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Bulk and surface electronic structures of CePdX„XÄAs,Sb… studied by 3d-4f resonance
photoemission
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We have performed Ce 3d-4 f resonance photoemission spectroscopy~RPES! for CePdAs and CePdSb and
compared the results with those of Ce 4d-4 f RPES. The 3d-4 f RPES spectra are remarkably different from
the 4d-4 f RPES spectra, showing the smaller contribution of the surface electronic structures in the 3d-4 f
RPES. On the other hand, the 3d-4 f and 4d-4 f resonance-minimum spectra for CePdSb are well described by
the band-structure calculations for LaPdSb by taking the photoionization cross sections into account. This
indicates that the surface effect is negligible in the resonance-minimum spectra. The theoretical calculation
based on the single-impurity Anderson model well reproduces the surface- and bulk-sensitive Ce 4f spectra of
both compounds, revealing that the difference between the surface and bulk electronic states originates mainly
from the surface core-level shift of the bare 4f level. The spectral difference between the two compounds is
explained by the different energy dependence of the hybridization strength.
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I. INTRODUCTION

Many cerium compounds have been extensively stud
by various experimental and theoretical methods becaus
their fascinating physical properties, for example, the Kon
effect, heavy-fermion phenomena, and valence fluctuat
They originate from peculiar behaviors of strongly correla
Ce 4f electrons near the Fermi level (EF). The Ce 4f elec-
trons show itinerant characters through the hybridization
tween the Ce 4f and other valence electron states. In orde
probe the Ce 4f electron states, photoemission spectrosco
is a very useful method.1 In particular, resonance photoemi
sion spectroscopy~RPES! using synchrotron radiation i
very effective in revealing the electronic states such as Cef
orbit.2 A widely used Ce 4d-4 f RPES has an advantage
good energy resolution, which enables one to observe s
fine structures as the Ce 4f spin-orbit splitting of the order of
300 meV.3,4 However, the small mean free path of the ph
toelectron is a weak point of the 4d-4 f RPES for probing
bulk electronic states. On the other hand, Ce 3d-4 f RPES
measurements provide relatively bulk-sensitive informat
PRB 610163-1829/2000/61~7!/4621~8!/$15.00
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of electronic states. It has been reported that the Ce 3d-4 f
RPES spectra show Ce 4f spectral line shapes remarkab
different from those of the 4d-4 f RPES,5–11 indicating that
the Ce 4d-4 f RPES spectra strongly reflect contributio
from the surface region due to the shorter mean-free pat
the excited electron. However, the energy resolution of
3d-4 f RPES has so far been not sufficient to resolve s
fine structures nearEF , making it difficult to quantitatively
discuss the difference between the surface and bulk e
tronic states. Very recent development in high brilliance s
chrotron radiation source and instrumentation enable us to
the high-energy excitation RPES with sufficient energy re
lution. Thus we can compare the details of the bulk-sensi
3d-4 f RPES results with the surface-sensitive 4d-4 f RPES
spectra.

CePdAs and CePdSb are two dimensional layered c
pounds, which are composed of the Ce layer and the P
layer piled up along thec axis. The crystal structure of CeP
dAs is the hexagonal ZrBeSi type with the Pd and As ato
in a plane while CePdSb has the hexagonal LiGaGe-t
crystal structure, where the Pd and Sb atoms form pucke
4621 ©2000 The American Physical Society
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4622 PRB 61T. IWASAKI et al.
layers.12–14 The distance between the nearest neighbor
atoms in thec plane is larger than that along thec axis in
both compounds, suggesting that the hybridization of the
4 f states may be much weaker within thec plane. According
to the previous Ce 3d x-ray photoemission spectroscop
study,15 these compounds show nearly trivalent character
are understood to be weakly hybridized systems. CePdA
antiferromagnetic below aroundTN54 K with an anisotropy
with respect to thec axis in the electric resistivity and th
magnetic susceptibility. The magnetic moments of the
atoms lie in thec plane and antiferromagnetically ordere
along thec axis in the ground states.12 On the other hand
CePdSb has a ferromagnetic ground state with the easy m
netization axis in thec plane.12 Its magnetic ordering is char
acterized by a rather high Curie temperatureTC517.5 K in
contrast to other Ce compounds and other isostruct
RPdSb compounds (R5Nd, Sm, Eu, Gd!, which order
antiferromagnetically.13

