AL/xFoep 96157

Techniques for Inelastic X-ray Scattering with peV-Resolution

R. Réhisberger,! E. E. Alp,? E. Gerdau,* O. Leupold,* K. W. Quast,?
R. Riiffer,> W. Sturhahn,? T. S. Toellner,? and E. Burkel

"Universitit Rostock, Fachbereich Physik, August-Bebel-Str. 55, 18055 Rostock, Germany
2Advanced Photon Source, Argonne National Laboratory,‘ Argonne, Illinois 60439, USA
3European Synchrotron Radiation Facility, BP 220, 38043 Grenoble Cedex, France
*IL. Institut fiir Experimentalphysik, Universitidt Hamburg, Germany

October 1998

The submitted manuscript has been created by
the University of Chicago as Operator of
Argonne National Laboratory (“Argonne”) under
Contract No. W-31-109-ENG-38 with the U.S.
Department of Energy. The U.S. Government
retains for itself, and others acting on its behalf,
a paid-up, nonexclusive, irrevocable worldwide
license in said article to reproduce, prepare
derivative works, distribute copies to the public,
and perform publicly and display publicly, by
or on behalf of the Govemment.

Presented at PHONONS 98, Ninth Intl. Conf. on Phonon Scattering in Condensed Matter,
Lancaster, UK, July 26-31, 1998.

*This work is supported by the U.S. Department of Energy, Basic Energy Sciences-Materials
Sciences, under contract #W-31-109-ENG-38.




DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or
service by trade name, trademark, - manufacturer, or
otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best avallable original

document.



s TR NIRIETNS

Techniques for inelastic x-ray scattering with peV - resolution

R. Rohlsberger!, E. E. Alp?, E. Gerdau®, O. Leupold?, K. W. Quast?,
R. Riiffer®, W. Sturhahn?® T. S. Toellner?, and E. Burkel!
' Universitit Rostock, Fachbereich Physik, August-Bebel-Str. 53, 18055 Rostock, Germany
2 Advanced Photon Source, Argonne National Laboratory, Argonne, [L 60439, [ISA
? European Synchrotron Radiation Facility, BP 220, 38042 Grenoble Ceder, France
Y11, Institut fiir Erperimentalphysik, Universitdt Hamburg, Germany
(July 22, 1998)

We introduce a novel type of spectrometer that provides a pueV bandpass together with a tunability
over a few meV. The technique relies on nuclear resonant scattering (M&ssbauer effect) of synchrotron
radiation at the 14.4-keV resonance of 3’ Fe. Energy tuning is achieved by the Doppler effect in
high speed rotary motion. The resonantly scattered monochromatic radiation is extracted by a
polarization filtering technique or by spatial separation due to the ’nuclear lighthouse effect’.
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Inelastic x-ray scattering studies with high energy res-
olution have gained momentum in recent years, par-
ticularly due to the high brilliance of third-generation,
undulator-based synchrotron radiation sources. Vibra-
tional excitations in solids and liquids are studied with
meV-resolution by using backscattering monochromators
and analyzers [1,2]. A different approach has been in-
troduced to measure the vibrational density of states
(VDOS) via inelastic nuclear resonant scattering [3-5].
In that case, Mdssbauer nuclei in the sample are used
as energetic analyzers. This method relies on detection
of time-delayed fluorescence photons emitted by decay-
ing nuclei that were excited by synchrotron radiation.
The yield of those fluorescence photons, as a function of
energy gives a direct measure of the VDOS of the 3Fe
atoms in the sample. Energy resolutions from a few meV
down to the sub-meV range are achieved in this kind of
spectroscopy by using high-order Bragg reflections [6-8].
However, there is currently no x-ray spectroscopic tech-
nique available that covers the range from a few peV to
a few meV with ueV resolution. Vibrational excitations
in this energy range have attracted considerable atten-
tion recently. For instance, vibrational spectra of disor-
dered solids exhibit a universal feature in the range of
1-10 meV, the so-called boson peak, its origin still be-
ing subject of debate [9]. Further examples are magnons,
two-level systems, phasons in quasicrystals, rotational ex-
citations in liquids, soft_phonons, etc.

