experimental methods and techniques

High-resolution soft X-ray absorption monochromatic light is significantly smaller than the natural width
. of the core level excitations in this range, facilitating high accuracy
spectroscopy of solids spectroscopic research. Attugh the photon flux becomes few times
. . b . e lower, an energy region up to 2.1 keV can be satisfactorily covered.
Y. Saitoh, " T. Muro, ” M. Kotsugi, “T. Iwasaki, This photon energy range covered by the present VLSPGM is very
A. Sekiyama, ° S. Imada‘® and S. Suga“ interesting from the scientific point of view, sincetliresholds of C,

. o ‘ N, O as well ad and M thresholds of 8 and 4 elements are

Synchrotron Radiation Research Center, Japan Atomic Energy  contained in this range. In additions thresholdsof Al and Si lie

5;;;5’“ Institute, Koutol-1-1, Mikazuki, Sayo, Hyogo 679-5148,  \jithin this range. These elements are very important not only for

Japan Synchrotron Radiation Research Institute, Mikazuki, Hyogo .phySICE.ﬂ and_ Ch_emlcal researches but also for semiconductor
industrial applications.

679-5143, Japan ;

‘Department pof Material Physics, Graduate School of Engineering In this paper we report on the Cé RAS spectra of several Ce
Science, Osaka University, Toyonaka, Osaka 560-8531, Japan compounds and Smd3XAS of SmS measured at different

temperatures as well as XAS of Si.

The present research deals with the high-resolution soft x-ray
absorption spectra (XAS) of Si, Ce- and Sm- compounds measurgd-
at BL25SU of SPring-8. The spectra are compared with theoretical
results. The Si 4 spectrum shows good agreement with the The XAS measurements were performed at twin-helical
calculated empty density of states so far reported. ThedGpextra undulator beamline BL25SU of the SPring-8 with a grazing-
are very sensitive to the local electronic structure. The 8XAS  incidence constant-deviation monochromator equipped with
of SmS shows clear temperature dependence, which is partf.SPGs. The sample cooling was made by use of a closed cycle He

xperimental

explained by a calculation for $frion. refrigerator. The sample temperature was controlled between 20 and
300 K. Clean surfaces were obtained either by scraping or cleavage

Keywords: soft X-ray absorption spectroscopy, grating in situ just before the measurement. The spectra were recorded by

monochromator, empty density of states, multiplet structures. the total photoelectron yield method in a vacuum xf(& Pa or

