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We have performed high-resolution Ce 3d-4 f resonance photoemission~RPES! measurements for low
Kondo temperature (TK) CeMX (M5Pd,Pt,X5P,As,Sb) and compared the results with 4d-4 f RPES. The
experimental results reveal that the bulk Ce 4f electronic structures are remarkably different from those in the
surface layer even in low-TK materials. The non-4f valence-band spectra are well described by the results of
the band-structure calculation of isostructural LaMX by considering the photoionization cross sections. We
have analyzed the Ce 4f spectra by using a noncrossing approximation calculation based on the single-
impurity Anderson model. The calculated results successfully reproduce the experimental 4f spectra. We find
that the bare 4f level shift is the most important factor in explaining the difference between the surface and
bulk Ce 4f spectra. Moreover, the Ce 4f states of CeMX are found to hybridize preferentially with a particular
part of thep-d mixed antibonding states.

DOI: 10.1103/PhysRevB.65.195109 PACS number~s!: 79.60.2i, 71.20.Eh, 72.15.Qm
g
y
ct
ra
th

ib
e
pe
c-

n-
ve

on

e
e-

ort
I. INTRODUCTION

In Ce compounds, their physical properties are stron
influenced by the Ce 4f electronic structures. High-energ
spectroscopic measurements such as photoemission spe
copy ~PES!, inverse photoemission spectroscopy, and x-
absorption spectroscopy are very useful in investigating
nature of the Ce 4f states.1 However, experimental PES
spectra of most Ce compounds contain overlapping contr
tions from both 4f and valence-band states, which are oft
difficult to be disentangled. Resonance photoemission s
troscopy~RPES!, using synchrotron radiation, is very effe
tive in revealing the 4f components.2 A widely used Ce
0163-1829/2002/65~19!/195109~9!/$20.00 65 1951
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4d-4 f RPES (hn;122 eV) has an advantage of good e
ergy resolution (DE;40 meV) that enables one to obser
such fine structures in the vicinity of the Fermi level (EF) as
a tail of the Kondo resonance, its crystal field excitati
~,60 meV!, and its spin-orbit splitting sideband~;300
meV!.3,4 However, Laubschatet al. first reported that the
‘‘bulk-sensitive’’ Ce 3d-4 f RPES spectra (hn;882 eV)
were much different from those of the 4d-4 f RPES,5 sug-
gesting that the Ce 4f electronic structures in the surfac
region were remarkably different from those in the bulk r
gion. Their results mean that the Ce 4d-4 f RPES spectra
heavily contain the surface contributions due to the sh
mean free path of the excited electron~,5 Å! and the 4d-4 f
©2002 The American Physical Society09-1
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RPES has a flaw in probing bulk electronic structures. The
after, several works have been done for the bulk/surface
4 f problem by using both the ‘‘bulk-sensitive’’ Ce 3d-4 f
and ‘‘surface-sensitive’’ 4d-4 f RPES.6–12 However, the en-
ergy resolution (DE;0.7 eV) of the employed Ce 3d-4 f
RPES measurement in these works was not sufficient to
solve such fine structures nearEF . Thus, it has been difficul
to give detailed discussions on the difference between
surface and bulk 4f electronic states. A very recent develo
ment in high-brilliance synchrotron radiation source and
vanced instrumentation enables us to perform Ce 3d-4 f
RPES with sufficient total energy resolution (DE
;100 meV).13 Now, we can perform the high-resolutio
‘‘bulk-sensitive’’ 3d-4 f RPES and compare the results wi
‘‘surface-sensitive’’ 4d-4 f RPES measurements for Ce com
pounds and quantitatively discuss the difference between
bulk and surface 4f electronic structures.14–17

In this study, we focus on ternary Ce pnictide compoun
CeMX (M5Pd,Pt,X5P,As,Sb), which are well known to
exhibit various unusual properties. Thep-f hybridization be-
tween semimetallic pnictogenp bands and Ce 4f states plays
an important role in their electronic structures in the valen
band region, in particular in the vicinity ofEF .18–20 The
present CeMX samples belong to very weakly hybridize
systems with the Kondo temperature (TK)<1 K. CePtP
shows successive phase transitions from the ferromagn
ordering atTC53.1 K and the antiferromagnetic ordering
TN50.9 K.21 The easy axis of CePtP lies along thec axis
while the electric conductivity in thec plane is better than
that along thec axis. CePtAs also shows anisotropy along t
c axis in the electric resistivity but the magnetic anisotropy
not clearly observed,22,23 although the antiferromagnetic o
dering occurs in CePtAs at around 1.0 K.

