
PHYSICAL REVIEW B 15 AUGUST 1999-IIVOLUME 60, NUMBER 8
Resonance effect on inverse-photoemission spectroscopy of CeRh3, CePd3, and CeSn3
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The resonant inverse photoemission study~RIPES! at the Ce 4d˜4 f absorption edge of CeRh3, CePd3, and
CeSn3 has been carried out. The RIPES spectra show the wide variety of the 4f electron character in these
compounds, indicating the characteristic Kondo temperature and 4f electron number. The excitation energy
dependence of 4f -spectral resonance, especially in 4f 2 final-state structure, indicates a large 4d-4 f multiplet
splitting and strict selection rule in the final state of the RIPES process. Constant final-state spectra of thef 1

final state show the 4f spin-orbit splitting components. A calculation is carried out by the impurity Anderson
model with full multiplet effects and explains well the excitation energy dependence of the RIPES spectra.
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I. INTRODUCTION

It is well known that Ce compounds show interesti
electronic properties, which are mainly caused by partia
localized character of 4f electrons. Some Ce compound
form so-called valence fluctuation~VF! systems, where 4f
electrons have itinerant character because of strong hyb
ization with the band electrons. In VF systems, the ‘‘Kon
resonance’’ is known to be observed just above the Fe
level through inverse photoemission spectroscopy~IPES!.
Therefore, IPES is a very suitable method to investigate
electronic structure of such Ce compounds.

Resonant inverse photoemission spectroscopy~RIPES! is
a new technique to investigate the unoccupied electro
states of solids. Recently, Weibelet al.1 have performed
RIPES measurements of several Ce compounds near
Ce-M5 edge. Kanaiet al.2 have also measured the RIPES
CePd7 near the Ce-N4,5 edges. The great ability to study th
4 f electronic structure by resonant enhancement of thef
signal was testified. In these studies, the measurements
been performed on Ce 3d˜4 f and 4d˜4 f absorption
edges. The 4f cross section increases when the excitat
energy is tuned to the Ce-M5 and -N4,5 absorption edges, s
that the Ce-4f contribution can be extracted. In theN4,5 case,
the normal IPES process for the transition to Ce 4f states is
represented as follows:

u4d104 f n&1e2
˜u4d104 f n11&1hv. ~1!

Here,n is the configuration number of the 4f electrons in the
initial state. For the incident-energy range of the present
PRB 600163-1829/99/60~8!/5244~7!/$15.00
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periment, a large contribution from non-f conduction bands
~Ce-5d band! also coexists with thef contribution in the
normal IPES. In the RIPES experiment, on the other ha
resonant processes are expressed by the following s
Coster-Kronig processes:

u4d104 f n&1e2
˜u4d94 f n12&˜u4d104 f n11&1hv. ~2!

Since the initial and final states are the same in these
processes~1! and ~2!, they interfere with each other. There
fore, the 4f cross section increases when the excitation
ergy (Eex) is tuned to Ce 4d˜4 f absorption edge. We ca
extract the Ce 4f contribution by using RIPES process.

There are two types of resonance in Ce compounds
cording to the 3d or 4d absorption edges. The process of E
~2! is the super Coster-Kronig transition at the 4d absorption
edge, and the corresponding process at 3d absorption edge is
the normal Coster-Kronig transition. Thus, the resonance
fect by super Coster-Kronig transitions is strong at 4d ab-
sorption edge, while the incoherent process such as the
mal fluorescence is strong at 3d˜4 f threshold. In fact, a
clear resonant effect was observed at Ce-N4,5 absorption
edge and several different features from that ofM5 edge
were pointed out.2

In this paper, the RIPES near the Ce-N4,5 absorption edge
of cubic crystal structure of AuCu3-type compounds, CeRh3,
CePd3, and CeSn3, are reported. These compounds a
known as typical VF systems and have different 4f hybrid-
ization strengths.3 The RIPES near Ce-M5 absorption edge
of CeRh3 and CePd3 were performed in Ref. 1. The purpos
5244 ©1999 The American Physical Society
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of this paper is to investigate the resonance effect by ana
ing the RIPES spectrum nearN4,5 edge. A calculation is
performed in the framework of the impurity Anderson mod
with full multiplet coupling effects.

