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Vorwort 
 
 
DELTA, das Synchrotron mit dem besonderen Etwas, hat ab heute eine neue 
Einrichtung:  
 
Das DELTA User-Meeting.  

 
So erstatten wir zum ersten Mal Bericht, erheben aber keinen Anspruch auf 
Vollständigkeit. Aus User Sicht erhoffe ich mir aus diesem ersten Treffen, in 
dem wir unsere Ergebnisse der vergangenen „Jahres-Strahlzeit“ nebst unseren 
Wünschen dem Direktorium präsentieren, gewisse Synergieeffekte für die 
Zukunft. 
 
Unsere Wünsche werden bestimmt während des Treffens geäußert werden und 
sind dem Protokoll zu entnehmen. Persönlich wünsche ich uns an erster Stelle 
weiterhin einen kontinuierlichen Betrieb von DELTA, da er die Grundlage zur 
Realisierung vieler Forschungsvorhaben ist. 
 
Dem Direktorium und der DELTA-Mannschaft sei hier gedankt. Ich hoffe sehr, 
Sie alle finden ihre Bemühungen „Strahl erster Güte“ dem Nutzer zur Verfügung 
zu stellen in den Ergebnissen der nachfolgenden Berichte widergespiegelt. 
  
 
DELTA ist klein aber fein! Und gerade deshalb schaut die ganze Fachwelt auf die 
Qualität unserer Arbeit. 
 
Alex von Bohlen 
 
  



 
 
 

 
 

 
 

In grün markierte Strahllinien stehen dem Benutzer zur Verfügung 



Aufbau der DELTA Infrarot-Beamline 
 
K. Wille1, T. Weis1, B. Hippert1, N. Nedelchev2, E.H. Korte2 
 
1  DELTA, Universität Dortmund, 44221 Dortmund 
2  ISAS - Institute for Analytical Sciences, Bunsen-Kirchhoffstr. 11, 44139 Dortmund 
 
 
Die Leistungsfähigkeit moderner Infrarot-Spektrometer lässt leicht vergessen, dass 
nur der langwellige Ausläufer der Schwarzkörper-Strahlungsverteilung genutzt wird. 
Üblicherweise wird die Strahlung einer thermischen Quelle von einigen 10 mm² auf 
eine etwa gleichgroße Fläche am Ort der Probe gebündelt. Einer stärkeren 
Fokussierung ohne den ausgenutzten Raumwinkel an der Quelle oder deren erfasste 
emittierende Fläche (konstanter Lichtleitwert) zu reduzieren sind enge Grenzen 
gesetzt. Dies ist insbesondere für die Mikroskopie nachteilig. 
 
Synchrotron-Strahlung bietet eine dagegen kleine Quellfläche und durch die 
Vorwärtsrichtung der Abstrahlung günstigere Bedingungen für kleine Proben. So 
wurde bei einem direkten Vergleich an der IRIS-Beamline bei BESSY in Berlin für 
Proben unter 1 mm2 Fläche ein um mindestens den Faktor 20 besseres Signal-
Rausch-Verhältnis als bei Verwendung einer thermischen Quelle gefunden [1]. 
Dieser Faktor steht in der Praxis tatsächlich zur Verfügung, Verluste z.B. durch die 
Transferoptik und das den UHV-Teil abschließende Fenster sind berücksichtigt. 
 
Gegenüber anderen Spektralbereichen müssen im Infrarot-Bereich einige 
Besonderheiten berücksichtigt werden: 
- die natürliche Divergenz in der Vertikalen (senkrecht zur Ringebene) ist deutlich 
größer als im Kurzwelligen, dies wird häufig genutzt um die harte Strahlung in der 
Ringebene z.B. durch einen Absorber zu eliminieren; 
- auch horizontal muss ein größerer Sektor des Strahlungsfächers erfasst werden 
(z.B. 80 mrad) um ausreichend Strahlungsleistung zu extrahieren, 
- wegen der Divergenz in beiden Richtungen ist eine abbildende Strahlführung vom 
Speicherring bis zum Spektrometer außerhalb der Schutzmauer vorteilhaft, da sich 
so der Bündeldurchmesser limitieren lässt, 
- wegen der spektralen Breite des Infrarot-Bereiches werden Spiegel zur 
Bündelführung eingesetzt, Hohlspiegel führen aber bei achsennaher Verwendung zu 
einem sperrigen, langwegigen Aufbau, ansonsten zu Abbildungsfehlern und damit 
potentiell zu Verlusten. 
 
Für die Infrarot-Beamline bei DELTA wurden neue Wege beschritten. Der erste 
Spiegel wurde dicht am gespeicherten Elektronenstrahl in einem Ablenkmagneten 
positioniert, er reflektiert Strahlung in radialer Richtung zum Kreisbogen der 
Trajektorie. Wegen der Nähe zum Entstehungsort der Strahlung erfasst er trotz der 
vergleichsweise geringen Abmessungen von ca. 35 mm x 52 mm einen 
beträchtlichen Raumwinkel. Der gekühlte Spiegelkörper ist aus Sauerstoff-freiem 
Kupfer gefertigt, so dass im Wesentlichen Infrarot-Strahlung reflektiert wird. Der 



Spiegel kann soweit aus der Nachbarschaft des Elektronenstrahls zurück gezogen 
werden, dass seine Rückseite die Auslassöffnung dem Kammerprofil entsprechend 
verschließt.  
 
Der Spiegel ist einachsig zirkular gekrümmt und bewirkt eine gute Kollimation in der 
horizontalen Ebene. Die bisherigen Beobachtungen lassen erwarten, dass für die 
Phase der grundlegenden Untersuchungen keine weiteren abbildenden Elemente für 
den Strahlungstransfer bis außerhalb der Schutzmauer notwendig sind. Die Kammer 
ist derzeit mit einem Quarzfenster abgeschlossen, das zwar den mittleren Infrarot-
Bereich blockiert, aber die Beobachtung im nahen Infrarot erlaubt, wo die vertikale 
Divergenz noch akzeptiert werden kann. Das Strahlführungsrohr soll evakuierbar 
oder Stickstoff-spülbar ausgelegt werden. Eine Kammer außerhalb der Mauer ist u.a. 
aus Strahlenschutzgründen für eine 90°-Ablenkung vorgesehen. 
 
Ein planer Spiegel in dieser Kammer dient der Messung der Intensitäts- und Polari-
sationsverteilung über den Strahlquerschnitt; dafür steht ein speziell entwickeltes 
Messinstrument [2] zur Verfügung. Durch Wechsel zu einem fokussierenden Spiegel 
können kommerzielle Spektrometer mit Mikroskop oder anderer Probenoptik ange- 
koppelt werden. Bei einem späteren Ausbau der Transferoptik sollen zusätzliche 
Spiegel die Justage und Stabilisierung des Strahls und Zwischenabbildungen 
kleinere Fensterflächen erlauben, so dass deren Material optimal primär für das 
jeweilige Experiment gewählt werden kann.  
 
Parallel zum ersten Aufbau der Beamline und ihrer Charakterisierung wird das 
Interferometer eines kommerziellen Spektrometers für Polarisationsmodulation 
umgebaut und seine Vorteile für die Infrarot-Ellipsometrie getestet. Ziel ist es, bei 
ellipsometrischen Messungen systematische Fehler zu vermeiden, die bei Verwen-
dung des bisher notwendigen Retarders (Phasenschiebers) nicht auszuschließen 
sind und bei wenig ausgeprägten Analysensignalen, wie sie beispielsweise bei 
kleinen Probenflächen mit molekularen Monolagen vorliegen, eine gravierenden 
Einfluss haben können.  
 
 
 
[1]   M. Gensch, K. Hinrichs, A. Röseler, E.H. Korte, U. Schade;  
 Analytical and Bioanalytical Chemistry 376 (2003) 626-630 
 
[2]   U. Schade, A. Röseler, E.H. Korte, M. Scheer, W.B. Peatman;  
 Nuclear Instruments and Methods in Physical Research A, 455 (2000) 476-488 
 



New developments in X-ray Spectroscopy 

- The ISAS Synchrotron Microprobe at DELTA 
 

Alex von Bohlen 
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In recent years several important developments in the field of analytical techniques using X-

rays have been achieved. Synchrotron radiation has been discovered to be an excellent 

excitation source for X-ray fluorescence spectrometry. Detailed studies have been conducted 

to establish the advantages of using synchrotron radiation for X-ray fluorescence 

spectrometry. However, nearly all published papers in this area of applications have dealt with 

energy dispersive X-ray fluorescence spectrometry. 

 

Since 2004 the ISAS operates a beamline at the synchrotron facility DELTA at University of 

Dortmund. An official contract between ISAS and DELTA has been signed before. Since this 

time synchrotron radiation (SR), an excellent excitation source for X-ray fluorescence 

spectrometry (XRF), is available at the �ISAS-Line�.  

 

Among others, the high brilliance of the source in contrast to the conventional X-ray tube, the 

strong polarization of the radiation and the low divergence of the beam can be applied to XRF 

offering several advantages for spectroscopy. These outstanding features encouraged us to 

develop and operate a SR induced X-ray micro fluorescence probe connected to a wavelength 

dispersive spectrometer (SR-WDXRF). A relevant characteristic of such a device, namely, 

good lateral resolution at high spectral resolution can be applied for single spot-, line-scan and 

area map analyses of a variety of objects.  

 

 

Figure 1.  ISAS prototype spectrometer for 

synchrotron radiation induced wavelength 

X-ray fluorescence spectrometry. 

 

 

 

 

 

 

 

 

 

 

Our prototype contains as an essential part of the body of a scanning electron microprobe 

containing two focussing double crystal spectrometers (Fig. 1). It was adapted and attached to 

the ISAS-Line. Additionally, a special vacuum chamber containing two remote controlled 

stages was designed and constructed. One of them is supporting the X-ray optics and the other 

a slit system. With the aid of different X-ray optics � mono-capillaries, poly-capillaries and 

arrays of refractive devices � synchrotron radiation can be focused to produce a probe smaller 

than15 µm in diameter. 

 

The SR-WDXRF micro fluorescence spectrometer operated under vacuum conditions will be 

useful for the detection of light elements by their fluorescence K-lines (e.g. carbon, oxygen, 



nitrogen, fluorine, potassium, magnesium, aluminium, etc., cf. Fig. 2.). Further elements are 

also accessible with high lateral resolution of some micrometers. They can also be detected 

with good spectral resolution of some eV by their respective L- or M-lines.  

 

The method offers ideal conditions for the analysis of microtome sections of non-conducting 

materials. This potential will be applied in a common project of monitoring the element 

distribution in cancerous and normal human tissue in collaboration with the Department of 

Physics, University Lisbon. Other applications of the method to the element characterization 

in samples of bio-medical origin are planed.    

 

Another promising application of SR-WDXRF exploiting the excellent spectral resolution at 

high intensity of the primary beam concerns the speciation of element compounds. Shifts of 

some selected X-ray transition lines can be used for a quantitative evaluation of species. 

Interesting measurements for the species analysis of sulphur, of aluminium, chromium, 

manganese and others are expected for material analysis.    

 

 

 
 

 

Fig. 2. Spectra recorded by SR-WDXRF representing the Kα-line of boron, carbon, and 

oxygen, respectively. Data obtained at DELTA BL 2, excitation white beam, analyzer crystal 

STE (lead stearate). 

 

 

Publications  

 

A. von Bohlen, R. Hergenröder, C. Sternemann, M. Paulus, M. Radtke, H. Riesemeier. 

Wavelength dispersive synchrotron microprobe used for material analysis. Instrumentation 

Science & Technology, 33 (2005) 137 � 150. 
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Project 

 

“Spin-polarised photoemission spectroscopy at the MgxO1-x / Fe interface” 

 
Participants: 
Frank Matthes, Martina Müller, Stefan Cramm, Lutz Baumgarten,  Claus M. Schneider 
 
Institute of Solid State Research (IFF), Research Centre Jülich, 52425 Jülich, Germany 
Contact: F.Matthes@fz-juelich.de 
 
Motivation  
This research project is focused on the electronic band structure at the interface of magnetic tunnel 
junctions (MTJ). MTJ’s have attracted large interest because they can be used to build up sensors for 
reading heads in hard discs, non-volatile magnetic random access memories (MRAM) or 
programmable logic devices.  
MTJ’s may be formed by two magnetic electrodes that are separated by an insulating material that is 
thin enough to allow a tunnel process. The decisive property of MTJ’s is that the tunnel current may 
depend strongly on the relative magnetization direction of the two electrodes. Changing from parallel 
to antiparallel alignment, the tunnel resistance may increase by more than 220% at room temperature1.  
A prominent representative of MJT is the single crystalline trilayer system: Fe/MgO/Fe. It serves as a 
model system for theoretical calculations of the spin-dependent tunnel current and allows to study the 
influence of the symmetry depending matching of the wave functions involved in the tunnel process. 
Important for the modelling is the knowledge of the spin-dependent electronic band structure of the 
two electrodes and its possible changes introduced by the insulation barrier.  Up to know, the 
microscopic properties at the interface is still not fully understood. Using spin-resolved valence band 
photoemission spectroscopy, we found a spin-dependent attenuation of photo electrons excited from 
the minority ∆5 band of iron upon the deposition of MgO2. Because the origin of this effect is still 
under discussion, we have extended our measurements to the interface to iron and MgO where MgO is 
partially over- or under oxidized. 
 
Experimental setup 
Our experimental setup consists of two UHV chambers, one dedicated to sample preparation and one 
to perform spin- and angle-resolved photoemission spectroscopy. A linear transfer arm allows the 
sample exchange between the chambers within one minute. Thus the photoemission experiments can 
start immediately after sample preparation, avoiding any adsorption of resident gas particles onto the 
clean sample surface. 
 
