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High-resolution photoemission study of CeRy The dual character of 4f electrons
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High-resolution low-temperature photoemission spectroscopy was performed fop @efudy the nature
of low-lying excitations around the Fermi leveEf). It was found that the photoemission spectrum rigar
shows two well-resolved peaks at and about 270 meV béew which are ascribed to the tail of the Ce 4
f1 final state located just abo&: and its spin-orbit satelliteX o~ 270 meV, respectively. This suggests that
the many-body-correlation effect is necessary for understanding the electronic structufg- rfaCeRy,
although the Cefdelectron exhibits a substantially itinerant character through the strong hybridization with the
conduction electrongS0163-182806)50322-X]

CeRy shows superconductivity with a relatively high pounds has established the existence of a very narrow peak at
transition temperaturd, of about 6.1 K and has been a Eg with some additional satellités:'? The E¢ peak and the
subject of intensive attention due to its unique electronic angatellites have been ascribed to the Kondo-resonance peak
magnetic properties in relation to the mechanism of theand the spin-orbit and crystal-field splitting satellites, respec-
superconductivity. It had been thought that a Ce atom in tively, while there is still a hot debate on the oridit**We
CeRy is tetravalent with no #electrons(4f®) and conse- found in this study that the HRPES spectrum of CeRx
quently the superconductivity is associated with only the Runibits two peaks neaEy ascribable to the Kondo peak and
sublattice and itsd electrons. In contrast with this simple the Spin-orbit satellite in a very similar manner to other ce-
view of the electronic structure, electron-spectroscopiGium compounds, in contrast with the reported substantial
studie$~° have suggested that CeRis a mixed valent with itinerant character of CeRuThis suggests a dual character
a substantial weight of thef4 configuration. Meanwhile, (itinerant and localizedof the Ce 4 electrons in CeRuas

using the self-consistent augmented plane wave method, Y& as a strong hybridization between the Cleefectrons
nase has shown that Cefuas an appreciably widef #and 4 the conduction band.

with the f electron count being close to oh&@hese remind A single crystal of CeRywas prepared by argon arc melt-
glsj cgrgo%?jiscltt())l? gg“ég}“ﬁy(;? égir\g:";ﬁg?ewg ?ﬁsgg 'Lirrg'ﬁ_n ing of high-purity metals. The structure and single crystallin-
P 3 ' P ity were checked by x-ray diffraction, which showed the

mental evidence that CeRbas a strong itinerant character, Laves phaséC15 pattern with a lattice constant of about 7.5

such as the small electronic specific heat coefficiettite A red iousfy. Phot - A
paramagnetic behavidr,and the de Haas—van Alphen as reported previously. Fhotoemission measurements

measuremen However, it is also true that there are sub- We'e carried out with a homemade high-resolution photo-
stantial deviations from a simple one-electron picture, suctgMission spectrometer which has a large hemispherical elec-
as the superconducting parameters different from converifOn analyzer(diameter, 300 miand a highly bright dis-
tional BCS value€. These conflicting experimental results charge lamp. The base pressure i$12** Torr and the
seem to suggest a strong hybridization of Geelectrons —€nergy resolution was set at 35/40 meV for H&1.2 eV)/
with the conduction band and a resultant dual chardgitter ~ Hen (40.8 eV) measurements. The working pressure during
erant and localizedof the Ce 4 electrons in CeRu the lamp operation was 510 1°-1x10"° Torr. The

We have carried out a high-resolution low-temperatureCeRy single crystal was scraped situ by a diamond file
photoemission measurement on CeRustudy the detailed just before photoemission measurements to obtain a clean
electronic structure near the Fermi levEl), which directly — and fresh surface. All the procedurgsraping and measure-
relates to the low-lying excitations and superconductivity.men) were done by keeping the sample at 15 K. Since we
Recent progress in improving the energy resolution in phoobserved degradation of the sample surface as being evident
toemission spectroscopy has enabled a remarkably precidy a gradual growth of an additional feature at 10 eV binding
analysis of the electronic structure négr, in particular, of energy in the photoemission spectrum after an HBuwre
strongly correlated electron systems such as oxide supercorepeated scraping every 5 min and obtained a final spectrum
ductors and heavy-fermion materials. High-resolution photowith a good signal-to-noise ratio by adding each scan. The
emission spectroscopfHRPES of various cerium com- Fermi level of the sample was referenced to that of a gold
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FIG. 1. Valence-band photoemission spectra of GaReasured

at 15 K with the Ha (21.2 eV} and Hell (40.8 e\j resonance lines. FIG. 2. High-resolution photoemission spectra near of

CeRy measured at 15 K with the Heand Hell resonance lines,
film deposited on the sample substrate and its position wa®gether with the difference curve obtained by subtracting the He
accurate to better than 2 meV. spectrum from the He.