CePdP is a new material that exhibits a ferromagn
ordering at 5.2 K. Although CePdAs was reported to sh
antiferromagnetic ordering at aroundTN;4 K in the previ-
ous work,24 a recent study by Katohet al. reveals that it has
a ferromagnetic ground state withTC;6.2 K. CePdSb has a
ferromagnetic ground state with a relatively high orderi
temperatureTC517.5 K.25 The easy axes of these three r
ported CePdX compounds are found to lie in thec plane.

CeMX are two-dimensional layered compounds, co
posed of the Ce layer and theM-X layer piled up along thec
axis. Most compounds show the anisotropy in the elec
resistivity and the magnetic susceptibility. The crystal str
tures of both CePdP and CePdAs are hexagonal ZrBeSi
with the Pd and P~or As! atoms in the same plane. CePdS
and CePtSb have hexagonal LiGaGe-type crystal struct
where the Pd and Sb atoms form puckered layers. B
CePtP and CePtAs have the hexagonal YPtAs-type struc
in which the unit cell of the LiGaGe type is heaped on a
other unit cell, rotated by 60° around thec axis. Therefore,
the YPtAs-type structure has two Ce sites with the trigo
~Ce I! and hexagonal symmetry~Ce II!.

In this paper, we present high-resolution Ce 3d-4 f and
4d-4 f RPES results for CeMX. We compare the non-4f
valence-band spectra taken at the resonance minim
~3d-4 f : hn5875 eV and 4d-4 f : hn5114 eV! with the
band-structure calculations of isostructural LaMX and quan-
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titatively discuss the electronic structures of the valen
bands.26,27 Then, we analyze the Ce 4f spectra by using the
noncrossing approximation~NCA! calculation28–30 based on
the single-impurity Anderson model~SIAM!.31,32We quanti-
tatively discuss the difference between the bulk and surf
electronic structures of Ce 4f states and their substitutio
dependence.

II. EXPERIMENT

The single-crystal samples of CeMX (M5Pd,Pt,X
5P,As,Sb) were prepared by the Bridgman method in eva
ated tungsten crucibles sealed by electron beam welding
3d-4 f RPES measurements were carried out at BL-25SU
SPring-8,13 whereas the Ce 4d-4 f RPES measurements we
performed at BL-3B of the Photon Factory, High Ener
Accelerator Research Organization,33 by using the
GAMMADATA-SCIENTA SES-200 hemispherical electro
analyzer. We carried out the 3d-4 f RPES measurement
with improved energy resolution of;100 meV full width at
half maximum~FWHM! compared with the previous work.34

The FWHM was about 50 meV for the 4d-4 f RPES study.
The samples were cooled down to 20 K. The clean surfa
were obtained byin situ repeated scraping until no contam
nation could be detected in the photoemission regions of
O 1s, C 1s ~for 3d-4 f RPES minimum!, and O 2p ~for
4d-4 f RPES minimum! signals. The base pressure w
;4310210 Torr during the measurements.

III. RESULTS AND DISCUSSION

A. Resonance photoemission spectra

The 3d-4 f core absorption spectra were first measu
with high resolution. Then the RPES spectra were measu
at different photon energies. The spectra were rather sim
to that of CePdSn.35 The RPES Ce 4f spectral shape depend
slightly upon the excitation photon energy as seen in Fig
of this reference. However, the differences in the cases
CePtX and CePdX are not very large compared with th
difference between the 3d-4 f and 4d-4 f RPES. Therefore,
the on-resonance spectra measured at the higher-energy
~;882 eV! of the main absorption band are shown in th
manuscript. The left panels of Fig. 1 show the 4f compo-
nents for CePtP~upper panel! and CePtAs~lower panel!. The
shaded spectra represent the ‘‘bulk-sensitive’’ 3d-4 f RPES
spectra, whereas the dashed curves show the ‘‘surf
sensitive’’ 4d-4 f spectra. All spectra are normalized to th
same area after the subtraction of the integral-type ba
ground from the raw spectra. The 4f spectra are then ob
tained by subtracting the non-4f spectra ~resonance-
minimum spectra, whose shapes are given in the right pa
but their intensities are much weaker as shown later! from
the resonance-maximum spectra. The 4f spectra of these
compounds consist of two prominent structures at the bi
ing energy (EB) of ;0.5 and 2–3 eV. These structures co
respond to the bonding~B! and antibonding~A! final states
due to the hybridization between the Ce 4f and other
valence-band states. The bonding and antibonding state
described as the mixed states between the 4f 1L and 4f 0
9-2
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HIGH-RESOLUTION RESONANCE PHOTOEMISSION . . . PHYSICAL REVIEW B65 195109
configurations in the photoemission final states. Here, thL
means a hole in the ligand band. The peakB is mainly com-
posed of the 4f 1L component while the structureA is mainly
composed of the 4f 0 character. The 4f 1L final state arises
from the transfer of an electron from the valence-band st
to the 4f levels in order to screen the potential of the fin
state Ce 4f hole. Thus, the bonding~antibonding! peak is
often called the ‘‘well-screened’’~‘‘poorly screened’’! peak.

