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We have performed high-resolution Cel-3f resonance photoemissigRPES measurements for low
Kondo temperatureTy) CeMX (M =Pd,PtX=P,As,Sb) and compared the results witti-4f RPES. The
experimental results reveal that the bulk Cleedectronic structures are remarkably different from those in the
surface layer even in lowWwy materials. The non#valence-band spectra are well described by the results of
the band-structure calculation of isostructuraM 4 by considering the photoionization cross sections. We
have analyzed the Cef4spectra by using a noncrossing approximation calculation based on the single-
impurity Anderson model. The calculated results successfully reproduce the experinfespedcira. We find
that the bare # level shift is the most important factor in explaining the difference between the surface and
bulk Ce 4f spectra. Moreover, the Cd 4tates of CH X are found to hybridize preferentially with a particular
part of thep-d mixed antibonding states.
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. INTRODUCTION 4d-4f RPES pv~122eV) has an advantage of good en-

) ) _ ergy resolution AE~40 meV) that enables one to observe
~In Ce compounds, their physical properties are stronglych fine structures in the vicinity of the Fermi levEly) as
influenced by the Ce #electronic structures. High-energy 5 tajl of the Kondo resonance, its crystal field excitation
spectroscopic measurements such as photoemission Spectrpsgo me\), and its spin-orbit splitting sidebané~300
copy (PES, inverse photoemission spectroscopy, and X-raymev) 34 However, Laubschaet al. first reported that the
absorption spectroscopy are very useful in investigating thepylk-sensitive” Ce 2d-4f RPES spectra h(r~882 eV)
nature of the Ce # states: However, experimental PES \were much different from those of thedd4f RPES® sug-
spectra of most Ce compounds contain overlapping contribugesting that the Ce f4electronic structures in the surface
tions from both 4 and valence-band states, which are oftenregion were remarkably different from those in the bulk re-
difficult to be disentangled. Resonance photoemission spegfion. Their results mean that the Cel-4f RPES spectra
troscopy(RPES, using synchrotron radiation, is very effec- heavily contain the surface contributions due to the short
tive in revealing the # componenté. A widely used Ce mean free path of the excited electren5 A) and the 4i-4f
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RPES has a flaw in probing bulk electronic structures. Theretitatively discuss the electronic structures of the valence
after, several works have been done for the bulk/surface Ceands’®?’ Then, we analyze the Cef 4pectra by using the

4f problem by using both the “bulk-sensitive” Ced34f  noncrossing approximatiofNCA) calculatiori®—*based on
and “surface-sensitive” d-4f RPES®~2 However, the en- the single-impurity Anderson modésIAM).3132We quanti-
ergy resolution AE~0.7 eV) of the employed Ce 34f tatively discuss the difference between the bulk and surface
RPES measurement in these works was not sufficient to reelectronic structures of Cef4states and their substitution
solve such fine structures ne@g . Thus, it has been difficult dependence.

to give detailed discussions on the difference between the

surface and bulk # electronic states. A very recent develop- Il. EXPERIMENT

ment in high-brilliance synchrotron radiation source and ad-

vanced instrumentation enables us to perform @e43 The single-crystal samples of & (M=Pd,PtX
RPES with sufficient total energy resolutionAE  =P.As,Sb) were prepared by the Bridgman method in evacu-

~100 meV)*® Now, we can perform the high-resolution ated tungsten crucibles sealed by electron beam welding. Ce
“bulk-sensitive” 3d-4f RPES and compare the results with 3d-4f RPES measurements were carried out at BL-25SU of
“surface-sensitive” 41-4f RPES measurements for Ce com- SPring-8,” whereas the Cedt4f RPES measurements were
pounds and quantitatively discuss the difference between theerformed at BL-3B of the Photon Factory, High Energy
bulk and surface # electronic structure¥ =" Accelerator Research ~Organizatith, by using the

In this study, we focus on ternary Ce pnictide compoundsGAMMADATA-SCIENTA SES-200 hemispherical electron

