and SiC particles) due to implantation and the first stages of forming the SiC phase

in the Si lattice (details in [4]).

Implantation of C ions with an energy of 195 keV into Si wafers heated up to 800 °C results in
an elastic distortion of the Si host lattice and in the formation of crystalline SiC particles or
their prestages depending on implantation dose and temperature. Only a Si lattice deformation
without growth of SiC was observed if the fluence does not exceed 5x10" C ions/em?®. After
implantation of C ions up to 4x10'” cm™ at a temperature of 500 °C, agglomerations of Si-C
and an altered state of Si lattice deformation are found. By implantation of 4x10'7 ions/cm? at

800 °C, particles of the 3C-SiC (B-SiC) phase grow, which are aligned to the Si matrix [4].
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Figures: On the left - Diffraction curves (8:20 scans) in the vicinity of the most intense 3C-
SiC(111) reflection indicating the formation of Si-C prestages and crystalline SiC particles.
Curves correspond to different implantation conditions (fluence in ions/cm® and temperature):
W 5x10' at room temperature, ® 5x10'° at 500 °C, ~ 5x10' at 800 °C, ¥ 5x10' at 500
°C, 4 4x10' at 500 °C, + 4x10'” at 800 °C.

On the right - Diffraction curves of the Si(400) reflection revealing the lattice strain
component perpendicular to the sample surface. Characteristic features and their reason are

marked.
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Report:

For muitilayer (ML) systems showing giant magnetoresistance it is of interest to study layer
and interfacial properties [1],[2). Two types of samples with different layer thicknesses of
Co- and Cu-ayers:  Si/SiOy8x[Co(4nm)/Cu(dnm)] (Co/Cu-ML  8x[4/4]) and
Si/8i0,/4x[Co(8nm)/Cu(8nm)] (Co/Cu-ML 4x[8/8]) were investigated in the ‘as-deposited’
state. The MLs were prepared by crossed beam pulsed laser deposition (CB PLD) technique.
The layer properties like thickness, mass density and interface roughness of the different
samples were studied using specular X-ray reflection (XRR). The high brilliance and tunable
wavelength of the synchrotron radiation at ROBL allowed to improve the low contrast for
this material combination by setting the X-ray wavelength to the absorption edge of one of
the layer maferials. Due to the small divergence and the high intensity of the incident beam
the angular resolution of the detected beam could be matched to resolve adequately the ML
Bragg peaks and the Kiessig fringes. The decrease of intensity could be followed over seven
orders. The specular XXR were measured on both types of samples at the K-edge energy of
Co (7.708 keV) and Cu (8.974 keV), respectively. With two independent data sets of each
sample, the accuracy of the results, obtained from the simulation codes REFSIM (Siemens)
and/or REFS (Bede Scientific), could be improved by a cross-check of the fitted values.

Besides mass density (o) and thickness (d) of the layers, we get the rms-roughness values
(orms) of the surface and the ML interfaces. The quality of the fits (see Fig. 1) could be
improved by introducing a copper oxide capping layer, Further was found that the first Co-
layer on the substrate and the last Cu-layer on the top differ in their parameters from the other
layers which could be simulated as Co/Cu-stack by a common parameter set. Table 1 shows
the results obtained from MLs of two different charges both prepared by CB PLD.

Table 1 Simulation results of two charges of Co/Cu-MLs

CB PLD samples charge 1 | CB PLD samples of charge 2

ML single | d(nm) p orvs | d (nm) P Orus
type | layers | deddew | (g/em®) | (m) | dedes | (g/0m®) ] (nm)
4x[8/8] Co 13.68 8.4 2.8 17.05 8.7 1.6
Cu 1.58 8.8 0.8 1.07 8.7 1.6
8x[4/4] Co 6.67 8.5 1.33 8.2 8.4 1.3
Cu 1.39 3.8 0.55 1.10 8.4 1.3

( layer thickness o = deo* deyw, p- mass density , Orms- rms-roughness)
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Fig.1 Measured (thick lines) and simulated (thin lines) angular dependence of speculare reflectivity of
Co/Cu-MLs. (Co/Cu-ML 4x[8/8] on the left, Co/Cu-ML 8x[4/4] on the right)

Results
In the ‘as-deposited’ state the MLs, obtained by CB PLD technique, have an extended Co/Cu

interface. However, the orys-roughness, especially for the Cu-layers, varies strongly with the
deposition conditions. The thickness excess and the higher orus-ronghness of the Co-layers
are also dependent on preparation.

References

[11 D. E. Joyce , C.A. Faunce, P. J. Grundy, B. D. Fulthorpe, T.P.A. Hase, I. Pape, B.K.
Tanner, Phys. Rev. BS8, 5594 (1998)

[2] M.A. Parker, T.L. Hylton, K.R. Coffey, J.K. Howard, J. Appl. Phys 75, 6382 (1994)
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Report:

CHANGE OF INTERNAL STRAINS AND STRESSES IN ULTRAFINE-GRAINED
NICKEL DUE TO CYCLIC PLASTIC DEFORMATION

E. Thiele!, M. Hecker! and N. Schell?

T Institut fiir Physikatische Metallkunde, Technische Universitit Dresden
% Institat fiir Ionenstrahiphysik und Materialforschung, FZ Rossendorf

Ultrafine-grained (UFG) materials with a mean grain size of some 100mm, prepared by equal
channel angular extrusion (ECAE) from compact material are of a great interest for
theoretical and experimental investigations due to their outstanding physical properties. They
show a very high vield stress and microhardness in comparison with conventional
polyerystalline samples. However, the structure and the defects, responsible for the
mechanical behaviour, are non-stable against thermal treatment. Corresponding to the

application ficlds of the materials, also the stability against cyclic deformation at different

temperatures should be investigated.

To carry out fatigue experiments, samples with a rectangular cross section were cut from
UFG nickel billets of 99.99% purity. The loading axis of the samples was parallel to ECAE
die axis.

The cyclic plastic deformation of the samples was performed at room temperature and at
200°C in a servohydraulic materials testing machine at a constant plastic strain amplitude
Spr= 5 - 10, A cyclic softening was observed till the stress amplitude o, remained nearly
constant. As expected, o, decreased with increasing deformation temperature. To achieve a
symmetric plastic strain amplitude, in the tension half cycle a higher amount of maximum
stress was required than in the compression half cycle.

The grain structure was observed using the orientation contrast in a scanning electron
microscope, No significant changes of the grain size distribution were detected after the
cyclic deformation. '

Measurements of X-ray diffraction profiles were performed at the synchrotron radiation
beamline ROBL of the Forschungszentrum Rossendorf at the European Synchrotron Facility
in Grenoble. The basic instrument was a 6-circle goniometer. Applying monochromatic
synchrotron radiation with an energy of 8.05 keV, the instrumental broadening was negligible
in comparison with the strain induced broadening of the profiles measured at the UFG
samples.

To estimate the spectrum of internal strains, diffraction profiles were measured for different
{hkl}-types of lattices planes parallel to the sample surface. From the shape changes of the
profiles one can conclude that the width of the strain spectrum is reduced by the cyclic plastic
deformation especially for higher temperatures though no recrystallisation occurs. Taking into
account the variation of the profile shape with the {hkl}-type of the reflection as well as the
dependence of the profile position on the measuring direction, long-range granular stresses
should be present. The mean dislocation density, calculated on the basis of the Krivoglaz-

Wilkens theory, was found to be correlated with the deformation state of the samples.

Proc. EPDIC-6, August 22 - 25, 1998, Budapest — Hungary, p. 61 (a full length paper will to
be published in Mat. Sci. Forum)
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Germany

Report:

Some metals like niobinm can dissolve large amounts of hydrogen, up to concentrations of one H
atom per Nb atom. Hydrogen is thereby located in the Nb host lattice on tetrahedral interstitial sites
and expands the lattice isotropically. The resulting long range displacement field canses an indirect
elastic interaction Detween the H atoms. In thin Nb layers on sapphire, elastic displacements are
influenced by the film surface as well as by the interface between film and substrate, It is well
known that for low H concentrations thin epitactically grown Nb films will expand only
perpendicular to the surface. With higher loading pressures a lateral anisotropic lattice expansion
will also result.

