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Measurement of NaClIGe(001) interface states by inelastic low-energy electron scattering
with high momentum resolution
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Only a few techniques render possible to study properties of buried interfaces. Among them is electron
energy loss spectroscopy, which can provide information about vibrational or electronic interface excitations
via their long-range electromagnetic fields penetrating the covering film. For a scattering geometry close to
normal incidence, we present a high-resolution experimental analysis of the angular distribution of low-energy
electrons scattered inelastically at epitaxial NaCl layers of0@g. Our analysis unequivocally separates
scattering due to NaCl surface defects from scattering due to substrate electronic excitations in the same energy
range. In agreement with dipole scattering theory, we find the width of the angular distribution of scattering at
excitations of the buried interface directly related to the thickness of the covering film, enabling us to localize
the causative electronic transitions with respect to the surface normal. We identify energy losses due to
interband transitions involving Ge bulk and interface states, respectively, providing evidence that the dimer-
ization of the Ge surface is not removed after NaCl deposition.

DOI: 10.1103/PhysRevB.69.205313 PACS nuni®er61.14—x, 73.20—r, 71.36:+C

I. INTRODUCTION profiles within the dipole scattering theory as outlined in the
following allows us to locate elementary excitations within
Electron energy loss spectroscofELS) in connection the layered surface and identify surface or interface modes.
with the dielectric theory is a powerful tool for the analysis For more than a decade NaCl films on (G&l) have
of multilayered surface structuré$.In the small-angle scat- Served as a model system for epitaxial insulating thin
tering regime the electrons interact with elementary excitafilms>*° displaying, e.g., the so-called “carpet growth
tions of the surface and underlying interfaces mainly via pomode™ and various types of surface color centers that de-
larization fields set up in the vacuum above the surfacdermine the chemical reactivity of the surfade:’ The

(dipole scattering Consequently, the probing depth dependsNaCl/Ge00)) interface plays an improtant role for the
on the range of dipolar fields within the layered surfacegrOWth mode and seems to affect the color center generation

which may well exceed the range of low-energy eIectrons%r stability in the film. In this paper the detection of elec-

. . ronic states located at the interface of up to 20 Mthere
penetrating the surface. Computations of energy loss spect . : .
which treat the surface as a layered dieledtdre in satis- L stands for monolaygrthick NaCl films on G€001) is

: . esented, providing evidence that the dimerization of the
factory agreement with experimental results as demonstrat 001 surface is not removed at the NaCliGe interface

by a number of successtul studies, e.g., for phonon and plagy,g eynerimental analysis clearly separates dipole scattering
mon polariton modes of semiconductor superlattﬂ:'rmemh due to electronic transitions in the Ge substrate from inelastic
conductor spgce-c'harge Iayéré—,doped layers,and insulat-  scattering due to surface color centers of the NaCl capping
ing thin films.” Typically, the experimental results comprise |ayer while both types of excitations exhibit similar features

electron energy loss spectra measured for some fixed scatt@f-energy loss spectra without momentum resolution.
ing conditions, sampling the dispersion relation of the sur-

face and interface modes at few selected points in the surface
Brillouin zone (SBZ2). The identification of surface or inter-
face modes based on this approach is unpromising in the The experiments were performed in ultrahigh vacuum
regime of interband transitions where high damping resultgbasic pressure below 18 Pa) using energy loss spectros-
in broad energy loss features that hamper detection of angopy of low-energy electron diffractiofELS-LEED).'® With
dispersion. In addition, excitations localized in different lay-the scattering geometry being instrumentally fixed to near-
ers but contributing to energy loss features in close-by ennormal incidence(about 6° off normal the ELS-LEED
ergy range may be misleading. achieves a transfer width of 150 nm at an energy of 100 eV,
Here we present a high-resolution experimental study oforresponding to a momentum resolution of 0.042 Am
the angular distribution of inelastic low-energy electron scatwith respect to the surface component of the scattering vec-
tering at epitaxial NaCl layers on @®1). Scattering pro- tor and an angular resolution better than 0.05°. For maxi-
files that encompass the entire SBZ around the specular reaum loss intensity the energy resolution was set to 60 meV
flection were obtained for selected energy losses by using fll width at half maximum.
scattering geometry close to normal incidence. The range of We studied layers of NaCl with thicknesses up to 5.6 nm
selected energy losses covers Ge interband transitions wittorresponding to 20 ML, which grow epitaxially on G581
energies below the NaCl band gap. Analyzing the scatteringurfaces. Charging of the insulator surface by the measuring

