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High-resolution Ce 3d-edge resonant photoemission study of CeNi2
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Resonant photoemission~RPES! at the Ce 3d→4 f threshold has been performed fora-like compound
CeNi2 with extremely high energy resolution~full width at half maximum,0.2 eV! to obtain bulk-sensitive 4f
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 thef 7/2 peak is washed out, in constrast to the RPES spectrum at the Ce
4d→4 f threshold. This is interpreted as due to the different surface sensitivity, and the bulk-sensitive Ce
3d→4 f 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 4f spectral weight over the whole valence band can also be fitted fairly well with the
Gunnarsson-Scho¨nhammer calculation of the single impurity Anderson model, but the detailed features show
some dependence on the hybridization band shape and the Ce 5d resonant emission.
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For several decades Ce metal and its compounds h
attracted much attention because of their interesting phys
properties, such as Kondo behavior, mixed valency, he
fermion property, various magnetic states, and supercon
tivity, etc. Such properties are believed to originate from
interplay of a strong correlation between Ce 4f electrons and
hybridization between 4f and conduction electrons, which
usually described by the periodic Anderson model.1–4 Except
for some materials with strong intersite interaction or at v
low temperature where the coherence effect becomes im
tant, the impurity version of the Anderson model~SIAM:
single impurity Anderson model! is shown to be capable o
describing many physical properties with a universal sc
known as Kondo temperature.4 It is now generally agreed
that low-energy properties are well described by the And
son model, but there is still controversy as to the interpre
tion of high-energy probes such as photoemission and
verse photoemission, which directly measure one-elec
spectral weights.1,2 Gunnarsson-Scho¨nhammer calculation
~GS: Ref. 3! and noncrossing approximation~NCA: Ref. 4!
PRB 610163-1829/2000/61~20!/13329~4!/$15.00
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of the SIAM make it possible to compare directly a theor
ical 4f -electron spectrum with experimental photoemiss
data. Thus, in principle one can obtain model parameter
the SIAM for each compound from photoemission da
which can then be used to understand its low-energy pro
ties. Resonant photoemission spectroscopy~RPES! at the Ce
4d→4 f edge, x-ray photoelectron spectroscopy~XPS! for
Ce 3d core-levels, and Bremsstrahlung isochromat spect
copy ~BIS!, have been widely used for this purpose a
shown to be quite successful for many Ce compounds.1 On
the other hand, Arko and co-workers2 dispute this interpre-
tation, claiming that the 4f weights of many Ce compound
measured by photoemission do not follow these scheme
that 4d→4 f RPES spectra of extremelya-like Ce com-
pounds show some discrepancy with core-level XPS and
spectra, which has not been completely understood as y

One possible source of this discrepancy and controve
is the surface effect. From angle-dependent Ce 3d core-level
XPS spectra and threshold-dependent RPES spectra of
eral a-like Ce compounds, Laubschatet al. proposed that
R13 329 ©2000 The American Physical Society
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surface electronic structures of those compounds are
a-like but g-like,5 which is now pretty well established.6

Since the photon energy of the 4d→4 f threshold is so low
that 4d→4 f RPES is quite surface sensitive, the discrepa
between an experimental 4d→4 f RPES spectrum and a the
oretical one, which is obtained from parameters mainly
termined by XPS and BIS, can be understood in terms
surface effects. In this context, 3d→4 f RPES is more desir
able for examining bulk electronic structures of Ce co
pounds, because the escape depth of photoelectron
longer. However, the resolution of a photon source aro
the 3d→4 f threshold has been much poorer than that at
4d→4 f threshold, which rendered limited information.

In this work, we present 3d→4 f RPES spectra of very
high Kondo temperature material CeNi2 (TK.500 K) with
the extremely high experimental energy resolution@,0.2 eV
full width at half maximum~FWHM!#.7 We found that the
on-resonance spectrum shows a sharp resolution-lim
peak near the Fermi energy (EF) which can be assigned t
the tail of the Kondo resonance. Comparison with a GS c
culation of the SIAM shows good agreement between the
and experiment, thus high-resolution 3d→4 f RPES opens
new opportunities to studybulk electronic structures of Ce
compounds.

Polycrystalline CeNi2 was prepared by arc melting o
high-purity metals under an argon atmosphere. The struc
and homogeneity were checked by x-ray diffraction.d
→4 f RPES measurements of CeNi2 were performed at the
beamline BL25SU of the SPring-8. FWHM of the photo
source around the 3d→4 f threshold is better than 200 me
and the temperature of the sample has been maintained
K throughout the measurements. The SCIENTA SES2
electron analyzer was used to obtain an overall experime
resolution of;0.2 eV FWHM. A clean sample surface wa
obtained by scrapingin situ with a diamond file under the
pressure of 4310210 Torr. Although scraping may induc
disorder at the surface, accumulated experiences have sh
that this effect is not so severe for metallic polycrystalli
samples.EF of the sample was referenced to that of a go
film deposited onto the sample substrate. 4d→4 f RPES
measurements of CeNi2 were also carried out at the beamlin
BL-3B of the Photon Factory, High Energy Accelerator R
search Organization~KEK! in Tsukuba. FWHM of photon
sources around the 4d→4 f threshold was about 30 meV an
the overall experimental resolution of 40 meV was obtain
with the SCIENTA SES200 electron analyzer. Scraping w
incorporated for the sample cleaning under the base pres
better than 5310210 Torr, and all the measurements we
done at 30 K.EF of the sample was referenced to that of
gold film deposited onto the sample substrate and its pos
was accurate to better than 2 meV.