The aim of our measurements at ROBL was to observe the cross over from one dimensional to three
dimensional lattice expansion by measuring the lattice parameters under in-situ conditions and to
determine the degree of anisotropy of the lattice expansion in dependance of the H content.

The lattice parameter in the growth direction is measured by conventional Bragg diffraction; the
lateral lattice parameters are accessible under grazing incidence and exit angles (GID). Specular
reflectivity under small angles shows the change in film thickness as well as interface roughness at
the cross over from one to three dimensional expansion.

Previous measurements showed that loading the sample with hydogen causes an irreversible change
in its morphology. Thus, it is absolutely necessary to keep the sample in a constant environment and
to allow all three measuring modes (Bragg, GID, reflectivity) at the same time. In order to achieve
those demanding conditions a specially adapted UHV chamber for the ROBL six-circle-
diffractometer was constructed. It allows in-situ H loading without restricting the necessary
diffractometer’s degrees of freedom.

Two sample systems with different Nb film thicknesses were available. Both were covered with a
protecting layer of palladium appr. 100 A thick. The samples were exposed to H pressures from 0.1
to 50.0 mbar at temperatures between 200 °C and 300 °C. The Nb films were (110) oriented. With a
scintillation counter angular and radial scans were measured around the Bragg reflexes (110), (110),
(112) and (002).

The data evaluation is not yet complete. However, the following figures for the appr. 750 A thick Nb
film show as typical examples the changes of the data curves without H atmosphere and with 50
mbar H atmosphere. ‘
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Figure 1. Fiaure 2.

Figure 1 to the left shows the Bragg measurement in radial direction around Nb (110). The H
induced shift of the Bragg reflex corresponds to a relative lattice expansion of 4 %. While the
unloaded sample shows so called Laue fiinges (which serve as a measure for the crystalline quality
of the film), they are no longer recognizable in the loaded sample. Figure 2 to the right shows the
change in specular reflectivity after H loading and thereby reveals the change in film thickness.
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Figure 3 above shows the lattice expansion in two lateral crystallographic directions, vertically
oriented to each other (GID data). The relative lattice expansion in (110) is 2.4 %, in (002) direction
2.8 %.
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Report:

Nanocrystalline materials have attracted considerable interest, then the reduced size of the
crystallites causes changes in their optical, mechanical and thermodynamic properties with
respect to the bulk material. In the case of silicon carbide, which is one of the most promising
sewicondactor materials for high temperature, high-freqency, and high-power electronic
devices, it has been shown recently that jon implantation can stimulate the processes of
nucleation and grain growth [1]. Therefore, in this investigation the crystallization process in
dependence on the implantation parameters was studied in detail.

Single-crystalling (¢) 6H-SiC wafers with 3.5° off-axis (0001) orientation were used as
substrate matetial. An 1.8 pm thick amorphous surface layer was generated by a 5 MeV Si'
implantation at room temperatwre. By 300 keV Al-implantation the recrystallization was
stimulated in 2 400 nm thick sarface layer, The implantation parameters were varied in a dose
range from 310" to 3x10'7 Alew? at temperatures from 300 to 700 °C. Synchrotron x-ray
diffraction was used to ascertain the morphology and grain size of the recrystallized surface

layers. Due to the low divergence of the synchrotron beam it was possible to restrict the

penetration depth of the x-rays to less than 0.5 pm by grazing incidence. In this case, only
reflections from the polycrystalline surface layer contribute to the diffraction signal.

In Fig. 1 the diffraction patterns (dotted curve) of samples as-amorphized and implanted with
3 x 10'7 Al/em? at 300 °C are shown. After Al-implantation the shape of the diffraction curve
changes and diffraction peaks typical for polycrystalline material appear. Obviously,
recrystallization occurs already at an implantation temperature of 300 °C, well below the SiC
thermal recrystallization temperature of about 800 °C [2]. This clearly demonstrates that ion
beam irradiation strongly enhances the kinetics of the amorphous to polycrystalline phase
transition in SiC. The measured diffraction curve shows a very good correspondence with the
3C-powder diffraction data, In particular, nearly identical intensity ratios of the diffraction
peaks are observed. Therefore, it can be assumed that randomly oriented grains of 3C-SiC
polytype are formed during Al-implantation. From wiélth of the diffraction peaks an average
grain size of 9 nm was determined. Furthermore, 3C-8iC crystals with an expanded lattice
(Aa/a=0.014) were observed (see shoulders at smaller diffraction angles). This may be caused

by lattice defects due to the recrystallizing implantation process.

Experimental results: Fig. 1
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20 : d} ."“?""" diffraction patterns of 3C-SiC
0F 50 6'0 70 and 6H-SiC are plotted for
20 (degree) comparison.
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The interface stress in Au/Ni multitayers is found to be compressive, in agreement with
theory, but the value of —8.460,99 J/m® is much larger than both the prediction by theory
and more than twice as large as values reported for other systems. For the sample having
the smallest repeat length, interface roughness and lattice parameters show, that this
sample has weakly cumulative interfaces and a strong coherency effect, in contrast to
samples with larger repeat lengths. This may explain the observed deviation of the interface
stress.

In both systems, the high level of strain makes it necessary to include third-order stiffness
coefficients in calculating the stress in the strong <111>-textured Cu/Ni and Au/Ni-
multilayers.

The following figure shows as an example GIXRD diffractograms (gracing incidence X-ray
diffraction) at the six-circle diffractometer of ROBL for Cu/Ni multilayers of four different
bilayer repeat lengths. (The filled spheres, filled triangles, opened spheres and opened
triangles represent bilayer repeat lengths of 5.6 nm,10.5 nm, 14.8 nm and 23.1 nm, resp.
The lines are fittings by use of Voigt peaks.)

7&8[)701'!’5 o

The experiments at ROBL. led to an article submitted to J. Appl. Phys. under the title

Tensile and comprasslve interface stress in Cu/Ni and Au/Ni multilayers

K.O. Schweitz®, J. Battiger®, J. Chevallier™, R, Feidenhans1®, M.M. Nielsen?,
.8, Rasmussen®™ W, Matz® and N. Schell®

* Institute of Physics and Astronomy, Universty of Aarhus, DK-8000 Aarhus C, Denmark

¥ Condensed Matter Physics and Chemistry Department, Risg National Laboratory,
DK-4000, Roskilde, Denmark

© Forschungszentrum Rossendorf, D-01314 Drestlen, Germany

In this paper, we present studies of the interface stress in a multilayer with coherent
interfaces, Cu/Ni, and in Au/Ni muitilayers with incoherent interfaces. The <111>-texiured
multifayers were deposited by use of DC-magnetron spuitering and bulk and interface
stresses were obtained from X-ray diffraction and measurements of substrate curvatures.
The interface stress in Cu/Ni multilayers was found to be 0.77£0.19 Jim?, i.e. a tensile
interface stress in a metallic multilayer. The coherent/incoherent transition in Cu/Ni
multitayers Is observed at a critical bilayer repeat length of about 10.5 nm, in agreement
with theory.
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Report.