Il. EXPERIMENT
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beam is avoided because of tunneling into the substrBle  tively. Energy and momentum are conserved in the scattering
well-oriented G€001) surfaces(angle of miscut less than event, i.e.,AE=fw andK;=—g. In case of normal inci-
0.15°) and the NaCl films were prepared by standarddence the following holds for the kinematic factor withas
methods) includingin situ sputtering/annealing cycles of the incident electron velocity€ denotes proportionalily

substrate in order to remove any surface contamination, and
sublimation of NaCl from an alumina crucible onto the sub-

K
strate held at a temperature of 200(lkquid-nitrogen cool- A(K| ,w)x%. (@8]
ing). Annealing the films to 600 K400 K for films below 1 w_+ K2
nm thickness resulted in sharp LEED patterns from p2

NaCl(001) surfaces. The substrate surface contamination
(C, 0<0.5%) was monitored using Auger electron spectrosThe profile of the kinematic factor with respectKg is de-

copy. picted schematically in the right column panels of Fig. 1 as
dotted lines. Herd is given in units of 2r/a with a as an
IIl. INELASTIC SCATTERING PROFILES OF arbitrary characteristic length, e.g., the monolayer thickness
MULTILAYER SURFACES or the surface lattice constant. The full width at half maxi-

- _ _ mum of the profile scales with w/\E with E as incident
The cross section“S/dAEdK; for dipole scattering of electron energy. For the schematic representation in Fig. 1
low-energy electrons at the surface of a layered semi-infinitghe ratioy/w was set to 10@(3) [corresponding, e.g., to

medium may be separated into a kinematic fa&tgf ,AE) E=100 eV andhw=0.5 eV fora=0.4 nm as lattice con-
independent of the properties of the medtfirand the loss stant of the Na@DO01) surfacé.

function In{ — 1/(e(q,w) +1)].*" Here K| denotes the sur-  calculations ofé(q,) can be based on models of the
face component of the scattering vector ah the loss  gyrface as layered dielectric mediGhA closed-form ex-
energy. The loss function describes the power absorption eression of the loss function of a “dipo|e-activ@A) semi-

the layered surface witle(q,») as its effective dielectric infinite substrate capped by a dielectric layer is obtained ac-
function depending on enerdyw and momentung, respec- cording to Ref. 3 as
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with €;,€e, as dielectric constants of the capping layer andcross section. Normalized to maximum intensity for better
the DA substrate, respectively, ahds thickness of the cap- comparison, these profiles are depicted as solid lines in the
ping layer. In the limitgq|f—o or €;—1 the loss function right column panels for the three surface models, respec-
dependence ogis well approximated as exp@|q|f), which  tively. A DA layer, whether it is at the surface or capped by
is still a good approximation fofre,|/e;— 1. a dielectric layer, can be recognlze_d by a quadratic depen-
Three specific surface models are depicted in crossdence of the scattering cross section Kpfor K;—0. A
sectional view in the left column panels of Fig. 1. One layerc@Pping layer, on the other hand, leads to a narrowing of the
is modeled as “dipole-active”(dark gray arenvia an entire profile. For the_ DA substrate with a capping layer the
oscillator-type dielectric function without dispersion at a full width at half maximum decreases as the thickness of the
single resonance frequenay,.® The dielectric function of ~C@PPINg layer increases for fixekE/ VE. By choice of the
the other layerglight gray area is assumed to be a real primary energ_yE the position of the maxima in the k'me-
constant aroundvy. For each surface modg¢from top to matic factor W'th. _respec_t t; may be adjuste_d for a given
bottom: (i) surface layer(ii) capped semi-infinite substrate, AE so that spemﬂg sections of the loss f_unct|on can be Spe-
and(iii) capped laydithe dependence of the loss function on cifically enhanced in the total cross section. The analysis of

momentum is flustrated schematially in the left colurnn % SRR CO8 Lo U e s
panels of Fig. 1(calculation for|e,|/e;— 1, normalized gp