II. EXPERIMENT

The polycristalline samples were synthesized by arc m
ing the stoichiometric amounts of the constituents on
water-cooled copper hearth under a flowing purified arg
atmosphere. To improve the homogeneity, for CePd3 and
CeRh3 the buttons were turned over and remelted six tim
then splat cooled to large surface and CeSn3 ingot was an-
nealed in an evacuated quartz tube at 950 °C for 4 days
lowed by an additional annealing at 900 °C for 10 days. C
ventional x-ray examination was carried out on the
samples with CuKa radiation. The crystal structure has be
confirmed to be of AuCu3 type.

Measurements were performed in an ultrahigh vacu
chamber where the base pressure was about 5310211Torr.
Samples were kept around 25 K by closed cycle4He refrig-
erator. Clean sample surfaces were obtained by scraping
surface with a diamond file in a high vacuum every
;40 min at 25 K. A thermal cathodetype electron gun~em-
ploying BaO for cathode! was used for the excitation sourc
The kinetic energyEex of the electron was calibrated by th
electron energy analyzer. The IPES was measured by the
x-ray emission system, which has a Rowland mountedt
spectrometer.4 The Fermi-level position and an energy res
lution of the system were determined by referring to t
Fermi edge in the IPES spectra of Au, which was evapora
on the sample holder. Energy resolution of this system
0.44 eV atEex590 eV and it was found thatE/DE;200 in
the wide energy range in this system.

III. THEORETICAL MODEL

The RIPES is analyzed by means of an impurity And
son model with full multiplet coupling effects in a Ce ion
Our system is composed of Ce 4f , 4d core and conduction
band states~only states below the Fermi levelEF are taken
into account in the present analysis!, and is described by the
Hamiltonian,

H5« f(
g

f g
1 f g1(

k,g
«v~k!akg

1 akg

1
V

AN
(
k,g

~ f g
1akg1akg

1 f g!1U f f (
g.g8

nf g
nf g8

2U f c(
g,j

nf g
cjcj

11Hmult , ~3!

wheref g
† , cj

† , andakg
† are the electron creation operators f

4 f , 4d core, and conduction states, respectively, the indi
g andj represent both orbital and spin states andk denotes
the discrete energy levels of conduction band belowEF
(k51, . . . ,N). The first and second terms describe the o
particle energy of 4f and conduction electrons, where th
z-
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latter is expressed, with the energy widthW from the bottom
of conduction band to the Fermi levelEF and with a rectan-
gular density of states, as

«v~k!5«v1
W

N S k2
N11

2 D . ~4!

The third term describes the hybridization effect betweenf
and conduction states. It should be mentioned that
configuration-dependent hybridization strength w
(Rc ,Rv)5(0.7,0.8), following Ref. 5, is used in the prese
analysis, although that is not explicitly taken into account
Eq. ~3!. The fourth and fifth terms describe the 4f -4 f inter-
action and 4f -core attractive potential, respectively. The la
term Hmult contains multipole parts of the Coulomb intera
tion, described in terms of Slater integrals, and the spin-o
coupling effect. The Slater integralsFk andGk and the spin-
orbit coupling constantsz(4 f ) and z(4d) are estimated
through the Hartree-Fock-Slater calculation for Ce ion.

The present RIPES analysis is made only for CeRh3. The
parameters of« f , V, U f f , U f c(4d), and W are taken as
21.8, 0.56, 6.8, 8.4, and 4.0 eV, respectively, so as to rep
duce the 3d core x-ray photoemission of CeRh3, where the
U f c(4d) is assumed to be 80% of the value ofU f c(3d).

As the basis sets to describe the wave function,f 0, f 1L,
and f 2L2 electron configurations are taken into account
initial state,c f2 andc f3L for intermediate states andf 1, f 2L
and f 3L2 for RIPES final states, wherec and L mean a 4d
core hole and a hole in the conduction band belowEF , re-
spectively.