Ce pnictide compounds are well-known to show vario
unusual properties derived from the peculiar electronic str
tures nearEF .16–18 The p-f hybridization between the pnic
togenp bands and the Ce 4f states plays an important role i
the electronic structures nearEF . In this paper, we presen
the Ce 4f spectra measured by the 3d-4 f RPES for CePdX
(X5As, Sb). We compare the non-4f valence-band spectr
taken at the resonance-minimum (3d-4 f :hn
5875 eV, 4d-4 f :hn5114 eV) with the band-structure ca
culation of LaPdX (X5As, Sb) ~Ref. 19! and quantitatively
discuss the electronic structures of the valence bands. T
we analyze the Ce 4f spectra with using a noncrossing a
proximation ~NCA! calculation20–22 based on the single
impurity Anderson model~SIAM!.23,24 We discuss the dif-
ference between the surface and bulk electronic structure
Ce 4f states for CePdX (X5As, Sb).

II. EXPERIMENT

The Ce 3d-4 f RPES spectra of CePdAs were taken at
BL-2B beam line of the Photon Factory~PF! in the High
Energy Accelerator Research Organization, while the 3d-4 f
RPES of CePdSb were measured at the BL-25SU beam
of SPring-8.25 The Ce 4d-4 f RPES was performed at th
BL-3B ~Ref. 26! beam line of the PF. These RPES spec
were taken with hemispherical GAMMADATA-SCIENTA
SES-200 analyzers. The total energy resolution of the 4d-4 f
RPES (hn;120 eV) was set to about 70 meV. The tot
energy resolution of the 3d-4 f RPES study of CePdAs at P
was around 0.7 eV~at T5300 K), while that of CePdSb a
SPring-8 was ;200 meV at Ce 3d-4 f threshold (hn
;880 eV). The single-crystal samples of CePdX (X
5As, Sb) were prepared by the Bridgman method in eva
ated tungsten-crucibles sealed by electron beam weld
The clean surfaces were obtained by repeated scraping w
diamond filein situ until no contamination could be detecte
in the photoemission region of the O 1s (3d-4 f ) and O 2p
(4d-4 f ) signals. The base pressure was 4310210 Torr dur-
ing the measurements. For the 3d-4 f RPES measurement fo
CePdSb, the sample was cooled down to 20 K by a clos
cycle He refrigerator whereas they were kept at about 4
during the 4d-4 f measurements. The sample temperat
was kept at;300 K during the Ce 3d-4 f RPES study for
e
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CePdAs. The binding energy (EB) was calibrated by the
Fermi edge of Au thin film.

III. RESULT AND DISCUSSION

Figure 1 shows the Ce 3d-4 f RPES spectra for CePdA
~a! and CePdSb~b! in comparison with the Ce 4d-4 f RPES
spectra. The Ce 4f spectra are obtained by subtractin
the resonance-minimum spectra taken athn;875 eV
(;114 eV) from the resonance-maximum spectra taken
hn;882 eV (;122 eV) corresponding to the Ce 3d-4 f
(4d-4 f ) thresholds. Backgrounds due to the inelastic scat
ing are subtracted from the raw spectra in Fig. 1. The up
curve in Fig. 1~a! shows the Ce 4f spectrum for CePdAs
measured by means of the 3d-4 f RPES at room temperatur
with the energy resolution of;0.7 eV. The lower curve in
Fig. 1~a! for CePdAs and both upper and lower curves in F
1~b! for CePdSb are measured at lower temperatures
;40 K). The energy resolution of the Ce 3d-4 f RPES for
CePdSb in Fig. 1~b! is ;0.2 eV, whereas the total energ
resolution of the Ce 4d-4 f RPES is set to 70 meV in Figs
1~a! and 1~b!. In Fig. 1~a!, a two-peak structure is observe
at aroundEB52.20 ~2.62! and 0.65~0.70! eV in the 3d-4 f
(4d-4 f ) spectrum, corresponding to the anti-bonding~A!
and bonding~B! states due to the hybridization between t
Ce 4f and other valence-band states. According to the in
pretation given by the SIAM,24 the peakB in the lower
~smaller! EB region derives mainly from the Ce 4f 1 configu-
ration in the photoemission final states whereas the Cef 0