The peak structuresB of both compounds are relativel
enhanced in the 3d-4 f RPES spectra compared to those
the 4d-4 f RPES. On the other hand, the peak structuresA in
the 4d-4 f RPES are relatively suppressed and weake
into shoulder structures in the 3d-4 f RPES. These spectra
line shapes indicate the difference of the hybridization of
Ce 4f states with the valence-band states between the
and surface. For the 3d-4 f spectra, the intensity ratio ofB to
A of CePtP is larger than that of CePtAs as shown in Tabl
This result shows a stronger hybridization strength in Ce
than in CePtAs.

The insets of Fig. 1 display the high-resolution RPE
~HRPES! spectra in the vicinity ofEF taken at the Ce 3d-4 f
(DE;100 meV) and 4d-4 f (DE;50 meV) thresholds.
These results are tentatively normalized by the heigh
around 1.0 eV. The HRPES spectra have a weak hump a
peak~or shoulder! structure nearEF as shown by the vertica
bars. These structures originate from the tail of the Kon
resonance (4f 5/2) and its spin-orbit sideband (4f 7/2). If the
3d-4 f and 4d-4 f HRPES spectra are compared, it is notic
that the difference is more prominent in CePtP than in C
tAs. This result indicates that the Kondo resonance deve
more in the bulk of CePtP.

In order to understand the valence-band structures
CePtX (X5P,As), we present the non-4f valence-band spec
tra taken at the resonance minimum, namely, athn
;875 eV~shaded areas! andhn;114 eV~dashed curves! in
the right panels of Fig. 1. The weight of the resonan
minimum spectrum is much less than that of the resonan
maximum spectrum. For example, the intensity ratio of
resonance-maximum to resonance-minimum spectrum
CePtP is;23 ~3.4! for the 3d-4 f (4d-4 f ) results. These
resonance-minimum spectra of both compounds have ra
similar shapes in regard to the main broad peak struct
through 3 to 5 eV, the weak shoulder structure at around 6
and the hump structure near 1.5 eV along with the tende
of intensity decrease towardEF . The similarity between the
3d-4 f and 4d-4 f results is ascribed to the strong Pt 5d
contributions with the large photoionization cross section
these excitation energies. The finite density of states~DOS!

TABLE I. The intensity~peak height! ratios of the peakB to A
in the Ce 4f PES spectra.

X

CePtX CePdX

3d-4 f RPES 4d-4 f RPES 3d-4 f RPES 4d-4 f RPES

P 3.1 1.2 2.3 1.2
As 2.0 1.1 3.1 1.0
Sb 1.9 0.7
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and the Fermi cutoff are clearly observed atEF in the spec-
trum of CePtP, while the spectral intensity of CePtAs redu
almost linearly towardsEF and little DOS remains just a
EF . We consider that this larger DOS atEF of CePtP causes
the above-mentioned stronger hump and shoulder struct
of the Ce 4f spectra in the HRPES spectra of CePtP~left
upper inset!.

Next, the 3d-4 f and 4d-4 f RPES spectra of CePdX (X
5P,As,Sb) are shown in Fig. 2. All 4f spectra in the left
panels are obtained by subtracting the non-4f components.
In addition, these spectra are normalized to the same a
The 4f components of CePdX consist of the two peak struc
tures at around 3 eV~A! and 1 eV ~B! as in the case of
CePtX. In the whole valence-band region, peakB is much
enhanced in the bulk-dominated 3d-4 f spectra compared
with the surface-dominated 4d-4 f spectra, representing th
stronger hybridization strength in the bulk. As summarized
Table I, the intensity ratios ofB to A decrease from CePdP t
CePdSb in the 4d-4 f spectra, while the ratio is the largest
CePdAs in the 3d-4 f spectra. These results reveal the s
nificant differences in hybridization between the bulk a
surface. The insets represent HRPES spectra nearEF . These
HRPES spectra of CePdX have weak shoulder structures
the vicinity of EF . These structures are derived likewis
from the tail of the Kondo resonance (4f 5/2) and its spin-
orbit partner (4f 7/2).