The spectrometer system houses an electrostatic cylindrical sector analyser (CSA) equipped with an 
optimized lens transfer system to achieve highest transmission. The CSA features a 90° deflection, 
which permits the electron spin analyser to measure simultaneously one in-plane and the out-of-plane 
component of the surface magnetization. The spin analysis is achieved by spin-dependent elastic 
scattering at a W(100) surface at a fixed kinetic energy of 104,5 eV 3. Using the electron intensity of 
two opposite diffraction spots, we can determine the spin asymmetry of one component. The 
maximum achievable energy resolution with acceptable count rates (measurement times) is 50 meV 
(full width half maximum). The angular acceptance angle is ± 6°. To exclude the influence of detector 
asymmetries, we repeat our measurements with two opposite magnetization directions.  
 
The preparation chamber is equipped with a sample manipulator having two translation and two 
rotation axes. Cooling and heating options allow substrate preparation and a controlled manipulation 
of the film growth conditions. The minimum sample temperature is 150 K. Momentary equipped with 



an indirect heating option, we can achieve sample temperatures of up to 870 K. Higher temperatures 
can be reached by electron beam assisted heating.  
For the in-situ characterization of the chemical composition we apply Auger electron spectroscopy.  
The structural properties of the grown thin films can be determined by low energy electron diffraction.  
The thickness of films growing in a Franck–van der Merwe mode can be precisely measured in 
fractions of monolayers by medium energy electron diffraction. Otherwise, we estimate the thickness 
by the attenuation of the element specific Auger electron intensity signals. The film growth is achieved 
by electron assisted evaporation from rod materials or from crucibles. Our chamber is equipped with 
an optical set-up that allows to measure in-situ the magneto optical Kerr effect in longitudinal and 
polar geometry.  
Samples and substrates can be introduced via a load-lock system without breaking the UHV of the 
preparation chamber. 
 
Experiments and results 

The sample preparation and the photoemission measurements have been performed under ultrahigh 
vacuum conditions. The base pressure is below 2*10-10mbar.  Ten monolayer thin Fe films were grown 
on GaAs(100) substrates. Substrate preparation and epitaxial growth conditions are described 
elsewhere2. In-situ magneto-optical Kerr-effect measurements confirmed a ferromagnetic ordering at 
room temperature with the easy axis oriented along the [110] direction. To grow MgxO1-x films with 
different oxygen content, we evaporated pure Mg from a crucible and simultaneously offered 
molecular oxygen with different oxygen partial pressures. 

Our beam line offers linear polarized light with the electric field vector lying in the plane defined by 
the k-vector of the incident beam and the k-vector of the detected photoelectrons. The incident light 
made an angle of 45° with the surface normal. In this geometry we have components of the electric 
field vector in-plane along the [110] direction and perpendicular to the sample surface. The 
photoelectrons were detected along the surface normal. Following the dipole selection rules such a 
geometry allows direct transitions from initial states with ∆1 and ∆5 spatial symmetry into final states 
with ∆1 spatial symmetry.  

Using a fixed photon energy of 34,2 eV for the pure iron films, we have excited direct dipole 
transitions from the majority ∆1 symmetry band located 0,9 eV and from the minority ∆5 symmetry 
located at 0,4 eV below the Fermi level.  Furthermore, we could identify direct transitions from the 
lower minority ∆1 symmetry band located 3.4 eV below the Fermi level.   

To study the influence of MgxO1-x on the electronic band structure of the iron films, we started first 
with increasing coverage of nominal pure Mg. Measuring the shape and energy position of the 2p Mg 
level, we found out that we can not avoid a partial oxidation of the deposited Mg. The minimum 
oxidation rate of the Mg was 30 %. Upon Mg coverage up to nominal 1,5 monolayers, our 
photoemission measurements revealed a clear tendency of the measured spin polarization to larger 
positive values (increase about 50%). This was measured for both direct transitions from the two  iron 
bands located 0,9 eV and 0,4 eV below the Fermi level.   

In a second step, we exposed the iron films to molecular oxygen with increasing exposure doses of 0,7 
L, 4,5 L and 8,2 L. The hereby introduced changes in the spin-resolved photoemission spectra were 
not as large as in the case for Mg and they didn’t show the same tendency for the above mentioned 
direct transitions from iron. Another remarkable difference compared to the coverage with Mg was a 
clear suppression of the transition from the lower lying minority ∆1 symmetry band, located at 3,4 eV 
below Fermi level. It happened already after the exposure to 0,7 L molecular oxygen.  

References 
1.  Stuart S.P. Parkin, C. Kaiser,  A. Panchula, P. M. Rice, B. Hughes, M. Samant and S.-H. Yang, 
Nature Materials 3(2004) p. 862, S. Yuasa, T. Nagahama, A.Fukushima, Y. Suzuki and K. Ando, 
Nature Materials 3(2004) p. 868 

2. F. Matthes, L.-N. Tong, C.M. Schneider, J. Applied Physics 95(2004) p. 7240 

3. J. Kirschner and R. Feder: Phys. Rev. Lett. 42, (1979) p.1008 



Diffractometer BL8

Monochromator BL8 

The Materials Science Beamline BL8 at DELTA 
 
R. Wagner, D. Lützenkirchen-Hecht and R. Frahm 
Fachbereich C / Physik, Bergische Universität Wuppertal, Gaußstraße 20, D-42097 Wuppertal 
 
Electron storage rings with insertion devices create 
intense, brilliant X-ray beams which are well suited for 
many experimental applications in materials science. In 
our case, the Superconducting Asymmetric Wiggler 
(SAW) at the DELTA storage ring operating at 1.5 GeV 
electron energy provides a continuous spectrum of 
circularly polarized photons with a high intensity 
between 1 keV and 30 keV, which is ideally suited for 
X-ray absorption experiments (XAFS). The radiation is 
emitted into a horizontal fan of ± 25 mrad, so that three 
beamlines can be operated in parallel. The central 
beamline is operated by the University of Dortmund. At 
the two remaining beam ports we are currently installing 
two new materials science beamlines. Here we focus on 
the general purpose beamline BL 8 which is especially 
designed for the requirements of all XAFS methods as 
well as of XRD-measurements with the possibility of 
focussing a wide spectral range.  
 

The front end mainly consists of an absorber mask which defines the initial beam size and two 
monitors for the measurement of the position and the angle of the photon beam. Besides 
components for radiation protection, vacuum control, slit systems for beam definition and 
several devices for additional beam characterization, the main X-ray optical components are 
the double crystal monochromator (DCM) and the Rh-coated mirror systems. The first 
collimating (plane) mirror is responsible for vertical focussing. The elimination of the beam 
divergence also increases the energy resolution of the DCM, which has a fixed beam offset. 
The first crystal of the DCM is equipped with a special crystal bender to compensate the 
deformation due to the thermal load produced by the white beam of the wiggler.  
 

To cover the whole energy range, the DCM 
contains three different crystal pairs that can be 
changed by remote control without breaking the 
vacuum. While YB66 crystals are used for the 
1-2 keV energy region, Si(111) and Si(311) are 
employed for the ranges 2-12 keV and 8-30 keV, 
respectively. Mirrored beams will be available in 
the energy range between 1 keV and 15 keV. In 
this case, the bendable second (toroidal) mirror 
focuses the radiation onto the specimen. 
Horizontal focussing at higher energies will be 

obtained by a Si(311) crystal which is equipped with a sagittal bending mechanism. The 
expected beam size on the sample is less than 0.5 mm2. Harmonic rejection will usually be 
achieved by detuning the crystals with respect to each other by piezo tilt stages, and an 
additional double mirror device with an adjustable energy cut-off from 2 to 5 keV is used for 
harmonic rejection in the 1-2 keV photon energy range.  

Planned scientific projects are e.g. structural analysis of thin films, in situ characterization of 
reactively sputtered films, phase transitions in thin films and multilayers, and investigations of 
catalytic reactions. Currently, the beamline is under commissioning, and first used beam is 
expected at the end of 2005. 



Report of x-ray diffraction measurements at DELTA-beamline for 
studying the crystallographic orientation of chitin and calcite in lobster 

and crab shells (08-12 Nov. 2004). 
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Introduction: 

Lobster and crab shells contain chitin fibers associated with crystallites of calcite (not 
necessarily pure calcite). In this study, powder diffraction and methods of X-ray texture 
analysis were used to determine the diffraction profile of lobster and crab powder, and texture 
strength of calcite in the crab shell, respectively.  A synchrotron X-ray beam (13 KeV) was 
employed. Texture measurements in the beamtime were devoted for the calcite texture of  the 
(104) reflection, because crab shell sample revealed strong calcite reflections, comparing to 
lobster, which contains amorphous calcium carbonate as a compensation ratio with calcite. 
The synchrotron X-ray powder diffraction results measured at beamline BL9 of DELTA were 
consistent with the ones carried out at ANKA-Karlsruhe using PX-beamline. 
 
Results: 

Parts of lobster and crab shells were milled at the physics laboratory-University of Dortmund 
and filled in quartz capillaries of 500 µm diameter. The powder capillary was mounted on a 
goniometer head in a six circle goniometer. Diffraction intensities were recorded with a NaI 
point detector. The detector was scanning the intensities in the range of the expected 
reflections. Exposure time ranged from 10 and 20 seconds. The data were processed with the 
ORIGIN software. Figure 1 shows the diffraction profile of lobster shell powder, crab shell 
powder, and empty capillary as a background.  
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Fig. 1 

Chitin reflections were not observed, because chitin as a polymer consisting mainly Carbon 
and Oxygen- is not a strong x-ray scatterers, compared to calcite, which gave a strong 
reflections. Obviously with an area detector, one can get better intensities for chitin, because 
it is possible to make a summation of intensity over circular rings corresponding to the 
diffraction cones, which in turn gives higher intensity and make it observable. The diffraction 



spectra measured at ANKA PX-beamline utilizing a CCD detector, as presented in Fig. 2 for 
comparison, emphasizes the use of area detector for texture measurements. 
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Fig. 2 

Due to the use of point detector, it was difficult to perform the texture analysis for all samples 
and for the observed reflections of calcite, so we could only do it for the strongest reflection 
(104) for one sample. 
 
The output raw data was processed and it was possible to draw a pole figure out of it, which 
represents the crystallographic orientation of that plane (104) with respect to sample 
geometry. From this relation and with support of different pole figures for other calcite 
reflections, we can reveal the texture of calcite in crab shell. Further analysis related to the 
created pole figure is in progress.  We performed a full texture analysis for more than 15 
samples, covering calcite and chitin, at ANKA-Karlsruhe which is supported with a CCD 
camera.  

 
The availability of MAR-detector at beamline BL9 of DELTA will solve the problem 
resulting from using a point detector for application in texture analysis where is no need for 
such a high resolution supported by the point detector setup and intensity play the key role. 
The new MAR setup together with the six circle goniometer will be ideal to perform texture 
analysis on this kind of biological samples.  
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Measurement of strains stored in NaCl powder containing CuCl nanocrystals
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† Institut für Physik, Universität Dortmund, D-44221 Dortmund, Germany

‡ Fachbereich Chemie, Universität Dortmund, D-44221 Dortmund, Germany and

? Institut für Physik, DELTA, Universität Dortmund, D-44221 Dortmund, Germany

(Dated: October 26, 2005)

Introduction: Our main interest is the investigation of the forces acting between nanocrys-

tals and a three-dimensional crystalline matrix. In CuCl:NaCl we observed by resonant ultrasound

spectroscopy a small elastic hardening by CuCl nanocrystals where the state of CuCl was deter-

mined by exciton spectroscopy.1 The hardening was two orders of magnitude larger than expected

from the elastic continuum theory. An even stronger increase of elastic constants was observed by

x-ray powder diffraction under hydrostatic pressure p0 at Hasylab, DESY.2 In addition, a com-

pression of 2 × 10−3 due to the impact of nanocrystals was obtained for p0 = 0. These results are

consistent with a piezoelectric coupling between nanocrystals and matrix and/or with the influence

of free elastic surfaces. The latter effect was verified by optical measurements on thin plates.2

In a first diffraction experiment at the beam-line BL9(SAW2) of DELTA we have demonstrated

that the elastic continuum theory works quantitatively if piezoelectric coupling is absent which is

the case for KCN:KI.3 In the present work we intend to determine the spontaneous strain induced

by CuCl nanocrystals in the matrix of CuCl:NaCl without the additional action of external stresses

as it had been done before2.

Experimental: A preliminary measurement has shown the anomalous but interesting result

that the line-width FWHM of Bragg reflections was more narrow in the doped material CuCl:NaCl

than in pure NaCl which indicated the need for a systematic comparison between both kind of ma-

terials. This was done by use of 13 powder samples made from 9 different bulk crystals. The mole

fractions of total CuCl x and of crystalline CuCl xcr varied in the ranges 2×10−4 < x < 1.9×10−3

and 0.9×10−4 < xcr < 1.27×10−3. The difference x−xcr is a measure of the Cu+-ions which occupy

statistically the octahedral Na+-positions of the matrix. The concentration and the state of CuCl

was determined by optical absorption measurements in the near UV-range. X-ray diffraction mea-

surements of high resolution were accomplished at the beam-line BL9(SAW2) of DELTA utilizing

the 6-circle diffractometer. Most measurements were performed between 19◦ [(200)-reflection] and

86◦ [(820)-reflection]. For five samples measurements were performed at several fixed temperatures



between 25◦C and 100◦C.

For the sake of comparison one sample was prepared of pure KCl and three samples of CuCl:KCl

with varying CuCl concentrations in the melt. In all three crystals doping was nearly the same:

xcr ≈ 3 × 10−5 and x ≈ 1.8 × 10−4.

Results: In pure NaCl and in CuCl:NaCl with xcr < 1.5 × 10−4 the FWHM of the Bragg

peaks consists of two contributions, a constant one and one that increases with tanΘ, where Θ

denotes the Bragg-angle. Roughly spoken, the constant term is the same in all samples. It is

consistent with the estimated resolution of the apparatus. The contribution that increases with

the Bragg-angle is assumed to be a measure of the internal strains Scd. As the Bragg-peaks are

symmetric, Scd represents a continuous distribution of stored strains with negative and positive

values. The lattice parameter decreases linearly with increasing Scd. Extrapolating to Scd = 0

yields the reference value a0. With respect to a0, all observed data indicate a stored negative

strain |SI | ≈
1

3
|Scd|.