Using the ground stateug& and the final statesuf& obtained
within the above framework, the RIPES is calculated a
function of the incident electron energyEex and emitted pho-
ton energyv by

F~v,Eex!5(
f

U K fUTR1TR

1

Eex1Eg2H1 iG
VA

1UgL U2

3d~Eex1Eg2v2Ef !, ~5!

where TR represents the electric dipole transition andVA
†

represents the 4d«g-4 f 4 f Coulomb scattering, so that th
first term describes the direct IPES processug&˜u f &, while
the second term describes the resonant process throug
4d˜4 f resonant excitation by an incident electron«g in the
intermediate state.G is the lifetime in the intermediate stat
and is taken to be 2.0 eV in the present analysis.

IV. RESULTS AND DISCUSSION

The off resonant-RIPES spectra of CeRh3, CePd3, and
CeSn3 are shown in Fig. 1~a!. The cross section of 4f level
for inverse photoemission reaches its maximum around
;90 eV. Therefore, the spectra in Fig. 1~a! are measured
aroundEex580 eV to obtain larger 4f contribution. Obvi-
ously, the considerable variations of the off-resonant spe
indicate the difference of their unoccupied states. The str
peak at 1.1 eV above Fermi level in the spectrum of CeRh3 is
‘‘ f 1 peak,’’ which corresponds to the 4f 1 final state. It is
known that thef 1-peak structure contains the Kondo res
nance. However, the spin-orbit and crystal field splitting
4 f 1 final state are convoluted with the experimental ene
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5246 PRB 60K. KANAI et al.
resolution in thef 1 peak. Thus, the presentf 1-peak position
in the experiment does not exactly show Kondo temperat
TK , though the peak energy of 1.1 eV is much larger th
the experimental resolution in CeRh3. It is thought that
Kondo resonance is situated at the lower-energy side of
f 1 peak; as discussed later, the low-energy side compone
f 1 peak of CeRh3 is situated at 0.78 eV aboveEF .

The f 1 peaks of CePd3 and CeSn3 in Fig. 1~a! are located
at 0.5 eV. However, thef 1 peaks of CePd3 below the 4d
threshold split into two states, as shown in Fig. 2. This sp

FIG. 1. ~a! The off resonant RIPES spectra of CeRh3, CePd3,
and CeSn3. The abscissa is the energy above Fermi level (EF). The
measurements were performed at 25 K and about 80 eV ofEex. ~b!
The on-resonant RIPES spectra of CeRh3, CePd3, and CeSn3.

FIG. 2. The RIPES spectra of CePd3 at prethreshold region. The
dotted lines indicates the spin-orbit component in thef 1 peaks.
e,
n

e
in

-

ting is thought to be due to the spin-orbit splitting of 4f
level. The splitting energy is about 0.3 eV. The energy po
tion of lowestf 1 state is around 0.45 eV. TheTK’s of CePd3
and CeSn3 are around 200 K so that the energy position off 1

states are mainly determined by the energy resolution
those materials.

It is obvious that thef 1 peak of CeRh3 has much stronge
intensity and which is located in higher energy than those
CePd3 and CeSn3. This indicates the extremely highTK and
strong itinerant character of 4f electron of CeRh3. This re-
sult is consistent with the extremely low values of Pauli-li
magnetic susceptibilityx050.31(1023 emu/mol) at 0 K, and
the ratiox0 /g of 0.022~emu K2/J!, though typical Ce com-
pounds in its VF state have an enhancedx0 in the range of
0.5;1 (1023 emu/Ce atom)~Ref. 6! and a ratiox0 /g of
0.035 ~emu K2/J!.7 The CePd3 and CeSn3 have nearly the
sameTK , which may explain the similar physical propertie
of CePd3 and CeSn3.

8

The structures corresponding to the final state with 4f 2

configuration are observed around 5 eV in the spectra
CeRh3 and CePd3 and 4 eV in CeSn3. These broad peaks ar
called ‘‘f 2 peak.’’ The intensity ratio of thef 1 peak to the
total 4f intensity is denoted byr f

r f[
I ~ f 1!

I ~ f 1!1I ~ f 2!
. ~6!