final-state character is dominant in the peakA. It is found
that the intensity ratio ofB to A decreases remarkably from
the 3d-4 f to 4d-4 f spectra. Since the 4d-4 f RPES is more
surface-sensitive than the 3d-4 f RPES, the transfer of the
spectral weight of the peakB to the peakA for the 4d-4 f
RPES indicates weaker hybridization strength of the Cef
states in the surface region.

Besides, shifts of the two peaks to higherEB are observed
for the 4d-4 f RPES. The peakB slightly shifts by;0.05 eV
toward higherEB . The shift of the peakA is ;0.42 eV in
CePdAs as summarized in Table I. The shift of bothB
@DE(B)# andA @DE(A)# peaks may originate from the lo
calization of the bare Ce 4f level due to weaker hybridiza
tion strength in the surface layer, resulting in the posit
surface core-level shift. The shift of peakA includes not only

FIG. 1. Ce 3d-4 f resonance photoemission spectra~RPES! for
CePdAs~a! and CePdSb~b! compared with the 4d-4 f RPES.
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PRB 61 4623BULK AND SURFACE ELECTRONIC STRUCTURES OF . . .
the surface core level shift but also the so-called hybridi
tion shift, which moves the peakA towardEF .9 Namely, the
splitting between the peaksA andB increases for larger hy
bridization strength resulting in the shift of the peaks. A
cording to our NCA calculation, however, the hybridizatio
shift for the peakB is much smaller than for the peakA.
Since the hybridization strength in the surface-layer
weaker than that in the bulk, the energy position of the p
A for the 4d-4 f RPES is shifted towardEF for smaller hy-
bridization effect. This contribution suggests that the surf
core-level shift is larger than the observed shiftDE(A) as
really confirmed later by NCA analysis.

Figure 1~b! shows the Ce 3d-4 f spectrum for CePdSb in
comparison with the 4d-4 f RPES spectrum. There are two
peak features at around 2.45~2.60! and 0.65~0.75! eV in the
3d-4 f (4d-4 f ) RPES results. Similarly to CePdAs, the i
tensity ratio ofB to A reduces much in the 4d-4 f RPES and
the energy positions of the peakB andA shift toward higher
EB . However, the energy shift of the peakB ~A! is ;0.10
~0.15! eV, which is larger~smaller! than the corresponding
value of CePdAs as summarized in Table I. In order to pr
erly compare this value with the result of CePdAs, the 3d-4 f
RPES result for CePdSb is convoluted with a Gaussian fu
tion to achieve the same energy resolution (;0.7 eV). After
this broadening process, we notice that the energy separ
of the two peaks is smaller (1.80→1.55 eV) and the energy
shift DE(B) and DE(A) become comparable to those
CePdAs, namely 0.35 and 0.05 eV compared with 0.42
0.05 eV. In other words, better resolution measurements
CePdAs may lead to larger~smaller! energy shift ofDE(B)
@DE(A)# than the value in Table I and the intensity of th
peakB may be more enhanced. The intensity ratio ofB to A
is larger for CePdAs than for CePdSb, showing that the
bridization strength is stronger for CePdAs. The change
the hybridization strength is due to the difference of the pn
togen and/or the crystal structures.