For multilayer (ML) systems showing giant maguetoresistance it is of interest to study layer
aud mterfacial properties {11, [2]. Two types of smuples with different layer thicknesses of
Coe and Co-layers. S#SIO8xCotdnm¥Cu(din)] and SUSIO/4x[Co(8mm)/Cu(8mn)] were
mvestigated w the “as-deposited” state and after tempering at 500°C for 2h. The ML were
prepared by viossed bean pulsed faser deposition {UB PLD) technique The layer properties
Iike thickuess aud wtesFace soughness of the different samples were studied using specular
andd son-speesla Xaay reflection {XRRY The ligh buthance and tunable wavelength of the
synclrotion vadution ot ROBE allowed 1o impiove the low contrast for this material
combriation by scttng the X-iay wavelength 1o the absorption edge of one of the layer
materals Due to the swall divergence of the incident beam and by use of a sufficiently small
jrecerving apettare the angular resolution of the detected beam could be matchied fo resulve
adeqguately the specohur peak kom the dffuse scatienng The ngh mtensity of the beam
allowes to measmee the distubution of the diffuse scattered miensity over wide regions of the
eciprocal space Assummng Hiar the roughuess struchwre of sface and mterfaces m the
oM < s soffracutly selb-atfine. it can be descabed besides the mms-roughness ops by
Ltwe additonal paaneters 131 In Swha's wepresentation of the height-height autoconelation
| fnuction the conelanen fenpth & and the Hurst parameter B chatactenize

the lateral cut-off length and the surface jaggyness, respectively. From coherence effects in
the diffuse scattering, occuring in MLs, the roughness correlation between the layers can be
estimated and by this the part of the correlated roughness (ocor) included in orys-roughness
(GRM52=0'COR2+GUNCOR2) is quantified.

Table 1 shows the results obtained (using Bede REFS Code) from the two typs of the CB
PLD-prepared MLs in the ‘as-deposited’ state and after tempering .

Table 1 Simulation results for the Co/Cu MLs in the ‘as-deposited” state and after tempering

‘as-deposited’ after tempering at 500°C 2h
ML GRMS 4 h | coopfopms | Orms I3 f | GcorfOrms
type (nm) (nm) (nm) (nm)
4x[8/8) | Co 1.4 4000 0.25 0.4 Co 1,20 20 0.6 0.10
Cul2 Cu 0.80
8x{4/4] | Co2.3 4200 0.25 0.5 Co 1.60 15 0.7 0.05
Cu 0.8 Cu 0.85

Additionally, from the position of the Yoneda peaks (see Fig.1) the critical angle 8¢ of the
surface layer is well defined. It can be used for determination of the mass density o using the
relation 8¢ o« |/pA.
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Fig 1 Diffuse scattering (transversale scans) of Co/Cu 4x[8/8]-MLs in the *as-deposited’ state (on the left)
and after tempering at S00°C for 1h (on the right), (measured curves - thick lines; simulations - thin lines)

Results

Whereas it the “as-deposited * state the structure of the interface is characterized by a high
Jjaggyness, which means that the fractal dimension (=3 -#) reaches values of about 2,75,
afier tempering the interface is smoothed and the lateral correlation length is drastically
shortened. This is accompanied by a reducing of the roughness conformity.

References
{1] B.D. Fulthorpe, D.E. Joyce, T.P.A. Hase, B.K. Tamner, P.J. Grundy, X70P 98 ,9.-11. 9,

1998 Dutham UK {Abstracts) P3.31 and Phys. Rev. B 58 , 5594 (1998)
12] Ping Wu, E.Y. Jiaug, H.L. Bai, and H.Y, Wang , phys.stat.sol (o) 161, 389 (1997)
131 S.K. Sinba, J. Plys. HI France 4, 1543- 1557 ( 1994)
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Report

The oxidation behaviour of metals at elevated temperatures became of paramount
importance, since it is of interest in many domains of material science and
industrial engineering. If is now essential to control high temperature oxidation and
therefore to investigate the kinetics of the growth of oxide films of the different
material systems. Grazing X-Ray Reflectometry for exemple allows to determine
the thicknesses of thin layers on a substrate by interference of the reflected X-Ray
beam from several Angstrom up to several hundred nanometers. In our
experiments we investigated the oxidation behaviour of an polished XC15-steel
samples to show the interest of this method. After isothermal heating of the
samples the thicknesses of the oxide layers were determined in function of the
heating time. This allowed to kinetics of oxide growth in function of heating

temperature.

The oxidized samples were oxidized at 300°C in the laboratory LMCM at ENSAIS
in Strasbourg. At ROBL, the samples were mounted on the goniometer and
specular and diffuse reflectivity was measured under atmospheric pressure and
room temperature. Figure 1 shows the specular reflectivity curve of the the XC15
steel samples in function of heating time. By simulation, we determined the oxide

layer thickness in function of heating time and so the oxidation kinetics of the steel

sample.(figure 2)
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Fig 1. Reflectivity curves Fig 2. Oxidation kinetic

We observe in Figure 2 two different regions of oxidation behaviour. In the first
zone a logarithmic growth can be observed. After a breakaway at about 70mn
oxidation time, a parabolic growth behaviour can be observed. This two different
zones correspond fo two different oxidation behaviour. The breakaway is due to the
change of the oxidation mechanism. This results could be reproduced on a
laboratory X-ray source and confirmed the existing theories of high temperature
oxidation of metals.

Diffuse reflecti\)ity measurements results were compared to AFM measurements on
the same samples and confirmed the experimental results obtained by diffuse

XRR.
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Report:

Silicon carbide is well known as a wide band gap semiconductor with a high thermal and
chemical stability for 1ealizing electronic devices for high frequency, high power and high
teperature applications. Ton implantation of C into Si is a suitable method for synthesizing
$1C. In this experiment the formation of SiC crystallites is studied if the volume
concentration of C is near 0.45 of the stoichiometric value after implantation of 4x10%7 cm?
€ 1ons with an energy of 195 keV at 500 °C or 800 °C. The grown particles were identified
as eubic 3C polytype crystallites by x-ray diffraction; and the strain in the Si matiix and its
changes were followed {(see report to the ROBL experiment 20_02_001). Furthermore the
otientation relation between the lattice of the SiC patticles and the Si matix is detenmined by
the measurcient of reciprocal space maps (RSM) of symupetiic SiC(002) - Si(004) and
asymnetie SIC(113) - Si (113) reflection pairs. An orientation aligmnent of the cubic axes

of the SiC crystallites to the Si matrix is confirmed.

Fig. I shows the RSM near the SiC(002) reflection for Si(001) wafers implanted with 4x10"7
e C ions with an energy of 195 keV. The centre of the Si(004) reflection lies at q,~0 and
q.=46.3 nm™', For implantation at the lower temperature of 500 °C the cubic axes of the SiC
crystallites are orientated with a nearly isotropic spread (FWHM = 4.5 °) parallel to Si [001]
direction.

A higher volume part of SiC grows during carbon implantation at 800 °C - the maximum
intensity of the SiC(002) intensity is 3.5 times higher than in the former case. Furthermore, a
more complex distribution is found (right hand side of Fig. 1); The majority of crystallites is
highly aligned with a spread of 2.5 ° isotropically distributed around {001] shown by the
symmetric top of the SiC peak, whereas the minority is anisotropically distributed around this

axis with preferences into the <111> directions (streaks at the bottom of the SiC peak).
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Fig, 1

Reciprocal space maps near the SiC(002) reflection for Si wafers implanted with 4x10'7 cm?
C" with an energy of 195 keV at 500 °C (on the left) or 800 °C (on the right), respectively.
The isointensity lines are choosen in a logarithmic scale, the bulk ones corresponds to 512
counts and 2048 counts per 3 sec.
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Report:

The technical alloy Ti-8Al-4V (wt-%) was implanted with nitrogen in order to
enhance surface hardness. The as-received alloy has a dupiex structure, where the
main component is the hexagonal o-phase. The cubic B-phase as the minor

- component is stabilised by V. The beam line implantation of N at 80 keV produces

a Gaussian depth distribution with the centre at 130 nm and a FWHM of about 120
nm. From laboratory X-ray diffraction it was found that for doses >3x10"" N*/cm?
the TiN phase is formed. The aim of the experiment was to check the correlation
between nitrogen depth distribution and formation range of TiN. Because of the
shallow profile one needs low incidence angles and low divergence of the beam.

A sample implanted with a dose of 6x10"7 N*/cm? was investigated in grazing
incidence technigque with incidence angles from 0.3° to 8°. At A = 0.154 nm the
intensity in the angular range 26 = 32°-47° was recorded. Bragg reflections from all
3 interesting phases are located in this range. The figure shows the 2D intensity
plot of the measurements. Note, that the angle / depth -scales are not linear.