CeMX (M=Pd,PtX=P,As,Sb), which are well known to @analyzer. We carried out thed34f RPES measurements
exhibit various unusual properties. The hybridization be-  With improved energy resolution 6#100 meV full width at

an important role in their electronic structures in the valencethe FWHM was about 50 meV for thedd4f RPES study.

band region, in particular in the vicinity ofg.*=%° The The samples were cooled down to 20 K. The clean surfaces
present CMIX samples belong to very weakly hybridized Were obtained byn situ repeated scraping until no contami-
systems with the Kondo temperaturd,)<1K. CePtP nation could be detected in the photoemission regions of the
shows successive phase transitions from the ferromagnetfé 15, C 1s (for 3d-4f RPES minimuny and O 2 (for
ordering atTc=3.1 K and the antiferromagnetic ordering at 4d-4f RPES minimum signals. The base pressure was

. : . - - 10 i
Ty=0.9 K.?! The easy axis of CePtP lies along thexis 4X10" " Torr during the measurements.
while the electric conductivity in the plane is better than

that along the axis. CePtAs also shows anisotropy along the [ll. RESULTS AND DISCUSSION

c axis in the electric resistivity but the magnetic anisotropy is
not clearly observet??3 although the antiferromagnetic or-
dering occurs in CePtAs at around 1.0 K. The 3d-4f core absorption spectra were first measured
CePdP is a new material that exhibits a ferromagnetiovith high resolution. Then the RPES spectra were measured
ordering at 5.2 K. Although CePdAs was reported to showat different photon energies. The spectra were rather similar
antiferromagnetic ordering at aroufigy~4 K in the previ-  to that of CePdSH° The RPES Ce #spectral shape depends
ous work?* a recent study by Katoht al. reveals that it has slightly upon the excitation photon energy as seen in Fig. 2
a ferromagnetic ground state willy~6.2 K. CePdSb has a of this reference. However, the differences in the cases of
ferromagnetic ground state with a relatively high orderingCePX and CeP¥ are not very large compared with the
temperatureT c=17.5 K.2° The easy axes of these three re- difference between thed34f and 4d-4f RPES. Therefore,
ported CeP¥ compounds are found to lie in theplane. the on-resonance spectra measured at the higher-energy peak
CeMX are two-dimensional layered compounds, com-(~882 e\) of the main absorption band are shown in this
posed of the Ce layer and tih-X layer piled up along the ~ manuscript. The left panels of Fig. 1 show thé dompo-
axis. Most compounds show the anisotropy in the electri®ients for CePtRupper pangland CePtAslower panel. The
resistivity and the magnetic susceptibility. The crystal struc-shaded spectra represent the “bulk-sensitivel-8f RPES
tures of both CePdP and CePdAs are hexagonal ZrBeSi tygpectra, whereas the dashed curves show the “surface-
with the Pd and For As) atoms in the same plane. CePdSbsensitive” 4d-4f spectra. All spectra are normalized to the
and CePtSb have hexagonal LiGaGe-type crystal structureame area after the subtraction of the integral-type back-
where the Pd and Sb atoms form puckered layers. Botlground from the raw spectra. Thef 4pectra are then ob-
CePtP and CePtAs have the hexagonal YPtAs-type structurtgined by subtracting the norf4 spectra (resonance-
in which the unit cell of the LiGaGe type is heaped on an-minimum spectra, whose shapes are given in the right panels
other unit cell, rotated by 60° around tleeaxis. Therefore, but their intensities are much weaker as shown )di@m
the YPtAs-type structure has two Ce sites with the trigonathe resonance-maximum spectra. The gpectra of these
(Ce l) and hexagonal symmetie II). compounds consist of two prominent structures at the bind-
In this paper, we present high-resolution Cé-8f and ing energy Eg) of ~0.5 and 2-3 eV. These structures cor-
4d-4f RPES results for QdX. We compare the nonf4 respond to the bondin¢B) and antibondingA) final states
valence-band spectra taken at the resonance minimudue to the hybridization between the Cd 4nd other
(3d-4f: hv=875eV and 4-4f: hv=114e\) with the valence-band states. The bonding and antibonding states are
band-structure calculations of isostructuraM% and quan- described as the mixed states between th& 4and 4f°