Figure 2~a! compares the 3d-4 f resonance-minimum
spectra between CePdAs~empty circle! and CePdSb~solid
curve!. All spectra are normalized to the same area after
subtraction of the inelastic electron background. The sp
trum for CePdSb is broadened with a 0.7 eV full width
half maximum~FWHM! Gaussian function by considerin
the different resolution. The resonance-minimum spec
taken athn;875 eV have rather similar spectral line shap
namely they have a prominent peak structure at around
eV, a shoulder structure at around 1.3 eV, and a linea
decreasing feature towardEF , in spite of the difference of

TABLE I. Summary of the experimental results on CePdAs a
CePdSb. The values in the parentheses are obtained after bro
ing the Ce 3d-4 f RPES for CePdSb measured with the resolut
of 0.2 eV to the resolution of 0.7 eV corresponding to the Ce 3d-4 f
RPES of CePdAs.

Compound 3d-4 f RPES 4d-4 f RPES Energy shift
E(A) E(B) E(A) E(B) E(A) E(B)

~broadened! ~broadened!

CePdAs 2.20 0.65 2.62 0.70 0.42 0.0
CePdSb 2.45 0.65 2.60 0.75 0.15 0.1

~2.25! ~0.70! ~0.35! ~0.05!
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pnictogen. The similarity of the spectra between two co
pounds should be ascribed to the large photoionization c
section of the Pd 4d states in this excitation energy region.27

Figure 2~b! shows the resonance-minimum spectra taken
hn;114 eV for reference. Both spectra for CePdAs a
CePdSb have common features in regard to the peak s
tures at 3.3 and 1.3 eV along with the tendency of decre
towardEF . One notices for both compounds that the inte
sity of the prominent peak near 3.3 eV with respect to
intensity of the 1.3 eV structure is noticeably weaker than
3d-4 f resonance-minimum spectra. This is because the p
ton energy (hn;114 eV) corresponds to the Cooper min
mum for the Pd 4d states.27

In order to understand the valence-band structures of b
CePdAs and CePdSb, we will compare the results of
band-structure calculations for isostructural La compou
LaPdAs and LaPdSb performed by a full-potential line
augmented plane wave method.19,28 Comparison of the tota
density of states~DOS! between LaPdAs and LaPdSb
shown in the upper panel of Fig. 3, while the lower panel
Fig. 3 displays the partial DOS~PDOS! for each element,
namely La 5d, Pd 4d, and pnictogenp orbits for both com-
pounds. The results for both compounds are rather sim
The total DOS for both compounds is decreasing towardEF
and extremely small atEF as experimentally observed. Th
indicates that these compounds belong to the low-carrier
tem. Judging from the PDOS for dominant orbits, the Pdd
states are dominant for the total DOS in wide valence-b
region belowEF , in particular, in the region from;2.5 to
;3.7 eV. This may be derived from a nonbonding Pdd
states. The As 4p and Sb 5p states belowEF have noticeable
PDOS in the two regions from;3.6 to ;5.5 eV and from

d
en-

FIG. 2. Comparison of the resonance-minimum spectra
CePdAs ~empty circle! and CePdSb~solid curve! taken at hn
5875 ~a! and 114 eV~b!. The spectrum of CePdSb taken athn
5875 eV is broadened to the energy resolution (DE50.7 eV) of
the spectrum of CePdAs.
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4624 PRB 61T. IWASAKI et al.
;2.5 to 0.5 eV. The former region may correspond to
bonding states between the Pd 4d and pnictogenp states
while the latter region corresponds to their antibond
states. The structures ranging from 5.5 to 2.5 eV, namely
bonding states between the Pd 4d and pnictogenp states and
the Pd 4d nonbonding states, shift to lowerEB from LaPdAs
to LaPdSb. This may arise from the shift of the pnictog
p-band states towardEF by the substitution of As by Sb.

