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Resonant photoemissiaiiRPES at the Ce 8—4f threshold has been performed farlike compound
CeNj, with extremely high energy resolutidfull width at half maximum<0.2 eV) to obtain bulk-sensitive #
spectral weight. The on-resonance spectrum shows a sharp resolution-limited peak near the Fermi energy
which can be assigned to the tail of the Kondo resonance. However, the spin-orbit side band around 0.3 eV
binding energy corresponding to ttig, peak is washed out, in constrast to the RPES spectrum at the Ce
4d—4f threshold. This is interpreted as due to the different surface sensitivity, and the bulk-sensitive Ce
3d—4f RPES spectra are found to be consistent with other electron spectroscopy and low energy properties
for a-like Ce-transition metal compounds, thus resolving controversy on the interpretation of Ce compound
photoemission. The #4spectral weight over the whole valence band can also be fitted fairly well with the
Gunnarsson-Scmhhammer calculation of the single impurity Anderson model, but the detailed features show
some dependence on the hybridization band shape and thel @ssénant emission.

For several decades Ce metal and its compounds hawd the SIAM make it possible to compare directly a theoret-
attracted much attention because of their interesting physicatal 4f-electron spectrum with experimental photoemission
properties, such as Kondo behavior, mixed valency, heavgata. Thus, in principle one can obtain model parameters of
fermion property, various magnetic states, and superconduthe SIAM for each compound from photoemission data,
tivity, etc. Such properties are believed to originate from thewhich can then be used to understand its low-energy proper-
interplay of a strong correlation between Ceelectrons and ties. Resonant photoemission spectrosd®yES at the Ce
hybridization between #and conduction electrons, which is 4d—4f edge, x-ray photoelectron spectroscaPS) for
usually described by the periodic Anderson mddéExcept  Ce 3d core-levels, and Bremsstrahlung isochromat spectros-
for some materials with strong intersite interaction or at verycopy (BIS), have been widely used for this purpose and
low temperature where the coherence effect becomes imposhown to be quite successful for many Ce compoun@s.
tant, the impurity version of the Anderson mod&IAM: the other hand, Arko and co-work@rdispute this interpre-
single impurity Anderson modgls shown to be capable of tation, claiming that the #weights of many Ce compounds
describing many physical properties with a universal scaleneasured by photoemission do not follow these schemes, in
known as Kondo temperatufelt is now generally agreed that 4d—4f RPES spectra of extremelg-like Ce com-
that low-energy properties are well described by the Anderpounds show some discrepancy with core-level XPS and BIS
son model, but there is still controversy as to the interpretaspectra, which has not been completely understood as yet.
tion of high-energy probes such as photoemission and in- One possible source of this discrepancy and controversy
verse photoemission, which directly measure one-electrois the surface effect. From angle-dependent GeGre-level
spectral weight$? Gunnarsson-Scimammer calculation XPS spectra and threshold-dependent RPES spectra of sev-
(GS: Ref. 3 and noncrossing approximatigNlCA: Ref. 4  eral a-like Ce compounds, Laubschat al. proposed that
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surface electronic structures of those compounds are not ' J ' T
a-like but y-like,®> which is now pretty well establishéd.
Since the photon energy of thel4-4f threshold is so low 12V CeNi,
that 4d—4f RPES is quite surface sensitive, the discrepancy 126V T=30K
between an experimentatl4-4f RPES spectrum and a the-
oretical one, which is obtained from parameters mainly de-
termined by XPS and BIS, can be understood in terms of
surface effects. In this contextd3-4f RPES is more desir-
able for examining bulk electronic structures of Ce com-
pounds, because the escape depth of photoelectrons is
longer. However, the resolution of a photon source around
the 3d—4f threshold has been much poorer than that at the
4d—4f threshold, which rendered limited information.

In this work, we present @—4f RPES spectra of very
high Kondo temperature material CeNiTx>500 K) with
the extremely high experimental energy resolufiei®.2 eV
full width at half maximum(FWHM)].” We found that the
on-resonance spectrum shows a sharp resolution-limited
peak near the Fermi energ¥e4) which can be assigned to , . , .
the tail of the Kondo resonance. Comparison with a GS cal- 6 4 2 0
culation of the SIAM shows good agreement between theory
and experiment, thus high-resolutiord-3-4f RPES opens
new opportunities to studipulk electronic structures of Ce FIG. 1. Valence-band d—4f RPES spectra of Cebliat T
compounds. =30 K. Inset shows detailed spectra né&ar.