A. Resonance photoemission spectra
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TABLE |. The intensity(peak heightratios of the pealB to A Ce 4f spectra

Val -band t
in the Ce 4 PES spectra. alence-band spectra

HRPES
Cedf

7‘/2 B

CePK CePKX
CePtP

Resonance-minimum

hv =875eV
—=——hv=114eV

X  3d-4f RPES 4l-4f RPES 3I-4f RPES 4l-4f RPES

P 3.1 1.2 2.3 1.2
As 2.0 11 3.1 1.0
Sb 1.9 0.7

A

configurations in the photoemission final states. Herelthe
means a hole in the ligand band. The p&ais mainly com-
posed of the 4L component while the structureis mainly
composed of the # character. The #L final state arises
from the transfer of an electron from the valence-band states
to the 4f levels in order to screen the potential of the final
state Ce 4 hole. Thus, the bondingantibonding peak is
often called the “well-screened(*poorly screened’) peak.

The peak structureB of both compounds are relatively
enhanced in the 84f RPES spectra compared to those in
the 4d-4f RPES. On the other hand, the peak structéres
the 4d-4f RPES are relatively suppressed and weakened
into shoulder structures in thed34f RPES. These spectral 10 5 0
line shapes indicate the difference of the hybridization of the binding energy (eV)

Ce 4f states with the valence-band states between the bulk

and surface. For thed34f spectra, the intensity ratio & to FIG. 1. Left panels: Ce @ 4f resonance photoemission spectra
A of CePtP is larger than that of CePtAs as shown in Table I(RPES of CePX (X=P,As) in comparison with the Ced44f
This result shows a stronger hybridization strength in CePtRPES. The insets display high-resolution RPERPES spectra
than in CePtAs. near Er. Right panels: Comparison of the resonance-minimum

The insets of Fig. 1 display the high-resolution RPESspectra of CeRX taken athv~875 eV and 114 eV, representing the
(HRPES spectra in the vicinity oE taken at the Ce @-4f non-4f valence-band structures. The spectral weight of the
(AE~100 meV) and 4-4f (AE~50meV) thresholds. resonance-maximum to resonance-minimum spectra is arbitrary.

These results are tentatively normalized by the height a& - -

nd the Fermi cutoff are clearly observedggt in the spec-
around 1.0 eV. The HRPES spectra have a weak hump andtﬂjm of CePtP, while the spectral intensity of CePtAs reduces
peak(or shouldey structure neakr as shown by the vertical 5ot |inearly towardsE; and little DOS remains just at
bars. These structures originate from the tail of the KonquF_ We consider that this larger DOSBE of CePtP causes
resonance (#;;) and its spin-orbit sideband {4,). If the  the apove-mentioned stronger hump and shoulder structures
3d-4f and 4d-4f HRPES spectra are compared, it is noticedof the Ce 4 spectra in the HRPES spectra of CePift
that the difference is more prominent in CePtP than in CePypper inset

tAs. This result indicates that the Kondo resonance develops Next, the 3i-4f and 4d-4f RPES spectra of CeRXd(X
more in the bulk of CePtP. =P,As,Sb) are shown in Fig. 2. Allf4spectra in the left