The simulation of the loss profiles revealed that dispersioﬁmens'ty'

of € can be neglected if damping of the oscillator-type di-
electric function is assumed to be higllamping constant of
the order of the resonance frequeniycorrespondence with Energy loss spectra of the clean (G@l) surface(lower
the Ge dielectric function in the energy range of interbandpane) and of 14 monolayers NaCl on @91) (upper pane|
transition®!°and our experimental observations. Solid andpgth taken at thgpoint of the SBZ AK;=0), are shown in
dashed lines in the viewgraphs for the DA surface layer anqtig. 2. At the sample temperature of 100 K the clean Ge
the capped DA substrate show the results for different surgypstrate exhibited a shar(2x4) LEED pattern (not
face layer thicknessesand capping layer thicknessésre-  shown due to a buckeled dimer row reconstrucfibwhile
spectively. The results for the DA surface layepper row in  the surface of the NaCl layer shows no evidence of being
Fig. 1 are shown for reference. Sinégd—0 in many ex-  reconstructed. Both energy loss spectra in Fig. 2 exhibit loss
perimental situations, the exponentially asymptotic depenmaxima in the energy range within the NaCl band gap at
dence of the loss function af is usually approximated as about 1.4, 2.6, and 5.3 eV, respectively. The peak at 7.85 eV
proportional tokd.'" It has been demonstrated experimen-in the upper panel represents scattering due to exciton gen-
tally, e.g., for vibrational losses of thin 05 films on  eration in the NaCl layet
Al(100).%° For the clean G®01) surface the energy loss maxima at
The decrease of the loss function of a DA substrate2 6 and 5.3 eV are reproduced by a simulation of the loss
capped by a dielectric layer of thicknekécenter row with  spectrum(dashed lines in the lower panddased on optical
increasingK is due to screening. The polarization fields of data for the Ge bulk dielectric function. Two sets of experi-
polariton-type interface excitations are attenuated into thenental data were available for the simulation, one obtained
dielectric capping layer as exp(z/\) (Ref. 17 with X at a temperature of 100 K from ellipsometry data of a
=2/|q| as polariton wave length armhs distance from the Ge(110) surface prepared under UHV conditidhgdashed
interface, resulting in their efficient screening with respect tdine in the lower panel, experimental referencg a@nd the
the vacuum above X <f. The loss function simulated for a other, covering a wider energy range, obtained at room tem-
DA thin layer of thicknessd=10a screened by a capping perature from optical reflectivity data at samples under am-
layer of thicknesd =5a is depicted as solid line in the bot- bient pressur€ (dashed-dotted line, experimental reference
tom panel of the left column of Fig. 1. The dotted lines showB). Based on the Ge bulk dielectric function the electron
the loss function of a DA surface layer of thickneds energy loss function was calculated and multiplied by an
=10a and of a capped DA semi-infinite substrate of thick- effective kinematical factor that takes into account the finite
nessf=5a, respectively, as asymptotes fqr+0 and|q| momentum resolution of the instrument. The loss at 1.4 eV
—o0, respectively. observed experimentally is not reproduced by the simula-
In combination with the aforementioned kinematic factortions, suggesting that it must be related to surface states. The
(dotted lines in the right column panglghe loss functions dashed-dotted line, showing a steep rise of loss intensity
which are shown as solid lines in the left column panels ofabove the Ge band gap, exhibits a peak at 1 eV which is not
Fig. 1 result in characteristic profiles of the dipole scatteringdue to a feature of the loss function but is the result of the