The first type of spectrometer to be discussed here is
shown in fig.1 [10]. It employs a grazing incidence re-
flection from a thin film of "Fe magnetized parallel to
the incident beam (Faraday geometry). In this scatter-
ing geometry, strong orthogonal scattering from incident
o - polarization into = - polarization occurs in a very
narrow (ueV) range around the 14.4 keV resonance of
57Fe. This narrow-band r - polarization component can
he separated from the broad nonresonant charge scat-
tering by polarization filtering. This is accomplished by

two Si(840) channel-cut crystals that serve as a polar-
izer/analyzer pair in crossed setting. In this geometry
the m - polarization is filtered out with a rejection ratio
of up to 10~8 against the o - polarization.

FIG. 1. Schematic setup of a spectrometer witt
peV-resolution based on elastic nuclear resonant scattering
1,2: Si(840) polarizer/analyzer pair in crossed setting, 3: Su-
perpolished mirror coated with 37 Fe on Pd, 4: Motor, 5: Per-
manent magnet
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Tunability is achieved by coating the flm on the sur-
face of a fast rotating disk of 15 em diameter that acts as
a Doppler shifter. When the disk rotates, nuclear reso-
nant reflection takes place at an energetic position that is
shifted relative to the resonance energy Eg. The energy
shift AE is determined by the disk-velocity component
u| = w £ of the disk parallel to kg, i.e. AE = (w z/c) Ey,
where r is the transverse displacement of the beam rel-
ative to the center of rotation. Therefore, AE can be
varied either by changing the frequency w or the displace-
ment £. For example, at 14.4 keV, Doppler shifts up to
+3 meV are reached at rotational frequencies v = w /27
of up to 150 Hz.

The maximum transmission through the spectrometer
is observed when the 37Fe film is coated on a total reflect-
ing substrate layer (here: Pd) and the angle of incidence
coincides with the critical angle of the substrate layer.
The angular dependence of the transmitted intensity is
shown in fig.2. The inset shows the energy spectrum of
the transmitted intensity with a FWHM of appr. 0.7 peV.
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F1G. 2. Transmission through the spectrometer, as a func-
tion of incidence angle on the *"Fe/Pd film, recorded with
resonantly scattered, i.e. time-delayed quanta. (Experiment
carried out at ESRF, Grenoble)

Another approach to ultra-high resolution
monochromatization is introduced by nuclear resonant
scattering from samples rotating with very high frequen-
cies of several kHz. Dué to the long lifetime of the 57Fe
resonance of 141 ns, the resonantly scattered radiation is
deflected off the intense primary beam by an angle that
is proportional to the decay time of the excited nuclear
state. Accordingly, the time spectrum of the nuclear de-
cay is mapped to an angular scale as shown on the left
hand side of fig.3. At a rotational speed of 15 kHz, e.g.,
the angular deflection is appr. 0.1 mrad/ns. This *nuclear
lighthouse effect’ [11] allows to extract a peV wide band
out of synchrotron radiation simply by angular selection.
The setup is shown schematically in fig.3. The rotor is a

hollow cylinder of 3 mm in diameter that containg an e
- 57Fe foil. The tunability is demonstrated on the right.
hand side of fig.3, where the energy of the transmitted
radiation was measured for various displacements Ar.
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FIG. 3. ueV bandpass filtering and meV energy tuning
synchrotron radiation by the nuclear lighthouse effect. (]
periment carried out at HASYLAB, Hamburg)

In future experiments, samples will be placed down-
stream of the spectrometer. Flux values on the sample
close to 10°® s~! are expected at third generation syn-
chrotrons like ESRF,APS and SPring8. This should lead
to inelastic countrates in the order of 0.1 s~! for samples
containing Mdssbauer isotopes, which is quite compara-
ble to countrates in neutron inelastic scattering.
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