Figure 1 shows the valence-band RPES spectra of Ce2
around the Ce 4d→4 f threshold. All the spectra were no
malized according to the photon flux. The spectra are ove
consistent with previously published data.1,8 As the photon
energy changes, the spectrum does not show a remark
resonant enhancement of the Ce 4f character in contrast to
other Ce-non-transition-metal compounds. This fact was
ready noticed in the previous 4d→4 f RPES studies and wa
attributed to strong Ni 3d emission.1,8 Furthermore, the
photoionization cross section of Ni 3d electrons is strongly
ot
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dependent on the photon energy around the 4d→4 f
threshold,9 thus it is hardly possible to extract a reliable C
4 f removal spectrum using the conventional method.10

In the on-resonance spectrum athn5122 eV, we can see
that two features grow up at about 3 eV and nearEF . The
former could be assigned to anf 0 peak, and the latter to an
f 1 one. In the inset of Fig. 1, the detailed spectra of thef 1

peak in the narrow region nearEF is shown. Similar to other
Ce compounds, two features are enhanced at on reson
As usual, we can assign the peak at the Fermi level to the
of the Kondo resonance of thef 5/2 peak, while the one
around 0.3 eV binding energy is its spin-orbit side band fro
the f 7/2 peak. The fact that thatf 7/2 side band is clearly ob-
served around 0.3 eV binding energy is somewhat incon
tent with the GS analysis~see below!.

3d→4 f RPES spectra of CeNi2 are presented in Fig. 2
Contrary to the case of 4d→4 f RPES in Fig. 1, the Ce 4f
character is dramatically enhanced in the on-resonance s
trum (hn5881.4 eV) in comparison with the off-resonanc
spectrum (hn5868.1 eV).11 Especially, thanks to the ex
tremely high resoultion, we can see a very sharp peak atEF ,
whose position is limited by the experimental resolutio
Thus, this peak is undoubtedly assigned to the tail of
Kondo resonance as was done for a lower-TK CeSi2 system
with much better experimental resolution using the HI
line.12 We also observe a small hump around 1 eV bind
energy and a broad feature around 3 eV binding energy.
broad feature around 3 eV binding energy probably ori
nates from thef 0 character as generally accepted, but t
origin of the 1 eV peak is a little controversial13,14 and this
will be discussed later.

Another interesting point is that we do not see any str
ture around 0.3 eV binding energy in the 3d→4 f on-
resonance spectrum, which corresponds to thef 7/2 peak and
is clearly noticeable in 4d→4 f RPES of Fig 1. This may be
ascribed to the poorer energy resolution of 3d→4 f RPES

FIG. 1. Valence-band 4d→4 f RPES spectra of CeNi2 at T
530 K. Inset shows detailed spectra nearEF .
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than that of 4d→4 f RPES. However, we discard this poss
bility for the following reason. In order to see whether t
line shape is due to the experimental resolution, we sim
lated a 4f spectrum of a low-TK system, in which thef 7/2
peak is clearly resolved with 0.1 eV resolution~FWHM!,15

with our experimental resolution determined by fitting go
EF spectrum. We then found that the highest peak positio
around the center of thef 5/2 and f 7/2 peaks and the line shap
is rather symmetric. These facts contradict the on-resona
spectrum in that the highest peak position is very close toEF
and the line shape is quite asymmetric as shown in Fig
which implies that the intensity of thef 7/2 peak is smaller
than in the 4d→4 f RPES spectrum or the peak is indisti
guishable from the tail of the Kondo resonance. In fact,
cording to the GS and NCA schemes of the SIAM, the li
shape of the f 7/2 peak shows such a behavior asTK
increases.16 The inset of Fig. 2 shows this change of near-EF
feature withTK expected from the GS calculation. The upp
~lower! curve simulates the experimental 3d→4 f (4d
→4 f ) RPES spectra, and these two curves are clearly
compatible. We conclude that the spin-orbit side band
served in previous high-resolution 4d→4 f RPES and HeII
photoemission spectra of high-TK Ce compounds, which wa
not well reproduced by GS and NCA calculations with p
rameters suitable for bulk physical properties, origina
from the surface where the Ce 4f spectrum is moreg-like.
This fact was also noticed by Kimet al. by analyzing 4d
→4 f and 3d→4 f RPES spectra of CeIr2.14