FIG. 1. Left panels: Ce 3d-4 f resonance photoemission spect
~RPES! of CePtX (X5P,As) in comparison with the Ce 4d-4 f
RPES. The insets display high-resolution RPES~HRPES! spectra
near EF . Right panels: Comparison of the resonance-minim
spectra of CePtX taken athn;875 eV and 114 eV, representing th
non-4f valence-band structures. The spectral weight of
resonance-maximum to resonance-minimum spectra is arbitrar
9-3
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T. IWASAKI et al. PHYSICAL REVIEW B 65 195109
The right panels of Fig. 2 show the resonance-minim
spectra of CePdX, corresponding to the non-4f valence-band
states. The spectral weight of the resonance-maximum
resonance-minimum spectrum of CePdP is;21 ~6.4! for the
3d-4 f (4d-4 f ) results. We compare the resonanc
minimum spectra in the 3d-4 f ~shaded areas! and the 4d-4 f
~dashed curves! excitation regions. The 3d-4 f resonance-
minimum spectra of CePdX are composed of the prominen
peak structure at;3.5 eV, the hump or peak structure
;1.3 eV and the tail near 5 eV. The 4d-4 f resonance-
minimum spectra also have three corresponding structu
though the relative intensities are different. The broad str
tures clearly observed in the 4d-4 f results at;10 eV are
originating from the pnictogenXs states, whose intensity i
very small in the 3d-4 f results due to the relatively wea
cross sectionssXs /sPd4d;0.06 at 875 eV.36 One notices that
the intensities of the peaks near 3.5 eV relative to the 1.3
structures are noticeably stronger for the 3d-4 f spectra than
for the 4d-4 f ones. This is because the photon energyhn
;114 eV corresponds to the Cooper minimum for the Pdd
states, which predominate near 3.5 eV.36 The linearly de-
creasing intensities towardEF and very low DOS atEF are
observed in both 3d-4 f ~bulk! and 4d-4 f ~surface!
resonance-minimum spectra, suggesting that the hybrid
tion strengths of the Ce 4f states with these valence-ban

FIG. 2. Left panels: Comparison of the Ce 3d-4 f RPES of
CePdX (X5P,As,Sb) with the Ce 4d-4 f RPES. The insets show
HRPES spectra nearEF . Right panels: Non-4f valence-band spec
tra of CePdX taken in the resonance-minimum regio
(3d-4 f :875 eV,4d-4 f :114 eV). The spectral weight of th
resonance-maximum to resonance-minimum spectra is arbitrar
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states are very weak nearEF . This situation explains the
rather weak 4f -derived shoulder structures nearEF in both
bulk- and surface-sensitive HRPES spectra~left insets!.

B. Comparison of resonance-minimum spectra with
band-structure calculations

In Figs. 3 and 4 are compared the experimental results
CePtX and CePdX with the results of the band-structure ca
culations for isostructural La compounds LaPtX and LaPdX
performed by a full-potential linear augmented plane-wa
method.26,27,37,38The calculated results are convoluted by
Lorentzian function, originating from the lifetime of the pho
toemission final states, and then by a Gaussian function w
a fixed FWHM of 100 meV corresponding to the experime
tal resolution.39 Referring to the previous report based on t
self-energy method,40 we approximate the width of the
Lorentzian as the square of the binding energy~eV! up to the
maximum FWHM value of 0.25 eV in the high-energy r
gion. We also consider the photoionization cross sectios
for each orbital at the excitation energies of 875 eV and 1
eV.36 We summarize the convoluted partial density of sta
~PDOS! of the primary orbital for each element at the botto
of each panel of Figs. 3 and 4. The thick solid curves sta
for the sum of these three PDOS curves. In Fig. 3 for CePX,
we compare the non-4f valence-band spectra~open circles!
taken at the 3d-4 f ~left panels! and 4d-4 f ~right panels!
resonance-minimum excitation energies with the results
band-structure calculations for LaPtX.26 In the left panels of

FIG. 3. Resonance-minimum spectra of CePtX (X5P,As) taken
near the Ce 3d and 4d thresholds compared with the results of th
band-structure calculation for LaPtX (X5P,As), which are broad-
ened by a Gaussian and a Lorentzian function, considering the
tive photoionization cross sections. See text for details.
9-4
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HIGH-RESOLUTION RESONANCE PHOTOEMISSION . . . PHYSICAL REVIEW B65 195109
Fig. 3, the calculated results~thick solid curves! well repro-
duce the 3d-4 f experimental results. The Pt 5d contribution
is dominant in the whole valence-band region because
photoionization cross section ratios of the Pt 5d to other
orbitals aresPt5d /sLa5d;19 andsPt5d /sXp;10– 20 athn
;875 eV.36