better. The photocurrent from the mirror behind the exit slit was

) simultaneously monitored to normalize the sample current.
1. Introduction

. Soft x—ray absorption spectroscopy (XAS) of ;olids iS VeI Results and Discussion
important to study not only the ground state electronic structures but
also the final state interactions of core excited states. In XAS, the Figure 1 shows thes1XAS spectrum of Si single crystal
energy of the photons is varied through a core level and electrons gtgasured at room temperature. We have shown the fine structure at
excited to states just above the Fermi le&)).(Since the dipole the threshold by the solid curve in the inset of Fig. 1, together with
transition dominates the process of photoabsorption, the electron difg density of states (DOS) abolzg consisting mostly of theB
core level with an orbital angular momentunis excited to the character split by the spin-orbit coupling (Chelikowski & Cohen,
unoccupied+1 final states influenced by solid state effects such as £#974). The energy resolution was estimated to be about 0.2 eV from
crystal field and hybridization. Then core XAS has the site anthe measured photoemission spectrum dgaof Pd metal at 1.5
symmetry selective properties. keV. Similar experimental results were reported by using InSb
The shape of XAS spectrum is affected by the interactiomonochromator (Nagashima et al., 1993, Hitchcock et al., 1993).
between the created core hole and the excited electron. When fher VLSPGM is found to realize very high resolution even in this
final state interactions of system in XAS are not significant, the sghoton energy region usually covered by the crystal monochromator.
called one-electron approximation can be applied to the systeifhe photon energy region up to 2.1 keV is also available at the
Then the shape of the XAS spectrum will directly reflect the densityLSPGM beamline BL23SU of SPring-8 (Yoshigoe et al., 2000) for
of empty states. For example, it will be shown later for the analystse XAS measurement. The spherical grating monochromator of
of Si 1s XAS. SRI-CAT 2-ID-C at Advanced Photon Source has shown a high flux
On the other hand,d3XAS spectra of rare-earth elements oftenperformance above 1.5 keV (Coulthard et al., 2000).
show complicated multipeak structures resulting from the large The fine structures in the first 70 eV from the theshold have been
interactions between the core hole and theldctrons in the discussed in term of multiple scattering effects (Bianconi et al.,
3d%f ™! configuration (Thole et al., 1985). This leads to a series df987), which are interpretated with considering a geometrical
final states with different symmetry and energies being known adructure of the finite cluster of atoms around the absorbing atom.
final state multiplet structures. Among the rare-earth systems, Figure 2 (a) shows the Calsp XAS spectra of CeR&i,, CeN
various reports have been given for the studies of Ce and Sand CeRp measured at 20K. The energy resolution was 0.1 €V o
compounds in that the hybridization of the strongly correlated 4etter. Smooth backgrounds have been subtracted from all the spectra
electrons with the conduction states is giving rise to unusual thermahe intensity of the spectra is normalized at their maximum.Tkhe
electric and magnetic properties partially scaled by the Kondof these compounds are ~20 K, ~150 K and of the order of 1000 K
temperatureT. respectively. The spectra show a strong variation not only for th
On the experimental side, a varied-line-spacing plane gratirgpectral shape of the maids3 peaks around 882 eV but also foe th
monochromator (VLSPGM) at BL25SU of SPring-8 (Saitoh et al.intensity of the satellites at ~ 887 eV. The main and the satellite peak
1995) provides very stable, highly resolved, high intensity"(10 are mainly ascribed tad®f? and 31°4f* final states, respectively. Th
photons/sec/100mA/0.02% b.w.) monochromatic light between 0.2Bultiplet structures of the main peak are rather smeared into a broade
and 1.8 keV with negligible contribution of higher order lights bysingle peak for CeRu The intensity of the &4f * satellite arisin
virtue of the twin-helical undulator (Saitoh et al., 2000a, Saitoh et affrom the 4° initial state due to the hybridization increases on goin
2000b). The resolving power in excess of “1vas measured from CeRuySi, to CeRy. This is closely related to thE of thes
between 245 and 867 eV from the photoabsorption spectra of sevetampounds. Hence, observed spectra can be understood ih detai
gases as well as photoemission spectra of Au. This bandwidth of tifeluding the multiplets and the satellite structures.
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(i) The intensities of the &, component decreases with increasing
temperature compared to that o3 It should be noted that there is
no phase transition within this temperature range.
For SmS, photoemission (Campagna et al., 1974) and inverse
, photoemission (Oh & Allen, 1984) spectra have been measured and
1835 1840 1845 1850 showed atomic like final state of 2and 4 7 final states, respect-
I ively, suggesting thatf4 (Snf*) is dominant in the initial state. This
4f configuration of the initial state is supported by the recent
calculation based on a multiband periodic Anderson model (Lehner
et al., 1998). By comparing the overall spectral shape with atomic
‘ ‘ ‘ multiplet calculation for SAi (4f °) and Ed* (4f %) (Imada & Jo,
1800 1900 on R0 (eV§10° 2200 1990), the latter agrees better to the experiment. Therefore, Sm is
P o considered to be divalentf®in SmS.

The temperature dependence of thkeX3AS of Snf* can be
ascribed to the contribution of the excited states in the initial state,
because the energy separation between the lowest»t@jeaqd the
upper states)(>1) of the 4° configuration is given by the magnitude
of spin-orbit interaction of several tens meV in th8-coupling

In order to investigate local electronic structures of Ce compoursthieme. Therefore we performed the atomic full multiplet
Ce 3l x-ray photoemission spectroscopy (XPS) as well as XAS hasaculation by taking into account the first excited statel) of the
been widely performed. The Cel XPS spectra show two- or three-initial state in addition to the ground stafe().
peak structures besides the spin-orbit splitting, where each peak isThe calculated temperature dependence is shown in Fig. 3 (b).
rather broad and structureless. In XAS, however, the multipRarameters for the multiplet calculation were taken from Thole et al.
structures were only partially resolved by the unsatisfactory enefd®85). The characteristics (ii) and (iii) in the observed spectra are
resolution of the monochromators so far employed. Then the multipieproduced fairly well. Although the dip structure is predicted by the
structures are neglected and relative intensity of each peak has lsatgulation with small broadening, its temperature dependence (i) is
often used for the analysis of both XPS and XAS spectra to estimaté reproduced in the calculation. This discrepancy is considered to
the 4 occupancyn; and the hybridazation strength (Fuggle et abe due to solid-state effects ignored in the present model calculation.
1983a, Fuggle et al, 1983b, Vavassori et al., 1995). It is clearly
demonstrated by our spectra that the multiplet structures give
additional information for identification of electronic structure of Ce.