In order to more quantitatively discuss the electro
structure of the valence bands, we compare a valence-b
spectrum of CePdSb, which is obtained by Ce 3d-4 f
resonance-minimum spectrum (hn;875 eV), with the
PDOS obtained by the band-structure calculation for LaP
in Fig. 4~a!.19 The experimental non-4f valence-band spec
trum consists of a main peak at;3.3 eV, a shoulder struc
ture at;4.0 eV and a broad structure at;1.3 eV. In order
to simplify a comparison between experimental and cal
lated results~shown in the lower panel of Fig. 3!, we tenta-
tively convolute the calculated PDOS results with use
both Lorentzian broadening with the maximum FWHM
0.5 eV ~Ref. 29! and Gaussian broadening with a fixe
FWHM of 0.2 eV corresponding to the instrumental reso
tion (DE;0.2 eV). The Lorentzian width originates from
lifetime of the photoemission final states. In addition, w
take the photoionization cross section at this excitation
ergy into account.27 We summarized the convoluted PDO
in the bottom of Fig. 4~a!. The Pd 4d contribution is much
stronger than others (sPd4d /sSb 5p;20 and sPd4d /sLa 5d
;30).27 The thick-solid curve obtained by adding all PDO
components well reproduces the experimental spectrum.
main peak at around 3.3 eV, a shoulder at around 4 eV,
a broad structure at around 1.3 eV are well reproduced. T
it is found that the 3d-4 f resonance-minimum spectrum
almost composed of the Pd 4d states. Although the weight o

FIG. 3. Comparison of the density of states~DOS! obtained by
the band-structure calculation for LaPdAs and LaPdSb~Ref. 19!.
The partial DOS~PDOS! of the La 5d, Pd 4d, and As 4p ~Sb 5p)
states in LaPdAs~LaPdSb! are shown in the lower panel.
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the Sb 5p and La 5d states is small, they contribute to suc
spectral structures as the shoulder at around 4 eV and
peak near 1.3 eV through the hybridization with the Pdd
states. Some difference between the calculated DOS and
perimental spectrum, for example near 1 eV, may arise fr
the ignorance of the final-state hybridization of the valen
bands with the Ce 4f states.

For reference, Fig. 4~b! displays the PDOS of LaPdSb i
the bottom panel and the relatively surface-sensitive valen
band spectrum for CePdSb taken athn;114 eV in the upper
panel. This excitation photon energy corresponds to the C
per minimum of the Pd 4d states, thus the relative ratios o
the photoionization cross sections reduce assPd 4d /sSb 5p
;4 andsPd 4d /sLa 5d;20.27 The PDOS in Fig. 4~b! are ob-
tained by the above-mentioned broadening process. In
upper panel of Fig. 4~b! is shown the sum of PDOS by th
dot-dashed curve with using the reported cross section
rameters in Ref. 27. However, one notices a remarkable
crepancy near;1.3 eV. The result suggests a possibility
further suppression ofsPd 4d in the Cooper minimum region
We try to reproduce the experimental result by reducing
relative intensities by half. The thick solid curve in the upp
panel of Fig. 4~b! shows the sum of three components. T
shoulder structure near 1.3 eV is better explained. Thus,
confirm that the band-structure calculation well reprodu
the experimental results of the valence bands. The differe
between the 3d-4 f and 4d-4 f spectra can be explained b
the hn dependence of the photoionization cross sectio
Hence, no surface effect is detected in the electronic st
ture of the valence-band spectra.

In order to discuss the difference of the Ce 4f electronic
structures between CePdAs and CePdSb as well as bet
bulk and surface, we calculate the Ce 4f spectra by the NCA
method within SIAM. TheI s /I b is given by exp(d/l)–1,
where d is the thickness of the surface layer andl is the
photoelectron mean-free path as a function of the kine

FIG. 4. Resonance-minimum spectrum of CePdSb taken at
Ce 3d ~a! and 4d ~b! thresholds compared with the results of th
band-structure calculation. The PDOS broadened by a Gaussian
a Lorentzian function in LaPdSb are also displayed, considering
relative photoionization cross sections. See text for details.
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PRB 61 4625BULK AND SURFACE ELECTRONIC STRUCTURES OF . . .
energy (l is about 4 and 15 Å at the Ce 4d and Ce 3d
thresholds, respectively!.30 The value ofd is assumed to be
3.9 Å for both compounds~the nearest neighbor Ce-Ce di
tance is 3.899 and 3.947 Å for CePdAs and CePd
respectively!.13,31 We obtain I s /I b;1.63 and 0.25 for Ce
4d-4 f and Ce 3d-4 f RPES, respectively. We tried to divid
the observed Ce 4f spectrum into the surface and bulk com
ponents in a direct way without employing the simple su
traction method, which has been widely used in separa
the spectrum into the surface and bulk contributions.5–10