The right panels of Fig. 3 compare the band-struct
calculations26 with the surface-sensitive resonance-minimu
spectra~open circles! taken athn;114 eV. At this photon
energy, sPt5d /sLa5d;40 and sPt5d /sXp;6 – 8 for X5As
and Sb, then the Pt 5d contribution is still dominant in these
valence-band spectra. For the case of CePtP, howe
sPt5d /sP3p;1.6.36 The calculated results represented by
thick solid curves well reproduce the experimental results
these materials. For CePtP, the contribution of the P 3p com-
ponent to the structures at around 1.5 eV and 6.0 eV ar
large as the contribution from the Pt 5d component. Thus
we consider that the structures at;6.0 eV are derived from
the bonding states between the Pt 5d and P 3p states and the
shoulder structures at around 1.5 eV arise from their a
bonding states. The main peak structures ranging from 3
eV are originating from the nonbonding states of the Ptd
states. The similar interpretation is applicable to the cas
CePtAs. It is thus confirmed that the band-structure calc
tion for LaPtX well describes the valence-band spectra

FIG. 4. Comparison of the 3d-4 f and 4d-4 f resonance-
minimum spectra of CePdX (X5P,As,Sb) with the partial density
of states~PDOS! obtained by the band-structure calculation f
LaPdX (X5P,As,Sb). The PDOS are convoluted by a Gaussian
a Lorentzian function, taking the photoionization cross sections
account.
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rived from the resonance-minimum spectra by taking
photoionization cross sections into account. Some discrep
cies between the experimental and calculated results, par
larly in the 4d-4 f energy region, may come from the surfa
effect. However, the surface effect is less obvious in
valence-band spectra of CePtX than in the Ce 4f spectra.

Figure 4 likewise compares the PDOS obtained by
band-structure calculations for LaPdX26,27 with the experi-
mental non-4f valence-band spectra of CePdX. In the 3d-4 f
resonance minimum spectra displayed in the left panels
Fig. 4, the Pd 4d contributions are much stronger than oth
components in the whole valence-band region because o
large cross section of the Pd 4d states in this energy regio
~hn;875 eV: sPd4d /sXp;20 andsPd4d /sLa5d;30!.36 The
thick solid curves obtained by adding the PDOS compone
well reproduce the experimental spectra, namely, the m
peak at around 3.5 eV, a shoulder at around 5.0 eV, an
hump or peak structure at around 1.3 eV. It is thus found t
the 3d-4 f resonance-minimum spectra for CePdX are pre-
dominantly composed of the Pd 4d states.

The right panels of Fig. 4 display the PDOS of LaPdX
and the relatively surface-sensitive valence-band spectra
CePdX taken athn;114 eV. This excitation photon energ
corresponds to the Cooper minimum of the Pd 4d states.
Thus, the relative cross section ratios of the Pd 4d states to
others aresPd4d /sXp;1 – 4 andsPd4d /sLa5d;20.36 Here,
the experimental spectra are not well reproduced by the
culation, in particular, in the case of CePdP. However,
assuming relative suppression ofsPd4d in the Cooper mini-
mum region down to 1/2 of the predicted value,36 the ob-
served spectra of CePdAs and CePdSb are well reprodu
The deviation ofs from the predicted value36 is quite pos-
sible in the Cooper minimum region in solids. Thus t
band-structure calculations almost reproduce the valen
band spectra of CePdAs and CePdSb by considering thehn
dependence of the photoionization cross sections. The s
tures at around 1.3 and 5.0 eV correspond to thep-d anti-
bonding and bonding states. Some noticeable difference
main between the calculated DOS and the experime
spectra in the case of CePdP for both 4d-4 f and 3d-4 f
resonance minimum spectra. The energy separation betw
the bonding and antibonding parts located at around 1.3
4–5 eV seems to be too large in the calculation. This may
arising from the ignorance of the final-state hybridization
the valence bands~with the Ce 4f states! in the band-
structure calculation for La system. In this respect, the
bridization strengthrV2(E) of CePdP is the strongest ne
2.0 eV. In this system of CePdX, the surface effect is again
less obvious than for the Ce 4f spectra.