IV. RESULTS AND DISCUSSION
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FIG. 2. Lower panel: energy loss spectrum of the cleat0GB
surface. The dashed line and the dashed-dotted line show simula- 200
tions based on optical data from experimental referen@@es. 18 150
and B(Ref. 19, respectively. Upper panel: energy loss spectrum of
14 ML NaCl on G¢001) (primary energy: 64 eV; temperature: 100 100
K). 50
effective kinematic factor which decreases as the energy loss 0
increases. The similarity of the loss spectrum of the NaCl- 2 15 10 5 0 5 10 15 20
covered G&01) surface(upper paneglto that of the clean relative scattering vector [%SBZ]

substrate is only the first evidence that in both spectra the
loss features in the NaCl band gap region represent elec- FIG. 3. Angular distribution of inelastically scattered electrons
tronic excitations of the substrate. They could also be causedAE=2.6 eV) around the specular direction. The three panels rep-
by electron irradiation-induced color centers in and on thaesent results for 3, 6, and 12 ML NaCl on (@@1), respectively.
NaCl layer, exhibiting electronic transitions in the same en-Experimental results are shown as scattered curve. The fit according
ergy rangel.‘l to dipole scattering theory is shown as solid line. Dashed curves
The inelastic scattering profiles foAE=2.6 eV are represent the dipole lobe as calculated by the fitting procedure be-
shown in Figure 3 for different thicknesses of the NaCl layerfore convolution with the elastic diffraction spot profifeepresents
(3, 6, and 12 ML, respectivelyThe decrease in profile width the film thickness in monolayers as calculated by the fitting proce-
with increasing NacCl layer thickness points to an excitationdure:
of the NaCl-capped Ge substrate. A quantitative comparison
with dipole scattering theory has to take into account theprofile (i.e., for AE=0) measured for the same primary en-
finite momentum resolution, which is limited by surface ergy. That calculated dipole scattering cross section was fit-
roughness in our experiment. The NaCl layers accomodatted iteratively to the experimental inelastic profiles by varia-
substrate steps by inclined regiofideading to a finite ter- tion of f. The results are given in Fig. 3 in units of the NaCl
race width and broadening of the Bragg reflection. Consemonolayer thicknesa=0.28 nm. The corresponding fits de-
quently, extraction of the loss function dependencekgn noted by solid lines in Fig. 3 provide a nearly perfect match
from the experimental inelastic profiles would require a two-with experiment. The characteristic dip of the kinematic fac-
dimensional deconvolution with respect to the elastic Braggor for K/— 0 is not resolved in the experiment. The dashed
profile. For our analysis we have taken an inverse approachines in Fig. 3 represent the calculated inelastic scattering
The loss function for a dipole-active Ge substrgég (% w profile before convolution.
=2.6 eV)=14+16 (Ref. 18] with a NaCl capping layer Up to a capping layer thickness of 12 ML, we find a very
[ enac(2.6 eV)=2.4 (Ref. 22] was calculated with the cap- good agreement dfwith the capping layer thickness deter-
ping layer thicknesd as single free parameter, multiplied mined by the amount of deposited NaCl which was measured
with the kinematic factor representing our scattering condiby a quartz microbalance calibrated via LEED oscillations.
tions, and convoluted with the experimental elastic scattering he results for all measured thicknesses are summarized in
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panel of Fig. 4. Calculations for a dipole-active capped
layer, however, provide a good fit to the experimental data
with f in the range of the actual film thickneg®pen

1 squarels As first approximation to the loss function we
chose (I-exgd —2Kd]) xexd —2Kf] with d andf as thick-

1641 o capped layer
14{ = capped substrate

124

ness of the dipole-active layer and the capping layer, respec-
= 101 o % . tively. A consistent fit of all data was obtained when fixing
- 8 o ] d=1 nm. The uncertainty of, however, is within an order
E of magnitude as we estimate from fixifigp the actual value,
6 - E . i.e., the measured NaCl layer thickness, and fittings can
4l u 1 be seen from Fig. 1, the loss function is affected by the actual
thicknessd of the dipole-active layer at the Ge interface es-
2 AE=14eV 1] pecially in the limitK;— 0 so that the finite momentum reso-
0ds lution due to surface defects becomes crucial. The angular
0 2 4 6 8 10 12 14 16 18 20 distribution of the inelastic scattering clearly shows that the
film thickness [ML] origin of the energy loss at about 1.4 eV must be located

at the Ge surface or NaCl/Ge interface, respectively.