In order to understand the valence-band structures Qbanels are obtained by subtracting the ndneémponents.
CePK (X=P,As), we present the nornF4alence-band spec- In addition, these spectra are normalized to the same area.
tra taken at the resonance minimum, namely, ket  The 4f components of CePdconsist of the two peak struc-
~875 eV(shaded areasindhv~ 114 eV(dashed curvesn tures at around 3 eYA) and 1 eV(B) as in the case of
the right panels of Fig. 1. The weight of the resonance-CePX. In the whole valence-band region, peBks much
minimum spectrum is much less than that of the resonanceenhanced in the bulk-dominatedd-3tf spectra compared
maximum spectrum. For example, the intensity ratio of thewith the surface-dominatedd44f spectra, representing the
resonance-maximum to resonance-minimum spectrum dtronger hybridization strength in the bulk. As summarized in
CePtP is~23 (3.4) for the 3d-4f (4d-4f) results. These Table I, the intensity ratios d8 to A decrease from CePdP to
resonance-minimum spectra of both compounds have rath€ePdSb in the d-4f spectra, while the ratio is the largest in
similar shapes in regard to the main broad peak structureSePdAs in the 8-4f spectra. These results reveal the sig-
through 3 to 5 eV, the weak shoulder structure at around 6 eViificant differences in hybridization between the bulk and
and the hump structure near 1.5 eV along with the tendencgurface. The insets represent HRPES spectraleailhese
of intensity decrease towalif- . The similarity between the  HRPES spectra of CeRdhave weak shoulder structures in
3d-4f and 4d-4f results is ascribed to the strong Pd 5 the vicinity of Er. These structures are derived likewise
contributions with the large photoionization cross section afrom the tail of the Kondo resonance fi#,) and its spin-
these excitation energies. The finite density of stéf¥#3S) orbit partner (4;,).

intensity (arb. units)

CePtAs e,
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Cedfspectra  Valence-band spectra Valence band
T I T T
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B| | CePdP Cale.  ox Cale.
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CePdSb
binding energy (eV)
o, 3
0 10 5 0 FIG. 3. Resonance-minimum spectra of C&PX=P,As) taken
binding energy (eV) near the Ce 8 and 4 thresholds compared with the results of the

band-structure calculation for Lalt{X=P,As), which are broad-
FIG. 2. Left panels: Comparison of the Cal-3f RPES of e_ned by a_Ge_tuss_ian and a Lorgntzian function, consit_jering the rela-
CePX (X=P,As,Sb) with the Ce d-4f RPES. The insets show tive photoionization cross sections. See text for details.
HRPES spectra ne&i: . Right panels: Non-# valence-band spec-
tra of CePX taken in the resonance-minimum regions states are very weak ne&f. This situation explains the
(3d-4f:875eV,4l-4f:114 eV). The spectral weight of the rather weak 4-derived shoulder structures ne&g in both
resonance-maximum to resonance-minimum spectra is arbitrary. pylk- and surface-sensitive HRPES spectedt insets.

The right panels of Fig. 2 show the resonance-minimum

spectra of CePX, corresponding to the nonf4alence-band B. Comparison of resonance-minimum spectra with
states. The spectral weight of the resonance-maximum to band-structure calculations
resonance-minimum spectrum of CePdP-1 (6.4) for the In Figs. 3 and 4 are compared the experimental results for