Namely we fit the experimental results by a sum of surfa
and bulk components with the given surface/bulk intens
ratio. The energy dependence of the hybridization stren
rV2(E) to reproduce the experimental results is first
sumed to be proportional to the resonance-minimum sp
trum, which has two-peak structures at 3.6 and 1.4 eV
shown in the upper inset of Fig. 5. The upper panel sho
the hybridization strength dependence of the Ce 4f spectrum
for CePdAs.rV2(E) was simulated by the energy depe
dence shown in the upper inset. The solid, dashed, and
dashed curves in the upper panel correspond torV2 (EF)
55.0, 4.0, and 3.0 meV. The bulk and surface compone
are added in the calculated curves with the intensity ratio
I s /I b;1.63. We set the bare 4f level (e f) for the surface and
bulk states to 2.3 and 1.6 eV, respectively. Although
hybridization strength is varied in the whole energy ran
the experimental spectrum cannot be well reproduced.
strong hybridization near 3.6 eV with the Pd 4d states splits
the 4f component into higher and lowerEB components.
The noticeable discrepancy suggests that the resona
minimum spectrum does not faithfully reflect the energy d
pendence of the hybridization strength with the Ce 4f states.

FIG. 5. Hybridization strengthrV2(E) dependence of the NCA
spectra compared with the 4d-4 f resonance photoemission spec
of CePdAs. The upper inset shows the energy dependence o
hybridization strength employed for the NCA calculation shown
the upper panel, which corresponds to the 4d-4 f resonance-
minimum spectrum of CePdAs. The lower inset compares
PDOS of As 4p states with the energy distributionrV2(E) em-
ployed for the NCA spectra shown in the lower panel.
b,

-
g

e
y
th
-
c-
s
s

ot-

ts
f

e
,
e

ce-
-

This result suggests that thep-f mixing can be stronger than
the d-f mixing for these Ce pnictide compounds.

Then, we attempted to calculate the Ce 4f spectra by
considering the hybridization strengthrV2(E) represented
by the pnictogenp-band-like energy dependence of DO
which has the two-peak structures near 5.0 and 1.6 eV
shown in the lower inset of Fig. 5. The hybridization streng
dependence of the Ce 4f spectrum in the entire valence-ban
region is shown in the lower panel of Fig. 5. The experime
tal 4f spectrum of CePdAs is compared with the calcula
curves, which are obtained by the sum of the surfacee f

52.3 eV) and bulk~1.6 eV! components with the ratio o
I s /I b;1.63. Although the calculated 4f spectra have two-
peak structures, the spectral weights from 3 to 5 eV are m
suppressed and deviated from the experimental Ce 4f spec-
trum. The discrepancy is ascribed to the strong hybridizat
strength near 5.0 eV, indicating that the simple assump
that rV2(E) is represented by the PDOS of the pnictogenp
states is improper. Then, we assume thatrV2(E) has one
peak near 1.3 eV corresponding to the antibonding sta
between the Pd 4d and pnictogenp states. Such an energ
dependence as shown in the upper panel of Fig. 6~a! better
reproduces the two-peak structures of the Ce 4f spectra dis-
played in Fig. 1 as later shown in the lower panel of F
6~a!. Thus, the Ce 4f states may be strongly hybridized wit
the antibonding states of thep-d mixed states.