Polycrystalline CeNi was prepared by arc melting of
high-purity metals under an argon atmosphere. The structurdependent on the photon energy around theé—4if
and homogeneity were checked by x-ray diffractiond 3 threshold® thus it is hardly possible to extract a reliable Ce
—4f RPES measurements of CeNiere performed at the 4f removal spectrum using the conventional metibd.
beamline BL25SU of the SPring-8. FWHM of the photon In the on-resonance spectrumhat=122 eV, we can see
source around thed3—4f threshold is better than 200 meV that two features grow up at about 3 eV and nEar The
and the temperature of the sample has been maintained at &mer could be assigned to 4 peak, and the latter to an
K throughout the measurements. The SCIENTA SES20G! one. In the inset of Fig. 1, the detailed spectra of the
electron analyzer was used to obtain an overall experimentgleak in the narrow region ne&i- is shown. Similar to other
resolution of~0.2 eV FWHM. A clean sample surface was Ce compounds, two features are enhanced at on resonance.
obtained by scrapingn situ with a diamond file under the As usual, we can assign the peak at the Fermi level to the tail
pressure of 410 1° Torr. Although scraping may induce of the Kondo resonance of thk, peak, while the one
disorder at the surface, accumulated experiences have showround 0.3 eV binding energy is its spin-orbit side band from
that this effect is not so severe for metallic polycrystallinethe f,,, peak. The fact that thét,, side band is clearly ob-
samplesEg of the sample was referenced to that of a goldserved around 0.3 eV binding energy is somewhat inconsis-
film deposited onto the sample substratel-44f RPES tent with the GS analysi&ee below.
measurements of CeNivere also carried out at the beamline  3d—4f RPES spectra of Ceiare presented in Fig. 2.
BL-3B of the Photon Factory, High Energy Accelerator Re-Contrary to the case ofdt—4f RPES in Fig. 1, the Cef4
search OrganizatioKEK) in Tsukuba. FWHM of photon character is dramatically enhanced in the on-resonance spec-
sources around thedd—4f threshold was about 30 meV and trum (h»=881.4 eV) in comparison with the off-resonance
the overall experimental resolution of 40 meV was obtainedspectrum hr=2868.1 eV)!! Especially, thanks to the ex-
with the SCIENTA SES200 electron analyzer. Scraping wasremely high resoultion, we can see a very sharp pedkat
incorporated for the sample cleaning under the base pressuwhose position is limited by the experimental resolution.
better than 510 Torr, and all the measurements were Thus, this peak is undoubtedly assigned to the tail of the
done at 30 KEg of the sample was referenced to that of aKondo resonance as was done for a loWgrCeSj system
gold film deposited onto the sample substrate and its positiowith much better experimental resolution using the IHe
was accurate to better than 2 meV. line? We also observe a small hump around 1 eV binding

Figure 1 shows the valence-band RPES spectra of £eNienergy and a broad feature around 3 eV binding energy. The
around the Ce d—4f threshold. All the spectra were nor- broad feature around 3 eV binding energy probably origi-
malized according to the photon flux. The spectra are overalhates from thef® character as generally accepted, but the
consistent with previously published datdAs the photon origin of the 1 eV peak is a little controversial* and this
energy changes, the spectrum does not show a remarkabiéll be discussed later.
resonant enhancement of the Ck eharacter in contrast to Another interesting point is that we do not see any struc-
other Ce-non-transition-metal compounds. This fact was alture around 0.3 eV binding energy in thed-3:-4f on-
ready noticed in the previousd4-4f RPES studies and was resonance spectrum, which corresponds tofthepeak and
attributed to strong Ni 8 emissiont® Furthermore, the is clearly noticeable in d—4f RPES of Fig 1. This may be
photoionization cross section of Nid3electrons is strongly ascribed to the poorer energy resolution ai-34f RPES
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FIG. 2. Valence-band 8—4f RPES spectra of CeMiat T FIG. 3. Comparison of GS calculationsolid lines of the
=30 K. Inset shows the calculated nd&s-spectra depending on SIAM with the Ce 4 spectrum(empty circle$ of CeNj, derived
the Kondo temperature. from 3d—4f RPES spectra. The lower graph shows GS calcula-