3d-4f (4d-4f) results. We compare the resonance-CePX and CeP¥ with the results of the band-structure cal-
minimum spectra in the®-4f (shaded areasind the 4I-4f  culations for isostructural La compounds LXRind LaP&
(dashed curvegsexcitation regions. The &4f resonance- performed by a full-potential linear augmented plane-wave
minimum spectra of CePdare composed of the prominent method?®2”:3"*The calculated results are convoluted by a
peak structure at-3.5 eV, the hump or peak structure at Lorentzian function, originating from the lifetime of the pho-
~1.3 eV and the tail near 5 eV. Thed44f resonance- toemission final states, and then by a Gaussian function with
minimum spectra also have three corresponding structures, fixed FWHM of 100 meV corresponding to the experimen-
though the relative intensities are different. The broad structal resolutior® Referring to the previous report based on the
tures clearly observed in thed44f results at~10 eV are  self-energy metho® we approximate the width of the
originating from the pnictogeiXs states, whose intensity is Lorentzian as the square of the binding endi@y) up to the
very small in the 8l-4f results due to the relatively weak maximum FWHM value of 0.25 eV in the high-energy re-
Cross sectionsys/ opgq~ 0.06 at 875 eV° One notices that gion. We also consider the photoionization cross seciion
the intensities of the peaks near 3.5 eV relative to the 1.3-eV¥or each orbital at the excitation energies of 875 eV and 114
structures are noticeably stronger for the-3f spectra than eV We summarize the convoluted partial density of states
for the 4d-4f ones. This is because the photon enengy (PDOS of the primary orbital for each element at the bottom
~114 eV corresponds to the Cooper minimum for the Eld 4 of each panel of Figs. 3 and 4. The thick solid curves stand
states, which predominate near 3.5%\The linearly de- for the sum of these three PDOS curves. In Fig. 3 for Pt
creasing intensities towarl- and very low DOS aEr are  we compare the nonfdvalence-band specti@pen circley
observed in both 8-4f (bulk) and 4d-4f (surface@ taken at the @-4f (left panelg and 4d-4f (right panel$
resonance-minimum spectra, suggesting that the hybridizaesonance-minimum excitation energies with the results of
tion strengths of the Ce f4states with these valence-band band-structure calculations for LaR® In the left panels of

195109-4



HIGH-RESOLUTION RESONANCE PHOTOEMISSION . .. PHYSICAL REVIEW & 195109

Valence band rived from the resonance-minimum spectra by taking the
=875 eV PREFFIRY photoionization cross sections into account. Some discrepan-
e Expt, e Expt. cies between the experimental and calculated results, particu-

Cale. larly in the 4d-4f energy region, may come from the surface

effect. However, the surface effect is less obvious in the
valence-band spectra of CePthan in the Ce 4 spectra.

Figure 4 likewise compares the PDOS obtained by the
band-structure calculations for LaR®f?” with the experi-
mental non-4 valence-band spectra of CeRdn the 3-4f
resonance minimum spectra displayed in the left panels of
Fig. 4, the Pd 4 contributions are much stronger than other
components in the whole valence-band region because of the
large cross section of the Pdli4tates in this energy region
(hv~875 eV: pgat/ oxp~20 andopga/ o asa~30).>° The
thick solid curves obtained by adding the PDOS components
. well reproduce the experimental spectra, namely, the main
e peak at around 3.5 eV, a shoulder at around 5.0 eV, and a
hump or peak structure at around 1.3 eV. It is thus found that
the 3d-4f resonance-minimum spectra for CePdre pre-
dominantly composed of the Pdi4states.

= Cale,

CePdP §

CePdAs

intensity (arb. units)

Asdp

o= ==La5d ‘

CePdSb The right panels of Fig. 4 display the PDOS of LaPd
, and the relatively surface-sensitive valence-band spectra for
e S Lo CePK taken athv~114 eV. This excitation photon energy
e T~ s corresponds to the Cooper minimum of the Pd dgtates.
5 - ‘5 e S Thus, the relative cross section ratios of the Rdsfates to

others areopyy/oxp~1—4 andopga!/ o asq~20>° Here,
the experimental spectra are not well reproduced by the cal-

FIG. 4. Comparison of the B4f and 4d-4f resonance- Cculation, in particular, in the case of CePdP. However, by
minimum spectra of CePd(X=P,As,Sb) with the partial density assuming relative suppression @f,4q in the Cooper mini-
of states(PDOS obtained by the band-structure calculation for mum region down to 1/2 of the predicted vafitethe ob-
LaPdX (X=P,As,Sb). The PDOS are convoluted by a Gaussian angerved spectra of CePdAs and CePdSb are well reproduced.
a Lorentzian function, taking the photoionization cross sections intalhe deviation ofs from the predicted vali is quite pos-
account. sible in the Cooper minimum region in solids. Thus the

band-structure calculations almost reproduce the valence-

Fig. 3, the calculated resulthick solid curvegwell repro-  band spectra of CePdAs and CePdSb by considering the
duce the 8-4f experimental results. The Pt&ontribution  dependence of the photoionization cross sections. The struc-
is dominant in the whole valence-band region because thtures at around 1.3 and 5.0 eV correspond to pkek anti-
photoionization cross section ratios of the Rt ®© other  bonding and bonding states. Some noticeable differences re-
orbitals areopsq/ o a5¢~19 andopiq/ox,~10-20 athy  main between the calculated DOS and the experimental
~875eV3® spectra in the case of CePdP for bott-4f and 3-4f