We were not successful in correcting the data for the penetration depth. The
intensity is always the accumulated scattering for the given angle of incidence. For
this reason the calculated penetration depth of the X-rays using the density of
TiBAI4V of 4.43 g/cm3 is given as the right scale of the figure. Existing correction

procedures [1,2] assume a multilayer structure with flat, sharp interfaces. In the

case of the implantation profile one has a smooth change in the concentration and

obviously also in the phase content.

The following conclusions can be drawn from the obtained data.

¢ The ion implantation destroys most of the crystallinity of the alloy near the
surface.

» The lattice of the a-Ti-phase is expanded in the implantation region. At greater
depth (bulk region) the peak positions are shifted to higher Bragg angles.

» The TiN phase is formed in the region of partially amorphous material. The
maximum of the Bragg reflections of the base alloy were observed in a depth
three times higher than the maximum if TiN, The destroyed lattice of the alloy is
one prerequisite for forming crystalline TiN directly during implantation without
further annealing.

o The strong line broadening for TiN peaks indicates small crystallites in all depths.
The estimated crystallite size is about 5-6 nm.

e The apparent maximum of TiN phase is about two times deeper than the
maximum of N implantation. This is an effect of the accumulation of intensity. It is
necessary to adapt depth correction procedures to smooth distribution functions
rather than step like functions.
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[1] P. Predecki, Powder Diffraction, 8 {1993) 122
[2] Jian Luo, Kun Tao, Thin Solid Films, 279 (1996) 53
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Report:

Zr-Ti-Al-Cu-Ni alloys belong to the family of new multicomponent metallic glasses with
extended supercooled liquid region which can be obtained not only by rapid quenching but
also by slow cooling from the melt. This allows preparation of thin ribbons as well as of bulk
glassy samples. The question wether or not structural differences exist in the amorphous state
due to different cooling rate could be answered by the diffraction measurents. Fig. 1
compares the X-ray diffraction patterns of amorphous Zrs;TisCugoAljoNig alloy obtained by
rapid quenching and by copper mold casting. Small differences in the scattering curve
indicate a somewhat higher degree of order in the slowly cooled sample. These differences
are similar to that during annealing of the rapidly quenched material. The sample prepared by
copper mold casting corresponds to a relaxed amorphous state.

Annealing at elevated temperatures allows structural investigations of the progress of
crystallization and the development of stable or metastable nanoscale phases fiom the
supercooled liquid. This offers the possibility to produce bulk nanoscale materials or
amorphous/nano(quasi)crystalline phase mixtures by crystallization. Amorphous
ZrgaxTicCuzeAligNig with 3 at% Ti formes quasicrystals as the first stage of crystallization
[1]. With iucreasing Ti content the formation of nano-quasicystals was concluded from
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Fig. 1: Comparison of diffraction patterns of  Fig. 2 : Diffraction patterns of as-quenched
amorphous Zrs7TisCuggAloNig and annealed states Zrgy  Ti,CuggAloNig

conventional X-ray diffraction measurements [1}, Fig. 2 shows the obtained diffraction
patterns for the alloys with 5at% and 7.5at% Ti in the as-quenched state as well as after
annealing above the first crystallization peak in DSC. The XRD of the annealed states are
characterized by an increase of the intensities of the first and the second maximum but
strongly broadened. The formation of an ultrafine nanostructured state 2-3 nm in size can be
concluded from the diffraction curves for Ti content >5 at.%. There are only small differences
between S5at% Ti and 7.5at%Ti content. The calculated difference curves between the
annealed state and the as-quenched state, also shown in Fig. 2, indicate clearly that the
structure of the nanophase is different from the quasicrystalline state obtained for 3at% Ti.
The position of maxima in the difference curve are in agreement with a foc structure. The
diffraction curves point to still existing amorphous phase. Further experiments including
Transmission Electron Microscopy and Neutron Small Angle Scattering work and are in
preparation to get additional informations on the microstructure of the annealed samples.

[1} L.QXing, J.Eckert, W. Loser, L.Schultz: High-strength materials produced by
precipitation of icosahedral quasicrystals in bulk Zr-Ti-Cu-Ni-Al amorphous alloys,
Appl.Phys.Lett, Vol.74, No. 5,(1999) 664-666
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Fig.1:Arrangement of the specimen in the diffractometer geometry

Report:

Preliminary diffraction measurements at fully processed multifilamentary Bi-2223/Ag
supercanductors were performed at ambient temperatuwre without removing the silver
swrounding the ceramic material. The experiments were carried out in transmission and
reflection arrangements of the tape conductors (Fig. 1), In both geometries usefull diffraction
patterns were recorded (Fig. 2, Fig. 3). The analysis of a (200) fibre texture of the
superconducting phase of 3 types of superconducting tapes reveals a correlation of the texture
degree with the superconducting critical current densities measured at these conductors:

tape  texture degree critical current density (kA/cm?)

1 0,793 154
2 0,846 20
3 0,909 25,8

The next step should be the adaption of a high temperature chamber to the diffractometer at
ROBL to perform high temperature measurements on unprocessed specimens to study the
formation and the texture evolution of the Bi-2223 phase during the annealing process in the
tape fabrication starting from a multiphase precursor.
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Report:
To investigate multilayer systems showing giant maguetoresistance (GMR), it is of interest to
correlate layer and interfacial properties of such systems both with parameters of the sample

 preparation and with the resulting GMR, In the present study samples with different
combinations of Co-, Cu- and NiFe-layers of about 2 nm thickness corresponding to the

second maximum of the GMR were prepared by DC magnetron sputtering, The layer
properties like layer thickness and interface roughness and the lattice properties like strains
and crystallographic texture of the different samples were compared using methods of X-ray

 reflection and wide angle diffraction, respectively. The high brilliance and tunable wavelength

of the synclirotron radiation at the ROBL beamline allowed to improve the contrast for the
different material combinations by setting the X-ray wavelength to the absorption edge of one
of the layer materials (in most cases Cu) and to measure the diffuse scattering with intensity
sufficient for evaluation.

An exainple of the specular scattering experiments is given in Fig, 1a. Both the values of the
s interface ronghness and of the layer thickness were found to be comrelated with the layer
combination. For instance, the Co/Cu layer combination shows smaller rouglhness and larger

Tayer thickness compared with the NiFe/Cu system.

Apparently, the larger adhesion between Co and Cu does not only increase the layer
thickness but also reduces the interface roughness. A similar interpretation may be obtained
from the measurement of samples containing additional thin layers of a third material between
the main components of the multilayer. We found that thin additional Co layers of about 0.3
nm thickness reduce the roughness of the interfaces in NiFe/Cu multilayers, whereas
additional NiFe layers in the Co/Cu system reduce the thickness of the Co and Cu layers;
apparently due to the smaller adhesion between NiFe and the other two multilayer
components.

Though the specular part of the scattering in the low angle region shows significant
differences between the samples, the diffuse scattering looks rather similar for all samples,
Lateral correlation lengths of about 10mm and values of the Hurst parameter of about 0.6
result from transverse and offset scans independent of the layer composition. The
corresponding characteristics of the interface morphology seem to be influenced more by the
sputtering technique than by the multilayer composition.