In pure KCl, Scd = 0 but Scd 6= 0 appears in CuCl:KCl and the lattice parameter is the same

in all four materials. This behavior contrasts strongly to that of NaCl.

In CuCl:NaCl with xcr > 1.5 × 10−4, Scd = 0. Nevertheless, also in these materials a stored

negative strain is observed (it is called SII). SII depends on xcr like an order parameter in a phase

transition of first order. The observed value SII = −3.2 × 10−4 is significantly larger than the

value expected by theory but it presents only a part of the strain obtained under the action of an

hydrostatic pressure.2

Final Remarks: The present results support the idea of piezoelectric coupling between CuCl

nanocrystals and the NaCl matrix and represent an experimental basis for the development of an

interaction model that goes beyond the simple elastic continuum theory. In addition we observed

surprisingly strong differences of stored strains due to only small variations of the material which

indicate the existence of unusual threshold-conditions.

[1] H.-J. Weber, J. Schreuer, and C. Popa-Varga, Phys. Rev. B, 69 235419 (2004).

[2] H.-J. Weber, H.-L. Keller, C. Lathe, and C. Popa-Varga, J. Appl. Phys. 98, 034317 (2005).

[3] H.-J. Weber, H.-L. Keller, M. Paulus, and C. Sternemann, Phys. Rev. B, 72, 045432 (2005).
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1. Project 

Investigation of the initial stages of iron aluminide oxidation regarding the crystallisation 

of Al2O3 polytypes 

 

2. Introduction 

Iron aluminides are potential materials for high temperature application, if a protective α-

Al2O3 scale is formed on the metal surface. At temperatures below 1000 °C the growth of 

metastable, less protective Al2O3 polymorphs (for example monoclinic θ-Al2O3 and cubic 

γ-Al2O3) is reported and assumed to take place during the initial stages of oxidation [1-4]. 

However, investigations on the inital stages of oxidation often show the formation of a 

double oxide layer consisting of an outer iron-rich oxide followed by an inner Al2O3 layer 

[5-8]. So far, it is discussed quite controversely which phases are present within this 

double layer after the inital stages of oxidation. As alumina exists in different 

modifications and also reacts with iron oxide to form a spinel phase of FeAl2O4 

composition or a (Fe, Al)2O3 solid solution phase. The aim of the present study is to 

analyse the oxide layers formed on iron aluminides of different composition especially 

with emphasis on the oxide phase identification. 

 

3. Experimental 

Cast polycrystalline binary and ternary iron aluminides of composition Fe-15at.%Al to Fe-

26at.%Al with alloying elements of Ta, Ti and Nb were used for oxidation experiments. 

All samples were produced by inductive melting and prepared as described by Pöter et al. 

[9]. As reference samples for adjusting the measurement set-up at the DELTA 

diffractometer beamline model oxides of 250-300 nm thickness consisting of Fe2O3 

(hematite) on a Pt substrate were produced as described by Asteman et al. [10]. For all 

grazing incidence X-ray diffraction (XRD) measurements the incidence angle was 0.2° 

and synchrotron radiation of 13 keV was used. 

 

3. Results 

a. Measurements of thin oxide layers grown on binary and ternay iron aluminides at 700°C 

to 900°C 

Fe-15at.%Al samples oxidised at 700°C, 800°C and 900°C for 5 hours yield a two layered 

oxide scale of Fe2O3 and Al2O3 composition. According to X-ray photoelectron 

spectroscopy (XPS) investigations, the thickness of the upper Fe2O3-rich layer is 

approximately 40 nm whereas the Al2O3 beneath is about 60 to 80 nm thick [9]. Figures 1 

to 3 show the corresponding gracing incidence diffractograms indicating that hematite 

(Fe2O3) and corundum (Al2O3) are the main oxide phases present in the oxide layers 

grown at 700-900 °C after 5 hours reaction time. Surprisingly, no Al2O3 polymorphs like 
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γ- or θ- Al2O3 were detected. Most likely, this is due to the formation of fast growing 

hematite (Fe2O3) during the initial stage of oxidation acting as a precursor phase for the 

crystallisation of isostructural corundum (Al2O3). 

In addition to phase identification, the XRD spectra yield information on the crystallinity 

of the grown oxide phases. α-Al2O3 and α-Fe2O3 formed at 700 and 800 °C are less 

crystalline than those grown at 900 °C as indicated by the larger peak width for both oxide 

phases (Fig. 1, 2, 3). This observation agrees with the oxide morphology found on the 

sample surface by FE-SEM. Corundum and hematite crystallized at 700 and 800 °C 

exhibit grains less than 100 nm in size, whereas at 900 °C larger, partly idiomorphous α-

Al2O3 and α-Fe2O3 crystals are present on the sample surface. 

 

 

0

0,001

0,002

0,003

0,004

0,005

0,006

0,007

0,008

0,009

0,01

0,011

0,012

0,013

0,014

0,015

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

2Theta (°)

In
te

n
s
it

y
 [

a
rb

. 
u

n
it

s
]

(110)
Fe

(104)
Fe2O3

(024)
Fe2O3

(116)
Fe2O3

(104)
Al2O3

(113)
Al2O3

(116)
Al2O3

(018)
Al2O3

 
Fig.1  Fe-15at.%Al oxidised at 700°C / 5h / syn.air; incidence angle (θ) = 0,27° 

(interaction depth ~ 600 nm); phases identified: hematite (Fe2O3), corundum (Al2O3) and 

bulk material (α-Fe structure) 
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Fig.2  Fe-15at.%Al oxidised at 800°C / 5h / syn.air; incidence angle (θ) = 0,20° 

(interaction depth ~ 450 nm); phases identified: hematite (Fe2O3), corundum (Al2O3) and 

bulk material (α-Fe structure) 
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Fig.3  Fe-15at.%Al oxidised at 900°C / 5h / syn.air; incidence angle (θ) = 0,20° 

(interaction depth ~ 450 nm); phases identified: hematite (Fe2O3) and corundum (Al2O3) 

 

 

In addition to Fe-15at.%Al, samples of the compositions listed in Table 1 were analysed. 

Sample Oxidation Oxide Phases identified 

Fe-25Al 700°C / 24h / 80N2-20O2 hematite (Fe2O3) + corundum (Al2O3) 

Fe-26Al-4Ta 700°C / 24h / 80N2-20O2 hematite (Fe2O3) 

Fe-26Al-4Ti 700°C / 24h / 80N2-20O2 hematite (Fe2O3) + corundum (Al2O3) 

Fe-26Al-4Nb 700°C / 24h / 80N2-20O2 hematite (Fe2O3) + corundum (Al2O3) 

Tab. 1 (Compositions given in at.%) 
 

The oxide phases present on these intermetallics also consist of hematite (Fe2O3) and 

corundum (Al2O3) with the exception of Fe-26Al-4Ta where Fe2O3 is the main oxide 

phase occurring within the oxide layer (Fig. 4 to 6). Reflexes of the bulk material (Fe3Al 

intermetallic and Laves phase in the case of Ta and Nb addition) are only detected for the 

ternary iron aluminides indicating that the oxidation kinetics for these intermetallics is 

slower in comparison to the binary Fe-25Al alloy. 
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Fig.4  Fe-25Al oxidised at 700°C / 24h / syn.air; incidence angle (θ) = 0,20° (interaction 

depth ~ 450 nm); oxide phases identified: hematite (Fe2O3) and corundum (Al2O3) 
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Fig.5  Fe-26Al-4Ti oxidised at 700°C / 24h / syn.air; incidence angle (θ) = 0,20° 

(interaction depth ~ 450 nm); oxide phases identified: hematite (Fe2O3) and corundum 

(Al2O3) 
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Fig.6  Fe-26Al-4Ta oxidised at 700°C / 24h / syn.air; incidence angle (θ) = 0,20° 

(interaction depth ~ 450 nm); oxide phases identified: hematite (Fe2O3) 
 
 

b. Measurements of thick oxide layers grown on binary iron aluminides at 1000°C / 1000h 

 

The oxide layer of an iron aluminide sample Fe-15at.%Al oxidised at 1000°C for 1000 hours 

was analysed with varying incidence angles in order to determine compositional variations 

with increasing oxide layer depth. Measurements were performed in the 2θ range of 20,2-

21,8° ((104) reflexes of hematite and corundum) as well as 26,0-28,8° ((113) reflex of 

corundum). Results are shown in Fig. 7 and indicate that an increase of the incidence angle in 

the range 1-2° θ leads to a decrease in the hematite/corundum ratio. Thus the oxide layer 

seems to contain a larger amount of hematite than corundum in the upper part of the layer 

which corresponds to results obtained from short term oxidation experiments [9]. 
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Fig.7  Hematite/Corundum ratio of reflex intensities with varying incidence angle of the XRD 

measurement for Fe-15at.%Al oxidised at 1000°C / 1000 h in syn. air 
 
 

 

The corresponding interaction depth is given in Fig. 8 and varies between 300 nm up to 12 

µm for the present measurements. In accordance with Fig. 7 it can be concluded that the 

hematite amount within the oxide layer decreases in the range between 2,5 and 5 µm depth.  

0

2

4

6

8

10

12

14

0 1 2 3 4 5 6 7 8

Theta (°)

In
fo

rm
a

ti
o

n
s

ti
e

fe
 [

µ
m

]

 
Fig.7  Interaction depth for gracing incidence XRD measurements depending on the incidence 

angle θ 
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Structural properties of epitaxial Gd/Y alloy films grown on Al2O3 

 
Arndt Remhof, Gregor Nowak, Alexei Nefedov, Kurt Westerholt and Hartmut Zabel 

 
Institut für Experimentalphysik/Festkörperphysik, 

Ruhr-Universität Bochum, D 44780 Bochum, Germany 
 
Due to their partially filled 4f electron shells, the heavy rare earth (RE) metals possess 
complex magnetic phase diagrams. In Gd/Y alloys there is a competition between the 
ferromagnetic order favored by pure Gd films and the helimagnetism found in Y rich 
alloys. The existence and the characteristics of the magnetic phases are related to the 
crystal lattice, especially to the c/a ratio. Both Gd and Y crystallize in  hexagonal closed 
packed (hcp) lattices with c/a=1.591 and c/a=1.571, respecticely. Therefore it is believed 
that in thin film systems a modification of the structure due to epitaxial stresses or 
clamping may effect the magnetic behavior.  
In the following we present a detailed structural characterization of  a 2000 Å thick 
Gd40Y60 alloy film grown on a Nb(110)/Al2O3(11-20) substrate by molecular beam 
epitaxy. The X-ray measurements were carried out at BL9 of the DELTA synchrotron 
radiation facility in Dortmund, Germany [1]. Key properties are the film thickness, the 
lattice parameters (in plane and out- of plane), the relative orientation of the crystal 
structures of film and substrate (i.e. the epitaxial relation), the coherence length and the 
interface roughness.  

Figure 1: a) represents the reflectivity curve, b) shows a high angle radial scan (θ/2θ-

scan). Panel c is a close-up of the GdY-reflection of panel b. 
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Figure 1a depicts the small angle reflectivity scan of the Gd40Y60-sample. This scan 
probes the electron density depth profile and yield the electron density, the thickness and 
the interface roughness of the consequent layers. Panel b shows a radial scan aligned with 
respect to the Gd/Y (0001) planes (c-axis). From small to high angles the GdY(0002), 
Al203(11-20) and the Nb(110) Bragg reflections can be identified. The presence of all 
three Bragg reflections confirm parallel growth of the respective lattice planes. The 
positions of the peaks corresponds to the lattice parameter and their width to the 
coherence length. The splitting of the Gd40Y60-peak is due to detector saturation. The Nb-
reflection is accompanied by finite size oscillations, which would be more obvious using 



a weaker absorber. Figure 1c is a close-up of panel 1b, showing the Gd40Y60(0002) 
reflection in more detail and with an appropriate absorber. From the FWHM a coherence 
length of about 2000 Å could be estimated, which corresponds to the nominal film 
thickness, indicating high crystalline quality  
 

Figure 2: In-plane rocking (left) and θ−2θ-scans (right) 

 

To measure the epitaxial relations, the in-plane coherence length and the in-plane 
mosaicity, gracing incident x-ray diffraction (GIXRD) has to be carried out. Usually the 
in plane structure of thin metallic films is less well defined than the out-of plane 
structure, leading to broader diffraction peaks. Figure 2 (left panel) shows two 
superimposed Gd40Y60 Bragg reflections, separated by 60° in φ, indicating the six-fold 
symmetry of the Gd40Y60 crystal. The different intensities have geometrical origin. The in 
plane coherence length can be calculated from in-plane radial scans (see fig.2, right 
panel). The estimated value of 227 Å is a good value for a metallic thin film and typical 
for the rare earth metallic films grown on single crystalline Nb buffers. From the angular 
position of the respective in-plane and out-of plane the c/a can be calculated to 1.565, 
which is about 1% smaller than the value of the bulk alloy.  
To summarize, we demonstrated the possibility to prepare single crystalline, epitaxial 
Gd/Y alloy films on Nb/Al2O3 substrates. Magnetically they exhibit ferromagnetic order 
at Y concentrations below 48%. At higher Y-concentrations the alloy orders in an 
antiferromagnetic helix. The magnetic ordering temperature decreases with increasing Y 
concentration. We attribute deviations to the bulk magnetic phase diagram to the 
modified lattice parameters induced by the substrate.   
 
We gratefully acknowledge the distinct support by Martin Volmer, Michael Paulus and 
Christian Sternemann during the experiment. 
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B. Pöter, M. Spiegel, and M. Tolan, 'The new diffractometerfor surface x-ray diffraction at 
beamline BL9 of DELTA', J. Synchrotron. Rad., accepted. 
 