The right panels of Fig. 3 compare the band-structureesonance minimum spectra. The energy separation between
calculationé® with the surface-sensitive resonance-minimumthe bonding and antibonding parts located at around 1.3 and
spectra(open circley taken athv~114 eV. At this photon 4-5 eV seems to be too large in the calculation. This may be
energy, opisq/ oasa~40 and opiq/ox,~6-8 for X=As  arising from the ignorance of the final-state hybridization of
and Sb, then the Ptdbcontribution is still dominant in these the valence bands$with the Ce 4 state$ in the band-
valence-band spectra. For the case of CePtP, howevestructure calculation for La system. In this respect, the hy-
crpt5d/ap3p~1.6.36 The calculated results represented by thebridization strengthpVZ(E) of CePdP is the strongest near
thick solid curves well reproduce the experimental results fo2.0 eV. In this system of CeRd the surface effect is again
these materials. For CePtP, the contribution of thggR8m-  less obvious than for the Cef &pectra.
ponent to the structures at around 1.5 eV and 6.0 eV are as
large as the contribution from the Pd5omponent. Thus,
we consider that the structures-a6.0 eV are derived from
the bonding states between the Bt&nd P $ states and the In order to discuss the differences of the Cleelectronic
shoulder structures at around 1.5 eV arise from their antistructures among @&X series as well as between the bulk
bonding states. The main peak structures ranging from 3 to &nd surface, we have calculated the Cle spectra by the
eV are originating from the nonbonding states of the &t 5 NCA method within SIAM. The surface/bulk intensity ratio
states. The similar interpretation is applicable to the case df;/l,, is given by expd/(\ cosf)]—1. Here,d means the
CePtAs. It is thus confirmed that the band-structure calculathickness of the surface layer ands the mean-free path of
tion for LaPX well describes the valence-band spectra dethe photoelectrons as a function of the kinetic energy. The

binding energy (eV)