Figure 1 shows the valence band photoemission spectra of i
CeRy measured with the Heand Hell resonance lines at ¢€MUM ‘?Ompoundg(? tlhe Er peak has been explained as the
15 K. We find two broad features at about 1 and 3 eV in theC€ 4~ final state (45,)), namely a tail of the Kondo reso-
He ! spectrum. Since the photoionization cross section of th@@nce peak produced by the Kondo-type screening of the
Ru 4d orbital is substantially large in the Heexcitation localizedf state by the condgctlon electrons,.whne_ the 27(_)—
compared with other orbitals, these two features represerff®Y peak has been ascribed to the spin-orbit satellite
mostly the Ru 4 bands, while a Ce # peak is expected to (47). Whereas the single-ion Kondo model based on the
contribute to the feature around 3 eV. The observed closénderson Hamiltoniaft has well explained the photoemis-
proximity of the Ru 4i density of states t& shows a good Sion spectrum and its Kondo-temperatufig X dependence
agreement with the band-structure calculafioindicating  in Some cerium compounds such as Ge3iit also appears
the strong hybridization between the Rd dand and the Ce to have a limitation in highly mixed systems with a high
4f states. When we compare the Hepectrum with the He, Tk such as CeNiSF° In fact, when we carried out a non-
we notice a large enhancement of a broad peak around 3 e@rossing-approximatiofNCA) calculatiof" based on the
This enhancement of the 3-eV band is due to theN’(/  single-ion Kondo model for CeRwsing reasonable param-
Auger since the He photon energy almost coincides with eters estimated from the Kondo temperatii€.000 K),° we
the Ru 4-4d excitation(about 40 eV.’ could not reproduce the difference curve in Fig. 2 since the

Figure 2 shows the Heand Hell photoemission spectra calculated spectrum showed a very sharp and enhanced
of CeRLt in the Vicinity of EF' A|th0ugh both Spectra look Kondo peak alE,: in contrast with the obtained difference
very similar to each other, we find two small structures atcurve. One can claim that the suppression and smear-out of
and about 0.3 eV beloEg in the Hell spectrum. This be- 41‘%,2 peak may be ascribed to the surface effects. According
comes clearer in the difference curve obtained by subtractintp the previous study of the surface effect in cerium
the Hel spectrum from the He (Fig. 2). Since the ratio of compounds? the surface of cerium compounds has a stron-
the photoionization cross section of the Hehoton to the ger y-Ce-like character, i.e., more localizédtates and re-
He! for the Ce 4 orbital is considerably large compared with sultantly leads to show a relatively wegk, peak. However
other orbitalst® the difference curve represents mostly thea comparative high-resolution PES study foCe andy Ce
Ce 4 derived states. In the subtraction procedure, the intenfRef. 20 under almost the same experimental condition as
sity of the spectrum is normalized at 0.6 eV binding energyours shows that the spectrum of CeRaivery similar to that
since both spectra become almost parallel around this bindf v Ce but not to that ofr Ce. Since a surface effect would
ing energy'® A slight upturn of the difference curve in the be almost the same between the present and the previous
higher binding energy regiof®.7~0.8 e\V) may be due to a measurement®, the similarity of the photoemission spec-
tail of the RUNVV Auger peak around 3 eV binding energy. trum implies that Ce fielectrons in CeRuhave a substantial
The two-peaked structure in the ndgs- photoemission localized nature like iny Ce which exhibits an archetypical
spectrum as in Fig. 2 has also been observed in many oth@urie-Weiss behavid?* All these suggest the single-
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impurity Anderson model has a limitation in highly hybrided mated from the Kondo temperature cannot reproduce quan-
systems like CeRuwhile the electronic structure ne&i: titatively the spectrum. This indicates a dual charaGter-
cannot be fully described within the one-electron banderant and localizedof 4f electrons in CeRuas well as a
scheme. limitation of the NCA calculation for a high+ cerium com-

In conclusion, we found that the f-dlerived high- pound such as CeRu
resolution photoemission spectrum né&gr of CeRy exhib-
its two peaks at and about 270 meV bel&y. The Er and We are grateful to Professor Y. Kuramoto for useful dis-
270-meV peaks are ascribed to the Kondo pealg4inal  cussion. S.H.Y. thanks KOSEfKorea Science and Engi-
statg and the spin-orbit satellite @,2), respectively, as in  neering Foundatiorfor the financial support. This work was
other cerium compounds, although the NCA calculationsupported by grants from the NEDO and the Ministry of
based on the single-ion Kondo model using parameters estieducation, Science and Culture of Japan.
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