Here, I ( f n), (n51,2) represents the integrated intensity
f n peak. Ther f strongly reflects an average number of 4f
hole, 12nf , wherenf is an average number of 4f electron,
and can be regarded as a good index for the itinerant c
acter of these systems. Thef 2 peaks are found to have sev
eral multiplet components in the spectra of CeRh3 and
CeSn3. For CeRh3, the peak at 4 eV and the shoulder at 5 e
corresponds to the multiplet structures withf 2 configuration.
The same structures for CeSn3 are found at 4 and 5.5 eV
respectively. The peak at the lower-energy side~at 4 eV for
both! can be thought to be made up by the triplet final state10

In fact, the lowest energy multiplet of3H4 has large spectra
weight. Because of the exchange interaction, the para
coupling between 4f spins lowers the final-state energy u
der the Hund’s rule. The structures at 2 eV in the spectra
CePd3 and CeSn3 are assigned to be the Ce-5d band by
comparison with the band calculation.11 It seemed to be cum
bersome to estimate the positions and integrated intens
of the f 1 and f 2 peaks without ambiguity by subtracting th
non-f background~mainly, Ce-5d band and ligand 4d band!.
This problem can be solved by using the following reson
effect.

Figure 1~b! shows the on-resonant RIPES spectra
CeRh3, CePd3, and CeSn3. The excitation energiesEex are
chosen in order to drastically enhance thef 1 peak for each
system. The Ce-5d band is not found in the spectra of CeP3
and CeSn3 due to the dramatic enhancement of 4f compo-
nents. Reduction of spectral intensity at Fermi level in t
on-resonant spectrum of CeRh3 is caused by the reduce
5d-band contribution just above Fermi level by the res
nance effect. Thus, the on-resonance spectra in Fig. 1~b! can
be regarded as the 4f contribution itself.

It is found that f 1 peak intensity of CeRh3 is extremely
large in comparison with the corresponding intensity
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CePd3 and CeSn3. Furthermore, the intensity at Fermi lev
is small. This is consistent with the extremely low value
x0 of CeRh3 obtained by other experiments. The remarka
itinerant character of 4f electron of CeRh3 is supplemented
with the strongly depressedf 2 peak. The CeRh3 can be re-
garded as the mosta-like metallic Ce compound. Simila
remarkable properties are reported for CePd7.

12

The f 1 peak of CeSn3, which is not seen clearly in off-
resonant spectrum in Fig. 1~a! appears distinctly in on-
resonance one in Fig. 1~b!. The peak intensity ratior f that
are represented in Eq.~6!, is estimated in Table I. TheTK of
CePd3 has been reported to be about 240 K~Ref. 9! and that
of CeSn3 to be about 200 K. They have very similar Kond
temperatures. It is interesting thatr f of CeSn3 is smaller than
that of CePd3 irrespective of similarTK . This fact mainly
indicates the reduction of the strength of 4f hybridization in
CeSn3. This difference of hybridization strength betwee
CePd3 and CeSn3 is caused by much larger nearest-neighb
Ce-Ce distance in CeSn3 ~4.72 Å! than in CePd3 ~4.13 Å! in
the same AuCu3-type crystal structure.8 The Kondo tempera-
ture TK that rules the low-energy properties, depends
these parameters,« f ,U f f , hybridization strengthV, and the
degeneracy of the 4f level. As a result of the balance o
these parameters, similar physical properties of CePd3 and
CeSn3 originate from similarTK’s which are roughly esti-
mated from the energy positions of thef 1 peaks in Fig. 1~b!.
They have very similar Kondo temperaturesTK . However, it
should be pointed out that thef-peak intensity ratior f in
Table I is quite different for CePd3 and CeSn3. Let us discuss
why the RIPES spectra of CePd3 and CeSn3 are so different,
though they have a similar value ofTK . As shown by Bick-
ers, Cox, and Wilkins,13 the transport and thermodynam
properties of mixed valence Ce systems are represente
universal functions scaled byTK , but it should be noted tha
the high-energy properties such as the ratior f are not scaled
only by TK . According to our preliminary calculation, if we
change« f and V simultaneously so as to keepTK ~f 1-peak
position! unchanged, the value ofr f can be changed. We ca
say thatTK depends on« f , U f f , andV, but different com-
binations of these quantities can changer f with TK kept
constant.