Influence of interface structure on spin-density-wave magnetism in Cr/Ni bilayers 

A. Nefedov, E. Kravtsov, A. Remhof and H. Zabel 

Institut für Experimentalphysik/Festkörperphysik, Ruhr-Universität Bochum, 

44780 Bochum, Germany 

 
During the last years the spin-density-wave (SDW) magnetism in thin Cr films and in 

multilayers has attracted much interest resulting in intensive investigations. It should be noted that 

whereas the SDW behaviour in bulk Cr is well established by now (see review [1] and references 

therein), there are significant gaps in our understanding of magnetism in thin Cr layers contacting 

with layers of other metals [2]. The most significant factors affecting the SDW state in Cr thin film 

systems are non-ideal interface structures and proximity effects from neighbouring layers. Cr/Ni 

bilayer is a system, in which the SDW state is expected to be under strong influence of proximity 

effects at the Cr-Ni interface. The present research is aimed to investigate systematically proximity 

and interface effects in Cr/Ni systems and to trace a correlation between interface structure and 

SDW state in Cr/Ni bilayers.  

As the first step in this program, we have investigated the influence of growth conditions on 

structural properties of Cr/Ni bilayers. To our best knowledge, the problem of growth of fcc Ni 

films on bcc Cr(001) has not yet been addressed in experimental investigations and there was no 

information about proper growth conditions and possible epitaxial relationships. Our results are the 

first ones in this direction. 

The measurements were done on a series of Cr(2000 Å)/Ni(40 Å) bilayers grown with MBE 

methods at different temperatures on MgO(001) substrates, which are expected to have different 

Cr-Ni interface structures. The growth temperature range (from 50oC to 500oC) was chosen in such 

a way to cover a large variety of possible interface types from geometrically rough to diffusively 

intermixed ones. The most optimal growth with sharp interfaces and unique epitaxial relation may 

thereby be found. The Ni/Cr epitaxial relationship and interface structure in the bilayers were 

determined with x-ray diffraction studies done at SAW (DELTA) and W1.1 (HASYLAB) 

beamlines.  

As evident from the scans presented in Figure 1, the Cr/Ni growth was found to induce a 

tetragonal Ni lattice distortion corresponding to 3% lattice expansion in the out-of-plane direction 

and 2% in-plane compression as compared with bulk Ni. The epitaxial relationship for the 

Cr(001)/Ni system is as follows: Cr(100)//Ni(110) and Cr(001)//Ni(1-10) in-plane and out-of-

plane, respectively. The X-ray measurements have revealed a direct correlation between the Ni 

crystal structural quality and growth temperature conditions. The optimal growth temperature 

providing the best Cr/Ni interface structure was established to be about 120oC. Decrease in the 



growth temperature below the optimal value causes significant increase in interface roughness, 

whereas increase in the growth temperature leads to strong Cr-Ni intermixing near the interface. 
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Fig. 1. X-ray scans through the in-plane (a) and out-of-plane (b) Cr/Ni Bragg peaks (λ=1.542Å). 
 
Neutron scattering experiments done at UNIDAS instrument (FZ Jülich) provide us clear 

experimental evidence for a strong influence of the Cr/Ni interface structure on the spin-density-

wave magnetism in rather thick Cr films. We have detected that thin Ni films grown at optimal 

temperature of 120oC on top of a 2000 Å- thick Cr film does not change the SDW behavior as 

compared with similar plain Cr films without Ni cover. However, non-perfect Cr/Ni interface 

structures affect both the SDW polarization (intermixed interface) and propagation direction 

(rough interface).  
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The bulk structure factor of the glass forming polymeric liquid poly(propylene glycol) 
(PPG) with a molecular weight of 400 kg/mol was investigated by grazing incidence 
diffraction (GID) in a liquid scattering setup at the beamline BL09 at DELTA at an energy 
of 10.05 keV in a temperature range reaching from room temperature to below the glass 
transition temperature of PPG, TG ~ 180 K. The aim of the experiment was to investigate 
the temperature dependence of lateral correlations of the surface structure on atomic 
length scales, induced by thermally activated capillary waves, around the glass 
transition. Three weeks earlier, surface GID measurements of PPG-400 have been 
performed at the ESRF, but in order to calculate the surface tension, it is necessary to 
determine the influence of the structure peak, thus additional measurements at DELTA 
were of essential importance. 
 
In earlier studies the statics of liquid surfaces have been investigated extensively by 
measuring the time-averaged roughness with x-ray reflectivity measurements [1]. With 
the increase of synchrotron flux as well as the improvement in the instrumentation, the 
detection of off-specular diffuse scattering has become possible as well. While at 
micrometer scales fluctuating matter behaves according to the continuum classical 
hydrodynamic theory, at nanometer scales strong deviations from this theory are 
predicted [2]. At very small length scales the capillary wave model is no longer valid, so 
the small-scale surface structure is modelled by a wavevector dependent surface energy 
which has already been observed for different molecular liquids [3], but for highly viscous 
liquids and glasses a systematic study is still missing. 
 

 

 
 

 
 

 
 

 
 

 
 

 

Fig. 1: 
All measured diffuse 
raw data of PPG-400 
and water, together 
with the not yet 
substracted background 
measurements. 
 

 
The sample was injected with a micropipette into a U-shaped copper sample holder, 
equipped with Kapton windows at the front and the back to allow x-ray transmission. The 
sample was about 2 mm thick, leading to a transmission of about 50% at 10 keV. The 
sample holder which was kept under vacuum was screwed onto a cryostate for 
temperature open-loop control, resulting in a sufficient accuracy of ± 0.4 K. A beamstop 
just after the exit windows of the sample cut off the direct beam, thus diminishing air 



scattering outside the sample cell. Measurements of about 2 hours in an in-plane-of-
incidence geometry ranging from 2θ = 0.5° to 40° - corresponding to a wavevector 
transfer parallel to the sample surface q|| ~ 0.04 to 3.0 Å-1 - were performed at T = 305 
K, 295 K, 270 K, 249 K, 232 K, 212 K, and 178 K, respectively. Additionally a reference 
measurement with water and three background scans with an empty sample holder were 
accomplished. 
 
The preliminary results of the measurements are shown in figure 1. It was found that the 
position of the structure peak is mostly independent of temperature, but for small 
wavevector transfers q a systematical decrease of intensity with decreasing temperature 
was observed. Also a slight broadening of the structure factor with increasing 
temperature occurred, which can be explained by the fact that the mean distance of the 
polymer subgroups is not well defined due to the increased mobility at higher 
temperatures. For application of the structure factor subtraction in the ESRF data, all 
scans at different temperatures were summed up as shown in figure 2. A further analysis 
of the data is still in progress. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: 

PPG raw data, 
summed up for all 
temperatures in order 
to increase the 
statistics. 

 
The presented results, in combination with recently performed GID measurements of the 
surface of PPG-400 at the ESRF, should help to complete a theoretical description of the 
glass transition of PPG by calculating its temperature-dependent surface tension, thus 
leading to a complete description of the liquid surface structure on atomic length scales. 
 
 
References 

[1] M. Sprung, T. Seydel, C. Gutt, R. Weber, E. DiMasi, A. Madsen, M. Tolan: Surface 
roughness of supercooled polymer melts, Phys. Rev. E 70, 051809 (2004). 

[2] M. Napiórkowski, S. Dietrich, Phys. Rev. E 47, 1836 (1993); K. Mecke, S. Dietrich: 
Effective Hamiltonian for liquid-vapor interfaces, Phys. Rev. E 59, 6766 (1999).  

[3] S. Mora, J. Daillant, K. Mecke, D. Luzet, A. Braslau, M. Alba, B. Struth: X-ray 

synchrotron study of liquid-vapor interfaces at short length scales: Effect of long-range 
forces and bending energies, Phys. Rev. Lett. 90, 216101 (2003). 



Ultra-thin Isobutane films on Si 
substrates

Kaveh Shokuie, Robert Fendt, Michael Paulus, Christian Sternemann, 
Metin Tolan

Lehrstuhl für Experimentelle Physik 1, Universität Dortmund

Experimental report:

We report  on  recent  X-ray reflectivity  experiments,  performed  at  beamline  BL9 (SAW2)  of 
DELTA in  June  2005.  thin  Isobutane  films  on  silicon  substrates  were  prepared using a  newly 
designed sample cell. X-ray reflectivity is a powerful technique that allows to determine a sample's 
electron density profile perpendicular to the sample's surface with highest precision [1-3].

Isobutane is gaseous under normal conditions. However, near the substrate one observes a thin 
layer of adsorbed Isobutane in a condensed state. The properties of this layer such as e. g. thickness 
and roughness strongly depend on the thermodynamic state of the gas. This means that the film can 
be changed by controlling either  the  temperature of  the system or  the  pressure.  In the case of 
Isobutane films of different thickness can be prepared by means of increasing the pressure to about 
2-3 bar. 

In X-ray reflectivity, the wavevector transfer  q  only consists of a component perpendicular to 
the sample surface. Therefore, the technique yields the electron density profile perpendicular to the 
sample's  surface while  averaging  laterally (the  lateral  structure  of  the  sample  is  obtained  only 
indirectly by fitting e. g. the film's roughness). However, a film's thickness can be determined with 
Ångstrom precision.  X-ray scattering techniques  in  general  are  non-destructive probes  allowing 
in-situ  measurements  on  soft-matter  systems.  Thus,  X-ray reflectivity  is  the  ideal  tool  for  our 
purpose. 

Figure 1a: Reflectivities of Isobutane films adsorbed on Silicon at different pressures.
Figure  1b: Density profiles of the system at different pressures calculated from the 
data of the fit.

Since in the case of Isobutane the key parameter for controlling the film thickness is the pressure, 
it is possible to measure different films at constant temperature. The correlation between pressure 
and film thickness has been measured, yielding as a result the sample's adsorption isotherm. The 
experimental  results  were compared to  calculations  according to  the Frenkel-Halsey-Hill (FHH) 
model [4-7].

Figure 1a shows the 4 reflectivities that were taken from Isobutane on a silicon wafer with native 
oxide layer at the beamline BL9 at DELTA. The dashed lines represent the fits. From this fits the 
density profiles (fig. 1b) and the resulting isotherm were determined (fig. 2). Figure 2 also shows 



fits of the calculated isotherm according to the FHH model.

According to FHH theory, the layer thickness d can be calculated as

d=


k B T ln
p0

p


1

3

,

depending on the pressure p, the codensation pressure p0, the temperature T, and the strength of the 
interaction between substrate and adsorbate,  . k B  denotes Boltzmann's constant.

Figure 2:  Absorption  isotherms  of  Isobutane  on  a  Si  substrate.  The  solid  lines  

represent fits according to the FHH-Model. The left fit only consideres  , the right  

fit both   and p0 as fit parameters.

In the left fit only   was used as fit parameter with fixed T=298,15 K while in the right fit   
and p0 were fitted. The choice for p0 as fit parameter is plausible since a temprature gradient during 
the  measurement  was  observed,  which  essentially means  that  the  substrate  has  had  a  different 
temperature than measured. If one assumes that the substrate temperature was different (e. g. lower), 
one gets a different condensation pressure as a result. If this is taken into account, the agreement 
between model and measured data is very good, yielding a sample temperature which is about 1-2 K 
lower than the measured value.

In summary, we showed that the measured data can be understood within the scope of the FHH 
theory.  However,  recent  experiments  utilising  X-ray  photon  correlation  spectroscopy  (XCPS) 
suggest that the behaviour of adsorbed alkane films is not as simple as assumed [8]. In view of these 
results, highest-resolution static measurements of these systems become increasingly important. Our 
experiment has shown that the DELTA source is well-suited for such measurements.

References:

[1] PARRATT, L. G.: Physical Review 95 , 359 (1954)
[2] HOLY, V.; PIETSCH, U.; BAUMBACH, T.: High-Resolution X-Ray Scattering; 2nd edition. Springer 
(2004)
[3] ALS-NIELSEN, J; MCMORROW, D.: Elements of Modern X-Ray Physics. Wiley-VCH (2001)
[4] FRENKEL, J.: Kinetic Theory of Liquids. Clarendon (1946)
[5] HALSEY, G. D.: J. Chem. Physics 16, 931 (1948)
[6] HILL, T. L.: J. Chem. Physics 17, 590 (1949)
[7] MECKE, K. R.; KRIM, J.: Phys. Rev. B 53, 2073 (1996)
[8] FENDT, R; GUTT, C.: XPCS measurements at ESRF and APS; unpublished



���������
	���
 ��� ��������������� ����������� 	"!���� ���#��$&% ���('*)�+ ,.-
/10 )2�43 5768!�	9�:�;� �<����$&	�� � � �2���=,�->)?
@�A,�B�
@� � ��,���$C��!D,E�&�

FEG�H@IKJML�NPORQTS U�V9FWG"XZY�[\I^]_[\`aOb]:]�QcV�d7G�eROgfihkj_l�V�m�G:nohk]RY�[\IplDV�q�G�rts
uvOb]�Q
Q"wyxgzT{}|~{}�g{T�t�K�i�A�^��z}|���z9�<���A���Z�#���txg|~�K����z}|�{����K�i�t�K�}{}���gxg�b�g���v�K�^�K�� ��t�K�}{}�#�\xg�b��¡t������¢Kx^�
l wyxgzT{}|�{}�£{T�¤�K�:¥��£�¦�§|�z}{T�}�K�£��xg|��K����z}|~{k���K�M�t�K�}{}�#�\xg�b�g���v�K�^�K�� <���K��{}�#�gx\�b��¡t�����§¢Kx¨�

Ut�©�K�}���¦zTª«�pxg�g|�x£¬ ¢K�£{}�g�K�¦­_���£�®|�zT{T�K�°¯²±¨�}��³"±�¢^´��gxg|~���£�K�}{}���gxg�b¯µ�£�
¶v· �©{T�K¸«������¹K¹pºp»