Wide angle diffraction measurements reveal a preferred {111}-orientation of the lattice
planes parallel to the interfaces with a half width of the texture of FWHM=30° and profile
shapes influenced by size-strain-effects for all samples (Fig. 1b). A lower limit of the mean
crystallite size was estimated to be about 10 nn, which is larger than the layer thickness and
indicates the columnar structure of the grains. This structure can also be deduced from the
multilayer peaks of the {111}-reflection. The satellites of already the first order are very
weak due to infernal strains and interface roughness, A comparison of the measured profiles
with those calculated using a kinematical model including interface roughness indicates the
presence of coherence strains diminishing the lattice mismatch at the interfaces.
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Fig, 1: Scans of a Co/Cu-multilayer (red), a NiFe/Cu-multlayer (blue) and a NiFe/Cu-

multilayer with a thin additional Co-layer at the interfaces (cyan) in the low angle region (a,

left) and in the wide angle region (b, right). The bilayer number of the multilayers is 15.
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Report:
The measurement of the "quasiforbidden” reflections is a very sensitive method in order to determine very
small changes of atomic positions (e.g. relaxations), deformations of the charge density in dependence of the
chemical bonding or differences of atomic vibrations . We used this method to determine the atomic
positions of 44- and 6H-SiC crystals with high precision, This was necessary to examine the polytype-
depending displacements of the C- and the Si- atomic positions from the ideal tetrahedron and to compare
these results with ab initio calculations [1][2). Such atomic displacements of the carbon atoms (g(j)) and the
silicon atoms (3(j)) are in order of magnitude of 10 times the c-lattice constant. These small displacements
result in a non-vanishing integrated intensity of the "quasiforbidden” reflections, Since these integrated
intensities are essentially smaller than the intensities of the occurring "Umweg" reflections, a correction of
the influence of the "Umweg" reflections is necessary. To carry on former investigations we made
measurements at BM 20 at the ESRF to:
(i) get more precise results by means of refined "Umweg" corrections.
(i) get unambiguous structure models by measurement of extreme weak reflections (especially
asymmetric reflections).
(iii) specify the "absolute" structure by determination of the phase invariant ¢y at multiple beam cases,
i.e. differentiation of structure models, which only differ from each other in the sign of the atomic
displacements.
In order to achieve this goal high primary X-ray intensity ("quasiforbidden” reflections) and a six-circle-
difftactometer (rotation about any desired lattice plane normal) was necessary.

Since the evaluation of point (i) and (ii) has not been finished up to now, only point (iii) will be discussed in

the following.
Since the relaxed structure is characterized by the atomic displacements (8(j), () from the ideal tetrahedron

structure, both structures S, = (8(), &(j)) and S- = (-8(), -&(j)) result in the same integrated intensities,

because of |F.(H)| = [F.(H)|, where H is the reciprocal lattice vector of the "quasiforbidden” reflection.
Therefore the both structures cannot be distinguished by measurement of the integrated intensities only.
Because of

&+(H) = ¢_(H) £ 180°
for small displacements 8(j) and &(j) the "absolute” structure can be determined if the phases of the structure
factor of the "quasiforbidden” reflections are known. The measurement of these phases becomes possible by
superposition of the "quasiforbidden" reflection H with "Umweg" reflections {3]. When choosing a three
beam geometry the two remaining reflections L and H - L have to be strong reflections, because sirong
reflections are independent of the relaxations, If the phase invariant

Gine = dt, + durr, - du
is close to 0° or 180°, the wings of the peaks in the azimuth scan (rotation about the lattice plane normal of

the weak reflection H) of the "Umweg" reflections are strongly asymmetric. The model §. shows the inverse
asymmetry compared with the model S_ (FIG. 1).
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FIG. 1: Left: experimental azimuth scan of the 4H-SiC 00.2 reflection. fn brackets the Miller indices of the strong
reflections L and H - L. Top right: simulation of the 4H-SiC 00.2 reflection according to Ref. [4] model S,
with the phase invariant. Boltom right: simulation of the 4H-SiC 00.2 reflection according to Ref. {4] model
S_with the phase invariant.

In order to distinguish the model S. from S, reflections with small Miller indices are particularly useful,

since the influence of temperature vibrations can be neglected for silicon carbide in this case.

Comparing the measured data with the simulation of the "Umweg" peaks according to Ref. [4] we found a

good agreement with the model S, in the case of 4H-SiC (FIG. 1) as well as for 6H-SiC (without figure).

These results also match with the ab inifio calculations in Ref. [2].

[1)  Bauer A. ef al.: High-precision determination of al positions in crystals: The case of 6H- and 4H-SiC,
Physical Review B, Vol. 57, Number 3, | February 1998, 2647-2650.

[2] Kickell P.: Silizimmkarbid — Strukturelle und elektronische Eigenschafien verschiedener Polylypen,
Dissertation, Friedrich-Schiller-Universitit Jena, 1996.

[31  Weckert E., Himmer K.: Multiple-Beam X-ray Diffraction for Physical Determination of Reflection Phases
and its Applications, Acta Cryst. (1997), A 53, 108-143.

[41  Shen Q: A New Approach to Multibeam X-ray Diffiaction Using Perturbation Theory of Statiering, Acta
Cryst. (1986), A 42, 525-533.
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| Si (001) implanted by 32 keV B to a dose of 6elScm™? and annealed for 15 minutes at

' study the transition from Bl clusters at 750°C to mainly exirinsic stacking faults (SF)

 temperatures up to 1500°C in a vacuum of about 107 Torr. The in-situ studies failed be-
| canse the heat transfer between the heater and the sample was not good enough. Instead a

Report: We have investigated the defect formation in Si after boron implantation at differ-
ent annealing stages by grazing incidence diffuse x-ray scattering. The starting material was

750°C to recrystallise the damaged near swface layer. The aim of the experiment was to

which were found previously at annealing conditions of 1070°C and 10 seconds. The graz-
ing incidence diffuse scattering was first measured in-situ in a furnace which aliowed for

set of 5 samples which had been treated ex-situ by rapid thermal annealing (RTA) at
1070°C for different times (10s, 20s, 40s, 80s, 120s) have been investigated. An intensity
“slice” along [001] has been measured by use of a position sensitive detector (PSD) placed
while the scattering vector pointed at the position (2.1 2.1 0). Here the diffuse intensity rod
in [111] divection, which indicates the presence of SF on (111} planes is most pronounced
as can be seen in Fig, 1 for all samples. Most surprisingly the SF grow and disappear in a
very short time window of only 80 sec. At 10 sec the streak intensity is smaller than at 20
sec, the SFs are growing, The width of the streak along the exit angle is directly linked to
the lateral extension of the SF and is easily converted in a SF diameter of 66 um at 10 sec

which continues to increase with time as shown in Fig.2. At 40 sec the streak intensity de-
creases, indicating the dissolution of the SFs and at 80 sec the SFs have completely van-
ished.

Fig.2: Stacking fault diameter deduced (rom the
streak width of Fig, 1 as a [unction of
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The integrated peak intensity in Fig. 1 is proportional to the number of SF which will be
used, together with the SF diameter from Fig. 2, to study the growth kinetics of the SFs.
Another important question is the depth distribution of the SFs. The intensity in the PSD
was studied as a function of the incident angle, keeping the scattering vector constant at
(2.1 2.1 0) as shown in Fig.3 for the different annealing times. The information on the depth
distribution of the SF will be de-
duced from the functional de-
pendence of the curves in Fig. 3.
In conclusion: we have discov-
ered stacking fault formation in B
implanted Si which depends sen-
sitively on the annealing tem-
perature and time. The SF grow
and disappear again in a short
time window of only 80 sec. The
trapping of the Si interstitial at-
oms in SFs provides a mechanism
to explain the low transient en-
R hanced diffusion of Boron at
1070°C, because free Si intersti-
tials are needed for the intersti-
tialcy mechanism of the anoma-
lous fast B diffusion in B im-
planted Si. We have also found
that at 750°C only a few SF are
already present with a diameter of
about 10nm.
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Table 1 Resuits from specular XRR of Co/Cu-MLs (Charge 2)

‘as deposited’ low-dose Cu” implanted
ML single | o (nm) P Ors | o (nm) X GrMs
type layers | deo/des | (g/om®) | (nm) | defden | CosCuis | (nm)
4x[8/8] Co 16.95 8.6 1.5 16.55 0.8 2.4
Cu 1.08 8.8 1.5 1.03 0.2 23
8x[4/4] Co 8.0 8.4 1.2 8.0 0,50 145
Cu 1.0 8.8 1.15 1,05 015 1.35