C. Analyses of the Ce 4f spectra

In order to discuss the differences of the Ce 4f electronic
structures among CeMX series as well as between the bu
and surface, we have calculated the Ce 4f spectra by the
NCA method within SIAM. The surface/bulk intensity rati
I s /I b is given by exp@d/(l cosu)#21. Here, d means the
thickness of the surface layer andl is the mean-free path o
the photoelectrons as a function of the kinetic energy. T

d
o
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T. IWASAKI et al. PHYSICAL REVIEW B 65 195109
values ofl were determined by using the formula for th
inelastic mean-free path proposed by Tanuma, Powell,
Penn41 and are estimated to be about 17 and 5 Å at the
3d-4 f and Ce 4d-4 f RPES, respectively. The value ofd is
assumed to be the nearest neighbor Ce-Ce distance. The
ues of theI s /I b are approximately 1.3 and 0.3 for the C
4d-4 f and Ce 3d-4 f RPES, respectively. We choose th
parameters so as to reproduce both the peak positions an
spectral shapes by a sum of surface and bulk compon
with the givenI s /I b weight. In our previous work,34 we have
found that the resonance-minimum spectra do not faithfu
reflect the energy dependence of the strength of hybrid
tion, rV2(E), with the Ce 4f states and that the prope
rV2(E) for CeMX emphasize the antibonding states b
tween theMd andXp states.

The solid~dashed! lines in Fig. 5~a! show the energy de
pendence ofrV2(E) and the bare 4f 5/2 level energiese f used
for the bulk ~surface! 4 f spectral calculation of CePtX. The
PDOS of theXp states obtained by the band-structure cal
lations for LaPtX (X5P,As) are also reproduced in Fig
5~a!.26 TheserV2(E) emphasize the hybridization of the C
4 f states with the antibonding states between the Pt 5d and
pnictogenXp states at around 1.3 eV as indicated by t
dotted lines. TherV2(E) are assumed to decrease linea
toward EF according to the experimental spectral featur
Considering the finite DOS of the conduction-band states,
also assume constant DOS aboveEF with rV2(EF)59.5 and
7.5 meV for CePtP and CePtAs, respectively. We sete f to
1.6 ~2.7! and 1.7~2.5! eV for the bulk ~surface! spectra of
CePtP and CePtAs, respectively. Here, the spin-orbit split
of the Ce 4f states is set to 0.27 eV for both compounds

The left panels of Fig. 5~b! show the experimental 3d-4 f
RPES spectra~open circles! for CePtX and the calculated
results~thick solid curves! that are the sum of the bulk an
surface components with the estimated ratios ofI s /I b
;0.28 for both CePtP and CePtAs. The calculated cur
semiquantitatively reproduce the 3d-4 f experimental results
It is noticed that the bulk contributions are dominant in t
whole energy region.

On the other hand, the surface-sensitive 4d-4 f spectra
~open circles! are compared in the right panels with the NC
calculation~thick solid curves!, the sum of the surface an
bulk spectra with the intensity ratios ofI s /I b;1.35 and 1.31
for CePtP and CePtAs, respectively. The NCA calculat
also reproduces the experimental results. It is thus rec
nized in the 4d-4 f RPES that the surface Ce 4f components
strongly influence the spectral shape in the high-bindi
energy region near 2.5 eV. As shown in Fig. 5~a!, the surface
effect is mostly represented by the shift of the bare Cef
levels.

Some quantitative discrepancies between the experim
tal and calculated results are seen in Fig. 5~b!. For example,
the surface contribution near 2 eV in the calculated resu
larger than the experimental 3d-4 f result in CePtP wherea
it is comparable to the 4d-4 f RPES result. In addition, the
energy position of the antibonding peak in the calcula
4d-4 f curve in CePtAs is lower~smaller! than that in the
experimental result. These discrepancies near the antib
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ing peaks suggest a more complicated surface contribut
for example, the possibility of the contribution of the seco
surface layer, which has different electronic structures co
pared with the first surface layer. However, such a discuss
is much more difficult than the case of Yb compoun
~where the contribution of the second surface layer is clea
observed42! and is beyond the discussion of the prese
paper.

Similar results are shown for CePdX (X5P,As,Sb) in
Figs. 6~a! and 6~b!. We calculate the bulk~surface! 4 f spec-
trum with e f of 1.7 ~2.7!, 1.6 ~2.7!, and 1.7~2.7! eV for

FIG. 5. ~a! PDOS of the pnictogenXp states of CePtX (X
5P,As) are compared with the optimizedrV2(E) employed in the
NCA calculation and represented by the solid~dashed! lines for the
bulk ~surface! component.~b! Comparison of the 3d-4 f ~left pan-
els! and 4d-4 f RPES~right panels! spectra with the results of NCA
calculations.
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CePdP, CePdAs, and CePdSb, respectively. The spin-
splitting of the Ce 4f states is set to 0.27 eV. The energies
the maximum ofrV2(E), ep , indicated by the dotted line

FIG. 6. ~a! Comparison of the optimizedrV2(E) and other pa-
rameters used in the NCA calculation with the PDOS of the pn
togenXp states.~b! Ce 4f spectra of CePdX (X5P,As,Sb) taken by
means of the 3d-4 f ~left panels! and 4d-4 f ~right panels! RPES are
compared with the results of NCA calculation.
19510
bit
f

are 2.0, 2.3, and 2.1 eV for CePdP, CePdAs, and CeP
respectively.