¼¤½«¾¤¿«ÀÂÁ�ÃÄÁ�Å�ÀÄÆ�Ç¨ÃgÇ�ÆDÈÉÀÂÊ\ÀÂÈTË�Ì¨È©½P¾�ÍÉÎ�Á\ÏPË\ÐbÇ�Î�ÀÄÆ9Ñ®È�Ç¨¿«ÀÄÃÂÀÂÈTË�Ç�Ð«Ï�ÈÉ½«¾�Ò«½£Ë\ÑÉÀÂÆ�Ç�ÃPÇ�Ð«ÏÓÆ�½«¾DÎEÀÂÆ�Ç�Ã�Ò«ÍÉÁ�ÒR¾DÍ®È©ÀÂ¾�ÑAÁ�Ô
Ò«Í®Á�È©¾DÀÄÐ«Ñ:Ç�Í®¾�Ñ�È©ÍÉÁ�Ð«Å�ÃÂË<ÀÄÐPÕbÖP¾�Ð«ÆD¾�Ï�¿£Ë È©½P¾�Ñ�È©ÍÉÖPÆDÈ©ÖPÍÉ¾tÁ¨Ô«ÏPË\ÐbÇ�Î�ÀÄÆDÑ_Á�ÔPÈÉ½«¾�ÀÂÍAÇ¨×\ÖP¾�Á�Ö«ÑAÎEÀÂÆ�Í®Á�¾DÐgÊ\ÀÂÍÉÁ�Ð«Î�¾�Ð£È
Ø~Ù�Ú°Û�Ü ¾DÐ«Æ�¾¨Ì�Ö«Ð«Ï«¾DÍÉÑ�È�Ç�Ð«ÏPÀÄÐ«Å<ÈÉ½«¾t¾cÝZ¾DÆDÈ©Ñ�Á�Ô«Ê¨Ç�ÍÉÀÂÁ�Ö«Ñ_ÈTË\ÒR¾DÑ�Á�ÔbÆDÁ�ÑÉÁ�ÃÞÊ�¾DÐgÈÉÑ�ÈTË\Ò«ÀÄÆ�Ç�ÃgÔvÁ�ÍAÆD¾�ÃÂÃÄÖ«ÃÄÇ�Í_Æ�Á�Ð«ÏPÀÂÈ©ÀÂÁ�Ð«Ñ
Á�Ð2ÈÉ½«¾<Ñ®ÈÉÍÉÖ«ÆcÈ©Ö«Í®¾§Ç�Ð«Ï�ÏPË\ÐbÇ¨ÎEÀÂÆ�Ñ�Á�Ô_ÒPÍÉÁ�ÈÉ¾�ÀÄÐPÑ�ÀÄÑ�Æ�ÍÉÖPÆ�ÀßÇ¨ÃRÔvÁ�ÍtÇ�Ï«¾�¾DÒR¾DÍ¤ÀÄÐ«Ñ®ÀÄÅ�½£È�ÀÄÐ£È©Á�ÒPÍÉÁ�ÈÉ¾�ÀÄÐ2ÔvÁ�ÃÄÏ«ÀÂÐ«Å�Ç¨Ñ
à ¾�ÃÄÃ�Ç�Ñ Ç�Å�Å�ÍÉ¾DÅ£Ç¨È©ÀÂÁ�ÐCÒPÍÉÁ\Æ�¾�Ñ®ÑÉ¾DÑ�Ì à ½«ÀÄÆ�½&ÒPÃßÇ�Ë�Ç¨Ð�ÀÄÎ�ÒRÁ�Í®È�Ç¨ÐgÈ#ÍÉÁ�ÃÄ¾�ÀÂÐ�ÎEÇ�Ð£ËCÆDÁ�ÐPÔvÁ�Í®ÎWÇ¨ÈÉÀÄÁ�Ð«Ç�ÃiÏ«ÀÄÑ®¾�Ç�Ñ®¾�ÑDÌ
ÑÉÖPÆ�½2Ç�Ñ�á#ÃÄâ�½P¾�ÀÄÎ�¾�ÍDÌ Ü Ö«Ð£ÈÉÀÄÐ«Å�ÈÉÁ�ÐMÌ\ãtÍ®¾�ÖPÈÉâDÔv¾�ÃÂÏPÈ®ä}å�Ç�æ�Á�¿MÌ\Ç�Ð«Ï�ç�Ç�Í®ægÀÄÐ«Ñ®Á�Ð Û"è ¾�Æ�¾DÐ£È©ÃÂË�ÌgÀÂÈ à Ç�Ñ"ÑÉ½«Á à Ð�È©½bÇ¨È
È©½P¾�ÃÄÇ¨ÈÉÈÉ¾�Í�ÒPÍÉÁ\Æ�¾�Ñ®ÑÉ¾DÑ�Ç�Í®¾ ÀÄÐ2Ô�Ç�ÆcÈ�Ñ®ÈÉÍÉÁ�Ð«Å�ÃÂË2ÀÂÐPÕbÖ«¾DÐ«Æ�¾DÏé¿£Ë2ÈÉ½«¾ ÈTË\ÒR¾�Ç�Ð«ÏêÆDÁ�Ð«Æ�¾DÐ£È©Í©Ç^È©ÀÄÁ�ÐéÁ�Ô:ÆDÁ�ÑÉÁ�ÃÞÊ�¾DÐgÈÉÑ
Øìë^Ú°Û ¼¤½«¾#ÒPÖ«ÍÉÒ
Á�ÑÉ¾íÁ�ÔRÈ©½«ÀÂÑ9¾¦î�ÒR¾DÍÉÀÄÎ�¾�Ð£È9ÀÄÑ�ÈÉÁ�Á�¿�È�Ç�ÀÂÐ�ÏP¾DÈ�Ç¨ÀÄÃÄ¾DÏ.ÀÄÐPÔvÁ�Í®ÎWÇ^È©ÀÄÁ�ÐÓÇ�¿
Á�ÖPÈ"È©½«¾íÑ®ÈÉÍÉÖ«ÆcÈ©Ö«Í®¾#Á¨ÔZÈ©½P¾
½£Ë\Ï«Í©Ç¨ÈÉÀÄÁ�ÐêÑ®½«¾�ÃÂÃMÁ�Ô�ïiË\Ñ®Á�âDË\Î�¾�ÀÂÐêÇ�×gÖ«¾�Á�Ö«Ñ#Ñ®Á�ÃÄÖ�È©ÀÄÁ�Ð2ÀÄÐêÇ à ÀÄÏP¾ Æ�Á�Ð«ÆD¾�Ð£È©ÍÉÇ¨È©ÀÂÁ�Ð@Í©Ç�Ð«Å�¾ ÀÄÐ2È©½P¾�ÒPÍÉ¾�Ñ®¾�Ð«ÆD¾
Á�ÔZÏ«ÀÂÝR¾�Í®¾�Ð£È�ÈTË\Ò
¾�Ñ�Á�ÔMÆDÁ�ÑÉÁ�ÃÞÊ�¾DÐgÈÉÑ�Ç�ÐPÏMÌ£ÔvÁ�Í�È©½«¾í½«ÀÄÅ�½«¾�Í"Æ�Á�Ð«Æ�¾DÐgÈÉÍ©Ç¨ÈÉ¾�Ï2ÑÉÇ�Î�Ò«ÃÄ¾DÑ�ÌgÀÄÐPÔvÁ�ÍÉÎEÇ¨È©ÀÂÁ�ÐÓÇ�¿
Á�ÖPÈ"È©½P¾
ÀÄÐ£ÈÉ¾�ÍÉÎ�Á�ÃÂ¾�Æ�ÖPÃßÇ�Í�ÀÄÐ£È©¾DÍ©Ç�ÆcÈ©ÀÄÁ�Ð@Ò
Á�ÈÉ¾�Ð£È©ÀÄÇ�ÃZÔvÍÉÁ�Î=È©½P¾�Î�¾�Ç¨ÑÉÖ«Í®¾�Ï@Ñ®È©Í®Ö«ÆDÈÉÖ«ÍÉ¾§Ô�Ç�ÆcÈ©Á�Í®Ñ Û
áðÐ«¾ à ÑÉ¾cÈ©Ö«ÒCÔvÁ�Í#Ñ®ÎWÇ�ÃÂÃ_Ç�Ð«Å�ÃÂ¾<î\äyÍ©Ç�Ë@ÑÉÆ�Ç¨ÈÉÈÉ¾�ÍÉÀÂÐ«Å&ñkò�á#ó ò«ôí½«Ç�Ñ�¿
¾�¾DÐ�¿«Ö«ÀÂÃÂÈ�Ö«Ò&Ç¨Ð«ÏCÆDÁ�ÎEÎ�ÀÄÑ®ÑÉÀÂÁ�Ð«¾�Ï

Ï«Ö«Í®ÀÄÐ«Åaõ<ÆDÈÉÁ�¿R¾DÍ ë¨ö�ö£÷ Ç¨ÈEÈÉ½«¾C¿
¾�Ç¨ÎEÃÂÀÄÐ«¾êø�ï_ùúñ°ò�á_û ë ô.Á�Ô ü ý"ï�¼:á�Ì"ÖPÈÉÀÄÃÂÀÄâ�ÀÂÐ«ÅþÇ?ÿ@á è����g÷ ÀÄÎEÇ�Å�¾
Ò«ÃÄÇ¨È©¾¤Ï«¾cÈ©¾DÆDÈ©Á�Í Û ¼¤½«¾�Î�Á�Ð«Á\Æ�½«ÍÉÁ�ÎEÇ¨ÈÉÀÄâ�¾DÏ�îgäTÍ©Ç�ËÓ¿
¾�Ç¨Î Á�Ô Ù�� æ�¾�� ¾�ÐP¾�ÍÉÅ¨Ë à Ç�Ñ�ÔvÁ\Æ�Ö«Ñ®¾�ÏWÇ¨È�È©½«¾�Ï«¾cÈ©¾DÆDÈ©Á�Í
Ò
Á�ÑÉÀÞÈ©ÀÄÁ�Ð Ç�Ð«Ï8ÆDÁ�ÃÄÃÂÀÄÎEÇ¨È©¾DÏ4ÈÉÁ Ç?ÑÉÀÂâ�¾�Á�Ô ö��
	�� Ù Î�Î l ñvÊ�¾�Í®ÈÉÀÄÆ�Ç�ÃÄÃÞË � ½«Á�Í®ÀÄâ�Á�ÐgÈ©Ç�ÃÄÃÞËPô.Ö«Ñ®ÀÄÐ«Å È à Á ÑÉÃÂÀÂÈ
Ñ®Ë\Ñ�È©¾�Î�Ñ Û á#Ð2Ç�ÖPÈÉÁ�ÎEÇ¨È©ÀÂÆ�ÑÉ½gÖPÈ®È©¾�ÍtÇ�Ð«ÏWÇ�¿«ÑÉÁ�ÍÉ¿
¾�Í9ÑÉ¾DÈ ñvó�
Tá ç�� ë ò ë�� ç�� � ô�ÀÄÑ"Ò«ÃßÇ¨Æ�¾�ÏEÀÄÐ�¿R¾cÈ à ¾D¾�ÐWÈÉ½«¾�Ñ®¾
ÑÉÃÂÀÂÈíÑ®Ë\Ñ�È©¾�Î�Ñ Û òPÇ�Î�Ò«ÃÂ¾�ÑíÆ�Ç�Ð�¿
¾��«ÃÄÃÄ¾DÏé¾DÀÂÈÉ½«¾�ÍíÀÄÐ£È©ÁE×gÖbÇ�Í®ÈÉâ�Æ�Ç�Ò«ÀÄÃÂÃßÇ�Í®ÀÄ¾DÑ�Á�ÍíÀÄÐ£È©ÁEÆ�Ç�Ê\ÀÂÈ©ÀÂ¾�Ñí¾�Ð«ÆDÀÄÍ®Æ�ÃÄ¾DÏ�¿£ËéÇ
Å�Á�ÃÂÏ&Æ�Á£Ç^È©¾�ÏþÆDÁ�Ò«Ò
¾�Í ÔvÍ©Ç�Î�¾�¾DÐ«Æ�ÃÂÁ�ÑÉ¾DÏ ¿£Ë�È à Á�ÿ�
�ãtá à ÀÂÐ«Ï«Á à Ñ Û ¼¤½P¾�ÑÉÇ�Î�Ò«ÃÄ¾DÑ Æ�Ç�Ðþ¿
¾.ÈÉ¾�Î�ÒR¾DÍ©Ç¨ÈÉÖ«ÍÉ¾
Æ�Á�ÐgÈÉÍÉÁ�ÃÂÃÄ¾DÏúÀÂÐ Ç ÍÉÇ�Ð«Å�¾éÁ�Ô�� ÙKö�� ã=ÈÉÁ 	�ö�� ã Û á�ÀÄÍ�ÑÉÆ�Ç¨ÈÉÈÉ¾�Í®ÀÄÐ«ÅaÇ¨ÈEÈÉ½«¾C¿
¾�Ç¨ÎEÒbÇ^È©½ à Ç�Ñ2Í®¾�Ï«ÖPÆ�¾�Ï8¿£Ë
¾cî\ÈÉ¾�Ð«Ñ®ÀÄ¿«ÃÂ¾§ÈÉÖ«¿
¾�Ñ��bÃÄÃÂ¾�Ï à ÀÂÈÉ½ê½«¾�ÃÂÀÄÖ«Î Û ¼¤½«¾§Î�¾�Ç�Ñ®Ö«ÍÉ¾DÏéÀÂÐgÈÉ¾�Ð«Ñ®ÀÂÈTË�Æ�Ç�Ð@¿R¾ Ð«Á�ÍÉÎEÇ�ÃÄÀÂÑÉ¾�Ï2ÈÉÁÓÈ©½«¾§ÑÉÀÂÅ�ÐbÇ�ÃZÁ�Ô
Ç���Ç�
RÎEÁ�ÐPÀÂÈ©Á�ÍMÏ«¾DÈÉ¾�ÆcÈ©ÀÄÐPÅíÈÉ½«¾9Ç�ÀÄÍiÑ®Æ�Ç¨È®È©¾�Í®ÀÄÐ«ÅíÁ�Ô\È©½«¾9Ï«ÀÂÍÉ¾�ÆcÈ:¿R¾�Ç�Î Û ¼¤½«¾9ÃÄ¾�Ç�Ï�¿R¾�Ç�ÎEÑ�È©Á�Ò§ÀÂÑ:½P¾�ÃÄÏ�ÀÄÐ§Ò«ÃÄÇ�Æ�¾
¿£ËéÇ �§Ç�ÒPÈÉÁ�ÐêÔvÁ�ÀÄÃiÑ®Ò«ÍÉ¾�Ç�Ï�Ç�ÆDÍÉÁ�Ñ®Ñ#ÈÉ½«¾�Ç¨ÆDÈ©ÀÞÊ�¾�Ç�ÍÉ¾�Ç�Á¨Ô�È©½P¾�ÿéá è Ï«¾DÈÉ¾�ÆDÈÉÁ�Í<Ç¨Ð«ÏCÀÂÑíÏPÀÄÍÉ¾DÆDÈÉÃÂË�Ò
Á�ÑÉÀÞÈ©ÀÂÁ�Ð«¾�Ï
ÀÄÐ ÔvÍÉÁ�ÐgÈEÁ�Ô<ÈÉ½«¾&ÿ@á è Ï«¾DÈÉ¾�ÆcÈ©Á�Í Û ¼¤½P¾CÑ©Ç¨ÎEÒ«ÃÂ¾@ÈÉÁaÏ«¾cÈ©¾DÆDÈ©Á�ÍWÏ«ÀÂÑ®È�Ç¨Ð«Æ�¾@Æ�Ç�Ð�¿R¾êÊ¨Ç�ÍÉÀÂ¾�Ï4ÁpÊ�¾�Í�Ç à ÀÄÏ«¾
Í©Ç¨Ð«Å�¾�Á¨Ô ö!�
� È©Á �!� ë Î Û ü<¾DÈÉ¾�ÆcÈ©Á�ÍtÈÉÀÄÃÞÈ�ÌgÏ«¾DÈÉ¾�ÆcÈ©Á�ÍtÈÉÁ�Ñ©Ç¨ÎEÒ«ÃÂ¾�Ï«ÀÂÑ®È©Ç�Ð«Æ�¾�Ç�Ð«Ï�Ï«ÀÂÍÉ¾DÆDÈ�¿
¾�Ç¨Î=Ò
Á�ÑÉÀÞÈ©ÀÂÁ�Ð à ¾�Í®¾