tions using the off-resonance spectrum¥t{e)?, the upper graph a
than that of 4—4f RPES. However, we discard this possi- semielliptical shape. For parameter values and detailed procedure,
bility for the following reason. In order to see whether therefer to text.
line shape is due to the experimental resolution, we simu-
lated a 4 spectrum of a lowFx system, in which the,,  shows the 4 spectrum derived from &—4f RPES spectra
peak is clearly resolved with 0.1 eV resolutidRWHM),">  (empty circle$ and the GS-calculation resultsolid lines
with our experimental resolution determined by fitting gold employing the 4#—4f off-resonance spectrumlower
Er spectrum. We then found that the highest peak position igraph and a semielliptical shap@ipper graphfor the hy-
around the center of thie, andf,, peaks and the line shape bridization matrix element¥(&)?. For basis states we em-
is rather symmetric. These facts contradict the on-resonangsoyed the lowest ordef®, f*, andf?, and the second-order
spectrum in that the highest peak position is very closego f° states. The used parameter values are as follows: The
and the line shape is quite asymmetric as shown in Fig. 24f-electron energy; is — 1.13, the spin-orbit splitting of the
which implies that the intensity of th&;,, peak is smaller f level Ag, is 0.28 eV, the hybridization strength averaged
than in the 4—4f RPES spectrum or the peak is indistin- over the occupied valence band,, is 89 meV, and the
guishable from the tail of the Kondo resonance. In fact, acon-site Coulomb interaction betweeih dlectronsJ is 6 eV,
cording to the GS and NCA schemes of the SIAM, the linewhich give the 4-level occupancyn;=0.78. The staticT
shape of thef;, peak shows such a behavior a% =0 susceptibilityy(0) of CeNj using the reference com-
increases® The inset of Fig. 2 shows this change of négg-  pound LuNjp and YNi, gives the estimates;=0.76 and
feature withT, expected from the GS calculation. The upper0.83, respectively’ which is comparable to the present spec-
(lower) curve simulates the experimentald3-4f (4d  troscopic estimate. To compare the theoretical spectrum with
—4f) RPES spectra, and these two curves are clearly inexperimental data, we first broadened the calculated spec-
compatible. We conclude that the spin-orbit side band obtrum with a Lorentzian of the width given by 0.86D0.20E
served in previous high-resolutiord4-4f RPES and He —E¢ eV, and then the spectral weight abokge was re-
photoemission spectra of high Ce compounds, which was moved using the method of Liat al,*® and finally the re-
not well reproduced by GS and NCA calculations with pa-sulting curve was convoluted by a Gaussian for experimental
rameters suitable for bulk physical properties, originategesolution.

from the surface where the Cd 4pectrum is morey-like. The theoretical curves shown in Fig. 3 match the experi-
This fact was also noticed by Kirmat al. by analyzing 41 mental data quite well, especially near taeregion and the
—4f and 31— 4f RPES spectra of Cell* bottom of the valence band. This is taken as the evidence

In order to see whether the bulk-sensitivé dpectrum that the GS calculation with parameter values consistent with
obtained from 8—4f RPES of CeNi is quantitatively ex- low-energy properties can reproduce the experimental pho-
plained by the SIAM, we have performed GS calculationstoemission spectra well even for high- material CeNj.
which include spin-orbit splitting of the f4level. Since it is  Although there might be concern that Cé dpectral weight
not simple to separate surface and bulk contribution from thextracted from 8—4f resonant photoemission process may
experimental data, for the moment we neglect the surfacdiffer from the true 4 weight because of the decay Auger-
effect for the bulk-sensitive 8—4f RPES spectra. Figure 3 matrix elements from the intermediate state, a recent theoret-
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ical calculatiort® shows that we can obtain quite faithfuf 4 sion may also contribute. Thus it is quite essential to employ
weights, as long as we use photon energy in the lower mulrealisticV(g)? in GS calculations in order to fully interpret
tiplets of the Ce 85, edge, and this was the case in our experimental spectra.

experiments. The only region showing discrepancy between In conclusion, we have performed high-resolutiod 4
theory and experiment is around the binding energy of 1 ev—4f and 3—4f RPES measurements of CeNit was
Similar 1 eV structure has been observed before in other ceearly impossible to extract a Cef 4pectrum from the d
compounds, and its origin was a little controversial? ~—4f RPES spectra because of overlapping Nit&nds, but
Lawrenceet al*® claimed that the contribution of Ceds the 3d—4f RPES spectra with extremely high resolution
emission, whose position is around 1 eV, to tHespectrum provide a clear bulk-sen_S|t|vef_fLBpectrum. The expen_mental

is considerableabout 30%. Recent angle-resolved RPES 4f spectrum thus obtained is well reproduced using a GS
studies of LaSkRef. 20 and La metalRef. 21 show that calculation of ;he SIAM. This is the first quantitative stqdy
4d—4f resonance also enhances valence bands due to [% b.ulk-sensmvg fuwelghts of h'ghTK. Ce materlals., anq I
5d emission, although its magnitude is much less than ir'conﬂrm_s the validity of a SIAM description for CeNiSimi-
Ref. 13. Such enhancement due to Ld &mission in La o studies on morer-like Ce compounds, such as Cghnd

) I irabl he limit of the A
compounds was also observed ith-34f RPES? However, CeRh, are clearly desirable to test the limit of the Anderson

) 4 L
the 1 eV structure could be reproduced by the GS calculal—mpurlty mode
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