C. Analyses of the Ce 4 spectra
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values of\ were determined by using the formula for the —
inelastic mean-free path proposed by Tanuma, Powell, and . CePtP 1
Pent! and are estimated to be about 17 and 5 A at the Ce 60 ST & 1
3d-4f and Ce 4l-4f RPES, respectively. The value dfis L S:rface ' ]
assumed to be the nearest neighbor Ce-Ce distance. The val- 4o :
ues of thel¢/l, are approximately 1.3 and 0.3 for the Ce [ P3pPDOS ' ; ]
4d-4f and Ce 3-4f RPES, respectively. We choose the 20F N —T==1:p |
parameters so as to reproduce both the peak positions and the
spectral shapes by a sum of surface and bulk components i ]
with the givenl /1, weight. In our previous work? we have 60 L CePtAs ]
found that the resonance-minimum spectra do not faithfully [ . ]
reflect the energy dependence of the strength of hybridiza- 40 b | ]
tion, pV?(E), with the Ce 4 states and that the proper [ As 4p PDOS | ]
pVZ(E) for CeMX emphasize the antibonding states be- 20 F \ === —
tween theMd and Xp states. ]
The solid(dashedl lines in Fig. §a) show the energy de- 0 SRS
pendence 0pV?(E) and the bare #/, level energies; used
for the bulk(surface 4f spectral calculation of CeRt The
PDOS of theXp states obtained by the band-structure calcu-
lations for LaPKX (X=P,As) are also reproduced in Fig.
5(a).2% ThesepV?(E) emphasize the hybridization of the Ce — Expt.
4f states with the antibonding states between thedPaisd Cale:
pnictogenXp states at around 1.3 eV as indicated by the
dotted lines. ThepV?(E) are assumed to decrease linearly
toward Er according to the experimental spectral features.
Considering the finite DOS of the conduction-band states, we
also assume constant DOS ab&ewith pVZ(Eg)=9.5 and
7.5 meV for CePtP and CePtAs, respectively. We &eto
1.6 (2.7) and 1.7(2.5 eV for the bulk(surface spectra of
CePtP and CePtAs, respectively. Here, the spin-orbit splitting
of the Ce 4 states is set to 0.27 eV for both compounds.
The left panels of Fig. ®) show the experimentald3 4f
RPES spectrdopen circley for CePX and the calculated
results(thick solid curves that are the sum of the bulk and
surface components with the estimated ratios Igfl},
~0.28 for both CePtP and CePtAs. The calculated curves
semiquantitatively reproduce thel34f experimental results.
It is noticed that the bulk contributions are dominant in the
whole energy region. (b) binding energy (eV)
On the other hand, the surface-sensitivaé-4if spectra
(open circlesare compared in the right panels with the NCA k|G, 5. (a) PDOS of the pnictogeXp states of CeRt (X
CalCUlation(thiCk solid CUrVGS the sum of the surface and =P,As) are compared with the Optimiz@wz(E) employed in the
bulk spectra with the intensity ratios bf/1,,~1.35 and 1.31  NCA calculation and represented by the sdtidshed lines for the
for CePtP and CePtAs, respectively. The NCA calculatiorbulk (surfacé component(b) Comparison of the 8-4f (left pan-
also reproduces the experimental results. It is thus recogels) and 4-4f RPES(right panel$ spectra with the results of NCA
nized in the 41-4f RPES that the surface Cd 4¢omponents calculations.
strongly influence the spectral shape in the high-binding-
energy region near 2.5 eV. As shown in Figa)5the surface ing peaks suggest a more complicated surface contribution,
effect is mostly represented by the shift of the bare @e 4 for example, the possibility of the contribution of the second
levels. surface layer, which has different electronic structures com-
Some quantitative discrepancies between the experimempared with the first surface layer. However, such a discussion
tal and calculated results are seen in Figp) 5For example, is much more difficult than the case of Yb compounds
the surface contribution near 2 eV in the calculated result iswhere the contribution of the second surface layer is clearly
larger than the experimentad34f result in CePtP whereas observet?) and is beyond the discussion of the present
it is comparable to thed-4f RPES result. In addition, the paper.
energy position of the antibonding peak in the calculated Similar results are shown for CeRd(X=P,As,Sbh) in
4d-4f curve in CePtAs is lowetsmalle)y than that in the Figs. §a) and &b). We calculate the bulksurface 4f spec-
experimental result. These discrepancies near the antibonttum with €; of 1.7 (2.7), 1.6 (2.7), and 1.7(2.7) eV for

T

4 : (meV)
[

(@ binding energy (eV)

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

—— Expt.

CePtP

intensity (arb. units)
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are 2.0, 2.3, and 2.1 eV for CePdP, CePdAs, and CePdSb,
respectively.

In Fig. 6(b), the NCA calculationsthick solid curvegare
compared with the experimentalf 4pectra(open circles
For the 3-4f RPES, the surface/bulk intensity ratibgd',,
for CePdP, CePdAs, and CePdSb are evaluated as 0.27, 0.27,
and 0.26, respectively. The calculated results well explain the
3d-4f RPES spectra as shown in the left panels. The bulk
contributions are predominant in the whole energy range.