��ÀÂÅ�Ö«ÍÉ¾ Ù�"$#&%('*),+!-/.0)1%,243657)8%,9;:1<,57)=)8%(38-/.>2$-
.0)1%,.>:=-/)@?�A4'B)8CD%E:1-/F
G4%,3IHB%,CD%(.B57)1%J<,5KF
-/H>3854.�)MLK%ON�P�A�:1QD38%R)8-/ST%JUV54:IW�X4:,Y�Z[-\9D9�F
%4+
365]U_^K`a:8<(5K)=)8%(38-/.D2T9D5K)85DYcbJ-/2�C�)M+cdRe�bEf�31%('g%(38%(.><(%h9D57)65�i j7klY

Ù



Æ�Ç¨ÃÄÀÄ¿PÍ©Ç¨ÈÉ¾�Ï ¿£Ë ÎE¾�Ç�ÑÉÖ«Í®ÀÄÐ«Å&ÈÉ½«¾êÒRÁ à Ï«¾DÍEÏ«ÀÞÝZÍÉÇ�ÆDÈÉÀÄÁ�Ð ÒbÇ^ÈÉÈ©¾DÍÉÐ4Á�Ô<Ñ®ÀÄÃÞÊ�¾�Í.¿
¾�½«¾DÐbÇ¨ÈÉ¾?ñ�� lÉQ������ �	�	� ��

� ÌÒ«Ö«Í®Æ�½bÇ�Ñ®¾�ÏCÔvÍ®Á�Î è Á�ÑÉ¾�ãt½«¾�Î�ÀÄÆ�Ç�ÃÄÑíï\¼�ü�Ì�����ô Û ¼¤½«¾�ÒRÁ à Ï«¾DÍ à Ç�Ñ �bÃÄÃÂ¾�ÏêÀÄÐ£È©ÁEÇ.×\Ö«Ç�Í®ÈÉâ�Æ�Ç�Ò«ÀÄÃÂÃßÇ�Í�Ë�Ç�ÐPÏ
Ò«ÃÄÇ�Æ�¾DÏúÀÂÐ4ÈÉ½«¾êÑ©Ç�Î�Ò«ÃÄ¾ê½«Á�ÃÄÏ«¾DÍ Û ¼¤½«¾éÏPÀÂÝRÍ©Ç�ÆcÈ©ÀÄÁ�Ð4Ò«Ç¨ÈÉÈÉ¾�ÍÉÐ à Ç�ÑWÎ�¾�Ç�Ñ®Ö«ÍÉ¾DÏ�Ç^ÈEÏPÀÂÝR¾�ÍÉ¾DÐ£ÈWÏ«¾cÈ©¾DÆDÈ©Á�Í�ÈÉÁ
Ñ©Ç¨ÎEÒ«ÃÂ¾¤Ï«ÀÄÑ�È�Ç�ÐPÆ�¾�ÑDÌgÀÄÐ ��ÀÄÅ Û�Ù È©½«¾�Ï«ÀÂÑ®È©Ç�Ð«Æ�¾�ÀÂÑ ëB�g÷�ö Î�ÎéÌ£½P¾�Ð«ÆD¾íÈÉ½«¾�ÎWÇ^î�ÀÂÎ�Ö«Î ÎE¾�Ç�ÑÉÖ«Í®¾�Ï�ÎEÁ�ÎE¾DÐgÈÉÖ«Î
È©ÍÉÇ�Ð«Ñ�Ôv¾�Í���ÀÄÑ�Ç¨¿RÁ�Ö�È ö!� ���
�
�� Q Û ¼¤½«¾ Ò
¾�Ç�æ�ÒRÁ�ÑÉÀÂÈÉÀÄÁ�ÐPÑtÇ�Í®¾<ÀÄÐEÊ�¾�Í�Ë2Å�Á\Á\Ï�Ç�Æ�ÆDÁ�ÍÉÏ«Ç�Ð«Æ�¾<ÈÉÁ�È©½P¾<ægÐ«Á à Ð��������
ÑÉÒ«Ç�Æ�ÀÂÐ«Å�Ñ Ø �¨ÚkÛ ¼¤½«¾�Æ�Ç�ÃÄÀÂ¿«Í©Ç^È©ÀÄÁ�Ð à Ç�ÑÓÒ
¾�Í®ÔvÁ�ÍÉÎ�¾�Ï?ÔvÍÉÁ�Î ÈÉ½«¾2Ï«ÀÞÝZÍÉÇ�ÆDÈÉÀÄÁ�Ð?Ï«Ç¨È�Ç�ÖPÈÉÀÄÃÂÀÄâ�ÀÂÐ«Å�È©½«¾�ÒPÍÉÁ�Å�ÍÉÇ�Î
ÒbÇ�Æ�æ^Ç�Å�¾�� 
T¼ ë ü Ø ��ÚkÛ
��ÀÄÍ®Ñ®ÈíÎ�¾�Ç�Ñ®Ö«ÍÉ¾DÎE¾DÐgÈÉÑ#Á¨Ô�Ç�×gÖ«¾DÁ�Ö«Ñ<ïMË\ÑÉÁ�âDË\ÎE¾�ÑÉÁ�ÃÄÖPÈÉÀÄÁ�Ð«ÑíÇ¨È#Ç à ÀÄÏ«¾�Æ�Á�Ð«Æ�¾DÐgÈÉÍ©Ç¨ÈÉÀÄÁ�Ð@Í©Ç¨Ð«Å�¾�¿R¾cÈ à ¾D¾�Ð

Ù à È Û�� Ç�ÐPÏ ë�ö à È Û�� à ¾DÍÉ¾#Ç�Æ�ÆDÁ�ÎEÒPÃÄÀÄÑ®½«¾�ÏEÇ¨È�Ç§Ï«¾DÈÉ¾�ÆDÈÉÁ�Í"È©Á�Ñ©Ç�Î�Ò«ÃÄ¾¤ÏPÀÄÑ®È©Ç�Ð«ÆD¾#Á�Ô �!� ë Î@Ì£È©½gÖ«Ñtò�á#ó ò
ÑÉÒ
¾�ÆcÈ©ÍÉÇ.ÆDÁ�Ö«ÃÂÏ2¿R¾�ÎE¾�Ç�ÑÉÖ«Í®¾�Ï�ÔvÁ�Í�ÎEÁ�Î�¾�Ð£ÈÉÖ«Î ÈÉÍ©Ç�ÐPÑ®Ôv¾�Í®Ñ���¿
¾DÈ à ¾�¾DÐ ö�� öPÙ �
 � Q Ç�Ð«Ï ö��
�£÷ �
 � Q Ì\È©½«¾ ÃÂÁ à ¾�Í
ÃÄÀÂÎEÀÞÈ�¿
¾�ÀÄÐPÅ�Ï«¾4�bÐ«¾�Ï�¿£Ë.È©½P¾�ÑÉÀÂâ�¾#Á�ÔMÈ©½P¾�¿
¾�Ç�Î�Ñ®ÈÉÁ�Ò Û ¼¤½«¾�ÑÉÆ�Ç^ÈÉÈ©¾DÍÉ¾DÏ�ÀÄÐ£È©¾DÐ«ÑÉÀÞÈTËEÁ¨ÔMÈ©½«¾#Ò«Ö«Í®¾�ÑÉÁ�ÃÂÊ�¾DÐ£È§ñ ë¨ö
ÎWÿ Æ�ÀÂÈÉÍ©Ç¨ÈÉ¾�¿«Ö�ÝZ¾DÍ�Ì«Ò Ü � ��� ô à Ç¨Ñ¤ÑÉÖ«¿PÈÉÍ©Ç�ÆcÈ©¾DÏêÔvÍ®Á�Î È©½«¾ Ñ®Æ�Ç¨È®È©¾�Í®ÀÄÐ«ÅÓÑ®ÀÄÅ�Ð«Ç�ÃRÁ¨Ô:ÈÉ½«¾ ïMË\ÑÉÁ�âcË\ÎE¾ Ñ®Á�ÃÄÖPÈÉÀÄÁ�Ð
È©Á@Ç�ÆDÆ�Á�ÖPÐgÈ ÔvÁ�Í ¿bÇ�Æ�ægÅ�ÍÉÁ�Ö«Ð«Ï7Í©Ç�Ï«ÀÄÇ¨È©ÀÂÁ�Ð Û ¼¤½«¾.Ï«ÀÞÝZ¾DÍÉ¾�ÐPÆ�¾ÓÑÉÀÂÅ�ÐbÇ�Ã à Ç�Ñ ÀÂÐ£È©¾�Å�Í©Ç¨ÈÉ¾�ÏþÖ«ÑÉÀÂÐ«Å�È©½«¾ÓÒPÍÉÁ�Å�ÍÉÇ�Î
ÒbÇ�Æ�æ^Ç�Å�¾ � 
T¼ ë ü Û 
TÐ£È©¾DÅ�Í©Ç¨ÈÉ¾�Ï�ÑÉÒ
¾�ÆcÈ©Í©Ç§Á�ÔRïMË\ÑÉÁ�âcË�Î�¾íÑÉÁ�ÃÂÖPÈ©ÀÂÁ�Ð«Ñ�Ç¨È"ÏPÀÂÝR¾�ÍÉ¾DÐ£È"Æ�Á�Ð«ÆD¾�Ð£È©ÍÉÇ¨È©ÀÂÁ�Ð«Ñ9Ç�Í®¾¤ÑÉ½«Á à Ð
ÀÄÐ���ÀÂÅ Ûêë�Û ¼¤½P¾WÒ
¾�Ç�æþÒ
Á�ÑÉÀÞÈ©ÀÄÁ�Ð«Ñ§Ç�ÍÉ¾�ÀÄÐaÇ�Å�Í®¾�¾�Î�¾�Ð£È à ÀÂÈÉ½aÎ�¾�Ç�Ñ®Ö«ÍÉ¾DÎE¾DÐgÈÉÑ�ÒPÍÉ¾DÊ\ÀÂÁ�Ö«ÑÉÃÞË7ÒR¾DÍ®ÔvÁ�Í®ÎE¾DÏaÇ¨È
¿
¾�Ç�Î�ÃÄÀÂÐ«¾�ó ��� Á¨Ô�ý9ÿCø�ï ñ Ü Ç¨Ñ®Ë\ÃßÇ�¿ZÌ Ü Ç�Î�¿PÖ«ÍÉÅgô Øì÷^ÚkÛ �bÖ«Í®ÈÉ½«¾�ÍíÇ�ÐbÇ¨ÃÂË\ÑÉÀÂÑ¤Á�ÔAÈÉ½«¾§ÏbÇ¨È©Ç.ÀÂÑ¤ÀÄÐêÒ«Í®Á�Å�ÍÉ¾DÑÉÑ Û

��ÀÂÅ�Ö«ÍÉ¾ ë " #&%O'*)M+�e! #" e�:1P�%,< )8385 AK'V5%$0QD%,A4Q>: #&?�:1A%&,?0ST%T:=A�F/QD)1-
A4.>: -
. ^4XKS�Z <(- )8385K)1%THDQ!'�%(3�5K)hP)(+*), WDL.-+/ ^KW), 021
3 L!%ON�PBA0:=Q>31%T)8-/ST%�UV54:544X�X[:(L %OND<(%(P�) )1CD%	6 UV),Y87 :1A4F
Q�)1-
A4.�U C>-
<6C�C>5�:�54F
:1A[HB%,%(. -
38385�9�-
5K)1%M9 'gA4396;:4X�X�:,Y b -
24C0)M+
b %('g%(38%(.><(% 9>57)85 )65=<4%,.�5K)JHB%M5KSTF
-/.D%�"$j4j;AK' d Z�>V#@?A( 54:1? F
54HCB$i 07k Y