In order to see whether the bulk-sensitive 4f spectrum
obtained from 3d→4 f RPES of CeNi2 is quantitatively ex-
plained by the SIAM, we have performed GS calculatio
which include spin-orbit splitting of the 4f level. Since it is
not simple to separate surface and bulk contribution from
experimental data, for the moment we neglect the surf
effect for the bulk-sensitive 3d→4 f RPES spectra. Figure

FIG. 2. Valence-band 3d→4 f RPES spectra of CeNi2 at T
530 K. Inset shows the calculated near-EF spectra depending on
the Kondo temperature.
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shows the 4f spectrum derived from 3d→4 f RPES spectra
~empty circles! and the GS-calculation results~solid lines!
employing the 4d→4 f off-resonance spectrum~lower
graph! and a semielliptical shape~upper graph! for the hy-
bridization matrix elementsV(«)2. For basis states we em
ployed the lowest orderf 0, f 1, and f 2, and the second-orde
f 0 states. The used parameter values are as follows:
4 f -electron energy« f is 21.13, the spin-orbit splitting of the
f level Dso is 0.28 eV, the hybridization strength averag
over the occupied valence bandDav is 89 meV, and the
on-site Coulomb interaction between 4f electronsU is 6 eV,
which give the 4f -level occupancynf50.78. The static,T
50 susceptibilityx(0) of CeNi2 using the reference com
pound LuNi2 and YNi2, gives the estimatesnf50.76 and
0.83, respectively,17 which is comparable to the present spe
troscopic estimate. To compare the theoretical spectrum w
experimental data, we first broadened the calculated s
trum with a Lorentzian of the width given by 0.0110.20uE
2EFu eV, and then the spectral weight aboveEF was re-
moved using the method of Liuet al.,18 and finally the re-
sulting curve was convoluted by a Gaussian for experime
resolution.

The theoretical curves shown in Fig. 3 match the expe
mental data quite well, especially near theEF region and the
bottom of the valence band. This is taken as the evide
that the GS calculation with parameter values consistent w
low-energy properties can reproduce the experimental p
toemission spectra well even for high-TK material CeNi2.
Although there might be concern that Ce 4f spectral weight
extracted from 3d→4 f resonant photoemission process m
differ from the true 4f weight because of the decay Auge
matrix elements from the intermediate state, a recent theo

FIG. 3. Comparison of GS calculations~solid lines! of the
SIAM with the Ce 4f spectrum~empty circles! of CeNi2 derived
from 3d→4 f RPES spectra. The lower graph shows GS calcu
tions using the off-resonance spectrum forV(«)2, the upper graph a
semielliptical shape. For parameter values and detailed proced
refer to text.
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ical calculation19 shows that we can obtain quite faithful 4f
weights, as long as we use photon energy in the lower m
tiplets of the Ce 3d5/2 edge, and this was the case in o
experiments. The only region showing discrepancy betw
theory and experiment is around the binding energy of 1
Similar 1 eV structure has been observed before in other
compounds, and its origin was a little controversial.13,14

Lawrenceet al.13 claimed that the contribution of Ce 5d
emission, whose position is around 1 eV, to the 4f spectrum
is considerable~about 30%!. Recent angle-resolved RPE
studies of LaSb~Ref. 20! and La metal~Ref. 21! show that
4d→4 f resonance also enhances valence bands due t
5d emission, although its magnitude is much less than
Ref. 13. Such enhancement due to La 5d emission in La
compounds was also observed in 3d→4 f RPES.22 However,
the 1 eV structure could be reproduced by the GS calc
tions without considering 5d emission as demonstrated in th
cases ofa- and g-Ce metal using realistic hybridizatio
shapeV(«)2 by Liu et al.,18 and recently it was also pro
posed that a similar 1 eV structure for CeIr2 would be repro-
duced if realisticV(«)2 is used in the GS calculations.14

Though the off-resonance spectrum may not be very real
for V(«)2, our GS calculation presented in Fig. 3 using th
off-resonance curve reveals a distinctive 1 eV structu
which is not observed in the calculation using a structure
semielliptical band, where all other paremeter values are k
the same~upper graph of Fig. 3!. It strongly suggests that th
hybridization between Ce 4f and Ni 3d electrons mainly
contributes to the 1 eV structure, although the Ce 5d emis-
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In conclusion, we have performed high-resolution 4d
→4 f and 3d→4 f RPES measurements of CeNi2. It was
nearly impossible to extract a Ce 4f spectrum from the 4d
→4 f RPES spectra because of overlapping Ni 3d bands, but
the 3d→4 f RPES spectra with extremely high resolutio
provide a clear bulk-sensitive 4f spectrum. The experimenta
4 f spectrum thus obtained is well reproduced using a
calculation of the SIAM. This is the first quantitative stud
on bulk-sensitive 4f weights of highTK Ce materials, and it
confirms the validity of a SIAM description for CeNi2. Simi-
lar studies on morea-like Ce compounds, such as CeNi5 and
CeRh3, are clearly desirable to test the limit of the Anders
impurity model.
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