It is also to be noted that there is another possibility
explain almost the sameTK and the differentr f for CePd3
and CeSn3. In our discussion, we have tentatively disr
garded the surface contribution to RIPES, but actually
RIPES at the 4d threshold should have a considerable s
face sensitivity. It is known that the valence number of a
ion in surface layers can be different from that in the bu
system because of the reduction of the coordination num

TABLE I. The RIPES peak intensities ratio,r f and c( f 0) de-
rived from analyses of 3d-XPS data for CeRh3, CePd3, and CeSn3.
The number in the parenthesis for CeRh3 is c( f 0) derived from the
theoretical analysis in this paper.

r f c( f 0)(3dXPS)

CeRh3 0.60 0.26~0.20!
CePd3 0.22 0.08
CeSn3 0.18 ,0.05
f
e

r

n

by

e
-
e

r.

Therefore, if we assume that the surface contribution
RIPES is different for CePd3 and CeSn3, then the differentr f
value can be explained even with the sameTK value in the
bulk system.

The r f of CeRh3 is much larger than those of CePd3 and
CeSn3. Thec( f 0) which is thef 0 weight in the ground state
is derived from analyses of 3d-x-ray photoemission spec
troscopy ~XPS! data14 for CeRh3, CePd3, and CeSn3 and
listed in Table I. Thec( f 0) is not 1-nf itself because of a
small f 2 contribution in the ground state. It may introduce
small error to regardc( f 0) as 1-nf . r f is larger thanc( f 0).
This is caused by the following two reasons: one is thatr f
was estimated in the spectrum measured at the energy w
the f 1 peak is most enhanced and then the intensity of thef 1

peak was overestimated; the other is that the stronger hyb
ization strength off 1 and f 2 configurations in the final state
transfers the spectral weight from thef 2 to f 1 final state. It is
emphasized that the ratio of the threer f ’s 0.60:0.22:0.18 is
similar to that of c( f 0) 0.26:0.08:0.05, respectively fo
CeRh3, CePd3, and CeSn3. Therefore, ther f can provide
good information about the itinerant character of 4f electron
in the initial state.

The f 2 spectrum in Fig. 1~b! exhibits a single peak with-
out the shoulders observed in off-resonant spectra in
1~a!. For CeRh3 and CeSn3, the f 2 peaks are located at abou
4.8 and 4.0 eV, respectively. The reason for the lack of
other f 2 components is explained by considering the sel
tion rule in the final state of RIPES process.10 Figure 3 shows
the excitation energy dependence of RIPES spectra
CeRh3. The multiplet structures are indicated by the vertic
bars and dashed lines in Fig. 3. A dramatic change in spe

FIG. 3. The RIPES spectra of CeRh3 at several excitation ener
gies. The numbers written on the side of the right axis repres
Eex. The calculated multiplets in 4f 1 and 4f 2 final-state configura-
tions are added at the bottom axis. The structure indicated by
tical bar in the spectrum atEex5114 eV is the normal fluorescence
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line shape off 2 peak is observed as the excitation ener
changes. This is caused by the transfer of spectral we
among the multiplet structures at thef 2 final states. In order
to interpret this excitation energy dependence off 2 peak, we
have to take the selection rule in the final state on resona
into account. Thef 1 peak consists of spin-orbit componen
in the 4f 1 final state, which are separated by about 0.3 eV
is found that the two components off 1 peak are clearly ob-
served in the spectra of CePd3 at prethreshold region,Eex
5105.5 and 111.5 eV, as shown in the Fig. 2. The2F5/2 and
2F7/2 multiplet structures in thef 1 peak are indicated by
dotted lines. The spectral intensity of the2F5/2 structure
transfers to2F7/2 structure asEex increases. This suggests
strong excitation energy dependence of the2F5/2 and 2F7/2
multiplet structures. This splitting is also found in CeRh3, as
shown in Fig. 3, though they are broad. The excitation
ergy dependence of thef 1 peak of CeRh3 is discussed later

Figure 4 shows the calculated RIPES with the excitat
energies corresponding to those in Fig. 3 and the
resonant IPES in the bottom of the figure. In this figure,
vertical lines are calculated by Eq.~5! and show clear mul-
tiplet structures, while the continuous spectra are obtaine
convoluting them with a Gaussian function of widthGG
50.8 eV@half width at half maximum~HWHM!# in order to
include the overall resolution. It is shown that the expe
mental RIPES in Fig. 3 are fairly well reproduced by t
calculation at various excitation energies. Especially the d
matic transfer of spectral weight on the resonantly enhan
multiplet structures at thef 2 final states is explained well. In