In Fig. 6~b!, the NCA calculations~thick solid curves! are
compared with the experimental 4f spectra~open circles!.
For the 3d-4 f RPES, the surface/bulk intensity ratiosI s /I b
for CePdP, CePdAs, and CePdSb are evaluated as 0.27,
and 0.26, respectively. The calculated results well explain
3d-4 f RPES spectra as shown in the left panels. The b
contributions are predominant in the whole energy range

The right panels compare the calculated results with
surface-sensitive 4d-4 f RPES spectra. The experiment
spectra are fairly reproduced by the calculated curves w
I s /I b;1.33 ~CePdP!, 1.29 ~CePdAs!, and 1.26~CePdSb!,
respectively. Generally speaking, the spectral differen
among these compounds are explained by the material
pendence ofrV2(E), its maximumep , and the bare Ce 4f
level energye f , by means of SIAM. Here again, the surfac
effect is mainly described by the shift of the bare 4f level as
shown in Fig. 6~a!. However, still some discrepancies a
seen near 3 eV in the 4d-4 f RPES of CePdAs and CePdS
as in CePtAs. In addition, a hump near 2 eV in the calcula
result of CePdAs is not observed in the 4d-4 f RPES result.
A corresponding discrepancy between the calculated and
perimental spectra is also recognized in the 3d-4 f RPES in
CePdAs. Such discrepancies may be resulting from the p
sible overestimation ofrV2(E) in CePdAs near 2.3 eV
There may be still some rooms to improve the fitting
employing more sophisticated shapes ofrV2(E).
Such a procedure is, however, beyond the scope of
present paper.

D. Discussion

We compare the employed parameters in the NCA an
ses for the present samples in Table II. In the first place,
bare 4f 5/2 level energiese f , which represent the energy po
sition before the Ce 4f states are hybridized with other va
lence bands, are almost the same between CePtX and
CePdX. Thee f of CeMX are estimated to be 1.6–1.7~2.5–
2.7! eV for the bulk ~surface!. This result shows that thes
materials have the similar surface core-level shift of;1 eV
and then the difference ofe f causes the spectral chang
between the bulk and surface. Second, the maximum p
tions ep of the rV2(E) show clear sample dependenc
namely, theep are 1.3 eV and 2.0–2.3 eV for CePtX and
CePdX, respectively.

In the case of CePtX, for example, the PDOS of theXp
states reproduced in Fig. 5~a! consist roughly of three parts
The structures from 6.3 to 4.2 eV, mainly corresponding
the p-d bonding states, and the structures from 2.7 eV toEF
are mostly derived from thep-d antibonding states. In the
region from 4.2 to 2.7 eV with the very low PDOS of thep
states, the very high PDOS of the Pt 5d nonbonding states
are located as shown in Fig. 3. The employedrV2(E) is
much different from the PDOS of the Pt 5d states. Therefore
the Xp states rather than the Pt 5d states are thought to
strongly influence the hybridization with the Ce 4f states
through thep-d antibonding states. Considering the crys

-
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structures of CePtX, the Ce atoms are far outside the Pt-X
plane. Namely, the hybridization between the Ce 4f andXpz
states is stronger than that between the Ce 4f and other
states. Theep of the employedrV2(E) in CePtX indicates a
particular region with the largeXpz component in thep-d
antibonding states.

Likewise thep-f mixing is more important than thed- f
mixing in CePdX because the usedrV2(E) does not reflect
the PDOS of the Pd 4d states as shown in Fig. 4. Again, du
to the crystal structure, thepz component of theXp states
should play an important role in the hybridization of the C
4 f states with thep-d antibonding states. In each PDOS
theXp states in Fig. 6~a!, we can recognize a few structure
namely, two broad peak or hump structures at around 1.3
and 2.1 eV ~in the antibonding states of thep-d mixed
states!, the considerably low DOS near 3 eV, and the tw
peak structures at around 4 and 5 eV~in the bonding states!.
When the PDOS are compared with the usedrV2(E), each
ep corresponds quantitatively to the hump near 2 eV in
antibonding states. Therefore, the hump structure of thep-d
mixed antibonding states should contain the largepz contri-
bution, supported by the results of the band-struct
calculations.26

Third, therV2(EF) in Table II represents the hybridiza
tion strength just atEF . The parameters of 7–10 meV i
CePtX are larger than those of 3–5 meV in CePdX for the
bulk. This parameter is directly related to the spectral wei
of the shoulder structure in the HRPES spectra nearEF . The
rV2(EF) of CePtP is the largest among the present CeMX
series in both the bulk and surface, providing the enhan
structures nearEF in the HRPES spectrum shown in the ins
of Fig. 1. TherV2(EF) should be related to the Kondo tem
perature and the effective mass of the conduction electro

TABLE II. Parameters used in the NCA calculation for the bu
and surface components. The 4f electron numbernf is obtained
from this analysis.