In order to explain the spectra in more detail we have carried out
the calculation based on a cluster model including intra-atomic
multiplets (Jo & Kotani, 1988). The initial (final) state is assumed to
be a superposition ofd¥4f ° and 31*%4f v (30%f ! and 3P4f %),
wherev represents a hole in the valence band. In this model the final-
state features of XAS spectra are calculated with the parameters of the
4f level energy £) relative to the single level of the valence bar,
Coulomb repulsion energyUg§), core hole-# electron interaction
(-Us) and the hybridization strengtiv)( The V is assumed to be
unchanged between the initial and final states at this time.

Figure 2 (b) shows the tentative results of calculation, wher¢ the
is varied from 0.11 to 0.19 eV. The other parameters are reasonably — ‘ ‘ ‘
fixed to g =-1.3,Us= 6.7, andJs.= 10 eV. From the calculated spectra 875 880 885 890
for V=0.11-0.13 eV, it can be seen that the spectral change from photon energy (eV)
CeRuySi, to CeNi is explained in terms of the increasing strength of M ‘ T T
V. Namely, the lower energy peak (A) intensity increases relative to Ce 3d5, XAS ;alcmat'on (0)
the higher energy main peak (B) with increasing the relative intensity
of the satellite (C). Our simple assumption, however, fails in
explaining the CeRwu spectrum, where the calculation can not
reproduce the observed spectrum with employing a stronger value of
V. It is known that the calculated spectrum is drastically modified
depending on the magnitude of used parameters. In other words, the

T 0.15eV T

high resolution XAS enables us to obtain much detailed information
on the parameters characterizing the electronic structures of Ce ML
compounds. Further analysis to reproduce the experimental spectra is mﬁjkm
under the way (Iwasaki et al.). : LM :

Figure 3 (a) summarizes Snd XAS of semiconducting SmS A5 10 5 0
measured at 300, 200, 100 and 20K. The energy resolution was set to relative photon energy (eV)
0.1 eV or better. It can be seen from the figure that the multiplet Fi

. ? igure 2

structures observed in theds3 and 33, regions clearly show (a) Ce Bz XAS stectra of CeRi,, CeNi and CeRumeasured at 20 K.
temperature dependence. It can be summarized as follows. (i) At the(p) Spectral change of the calculated spectra of thedgeXa\S whenV
top of the main absorption peak ads3 is seen a small dip which increases from 0.11 to 0.19 eV. Other parameters are fixgd-b.3,Us=

becomes noticeable at lower temperatures. (ii) The intensity of the 6.7, andUr.= 10 eV. The Lorenzian FWHM broadening of 0.7 eV (solid
small hump at 1096 eV becomes appreciable at higher temperaturescurves) is used.
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Figure 1
1s XAS spectrum of Si (solid lines). The inset shows the details around
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Figure 3

(a) Sm 8 XAS spectrum of SmS measured at different temperatures. The
inset shows the details around thdg3peaks. (b) Calculated spectra for
the Sm &'4f ©.3d%f 7 transition for measured temperatures. The
Lorenzian FWHM broadening of 0.8 eV (solid lines) and 0.4 eV (dashed
line) is used.

The similar temperature dependence has been observed fdr Eu 3

XAS of Eup,05 (Saitoh et al., 2000c), suggesting that it is a commo
phenomenon for f£ (Snt* and Ed") configuration in the initial
state. Further analysis is going on.

4. Conclusion

We have measured Sk 1Ce 3 and Sm @ XAS spectra and
revealed that the high resolution XAS gives detailed information on
the local electronic structures in solids. Proper analyses allowed us to
do accurate estimation and identification of the electronic structures
of solids.
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