Table 2 Results obtained from diffuse scattering (transversal scans) of Co/Cu-MLs (Charge 1)
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* Dr. F. Prokert, FZ- Rossendorf, FIWS
* DP. J. Noetzel, FZ- Rossendorf, FIWS
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* Dr. N. Schell , CRG ROBL at ESRF, Grenoble and FZR
* DP. F, Berberich, CRG ROBL at ESRF, Grenoble and FZR

Report

The study of ion-beam modification of Co/Cu multilayers (Co/Cu ML) is part of investigation
of the intermixing properties of Co-Cu systems [1], [2]. Two types of C/Cu MLs,
Si/Si0y/8x[Co(4nm)/Cu(4nm)} and Si/SiO»/4x{Co(8nm)/Cu(8nm)], were investiga-ted in the
‘as-deposited’ state and after ion-beam mixing. The MLs, prepared by crossed beam pulsed
laser deposition (CB PLD), were implanted with low (2.5x10" Cu*/cn®), medium (5x10%
Cu'/em®) and high (2x10'® Cu'/cm®) doses of 150 keV-Cu" ions. The high brilliance and
tunable wavelength of the synchrotron radiation at ROBL allowed to improve the low
contrast for this material combination by setting the X-ray wavelength to the absorption edge
of one of the layer material.

Information about the changes in density, layer thickness and inferface roughness due to
mixing by ion bombardment come from the reflecitvity (XXR) of the “as-deposited’ and the
implanted specimens. Specular (Fig.1) and non-specular (diffuse) XXR were measured on
both types of samples at the K-edge energy of Co (7.708 keV) and Cu (8.9737 keV),
respectively. With these two independent data sets of the same samples, the accuracy of the
simulations, obtained from the codes REFSIM (Siemens) and/or REFS (Bede Scientific),
could be improved by the cross-check of the fitted parameters.

‘as-deposited’ after high-dose Cu’-implantation
ML s & h | oconfors |  omms & h Gcor/OrMS
type {hm) {om) {nm) (nm)
4x[8/8] Co 4000 0.25 04 {CoCu} 100 0.6 0
Cu 34 Uncarr,
8x[4/4] [ Co1.25 | 4200 | 025 0.5 {CoCu} | 100 0.6 0
Cu 0.82 33 UnCcorr,
ol CoICu ML 8x[4l4) ] ColGuML 4x[8l8] ]
1o /m\\,w/\ 150 kaV Gu'ion wglantation hics 150 keV Cu'-ion implantation
o xnﬁ\\:\\‘\'\’\
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Fig.1 Specular XXR of Co/Cu-8x[4/4]MLs (on the left) and Co/Cu-4x[8/8] MLs (on the right) in

the ‘as-deposited” state and after low-, medium-, and high-dose 150 keV Cu’-ion implantation
Results

As expected, due to the fon-beamn mixing the Co-Cu-interface regions increase and the
ML-structure is successively dissolved. Ceraintly the used modelling, based on the
Parait formalism and the Névot-Croce roughness model, must be stressed to describe
such an extended interface structure. Nevertheless, useful information about opms-
roughness and interface topology follows also from these rough simulations. Besides the
formation of graded interfaces (CoCuy.y) the initally jagged layers will be smoothed by
ion-impact processes as shown by the strong decrease of the - and £ -paramters. With
increase of the graded interfaces the ML roughness conformity disappears.

References

[1] D.E.Joyce, et al., Phys.Rev.B 58 (1998) 5594-5601

[2] Ping Wu et al., phys.stat.sol.(a) 161 (1997) 389- 397
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Report:
To follow the stability of semiconductor material under non-standard conditions of treatment

Si(001) wafers were implanted with 2.5x10' cm™ Ge* (E = 1 MeV, or 4 MeV) and annealed
at 650 °C for 1 h. The samples were characterized by high-resolution XRD, REM and AFM,

respectively. As revealed by XRD a strain gradient perpendicular to the surface is formed by

the implantation process. The strain reaches values of 0.00140 after 1 MeV and 0.00116
after 4 MeV implantation. Due to subsequent thermal treatment the strains are reduced to
0.00085 and 0.00106, respectively, and lattice defects grow as indicated by the diffuse
scattering. Furthermore, transverse intensity oscillations were observed in the reciprocal space
map. It was confirmed by AFM aud SEM that the reason for them is a self-organized system
of dots on the surface. The dots are nearly cones with a bottom diameter of 360 nm and a
height of 40 nm. Their mean distance is about 1.5 pm and they are preferently arranged in

rows along <110> directions. Storing the samples at mormal laboratory conditions the dots

disappear after about 8 and 16 months, respectively.

The ain of the experiment is to reproduce the conditions for the growth of the dots by in-situ
thermal treatment and their detection by a quick x-ray scattering method. A formerly
implanted (2.5x10" om? Ge* of 4 MeV) and annealed (at 650 °C for 1 h) Si(001) wafer was
heated in a firmace from 600 °C to 905 °C in steps of 50 °C for 20 min in each case.
According to the findings above, it is expected that during this annealing procedure surface
dots grow. The grazing incidence small-angle x-ray scattering (GISAXS) geometry [1], highly
sensitive to mesoscopic dots at the surface, is the suitable tool to study surfaces independent
on their crystalline or non-crystalline nature. At an annealing temperature of 850 °C some
marks of an ordered surface structure (see Fig. 1, arrows mark fiinge maxima) may be seen.
From them a surface structure period of 320 nin can be calculated. At other temperatures such

fringes were not be observed.
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- -'

3000 [ Rugd .
280 300 320 340
Scattering angle parallel (channel number)

Intensity (counts 7 900 s)

Fig. 1
GISAXS diagram of Si(001) implanted with 2.5x10"* cm? Ge* (4 MeV) and formerly

annealed at 650 °C for 1 h as-measured for an annealing temperature of 850 °C

The authors acknowledge the assistance of Dr. T. H. Metzger, Ludwig-Maximilians-
Universitat Miinchen, in the GISAXS measurements.

[1] T. H. Metzger, 1. Kegel, R. Paniago, J. Peisl, J. Phys. D: Appl. Phys. 32 (1999) A202.



"€6v (8661) Zh1 € "UIIN pue "wnnsuy

“onN “ednioyg “p\ pue vifue gy fossod ‘W ‘Auyosed] Y[ ‘Aoquex vy ‘ widoy ¥ [1]
‘SjusWRINSEoW JUILIOOY)I0 JO

uonezjupdo 103 pasn 9q j[im JueuiLodxs wiie)-Juoy I Ul S) NS JSIY 9Y) Ing ‘AoRINOOR pajul]
Y} JO 9sNRO3q PUNOJ JOU 2IdM SIgFeMm pajejusio ([11) pue ([(0) 0] Ulens NRIRIP Juesyiudig
Jnsal Ye[ruys & 9A1F 908gns (1] 1) Yim SI9JeM 007 ‘SUONOS{Jal 10Y)0 AQ PSULIFIOO ST SIL
‘Jusunean) Jurestue ue jsurede o[qels SIOW PUB IS-U W Jey) uer toydiy 9 o7 Aereunxoidde
st 15-d ur panseswr urens sy, ‘[eusis pansestt ot 0} ANqLYU0d I3 urels se [[om st T3 uiels

‘o5eD SIY U] "USAIS dle UOHOSIRI (] [NS OLISLIUASE BY) JO SSNISUSIUI PSJORLHP [ ‘Sif U
(a0iBop) vyayy

$v'62 0v'62 5E'6C o
£Sroun O R

ASNL §°€ JO IS o N ﬁ 0
¢ 01%s ypm pojuerduir . 1o -
siagem ([00)IS 10§ -
(wree 80910 = ) treaq jor &
Aei-x 91} JO 30ULPIOM UIWO0E/0.006 I1S-d % o
Burzeid 1oy uonosiyer F poeidwr-se g-d + 100 &

(1S ornownidsy 1 uwog/0,0061s-u o § o)