FIG. 4. Calculated 4d-4 f RIPES with various excitation energ
Eex and off-resonant IPES spectra~bottom!. The multiplet struc-
tures are also shown by thin lines.
y
ht

ce

It

-

n
f-
e

by

-

a-
d

Fig. 3, in the off-resonant spectra atEex580 eV all
4 f 2-multiplet components are blurred with the experimen
resolution and not obviously distinguished. The broad ba
of multiplet structures at thef 2 final states in calculated off
resonant spectrum~Fig. 4! corresponds to this. In the spec
trum atEex5114 eV, which is in the region of the prethres
old of the Ce 4d˜4 f absorption,f 2 peak is clearly split into
two peaks. These two peaks are also reproduced in the
culation and are roughly assigned to3H and 3P components.
Discrepancy of thef 2 peak intensities of3H and 3P com-
ponents between experimental and calculated result ma
accounted for by taking the background and surface con
bution into account. The spectral weight of3P component is
weakened as the excitation energy increases from 116 to
eV in Fig. 3. The multiplets around 5 eV (3H;1G) are
resonantly enhanced though the multiplets at higher-ene
side (1D;1I ) are not found atEex5126 eV, where thef 1

peak is the most enhanced. On the other hand, the1G com-
ponent seemed to be enhanced in the spectrum at 121
Finally, the spectral line shape atEex5126 eV resembles tha
at 80 eV. This excitation energy dependence of RIPES sp
trum is well explained by the calculated results in Fig. 4.
Eex5121 eV, the resonance spectrum has a clear reson
peak at 5.5 eV aboveEF between 3H and 3P structures.
That is, there are three enhanced multiplet structures in
f 2 state. To understand the excitation energy dependenc
the resonance effects on the multiplet components, the
lowing intuitive discussion is presented.10 In the off-resonant
region the selection rule of the 4f 1

˜4 f 2 IPES transition
process is not strict, i.e., the electrons added to the 4f level
can have either up- or down-spin configurations. Therefo
all multiplet components corresponding to a possible fi
state can be observed. However, on the resonance, the i
mediate state with the 4d-hole spin occurs in RIPES proces
and the large multiplet splitting of (4d94 f 3) state concerning
the arrangement of two 4f electrons and 4d-hole spin
springs up. The intermediate state with three up-spin 4f elec-
trons and a down-spin 4d hole gives the lowest energy unde
the restriction of the selection rule for dipole transition. Th
intermediate state transits into the triplet final state at
resonance. The spectral intensity off 2 peak shifts from lower

FIG. 5. The CFS spectra for the 4f 1 and 4f 2 final states. The
spectrum was obtained by plotting the integrated intensities of 1

and f 2 peaks against the excitation energyEex.
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energy side to higher-energy side as the excitation ene
increases after the giant resonance in Fig. 3. This fact refl
the energy dependence of possible intermediate stat
RIPES process. The two-peak structure off 2 peak at preth-
reshold region~114 eV in Fig. 3! where the excitation energ
is lower than that of giant resonance, can be interpreted
the following reason. In this energy region, there are we
intermediate states, which correspond to dipole-forbidd
states. That is, the absorption, 4d104 f 11e2

˜4d94 f 3, takes
place by the spin-orbit interaction through the mixing w
the dipole-allowed state. Therefore, the intermediate sta
which make transition to the singlet or higher triplet fin
state can take place.