In order to discuss the difference between the surface
bulk electronic structures for the two compounds, we ha
performed the NCA calculation for the bulk- and surfac
sensitive Ce 4f spectra. The solid line in the upper panel
Fig. 6~a! shows the energy distributionrV2(E) used for the
calculation in comparison with the resonance-minimu
spectrum ~dots! for CePdAs taken athn5114 eV. This
rV2(E) emphasizes the strong hybridization of the Cef
states with the anti-bonding states between the Pd 4d and As
4p states at around 1.4 eV. TherV2(E) linearly decreases
toward EF and is assumed to be constant aboveEF with
rV2(EF)55.5 meV. The remaining DOS aboveEF repre-
sents the finite DOS of the conduction-band states as sh
in Fig. 3. We set thee f to 1.6 and 2.3 eV for the bulk and
surface, respectively. Here, the spin-orbit splitting of the
4 f states of 0.32 eV is used. The calculated curve, which
a sum of the surface and bulk components with the ratio
I s /I b;0.25, well reproduces the bulk-sensitive 3d-4 f RPES
spectrum for CePdAs in the lower panel of Fig. 6~a!. It is
noticed that the bulk contribution is dominant in the who
region. The surface-sensitive 4d-4 f spectrum measured with
the energy resolution ofDE;70 meV is qualitatively repro-
duced by the sum of surface and bulk spectra with the int
sity ratio of I s /I b;1.63 in the upper panel of Fig. 6~b!. The
calculated result is compared with the RPES spectrum (DE
;50 meV) in the vicinity ofEF in the lower panel of Fig.
6~b!. The same calculation also qualitatively reproduces
experimental line shape in this energy region, in particu
the weak shoulder structures at;0.25 and;0.05 eV. It is
recognized that the surface electronic states give strong
fluence on the Ce 4f spectrum measured by the 4d-4 f RPES
up toEF . The surface effect is mostly treated by the shift
the bare Ce 4f level.

Similar results for CePdSb are shown in the upper pa
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of Fig. 7~a!. TherV2(E) represents the strong hybridizatio
of the Ce 4f states with the antibonding states between
Pd 4d and Sb 5p states centered at 1.3 eV. TherV2(E)
decreases towardEF , and the DOS just aboveEF is assumed
to be rV2(E) is 6.0 and 5.5 meV for bulk and surface, r

FIG. 6. ~a! Upper panel: Comparison of the optimized ener
dependence of the hybridization strength and parameters used
NCA calculation with the 4d-4 f resonance-minimum spectrum o
CePdAs. Lower panel: Comparison of the Ce 4f spectrum studied
by the 3d-4 f RPES with the calculated spectrum for CePdAs in
wide-energy region.~b! Comparison of the calculated results wi
the Ce 4f component measured by the 4d-4 f RPES in the wide
region ~upper panel! and nearEF ~lower panel!.
e

spectively. Thee f51.6(2.4) eV is employed for the bulk
~surface!. The calculated result withI s /I b50.25 can well
explain the bulk-sensitive 3d-4 f RPES spectrum measure
with the energy resolution ofDE;200 meV as shown in the
lower panel of Fig. 7~a!. The surface-sensitive 4d-4 f spec-
trum is properly reproduced by the calculated curve w
I s /I b51.63 in the upper panel of Fig. 7~b!. The lower panel
displays the experimental 4f spectrum nearEF . In this re-

the

FIG. 7. Comparison for CePdSb.~a! The optimized energy dis-
tribution rV2(E) for bulk ~solid line! and surface~broken line!
components. The lower panel shows the 4f spectrum obtained from
the Ce 3d-4 f RPES compared with the NCA calculation.~b! Com-
parison of the 4f spectrum measured by the Ce 4d-4 f spectrum in
the wide-energy region~upper panel! and nearEF ~lower panel!
with the NCA calculation.
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gion, the calculated 4f spectrum also agrees qualitative
with the experimental result. Here again, the surface effec
mainly described by the shift of the bare 4f level. These
results support the validity of the SIAM to explain th
present Ce 4f spectra. Generally speaking, the Ce 4d-4 f
RPES spectra deviate obviously from the bulk electro
structures due to the remarkable contribution from the s
face layer while the Ce 3d-4 f RPES spectra are dominate
by the bulk component.