I .wE . . . . vwEm__aE_..mm Ig-u = f
200°Ce 961'29 PUE €61'81 |68£08 (g1)  ose) wAse ---
0000 09871 61L'67 (T1 D ese) wks ---

(111) eoeging
6ET'ST 0S9'PSPUe ILI'y | 128'8S (€11) ssep uikse -
000°0 LIE9E £€9'CL Fo0)  9%BD "WAs -

(100) eovyng
(o) sBue voneurou; () o[Bue souopion] |(,) 6z (B

“SUOKO3Fa1 SOy 91 [J 10§ 1ejouroiuod oy ySnomyy uonededosd weeq Suiziesl
10j W3uojerrM WINUNKENT I ‘Wil §91 0= YBuojoarM Ael-x ot 10} UsAIS aIe suoposyyer
posn a1 10y siajoutered vonoegpp oyl 9(qe} Buimoffoy sy up ‘peipnys e sydwes oty Jo

aoeyms a1y 03 paulfour pue [ofjered saue(d 18U YIM SUONOS[RI ‘Elep AlBSSO0SU ST JORNXS O,

‘wirlg satjoear sjuejdun pue wens o Jo uonnqrysip ydap sy pue o[- Jo afuet

o ul SI UIENS WIMUIXBW S, "WWQE 10] Do 006 10 Do (08 1 SurLOUNE UR foYe pur 9By
pajuejduri-se ot ul paIpnys pue ASN §'¢ JO IS , Wo 01%5 yhia pajuefdu axom sojdures syy,
1] wotBex zydy o 1 Supeyed

[ejour , Snofewout™ parasqo a1} ueldxs Aew pue sspundu offjeiaiu 1oy toke] pejuerdur oy Jo
Amqedes 3urio)ed JuelaliIp © UI 1NSSL PINOYS SOUSIAMIP SIYL "( <HI>S.pi (51008 S501$ Dwes
ot 103 SI 38U ‘N/W .01-2€'$=<"1>H/] Pue N/ ,,.01-89'L=<100>F/[) snynpow s Junox jo
SO[LA JUSISMIP O Anp Jofem IS 2u Jo uopeuswio onjderFoflelsAio Jusiepp 1o symsat (dogpns
) 03 AJjeULIOU pajoallp) 2 sanjeA URNS JUSISHIP topeue[dir Hor Aq peaonpoyuL O SSONS USAT
© 10§ “‘0.(d/1) =3 me] $00H Buipioooy ‘snjupowr s Suno)x jo Adonosme osmydeiSoyjesin
SY3 JO 98NBOSq SIOMIP UrES Q) Jer) pawnsse 9q ueo i ‘patedurod on pmoys seuepd sovpms
(1) pue (100) ynm suogesm 1s (g) padop-d pue (J) padop-u Jo anoiawvysq o) Ajjeosdsy
IS pajue[du-uol-Ao Jo uoisuedxa 20e] Sy} SINSEOUT 0] ST JUSWILAAXS Bl JO WY SYL
. naodey

SJQ0URID JYSH ¥ DYDTLOY 1ssaxppe jusserd (1)
Aueuuap ‘uspsaid y1£10-C ‘611018 "H'O'd
o1Easey] S[eLISJEA PuR SOISAYJ Weagy 1] JO SymKsH]
JIOPUBSSOY WNYUSZSHUNGDSIO] |

(¥) , 11°Y0S "N “10j893 Y ¥, WOl *

(swsteyusuipadxe sajeorpul ) spuedrdde Jo suoYEIIE pus SouIE

66'8°C) HoYyos N ¢l 6
STHOY 10 pantaony i(s)ouvsuod juaory ISP
66'8°01 66782 0 se'TeT WOy 0T WH
at0dan Jo ae( suompadxe Joaju( | ouyuIvag
81020 02 woeyowo (111) pue (001) 30 siojeam 1 oyuy | OO 1H0¥
sroquInu 1§ Jo uopejueydur 0) oup ajygosd ufexs o1y Jo uosteduwioy) @
Juountadxy sopn yusmLisdyy

72




€L

Eﬂﬂ Experiment title: Experiment
| In-situ temperature dependent measurements of number:
ROBL-GRG phase transformations in N-implanted Ti6AI4V alloys 20_02_019
Beamline: | Date of experiment: Date of report;
gvoo  (from: 9.5.99 to:  10.5.99 26.08.99
19.6.99 22.6.99
Shifts: Local contact(s): Received at ROBL:
15 N. Schell 30.8,99

 Names and affiliations of applicants (¥ indicates experimentalists):

*F, Berberich™, *W. Matz, E. Riclter, *N, Schell?
Forschungszentrum Rossendorf, PF 510119, D-01314 Dresden
Institute of Ton Beam Physics and Materials Research

% also ROBL-CRG at ESRF

Roport (first part):

‘The experiments are part of & general work to investigate the structural mechanisms of
the enbianced hardness of the technical alfoy Ti-6AI-4V due to N* implantation and its
degeneration. Samples were implanted with doses (1 - 8) x 10" Nem? at 80 keV. The
siruciural implications of the loss of hardness during annsaling were studied by in-situ
XED-axperiments with synchrotron radiation at a sample implanted with a dose of 6x10"
'lom?, Additionat sample characterisation was performed by SEM, ERDA and Vickers
hardness,

The ssreceived sample shows only Bragg peaks of the hexagonal « — phase, which is
the main phase, and peaks of the cubic f-phase, After the ion implantation we observe
the TiNgs at first and then the TiN Bragyg peaks. The intensity of these peaks show a
direct correlation to the implanted doses. The Bragg peaks of both nitride phase are
significantly broadened. From the line broadening a mean crystalline size of 5 nm was
aslimated, It was concluded that the abserved hardening of the alloy is of precipilation
{ype rather than the forrnation of a TiN layer, o

The in-situ experiment with a Ti-6A-4V sample implanted with a dose of 6 x 10" NYem?
was performed at ROBL with & high temperature diffraction chamber. The investigated
temperature region was from 500°C to 750°C in steps of 50K. At each temperasture two
¥-ray patterns were recorded; for an angle of incidence of 1° {(approximate penefration
deapth of 200 am) and another one for 4° {up to 1000 mm depth). The scanning time for

each diffraction pattern was 30 min. So the duration of the in-situ experiment
corresponds to the typical annealing time used for these alloys. L

At 500°C the pattern consists of the Bragg peaks from both Ti phases and from TiN
formed by implantation. With increasing temperature the intensity of the TiN peaks
decreases. The formation of TizN begins at a temperature between 650°C and 690°C, At
the final temperature of 730°C all TiN peaks have completely vanished and only Ti:N
peaks are observed besides the Ti-phases. From a plot of the integrated intensities for
TiN and TiN in Fig. 1 it can be seen, that this phase transformation is a continuous
process.

400 angle of incidence = 4° angle of incldence = 1° 1::: g;g;
Fig. 1: Change of
—A—TiN 211)
5 v\/\, ——TiN (002) the integrated
@ 300 : v intensity of TiN
4 [l [ @& T @g [s] and Ti;N peaks
P i during in-situ
5 00l ] annealing of
& Ti6AI4V alloy
z |
2
ig 100 ./.\.\' e —
0 A ¢ 4 H

LA - ™t % - +
800 §50 600 650 VOO 750 &S00 550 600 650 700 750

Temperature {°C)

A further structural effect is the change in the lattice parameters in both the o-Ti and B-Ti
phases, which is not conform with thermal expansion as shown in Fig.2 . Especially, the
lattice expansion of the p — Ti phase of 2% over a temperature range of 200K is
remarkable, It is known, that V in Ti reduces the cubic lattice parameter significantly.
From the behavieur shown in Fig. 2 one may conclude that the annealing is connected
with & reduction of the V-content in the p-Ti. This is suggested as an additional process
for hardness reduction besides the phase transformation.

literature values, -
\

Fig. 2: Change of lattice
constants of the Ti-phases
during annealing
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Experiment title: ’ Iixperiment
E‘Eﬂ Characterization of waveguide-structures with single- number:
ROBL-CRG / mudiimode-guiding-layers 20_02_021
Beamline: | Date of experiment: Date of report:
BM20 |from: 17.05.1999 to: 18,05.1998 02.09.99
Shifts: Local contact(s); Received at ROBL:
6 Dr. Norbert Schell 02.09.99

Names and affiliations of applicants (* indicates experimentalists):

Franz Pfeiffer*, Tim Salditt*

Sektion fir Physik und Center for NanoScience (CeNS)
LMU Munchen, Geschwister-Scholl-Platz1, D-80539 Miinchen

Email: salditt@physik.uni-muenchen.de

Peter Haghgj*
{LL (DPT), Avenue des mart_yrs, B.P. 156, F-38042 Grenoble Cedex 9

Report:

We have fabricated x-ray waveguides [1, 2] by different thin film deposition techniques, and
characterized thelr x-ray optical properties by experiments using a 20 keV synchrotron

beam at ROBL (BM20) [3]. A theory to describe the observed effects has been developed
and compared to the experimental results. The good agreement confirmed our mode! and

enabled us to design waveguides with several new features by simulating their guiding
characteristics, and calculating the efficiencies.