18_ Dimerization-induced surface states on(®¥) have been
16- ] identified by angle-resolved photoemissiif® and inverse
1 photoemission experimeRts in combination with band
14'_ i structure calculation® For the (2x1)-reconstructed
124 i Ge001) surface at room temperature the surface_band gap
. 1 has been determined by Kipg al. as about 1 eV ab’ and
= 107 ] 1.9 eV atd, 2 with the filled and unfilled states being located
= 8- . at the dimer dangling bonds. It has been demonstrated that
6_‘ 1 the energetic position of the filled dangling bond state
] E(Dyp) does not change during theX2.)—c(2x4) phase
41 . transition below room temperatuf® Especially atl’, how-
5] AE=26eV 1 ever, the experimental results fB(Dp) vary from 0.6 eV
] below the valence-band maximuitVBM)? to 0.27 eV
0 S ——— above VBM as observed by Kipgt al?® This may be due to
0 2 4 6 8 10 12 14 16 18 20 a narrow metallic surface state band ascribed to disorder-
film thickness [ML] induced defect€ which disappears for temperatures below

- . the (2x1)—c(2X4) phase transition. Consequently, for a
FIG. 4. Valuef as calculated by the fitting procedure in com- c(2x 4)-reconstructed GBO1) at a temperature of 120 K

parison with the actual film thickness. The lower panel shows the e take 1 eV as a lower limit for the surface band aap and
results forAE=2.6 eV, assuming an interface mode of the semi-" wer-limi u gap

infinite Ge substrate. The upper panel shows the result\for interpret the energy loss obgerved at 1.4 eViin our exper-
=1.4 eV assuming a dipole-active substrafiled boxes or a ~ MeNts as linked to electronic transitions between the dan-

dipole-active interface layeopen boxes gling bond filled and empty states.

The observation that the intensity of the energy loss at 1.4
the lower panel of Fig. 4. For film thicknesses larger than 13V atI' prevails after deposition of several monolayers of
ML the width of the inelastic profiles increases with film NaCl indicates that the Ge dimers remain intact at the
thickness in connection with a dramatic decrease of total losBlaCl/Ge interface and their electronic states are essentially
intensity, pointing to a perfect screening of the substrateunaltered by the NaCl layer. Surface dimer bonds are in fact
Other excitations, probably of low-density color centers inquite strong with a binding energy ef1 eV and it has been
the NaCl layer, then becoming prominent in the loss specdemonstrated by photoelectron spectroscopy that even for
trum, can already be seen at the base of the dipole lobe of I&kali metal adsorption on &l01) the Si surface dimers re-
ML NaCl/Ge(001) (see Fig. 3. Prolonged electron irradia- main intact® In the case of K/$D01) and Cs/Si001) the
tion leads to more significant energy losses in the regimelkali metals bond covalently to the silicon dimers, shifting
1.2-2.7 eV due to surface color cent&tgheir profiles in  the energy of the filled dangling bond states by 0.1-0.5 eV.
momentum spacéot shown hereare independent of NaCl Compared to the alkali metal-8D1) bonds we expect the
layer thickness and in perfect agreement with the model of &onds between a NaCl layer and the(@x) surface dimers
thin dipole-active surface layer. to be rather weak because the valence-band maximum of the

A similar analysis was performed for profiles of the en-NaCl layer is located about 4 eV below the valence-band
ergy loss of 1.4 eV which was not reproduced by Ge opticamaximum of the Ge substrate as shown by photoelectron
data. While the profile width also decreases with increasingspectroscopii.J Being located in the middle of the NaCl band
NaCl film thickness, the fit for the dipole-active substrategap the dimer dangling bond states lack adequate partners for
model yieldsf constantly as too low compared to the mea-chemical bonds.
sured NaCl layer thicknessee filled squares in the upper  While the character of bonding between NaCl and
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FIG. 5. Intensity of half-order LEED spots of the NaCl{Gel)
depending on NaCl coverage.