We summarize therV2(E) used in the reproduction o
the Ce 4f spectra for CePdAs and CePdSb in the upper pa
of Fig. 8. The panel~a! represents the bulk component a
~b! represents the surface component. The bulke f is 1.6 eV
for both CePdAs and CePdSb, whereas surfacee f is 2.3 eV
for CePdAs and 2.4 eV for CePdSb. The lower panels of F
8 show the spectra calculated by NCA method. An import
issue from this analysis is that the employedrV2(E) in re-
producing the Ce 4f spectra has not directly reflected th
resonance-minimum spectra or the pnictogenp states. It sug-
gests that a profound investigation of the hybridizati
mechanism is needed to analyze the Ce 4f photoemission
spectra. The average hybridization strengthD
5p*0

BrV2(E)dE/B for bulk components of CePdAs (D
546.0 meV) is stronger than that for CePdSb (D
542.3 meV). The calculated bulk spectra for the two co
pounds in the lower panel of Fig. 8~a! reveal that the chang
of the average hybridization strengthD leads to the differ-
ence in the intensity ratio of the two peaks.

FIG. 8. Summary of the energy dependence of the hybridiza
strengthrV2(E) employed for the optimized NCA calculations
The bare 4f level energye f is also shown in the upper figure. Th
calculated bulk and surface spectra are shown for CePdX (X5As,
Sb! in the lower panel.
is

c
r-

el

.
t

-

The rV2(E) for the surface component is shown in th
upper panel of Fig. 8~b!. Here, the average hybridizatio
strengthD is taken as 46.0 and 38.8 meV for CePdAs a
CePdSb, respectively. The lower panel of Fig. 8~b! compares
the surface spectrum for both compounds. Although the
ference between the surface and bulk electronic structure
almost explained by considering the shift of the baref
level, the difference of the Ce 4f spectra between these tw
compounds are mainly attributed to the difference of the
bridization strengthrV2(E). The 4f electron number (nf) of
CePdAs is estimated as;0.994 ~0.996! for the bulk ~sur-
face!, while thenf of CePdSb is;0.994~0.997! for the bulk
~surface! component. These results are consistent w
weakly hybridized feature of both compounds.

IV. CONCLUSION

In conclusion, we have performed 3d-4 f RPES for
weakly hybridized Ce compounds, CePdAs and CePd
The Ce 4f spectra of the two compounds have two-pe
structures corresponding to the 4f 1 and 4f 0 final-states but
their intensity ratios are rather different. The spectral diff
ence is interpreted as due to the difference of the hybrid
tion of the Ce 4f states with other valence bands. The bu
sensitive 3d-4 f RPES spectra for both compounds sho
stronger hybridization feature than those of the surfa
sensitive 4d-4 f RPES, revealing the essential difference b
tween the surface and bulk electronic structures. On the o
hand, the resonance-minimum spectra are rather similar
tween the two compounds. The results were compared w
the band-structure calculations for LaPdAs and LaPdSb.
resonance-minimum spectra for CePdSb are compared
the calculated results by taking the photoionization cross s
tions and the instrumental resolution into account. It
shown that the surface effect is negligible in the resonan
minimum spectra or the valence-band spectra. However,
NCA calculation has revealed thatrV2(E) reflected in the
resonance-minimum spectra cannot satisfactorily reprod
the experimental Ce 4f spectra. We can reproduce th
surface- and bulk-sensitive Ce 4f spectra of both compound
and separate the surface and bulk components by consid
therV2(E) associated with the antibonding states of thep-d
mixed states. The difference between the surface and
electronic states can be treated by considering the sur
core level shift of the bare 4f level, while the difference
between the two compounds is mainly described by the
ferent energy dependence of the hybridization strength.
Ce 3d-4 f spectra semiquantitatively reflect the bulk comp
nent, supporting that the high energy excitation RPES i
powerful means to probe bulk electronic structures. We h
reconfirmed the validity of the SIAM to explain the Ce 4f
photoemission spectra, at least for weakly hybridized~low
TK) Ce compounds.
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