A nearly perfect control of the automated sputter deposition process allowed us to design
and study a series of sputtered NI/C-waveguides varying different structural parameters,
ranging from very thick (~ 1500 A) to ultrathin guiding layers of 100 A. Only a single mode
can prapagate in the uitrathin guiding layers, which has never before been observed. At the
exit of the waveguide structure, a correspondingly small "nanobeam” is produced, to our
knowledge the smallest beam ever reported.

The farfield patterns of many different wavguide devices have been characterized by two-

 dimensional mappings, which proved very usefull o identify the resonances and to compare

the results to multidimensional field simulations, see below. Furthermore, we have designed
and characterlzed a new class of multiple guiding layer devices, with potential applications
in interferometry.

aoonool
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A simulation of the field intensity
distribution in a double mode
waveguide structure as a function
of the incidence angle. A resonant
field enhancement of about two
orders of magnitude is found in
some structures and can be
indirectly confirmed from a
measurement of the farfield
intensity of the exiting beam.

0.05 0.10 0.15 0.20 0.25
o, [deg]

[11Y.P. Feng, S.K. Sinha, H.W. Deckmann, et al., Phys.Rev.Lett 71, 537 (1993);
Y.P. Feng, S.K. Sinha, E.E. Fullerton, et al., Appl.Phys.Lett. 67, 3657 (1995).
[2] S. Lagomarsino, W. Jark, S. Di Fonzo, et al., J. Appl.Phys. 79, 4471 (1996);
S. Lagomarsino, A. Cedola, P. Cloetens, et al., Appl.Phys.Lett. 71, 2557 (1997).
[3] F. Pfeiffer, P.H Heghwj, |. Anderson, T. Salditt, N. Schell, to be published.
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Experiment title: Experiment
[ﬂﬂ Stress Relaxation in CrN Layers number:
ROBL-CRG 20_02_022
Beamline: | Date of experiment: Date of report:
BM 20 from:  23.06.1999 to: 24.,06.1999 27.08.99
Shifts: Local contact(s): Received at ROBL:
6 Dr. Norbert Schell 30.08.99

| Names and affiliations of applicants (* indicates experimentalists):

Prof. Dr. 1. Battiger*, Dr. P. Kringhogj*
Dept. Plysics and Astronomy
University of Aarhus

Ny Munkegade

DK - 8000 Amitius

Report:

To get information on the high-temperature mechanical properties of magnetron-sputtered
CrN hard coatings, the defect annealing and corresponding stress relaxation of the coatings
were studied in the temperature interval from room temperature to 750 °C.

During in-sity X-ray diffraction experiments, the positions (planar distances) and widths
{connected fo inhomogenuous strain, .e, defects) of two selected diffraction peaks, (111)
and (200§, were monitored as a function of time for various femperatures for fwo films with

thicknesses of approximate 0.6 and 1.1 pm.

Some of the results are illustrated in the figure, where the width of the (111) peak of the
thick sample is shown as a function of the annealing temperature, The triangles are data
points taken ag the temperature was changed in steps from the ambient temperature to the
temperatures indicated, Data points lying on vertical lines reflect the change of the width

 with time at fixed temperatures, Defect annealing (& decrease in the width) is observed at

temperatures of 500 °C and above. The circles are data points taken during the cooling-
down cycle.

Further data are required for a detailed understanding of the kinetics of the process. For a
characterisation of the defect sfructure before and after annealing, transmissior-electron-
migroscopy studies are also required. In addition, hardness measurements have o be
carried out to study the change in mechanical properties with the change in defect structure.
Both etectron-microscopy and hardness measurements are in progress in Aarhus.
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Experiment title: Experiment
The influence of Pu local environmeut on the non ideality number:
ESRF of (U,Pu)O; solid solution CH-619
Beamline: | Date of experiment: Date of report:
BM 20 | from: 12/06 to 15/06 and from 07/07 to 11/07 30/08/1999
Shifts: Local contact(s): Received al ESRF:
21 Tobias Reich

Names and affiliations of applicants (* indicates experimentalists):

*RIPERT Michel CEA Cadarache
DEC/SESC/LLCC Bat 315
13108 Saint Paul Lez Durance Cedex

BEAUVY Michel CEA Cadarache DEC/SESC

*DESGRANGES Lionel CEA Cadarache DEC/SECY/LECMI Bat 316
*PETIT Thierry CEA Cadarache DEC/SESC/LLCC Bat 315
*CARANONI Laurent CEA Cadarache DEC/SPUA

*RUELLO Pascal CEA Cadarache DEC/SECI/LECMI Bat 316

Report:

Some experimental results on unit cell parameter, electrical conductivity, specific heat and
thermal conductivity show that (U,Pu)O; is not an ideal solid solution. M. Beauvy [1] notes
that these anomalies occur when Pu concentration is around 3.1 and 12.5 at%. They
respectively correspond to one Pu atom for 8 unit cells and one Pu atom for 2 unit cells. He
supposed that these thresholds could correspond to different Pu local environments in UO,
matrix.

Our aimm was to see if Pu local environment is connected with Pu concentration in (U,Pu)Oay
mattix. In other words, we wanted to check if any modification occurs when Pu content varies.
However, because of the limitation in plutonium isotopes accepted on the beam line, we
studied (U,Ce)Oyy instead of (U,Pu)Ossy. (U,Ce)On4y system is expected to show many
similarities to (U,Pu)Oa4y, cerium is known to be a non active analogue of plutonium [2].

We thus used the 21 shifts allowed by the Review Committee to collect the EXAFS spectra of
5 (U,Ce)Oyy pellets (with Ce amount of 0, 5, 10, 25 and 50 at.%) in fluorescence detection

mode.

In order to both probe U and Ce local enviromment, we worked at U Ly and Ce L edges
(17.17 and 6.55 keV respectively). The following figure shows the Fourier transform moduli
obtained at U Ly edge for the different cerium concentration.
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Due to the high concentration of U and Ce, thie amplitude of the XAFS spectra was corrected
for self-absorption effects using the procedure of Troger ef al. [3]. To analyse our data we use
the phase and amplitude calculated by the FEFF 7.02 program [4].

As a first result, the U-O coordination shell shows very low evolution with the amount of
cerinm. On the opposite, the intensity of the second peak, connected to inetal-metal distances,
decreases as increasing the cerium concentration.

The determination of metal-metal distance and coordination number is difficult because of the
numnerous multiple-scattering paths included in this contribution. Furthermore due to the
nearness of the experiment we only deduced the parameters of the first coordination shell (U-
O} : uranium is coordinated with 8 oxygen atoms at 0.236 nm (the same as in UQOy). This first
coordination shell remains the same whatever cerium concentration is.

Due to the complexity and low ratio signal over noise of the Ce L edge spectra, we could not
have currently quantitative results on ceriuin enviromment, but work is still in progress.
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