Bulk
e f ~eV! ep ~eV!a rV2(EF)b ~meV! D ~meV!c nf

CePtP 1.6 1.3 9.5 52 0.992
CePtAs 1.7 1.3 7.5 52 0.995
CePdP 1.7 2.0 4.5 64 0.99
CePdAs 1.6 2.3 3.2 56 0.997
CePdSb 1.7 2.1 4.0 57 0.99

Surface
e f ~eV! ep ~eV!a rV2(EF)b ~meV! D ~meV!c nf

CePtP 2.7 1.3 8.4 47 0.996
CePtAs 2.5 1.3 6.7 46 0.996
CePdP 2.7 2.0 4.0 57 0.99
CePdAs 2.7 2.3 2.4 42 0.998
CePdSb 2.7 2.1 2.5 36 0.99

aMaximum position of the energy distributionrV2(E).
bThe values ofrV2(E) at the Fermi level.
cThe average of the hybridization strength defined as the follow
D5p*0

BrV2(E)/BdE ~B represents the valence-band width
eV!.
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Although the average bulk hybridization strengthsD for
both CePtP and CePtAs are evaluated as 52 meV, the in
sity ratio of the bulk peakB to A of CePtP is noticeably
larger than that of CePtAs as seen in the first column
Table I. On the other hand, theD for the bulk components o
CePdP (D564 meV), CePdAs (D556 meV), and CePdSb
(D557 meV) have a trend of being different from the inte
sity ratios of the peakB to A. Namely, the bulk 4f spectrum
of CePdAs with the largestB/A ratio is reproduced by using
the smallestD among CePdX. In contrast to a simplified
prediction, the average hybridization strengthD is not di-
rectly related to the intensity ratio of the peakB to A in the
Ce 4f spectra. Thus, we need to consider the realistic ene
dependence of the hybridization strengthrV2(E) in quanti-
tatively reproducing the Ce 4f spectra.

The 4f spectral changes in CePtX depend mainly upon
the e f and rV2(EF). The e f sensitively varies the intensity
ratios ofB/A in CePtX while rV2(EF) influences the shoul-
der structures in the HRPES spectra nearEF . As for CePdX,
it is understood that the difference in energy separation
tween theep ande f further influences theB/A ratios of the
4 f spectra. On the other hand, the spectral changes by
substitution of Pt by Pd arise from the whole line shape
rV2(E) and its maximum positionsep as discussed above.

IV. CONCLUSION

We have performed Ce 3d-4 f and 4d-4 f RPES measure
ments for the ternary Ce pnictide CeMX (M5Pd,Pt,X
5P,As,Sb). The intensity ratios of the bonding to antibon
ing components in the bulk 4f spectra are much higher tha
those in the surface-sensitive 4d-4 f RPES spectra. The high
resolution 4f spectra of CeMX show the weak shoulde
structures nearEF corresponding to the tail of the Kond
resonance and its spin-orbit splitting sideband. The cha
teristic spectral features originate from the rather small D
of the valence-band states nearEF .

From the comparison of the non-4f valence-band spectr
with the results of the band-structure calculations of isostr
tural LaMX (M5Pd,Pt,X5P,As,Sb), we find that the
valence-band spectra are well described by the PDOS
LaMX by taking the relative photoionization cross sectio
into account. In contrast with the clear difference betwe
the surface and bulk Ce 4f spectra, the non-4f valence-band
spectra do not noticeably depend upon the surface sensit
in the present system with lowTK .

The NCA calculation shows that the energy depende
rV2(E) employed for explaining the Ce 4f spectra of CeMX
emphasizes the hybridization with the antibonding part of
p-d mixed states. It is also found that the bare 4f level shift
is the most important factor in explaining the difference b
tween the surface and bulk spectra. It is found that the
bridization strengths of the Ce 4f states in CePtX are the
strongest in the region near 1.3 eV whereas the Ce 4f states
of CePdX are strongly hybridized with the hump structure
around 2.1 eV. It is necessary to properly consider the ene
dependence of the hybridization strengthrV2(E) instead of
the average hybridization strengthD in reproducing the Ce
4 f PES spectra.

:
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