ûa¾9½bÇ�Ê�¾�ÑÉÖ«ÆDÆ�¾DÑÉÑ®ÔvÖPÃÄÃÂË�Ò
¾�Í�ÔvÁ�ÍÉÎ�¾�Ï�ò�á#ó ò�Î�¾�Ç�Ñ®Ö«ÍÉ¾DÎE¾DÐgÈÉÑAÁ�Ð�Ç�×gÖ«¾DÁ�Ö«Ñ�Ñ®Á�ÃÄÖ�È©ÀÄÁ�Ð«ÑiÁ�ÔbïMË\ÑÉÁ�âDË\ÎE¾ à ÀÂÈÉ½
Ç�Î�ÀÄÐ«ÀÂÐgÖ«Î�ÎEÁ�ÎE¾DÐgÈÉÖ«Î�È©ÍÉÇ�Ð«Ñ®Ôv¾DÍtÁ�Ô:Ç¨¿RÁ�Ö�È ö!� öPÙD�
 � Q Û 
TÐWÈ©½PÀÄÑ �«ÍÉÑ®È¤Ç�Ò«Ò«Í®Á£Ç�Æ�½�¿bÇ�Æ�ægÅ�Í®Á�Ö«Ð«Ï�Ñ®Æ�Ç¨È®È©¾DÍÉÀÄÐPÅ
à Ç�Ñ2ÍÉ¾DÏ«Ö«ÆD¾�Ï8¿£Ë4ÎE¾�Ç�Ð«ÑWÁ¨Ô ¾cî\È©¾DÐ«ÑÉÀÂ¿«ÃÄ¾ Ü ¾��bÃÄÃÂ¾�ÏúÈÉÖ«¿
¾�Ñ�Ì�ÆDÁpÊ�¾�Í®ÀÄÐ«Å?Î�Á�Ñ�ÈWÁ�Ô�È©½«¾é¿R¾�Ç�ÎEÒ«Ç¨È©½úÁ�Ô<È©½P¾
ÑÉÆ�Ç¨ÈÉÈÉ¾�Í®ÀÄÐ«ÅêÍ©Ç¨Ï«ÀßÇ¨ÈÉÀÄÁ�Ð Û �bÖ«Í®ÈÉ½«¾�Í Á�ÒPÈ©ÀÂÎEÀÂâ�Ç¨ÈÉÀÄÁ�ÐéÀÄÑ ÍÉ¾D×gÖ«ÀÄÍ®¾�Ï7ÀÄÐþÁ�ÍÉÏP¾�Í<È©Á@ÀÄÎ�Ò«Í®ÁpÊ�¾�È©½«¾Ó¿«Ç�Æ�ægÅ�ÍÉÁ�ÖPÐ«Ï ÈÉÁ
ÑÉÀÂÅ�ÐbÇ�ÃbÍÉÇ¨È©ÀÂÁ«Ì£¾�Ñ®ÒR¾DÆ�ÀÄÇ�ÃÄÃÞË�È©½P¾#Ï«ÀÂÍÉ¾DÆDÈ9¿R¾�Ç�Î Ç�ÀÂÍ�ÑÉÆ�Ç^ÈÉÈ©¾DÍÉÀÂÐ«Å�Ç^È�ÃÂÁ à �<Ê¨Ç�ÃÄÖP¾�Ñ Û á ¿
¾DÈ®È©¾�Í"Í®¾�ÑÉÁ�ÃÄÖPÈÉÀÄÁ�Ð�ÀÄÐÓÈ©½P¾
ÃÄÁ à �EÍÉ¾�Å�ÀÄÎ�¾�Ç�ÐPÏþÇ¨È�ÈÉ½«¾�Ñ©Ç¨ÎE¾�È©ÀÄÎ�¾�Í®¾�Ï«ÖPÆ�¾�Ïþ¾¦îPÒ
Á�Ñ®Ö«ÍÉ¾�ÈÉÀÄÎ�¾�Ñ<Ç¨ÍÉ¾�¾¦î�ÒR¾DÆDÈ©¾DÏ Û û ÀÂÈ©½éÈ©½«¾�ÀÂÎEÒPÍÉÁKÊ�¾DÏ
ÑÉ¾cÈ©Ö«Ò à ¾ à ÀÂÃÄÃ_ÒR¾DÍ®ÔvÁ�Í®Î ÎE¾�Ç�ÑÉÖ«Í®¾�Î�¾�Ð£È©Ñ�Á�Ô"ïMË\ÑÉÁ�âcË�Î�¾ÓÑÉÁ�ÃÄÖPÈÉÀÄÁ�Ð«Ñ à ÀÂÈÉ½�Ç�ÏPÏ«¾�Ï&ÆDÁ�ÑÉÁ�ÃÞÊ�¾DÐgÈÉÑ ÀÄÐéÁ�ÍÉÏ«¾DÍ#ÈÉÁ
¾cîPÇ�Î�ÀÄÐP¾§ÈÉ½«¾�Æ�½bÇ�Ð«Å�¾DÑ�Á�ÔAÈ©½«¾�Ñ®ÈÉÍÉÖ«ÆcÈ©Ö«Í®¾�Á�ÔAÈ©½«¾�Ò«Í®Á�È©¾DÀÄÐéÇ�Ð«ÏCÀÞÈ©Ñ�½£Ë\Ï«Í©Ç¨ÈÉÀÄÁ�ÐéÑÉ½«¾DÃÄÃiÏ«ÖPÍÉÀÄÐPÅ�ÈÉ½«¾�ÒPÍÉÁ\Æ�¾�Ñ®Ñ
Á�ÔAÖ«ÐPÔvÁ�ÃÂÏ«ÀÄÐPÅ�ÔvÍÉÁ�Î È©½«¾§ÐbÇ¨ÈÉÀÂÊ�¾�Ñ�È�Ç¨ÈÉ¾ Û
iE6Ok�b�YF> YHG$31%,24A438?�? dR9 YIB L)J 31A4)1%(-
.!K@e A4F
G4%,.0)ML .0)1%,385�< )1-
A4.B:(L�Z 5438<(%(F&` %�<N<4%,3,LFOE%(U�PcA43Q<�L.?�6R42420%BOY
i ^]kTS�YB`U&,URA�F
5%<�L�bhYBbJ5]G -/.>9D385>L b�YFS -/.0)8%(3ML)J 3V3 J@W&LT6R44j2:
? ^KX�X=*XBOY
i j7kY- Y 3 YC(JQ>54.D2>LF(�Y)- A�385]?05DLN- Y)O�YC>RF\5K.0)8A4.&LNP;YFS�Q L)Z>YC JPDPDF Y 3 38? :=),Y\[CW&LT6R:4X]?^6;4%4�j2B
i *KkY �Y)J YF(E54STS;%,38:1F
%(?4L>e�?0. YcbJ549 Y�OE%(UJ:U[)_ L.?�6R42:%42BOY
i 0]kYO�Y)Z05]G0-\9 L PD38-/G75K)1%�<OA�STS�QD.D-\<(5K)1-
A4.&Y

ë



Synchrotron Radiation Induced X-ray Standing Waves 
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Abstract 
 
The method of X-ray standing waves (XSW) is a technique 
for the characterization of thin films, layered structures and 
surface depositions on a nanometer scale. The essential 
requirements are a flat, well reflecting substrate and 
monochromatic coherent primary X-ray radiation (e.g. from 
a synchrotron). To perform an XSW measurement the 
sample to be observed is irradiated under grazing 
incidence while the angle is scanned continuously and the 
fluorescence radiation is observed. XSW measurements 
are fast and element specific. However, several elements 
can be observed simultaneously by an energy dispersive 
detector. For each angle the fluorescence radiation of the 
detected elements is recorded and the signals are plotted 
vs. the angle of incidence of the scan. The obtained curves 
represent a characterization in depth of the layer-structure 
of samples. XSW can be performed on conducting and 
non-conducting samples, and vacuum is not necessary in 
most cases. Thus samples can be characterized with little 
preparation. 

 Fig. 1: Experimental set-up at DELTA. 
 

 
Fig. 2: Measurement principle and schematic illustration of the XSW field above the substrate (inset). 

 
To extract information about the observed sample system from the measured scan it is 
necessary to calculate the theoretically expected fluorescence signal for a given sample 
system and fitting its parameters so that theoretical and experimental curve agree. For 
calculation of these theoretical curves a computer simulation has been developed (and is still 
being refined) that considers the physical properties of all the components in the sample 
system as well as diffraction and absorption of the radiation for all positions inside the 
sample and all angles of incidence of the exciting synchrotron radiation. 



 
Fig. 3: Simulation of X-ray standing waves above a simple Si substrate (left) and in a layered sample 
of 1 nm Au on 80 nm polystyrene on 1 nm SiO2 on a Si substrate (right). 

 
During two beamtimes at DELTA various sample systems have been observed with this 
method, and measurements on known systems have shown that the computer simulation 
leads to realistic and accurate results. 
 

 
Fig. 4: Measurements and simulated curves for a layered sample of 1 nm Au on 80 nm polystyrene on 
1 nm SiO2 on a Si substrate (left) and for Si substrates covered with Ge layers of various thicknesses. 

 
To simplify fitting procedures with several unknown parameters (as layer thicknesses or 
electron densities) evolutionary algorithms are intended to be included in the simulation 
program. Furthermore, a sample cell has been designed at ISAS that allows measurements 
under vacuum conditions or at a defined vapour pressure. The first method will increase the 
detected fluorescence intensity especially from light elements by preventing absorption in air 
between sample and detector. With the second method the thickness of a liquid layer on the 
sample can be varied or stabilized during XSW measurements by controlling the vapour 
pressure inside the cell. 
 
Overall, XSW is an interesting and promising method for characterization of layered samples, 
both as a reference measurement to other X-ray techniques and as a possible alternative 
measurement for cases where other methods are not suitable or possible. 



Synchrotron radiation induced X-ray micro fluorescence. 
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The increased interest in spatial resolved X-ray fluorescence analysis in medicine, biology and 
material sciences demands special solutions. Sub-micrometer resolution combined with high 
sensitivity and monochromatic excitation at a wide range of energies can only be realized in a 
reasonable measuring time when applying synchrotron radiation (SR) as excitation source. The 
radiation supplied by beamline SAW 2 at DELTA was chosen for preliminary experiments carried out 
as feasibility study for diverse applications.  
 
 

In a first step the implementation of simple 
mono-capillary optics for collimation and 
concentration of the SR via total reflection was tested 
at SAW 2 beamline. It could be shown that cylindrical 
capillaries made of borosilicate glass with at least 10 
µm inner diameter can be used after alignment to 
produce excellent SR micro probes. Energies of 5, 13, 
15, 22, and 30 keV were adjusted at SAW 2 beamline 
and were used after collimation by the capillary for 
excitation of the samples to X-ray fluorescence.  
 
Fig. 1. SEM micrograph of a 10 µm mono-capillary 

 
 

An application field was the non-contact and destruction free analysis of objects of cultural 
heritage. The material composition of two outstanding archaeological finds from the city area of 
Dortmund was characterized by using SR-EDXRF. The first object (cf. Fig 2), a decoration plate of a 
buckler used by the Germans living in the 4th century AC in this area was made of a silver plate 
decorated with silver pearls and gold foils. The pearls and foils were fixed with a tin solder onto the 
silver base. The provenance of the materials was deduced to be Scandinavia by regarding the historical 
background. A second object shown in Fig. 3, a recent find, is a brooch discovered in a cemetery 
attributed to Franken living in the area about 1500 years ago. The basic metal was pure silver. 
However, as could be shown by the micro-analytical characterization of some yellowish areas, the 
artefact was gilded. The inserted red-violet stones are Almandines (Fe3Al2(SiO4)3), a special type of 
garnet. The material of the central four white inserts could not be deduced unambiguously from the 
results of the elemental composition. A further characterization of the light elements – X-ray 
fluorescence radiation of C, O, N, F, Mg, Al, etc. is absorbed in the air of the set-up – has to be made. 
Otherwise it is impossible to decide if the material is glass or seashell. 
 

 

Fig. 2. Ornament of a German buckler 
mounted in measuring position at SAW 2 
beamline.
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Fig 3. Brooch found in Dortmund-Asseln. Analyses were made on marked areas. Spectrum of a gilded 
metal part (2) showing silver and gold signals.   
 

A further experiment concerns the detection of element solutions in micro-channels covered 
by polymer foils. The final goal of these experiments is to visualize the local distribution of diluted 
solution in capillaries and micro channels used for the ‘lab on the chip’. It could be demonstrated that 
in this second application of SR induced X-ray fluorescence a 1% aqueous Molybdenum solution can 
be excited to X-ray fluorescence and the radiation can be detected through a PMMA foil of 300 µm 
thickness. A model of the set-up is shown in Fig. 4 and the real sample of a micro channel in Fig. 5. 

 
 

 
   
 
 

 
 
 
The last experiment carried out at BL 9 concerns the analysis of material without sample support. This 
was achieved by using an acoustical trap. Small amounts of liquids or tiny pieces of solids can be 
levitated in such a trap. The advantages of acoustical levitation as a general tool for sample 
manipulation (influence of temperature, pressure, reaction in different atmospheres, etc.) and possible 
applications of the technique for X-ray fluorescence, X-ray diffraction or absorption will be tested in 
the future. 
 
 
 
Outlook  

 
The results of these preliminary SR-EDXRF measurements encouraged us to build up a 

wavelength dispersive spectrometer attached to a vacuum chamber for SR induced micro-analysis of 
the light elements. The system will include X-ray optics of different types (mono-capillaries, poly-
capillary lenses and refractive optics) for best spatial resolution and optimal excitation of the samples. 

 
Fig. 4. Scheme of SR-XRF 
in buried channels 
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Fig. 5. A SEM micrograph of a micro channel on a PMMA 
substrate is shown. The elemental distribution over the blue 
line is represented in the right graph. 
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 INTRODUCTION 

 

The development of alternative high-k gate dielectrics for future complimentary metal-

oxide-semiconductor (CMOS) devices is indispensable in achieving both low leakage current 

and small equivalent oxide thickness. The thermal stability of these dielectrics on Si is a 

crucial issue by integrating them into CMOS, because standard device fabrication requires 

high temperature annealing, i.e. a dopant activation process (> 900 
o
C). The HfO2 is one 

possible candidate because of its high dielectric constant and high conduction band offset. On 

the other hand the formation of metallic Hf-silicide or Hf-metal during the annealing process 

for activation is one of the most serious problems, because the electrical characteristics will be 

influenced drastically due to the leakage current through the metallic region. In this work we 

present a systematic electronic and structural study of the Hf-silicide formation upon 

annealing.  