The constant final state~CFS! spectra of RIPES in CeRh3
are shown in Fig. 5. The spectra are obtained by plotting
integrated intensities off 1 and f 2 peaks versus the kineti
energy of the electron,Eex. Around 120 eV ofEex, the giant
resonance takes place asEex strides over the Ce 4d˜4 f
threshold. This strong-resonance enhancements off 1 and f 2

intensities at the 4d˜4 f threshold clearly show that thes
structures come from the localized 4f component. Thef 1

and f 2 curves reach a maximum at about 121 and 127
respectively, and slowly decrease as the excitation ene
increases. The asymmetric line shapes of both curves
the dip just before the giant resonance around 100–115 e
Eex represents a very large multiplet splitting of the interm
diate state and the existence of Fano-type interference.
Fano line shape has not been clearly observed in the RI
of Ce compounds at theM5 absorption edge.1 This differ-
ence represents the strong-Coulomb interaction betweend
and 4f state due to a larger overlap of wave functions
both states with same principal quantum number. The ca
lated CFS that are integrated intensities of wholef 1 and f 2

multiplets corresponding tof 1 and f 2 final states in RIPES
are shown in Fig. 6. Asymmetric line shapes, which are ch
acteristic of the 4d-4 f case of experimental CFS in Fig.
are well reproduced by the calculation. The broader fea
of f 2 curve in the experimental result as compared to
calculated one is due to the incoherent components at
higher-energy side ofEex.

FIG. 6. Calculated CFS forf 1 ~closed circle! and f 2 ~open
circle! final states. The inset shows the CFS forF5/2 andF7/2 mul-
tiplets in thef 1 final state.
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In order to derive more information from CFS spectra, t
f 1 curve was measured in a narrow energy range show
Fig. 7. It should be emphasized that the CFS spectra con
the information about the intermediate state in RIPES p
cess. The top spectrum that indicates the totalf 1 intensity
has the maximum at 121.0 eV. The middle and bottom o
that are labeled7

2 and 5
2 are the CFS spectra for2F5/2 and

2F7/2 final states, respectively. And so, the sum of the mid
and bottom spectrum intensities reproduces the top one.
maximum points of72 and 5

2 curves are split by about 0.8 eV
The inset in Fig. 6 shows the calculated CFS forF5/2,F7/2
multiplets in thef 1 final state. The peak-energy separati
betweenF5/2 and F7/2 spectra is shown to be about 0.9 e
and it corresponds to that of 0.8 eV in experiment of Fig.
This energy split can be interpreted as the difference of
intermediate state energies. In the RIPES process, the in
state 1S0 transits to some intermediate states with allow
symmetry through the selection rules for Coulomb scat
ing. It is known that the2G9/2 and 2G7/2 intermediate states
make transition to the2F7/2 and 2F5/2 final states, respec
tively. And these transitions make much contribution
2F7/2 and 2F5/2 spectral intensities. Therefore, the differen
of 0.8 eV between the maximum points of7

2 and 5
2 curves

reflects the energy separation between the2G9/2 and 2G7/2

FIG. 7. The CFS spectra for thef 1 peak of CeRh3, which were
measured in the narrow energy range. The dotted lines are gu
for the eyes. Top spectrum is thef 1 curve and middle and bottom
spectra that are labeled72 and 5

2 are the one for2F5/2 and 2F7/2 final
states, respectively.A andB are the maxima of72 and 5

2 curves and
EA andEB are the energy ofA andB.
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intermediate states. In practice, the72 and 5
2 curves are

thought to be broadened by the lifetime effect of the int
mediate state.

It is needed to keep the surface effect in mind, becaus
is known that there is large surface effect in Ce compou
and the electron energy around 120 eV has a very s
mean-free path. In terms of surface effect, the change
Ce-4f level and the reduction of hybridization between t
4 f and ligand extended states lead to the localization off
electron in surface region. The RIPES is a powerful meth
to study the surface effect, because theEex’s select the sur-
face or bulk state and the energy dependence ofEex enables
to study the change of the electron mean-free path. Th
surface effects on RIPES will be discussed elsewhere in
near future.
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V. CONCLUSION

RIPES measurements near the Ce-N4,5 absorption edge
are able to provide information about various of 4f states in
cubic crystal structure~AuCu3-type! compounds such a
CeRh3, CePd3, and CeSn3. The RIPES at the Ce 4d˜4 f
edge was found to be a powerful method to investigatef
electronic structures. Ther f estimated from RIPES spectr
gave important information about the 4f electronic struc-
tures.

A calculation for CeRh3 in the framework of the impurity
Anderson model with full multiplet effects reproduce
RIPES spectra and well explained the excitation energy
pendence off 1 and f 2 peak in the RIPES spectra.
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