Ge(00)) is still subject to debate, its weakness in relation to
ionic bonds within NaCl is manifested by the carpet growth
mode of NaCl on G@01) which, close to substrate steps,
minimizes the electrostatic energy within the NaCl layer at FIG. 6. LEED profiles in[110] direction taken for increasing

the cost of binding energy between the NaCl layer and thelaCl coverage at a temperature of 200 K. The profiles comprise the
Ge substraté! The average loss of binding energy betweenspecular spot0% SB2 and half-order positiong50%, —50%

the NaCl layer and the Ge substrate has been estimated 19B2).

the size of inclined regions of the NaCl “carpet” at Ge steps

as 0.13 eV per surface Ge atom. Taking into account the

weak coupling between the dimer dangling bond states an(01) substrates used in the experiments presented here, the
the NaCl valence electrons and the relatively weak bondingntensity of the 1.4 eV loss df does not appear to be re-
between NaCl and Ge substrate observed experimentally, duced with increasing NaCl coverage when related to the
seems reasonable that the Ge dimers rest intact at the inteznergy loss intensities of Ge bulk interband transiti(see
face, exhibiting electronic filled and empty states which re-Fig. 2). Therefore we assume that the entire interface, and
main essentially unaltered while their energy may be slightlynot only areas close to Ge substrate steps, contributes to the
shifted due to polarization induced by the overlayer. energy loss at 1.4 eV.

Support for the assumption that the dimerization is not The angular distribution of the inelastic scattering at 5.3
removed is provided by x-ray investigations of the NaCl/and 7.85 eV energy loss have not been demonstrated here. As
Ge(00)) interface, showing a (1) reconstruction of the shown elsewhere, the excitation mechanism is not purely di-
NaCl/G€00)) interface up to a thickness of the covering polar in character so that the dielectric model depicted here
NaCl layer up to 9 ML?® and by our LEED data. While cannot be applied!

LEED is insensitive to the interface for NaCl coverages

higher than a few monolaye(s we find a recurrence of.(2 V. CONCLUSION

X 1) superstructure spots during NaCl epitaxy when the first

two NaCl monolayers are completed. The intensity of half- We have experimentally demonstrated that a high-
order spots plotted versus NaCl coverage, showing a recuresolution analysis of the angular distribution of inelastic di-
rence of the spots at the completion of a double layer, ipole scattering may support the interpretation of energy loss
observed in Fig. 5. The intensity was taken from LEED pro-spectra in the range of electronic interband transitions by
files in the[110] direction (Fig. 6), comprising the specular providing unequivocal information on the excitation of bur-
reflection at 0% SBZ and half-order positions at 50% and ied dipole-active layers. For the NaCl/(®81) system we
—50% SBZ, respectively. While the recurrence of the half-find losses due to substrate excitations for NaCl surface layer
order spots is difficult to see in Fig. 6, intensity oscillationsthicknesses up to 12 ML. Identification of the energy loss at
of the specular spot with increasing NaCl coverage ard.4 eV as due to electronic interband transitions localized at
clearly visible. The oscillations were used for calibrating thethe NaCl/G¢001) interface provides evidence that the sub-
NaCl coverage. Scanning tunneling microsc6gyM) mea-  Strate dimerization is not removed at the NaCl/Ge interface.
surements confirm that growth occurs via an initial double We expect the analysis to work well for insulating cap-
layer followed by atomic single layef8.STM does not show ping layers with relatively low dielectric constants. Screen-
a (2x 1) reconstruction of the NaCl layer surface so that theéng of metallic or semiconducting overlayerg 1, see
NaCl/Ge interface must be the origin of the LEED observa-equation will reduce the total loss intensity significantly
tion. while its effect on the profile depends on the rgig|/e;.

The role that inclined regions of the NaCl carpet at GeFor |e,|/e;—1 the loss function of a capped dipole-active
steps play for the occurence of the observed energy loss atibstrate may be approximated as proportional to
1.4 eV will be elucidated in future experiments on Ge sub-exd —2Kd]. Considering a capped dipole-active layer of fi-
strates of various standard miscut angles. On the low-miscutite thickness like, e.g., a space-charge layer at the interface
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of a semiconducting substrate to a dielectric surface layedence of the loss function dq; in detail. Studies with semi-
the loss function is expected to exhibit a maximum for aconducting and conducting films are in progress.

finite wavelength because the short-wavelength components
are effectively screened by the capping layer and the long-
wavelength components are effectively attenuated by the fi-
nite thickness of the dipole-active layer. High-resolution We gratefully acknowledge valuable discussions with H.

measurements of the inelastic scattering profiles for differenPfnlr. Financial support was provided by Deutsche For-
ratios AE/E should render possible to extract the depen-schungsgemeinschaft.
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