 

 EXPERIMENT 

 

The experiments were performed at DELTA (Accelerator Facility at the University 

Dortmund) using an undulator beam line with a photon energy of 200 eV and conventional 

MgKα radiation (1253.6 eV). The Si(111) crystal was cleaned in situ by resistive heating up 

to 1000 
o
C, resulting in a clean (7x7) reconstructed surface checked by LEED and XPS. A Hf 

wire tip heated by electron bombardment was used for depositing the 10 Ǻ of the Hf films 

onto the Si(111) substrate at room temperature. The sample was annealed in consecutive steps 

of 1 hour for each one from room temperature to 960 
o
C (cf. figure 1). All XPS, LEED and 

XPD measurements were obtained with the sample at room temperature. 
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Figure 1 : Hf 4f (left) and Si 2p (right) XPS spectra obtained at room temperature (top), 

after annealing at 580 oC (medium) and after annealing at 700 oC (bottom) 



In the angular XPD studies we used 200 eV (linear polarized synchrotron radiation) 

and 1253.6 eV (MgKα radiation).  

  

 RESULTS  

 

 By using the intensity ratio for the Hf 4f and Si 2p high-resolution photoelectron peaks 

as a function of annealing temperature we verified three phases during the heating (cf. figure 

2b). After a heating of 500 
o
C the formation of HfSi occurred, after heating to 700 

o
C the Hf 

intensity decreases by diffusion. The first XPD measurements were carried out after heating 

to 580 
o
C in order to observe the initial phase during the formation of HfSi, the two further 

XPD patterns displayed in the second and third row were recorded after heating to 700 
o
C. 

The second and third rows were recorded of photon energies of 200 eV and 1253.6 eV, 

respectively. These preliminary results have to be compared to simulations in order to 

determine the structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2 : (a) Si 2p high resolution XPS for different annealing temperatures, (b) intensity ratio of the Hf 4f and Si 2p in 

function of temperature and (c) photoelectron diffraction pattern for Si 2p and Hf 4f  using photon energies of 200 eV at 580 
oC (top) and 700 oC (medium) and using a photon energy of 1253.6 eV at 700 oC (bottom) 
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Due to the continuing miniaturization of integrated circuits in the semiconductor industry,
the insulating SiO2 layer, one part of the layer stack used for example in MOSFETs (Metal
Oxide Semiconductor Field Effect Transistor), will become obsolete in the near future. Rising
leakage currents will make this material ineffective for use in transistors within the next two
or three years. New compounds, so called high-k materials, are proposed [1] for replacement.
One of the high-k candidates is hafnium oxide (HfO2). We investigate a pre state of the system
HfO2/Si by determining the structure and electronics of the system HfSi/Si. This is done by
X-ray photoelectron spectroscopy (XPS) and X-ray photoelectron diffraction (XPD). For the
measurements high flux is needed in the soft X-ray regime , thus best results are obtained for
synchrotron light as a exitation source.

The measurements were conducted at the new build up beamline 11 at DELTA. The
primary energy for the experiment can precisely be selected by a plane grating monochromator
(PGM) and is usually set to energies between 200 and 400 eV. The beam is collimated to
a spotsize of 500µm × 70µm at the sample site. Ultrathin layers of hafnium (< 30 Å)
are deposited onto the Si(100) sample by electron beam evaporation and a following heat
treatment. High-resolution XPS spectra were obtained using a hemispherical analyzer and a
set of nine electron channel detectors. XPD patterns were recorded by rotating the sample
around two axis. All mechanical movements were carried out by a manipulator. An XPD
pattern can be recorded automatically since all mechanical movements of the manipulator
were carried out by stepping motors controlled by a computer program. The data aquisition
time for one complete pattern is usually 20 to 40 hours, measuring the half space above the
sample in steps of 2◦ in polar angle and 2◦ in azimuth angle.

Figure 1 shows a spectrum of the hafnuim 4f peak at a binding energy of around 15 eV.
The sample was heated to 750◦C for 10 minutes in order to obtain an ordered HfSi phase. The
primary energy is hν = 195 eV. The observed doublet structure of the photoelectron signal is
due to the spin-orbit splitting of 1.66 eV [2].

The inset of Figure 1 shows a diffraction pattern of the Hf 4f signal. Every point in the
pattern represents the integrated photoelectron intensity of the Hf 4f peak at a certain angle.
The intensity variations are caused by diffraction effects. In order to determine the atomic
structure of the system at the interface a comparison the data to computer simulations for
various structures has to be performed. The conducted simulations indicate that the systems



Figure 1: Spectrum of the hafnium 4f state in the hafnium/silicon compound. In respect to clean hafnium a
chemical shift of 0.4 eV could be measured. Inset: Diffraction pattern of the Hf 4f signal in the half space above
the sample (Ekin = 160 eV)

exists in a modification of the so called C49 or zirconium silicide structure. This structure
was proposed for a bulk hafnium silicide crystal in 1957 [3]. The simulations are still in progress.

We investigated the structure of the system HfSi/Si(100) by means of photoelectron
spectroscopy and photoelectron diffraction. It was possible to obtain an ordered hafnium
silicide phase by heating the sample to temperatures above 600◦C. Results from cumulative
heating indicate a diffusion of hafnium into the silicon bulk. The obtained XPD diffraction
patterns were compared to computer simulations. From this simulations we propose a
modificated zirconium silicide structure for this system.

For further investigations we plan to oxidize the sample to obtain HfO2-films. Another
possibility would be to directly evaporate hafnium oxide onto the silicon wafer. Up to now
nothing is known about the interface structure of hafnium oxide to silicon.

[1] G.D. Wilk, R.M. Wallace, J.M. Anthony, J. Appl. Phys., 89, 5243 (2001)
[2] J. Kirz, D. Attwood, B. Henke, X-Ray Data Booklet, Lawrence Berkeley Laboratory (1986).
[3] J. F. Smith, D. M. Bailey, Acta Cryst. 10, 341 (1957)
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Continuous down-scaling of silicon based MOSFETs results in device lengths of less than
100 nm. This requires a reduction of the gate dielectric thickness to less than 15 Å which is
not possible for SiO2 because of an increasing leakage current[1]. If thicker layers than 15 Å are
grown then a high-k material with a less leakage current and with the same electrical properties
as SiO2 is obtained. Presently, there are many higk-k candidates discussed as a substitute for
SiO2 as the gate dielectric. One of the most promising candidates is HfO2[2].

In our experiments ultra-thin films of HfO2 on Si(100) were studied by XPD (X-ray Photo-
electron Diffraction). A possible interface structure between silicon and hafnium oxide should
become accessilbe as in the case of SiO2[3]. The Si(100) surface is technologically very im-
portant because it is the most relevant surface in industrial manufacturing. Various different
preparation recipes for hafnium oxide on Si(100) were investigated at the beamlines 5 and 11
of DELTA. These beamlines provide high flux and sufficient energy resolution in the soft x-ray
range, for the planned XPS and XPD studies.

Figure 1: Hafnium 4f specta after substraction of a Shirley background (hv = 180 eV)

Sample preparation was started with the clean 2x1 reconstructed Si(100) surface. A small

1



Figure 2: a.) Diffraction pattern of HfSi (Ekin = 158 eV, b.) Diffraction pattern of HfxSiyOz (Ekin = 157 eV)

amount of hafnium was deposited onto the sample by electron beam evaporation to prevent
the silicon from reacting to SiO2 during the ongoing preparation. As the next step an oxygen
partial pressure of 1,3·10−8 mbar was provided in the chamber and the evaporation of hafnium
was continued. The XPS spectrum of the resulting surface is shown in Figure 1. The Figure
displays the components obtained by a least square fitting. The components belong to the
three different oxidation states of hafnium on the sample. The spectrum shows that the surface
contains of a combination of hafnium silicide and hafnium oxide. The peak width (full width
at half maximum) of the hafnium oxide doublet signal is larger than the width of the silicate
signal. This indicates that there are different components contained in the doublet. In order to
separate the different components a fitting procedure was apllied to the spectrum. As a result,
three individual components of the spectrum were obtained. Figure 1 displays the components
of hafnium dioxide (HfO2), hafnium silicate (HfxSiyOz), and hafnium silicide (HfSi2) at binding
energies of 154.4 eV, 157 eV, and 158 eV, respectively. The corresponding diffraction patterns
of the HfSi2 and the HfxSiyOz are displayed in Figure 2.

The component of the HfO2-signal shows no diffraction features indicating an amorphous
phase of hafnium oxide without any short range order. The signal of the HfSi2 component
displays a diffraction pattern which is similar to a diffraction pattern, which was obtained in a
previous study by our group at DELTA for a thick hafnium silicide film on Si(100). A possible
interpretation could be that there are areas on the sample which consist of a thick ordered layer
of hafnium silicide. The signal of the HfxSiyOz component displays a diffraction pattern which
indicates ordered hafnium silicate on the sample. The two diffraction patterns are different,
reflecting their individual atomic environment. Presently, the experimental diffraction patterns
are compared to calculated patterns for models of the interface between hafnium oxide and
crystalline silicon.

[1] J.H. Stathis and D.J. DiMaria, Tech. Dig. Int. Electron Devices Meet. 1998, 167
[2] G.D. Wilk, R.M. Wallace and J.M. Anthony, J. Appl. Phys. 89, 5243 (2001)

[3] S. Dreiner, M. Schürmann, C. Westphal, Physical Review Letters 93, 126101 (2004)

2



STATUS OF THE VUV-BEAMLINES U55 (BL11) AND 

TGM3 (BL12) AT DELTA 

Ulf Berges, Swen Doering and Carsten Westphal 

DELTA, University of Dortmund, Maria-Goeppert-Mayer Str. 2, Dortmund, Germany 

Experimental Physics I, University of Dortmund, Otto-Hahn-Str. 4, Dortmund, Germany 

 

 

The beamlines U55 (BL 11) and TGM3 (BL 12) in the VUV-range at the storage ring facility 
DELTA are set up and operated by the group Experimental Physics Ib at the department of 
Physics of the university of Dortmund. First experiments are performed at the U55-Beamline by 
this group to gain experience with this beamline. The TGM3-Beamline is still under 
commissioning. 

 

U55-BEAMLINE 

The U55-Beamline is working in the energy range between 55 and 1500 eV. The linearly 
polarized synchrotron radiation is generated by a permanent magnet undulator with a variable 
gap between 20 and 200 mm as insertion device. The beamline uses a PGM-setup with two 
gratings (400 and 1200 lines/mm) and a variable exit slit up to 3 mm. The designed photon flux 
is 1010 to 1011 photons/s/0.1A @20 µm Exit slit and 1012 to 1013 photons/s/0.1A @200 µm. The 
designed energy resolution is up to 30000 @ 20 µm and between 1000 and 8000 @ 100 µm. The 
expected focus size at the experiment is 70 x 30 µm2. The planned experiments are 
photoemission spectroscopy (XPS) and photoelectron diffraction pattern (XPD) of the interface 
layer of semiconductors.  

At the beginning of this year the reliability of the beamline has been increased by the 
mounting of additional encoders to measure the real position of the most beamline motors. None 
mayor failure occurs during beamtime. The photodiode after the exit slit used for flux 
measurements and beamline optimization has to be replaced. The beamline optimization program 
can still be continued due to a second photodiode behind the last focusing mirror of the 
beamline. The measured photon flux at this diode is about 1012 photons/s/100mA @ 200 µm exit 
slits. The flux at small exit slits has still to be increased by a factor 20 to achieve design values 
due to the not completely optimized settings of the beamline elements. The energy resolution has 
been tested at 400 eV with nitrogen and has to be improved. 

The monochromator was tested with beam during the first synchrotron radiation runs of this 
year. First beam at the experiment was achieved on the end of April. During the following 
synchrotron radiation weeks of DELTA various XPS and XPD experiments at different probes 
with the experimental chamber of the group have been performed at different beamline energies 
between 200 and 800 eV (see four reports of Schürmann, Flüchter, Weier and Carazzolle). In 



between the beamline setup has been improved to achieve a higher photon flux and energy 
resolution. The actual beamline setup is sufficient for the performed measurements, but still has 
to be improved for the planned experiments during the next year (photon flux at small exit slits 
and energy resolution).   

 
 

TGM3-BEAMLINE 

The TGM3-Beamline is a dipole beamline in the energy range between 6 and 200 eV. Planned 
experiments are photoelectron spectroscopy in the valence band regime and Fermisurface-
Mapping. The former BESSYI-beamline has been adapted to the situation at DELTA. The 
expected photon flux is in the order of the old BESSYI-setup. The optical layout was kept, the 
vacuum system and diagnostics improved. The beamline is completely build up. During this year 
the monochromator motor has been integrated into the new beamline control system at DELTA 
to allow an easier adjustment of the three under vacuum interchangeable gratings. The beamline 
consists of the focusing mirror, entrance slit, monochromator, exit slit and refocusing mirror. 
Synchrotron radiation has reached the monochromator. Stability measurements concerning the 
first focusing mirror have been performed. Due to the insufficient motorization and missing 
water cooling of this mirror a beamline optimization and stable operation is difficult. So a new 
chamber for the first mirror has been designed to improve the beamline setup and will be ordered 
in near future. A gas cell and photodiode to perform first measurements with beam at the 
experiment have been integrated into the beamline.  The expected photon flux at the experiment 
is in the order of 1011 photons/s/100mA between 30 and 80 eV with the 600 lines/mm grating 
and 1010 photons/s/100mA between 80 and 200 eV with the 1800 lines/mm grating. The beam 
size at the source point at DELTA is 136 x 65 µm2, the divergence 194 x 9 µrad2. The beam size 
at BESSYI was three times bigger, the divergence in the same order. The smaller beam size and 
the higher electron beam energy at DELTA lead to an increased heat load on the first mirror. 
This is a reason for the observed stability problems at the first mirror.  