The right panels compare the calculated results with the
surface-sensitive @-4f RPES spectra. The experimental
spectra are fairly reproduced by the calculated curves with
Is/1p,~1.33 (CePdR, 1.29 (CePdAs3, and 1.26(CePdSh,
respectively. Generally speaking, the spectral differences
among these compounds are explained by the material de-
pendence opV?(E), its maximume,, and the bare Cef4
level energye;, by means of SIAM. Here again, the surface
effect is mainly described by the shift of the barkldvel as
shown in Fig. 6. However, still some discrepancies are
seen near 3 eV in thed44f RPES of CePdAs and CePdSh
as in CePtAs. In addition, a hump near 2 eV in the calculated
result of CePdAs is not observed in thd-4f RPES result.
A corresponding discrepancy between the calculated and ex-
perimental spectra is also recognized in tlte 8f RPES in
CePdAs. Such discrepancies may be resulting from the pos-
sible overestimation ofpV2(E) in CePdAs near 2.3 eV.
There may be still some rooms to improve the fitting by
employing more sophisticated shapes qg5V?(E).
Such a procedure is, however, beyond the scope of the
present paper.

D. Discussion

We compare the employed parameters in the NCA analy-
ses for the present samples in Table Il. In the first place, the
bare 45/, level energies;, which represent the energy po-
sition before the Ce # states are hybridized with other va-
lence bands, are almost the same between XCedttd
CePK. The ¢; of CeM X are estimated to be 1.6-1(Z.5—

2.7) eV for the bulk(surfacg. This result shows that these
materials have the similar surface core-level shift-df eV

and then the difference of; causes the spectral changes
between the bulk and surface. Second, the maximum posi-
tions €, of the pV?(E) show clear sample dependence,
namely, thee, are 1.3 eV and 2.0-2.3 eV for CePtand
CePK, respectively.

In the case of Cel;, for example, the PDOS of th¥p
states reproduced in Fig(& consist roughly of three parts.
The structures from 6.3 to 4.2 eV, mainly corresponding to
the p-d bonding states, and the structures from 2.7 e¥to

rameters used in the NCA calculation with the PDOS of the pnic-al,e mostly derived from the-d antibonding states. In the

togenXp states(b) Ce 4f spectra of CePd (X=P,As,Sb) taken by
means of the 8-4f (left panel$ and 4d-4f (right panel$ RPES are

compared with the results of NCA calculation.

region from 4.2 to 2.7 eV with the very low PDOS of the
states, the very high PDOS of the Rl Blonbonding states
are located as shown in Fig. 3. The employ®d?(E) is

much different from the PDOS of the Ptstates. Therefore,

CePdP, CePdAs, and CePdSb, respectively. The spin-orhite Xp states rather than the Pid5states are thought to
splitting of the Ce 4 states is set to 0.27 eV. The energies ofstrongly influence the hybridization with the Cd 4tates
the maximum ofpV2(E), €y, indicated by the dotted lines through thep-d antibonding states. Considering the crystal
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TABLE II. Parameters used in the NCA calculation for the bulk  Although the average bulk hybridization strengthgor
and surface components. Thé 4lectron numben; is obtained  both CePtP and CePtAs are evaluated as 52 meV, the inten-
from this analysis. sity ratio of the bulk peakB to A of CePtP is noticeably
larger than that of CePtAs as seen in the first column of

Bulk Table I. On the other hand, thefor the bulk components of
e (€V) € (V)" pVA(ER)" (meV) A (meV)® g CePdP A =64 meV), CePdAs £=56 meV), and CePdSb
CePtP 16 13 95 50 0.992 (_A=5? meV) have a trend of being different from the inten-
CePtAs 17 13 75 52 0995 Sity ratios of t'he peaB to A. Namgly, the bulk 4 spectrum
CePdP 17 20 45 64 0997 of CePdAs with the large®/A ratio is reproduced _by using
CePdAs 16 23 32 56 0.997 the gm_allestA among CePM.. Ip contrast to a S|mpI|f|¢d
CePdsh 1.7 21 40 57 0.997 prediction, the average hybrldlz_atlon strengthis n.ot di-
Surface rectly related to the intensity ratio of the peBko A in the
a ) b c Ce 4f spectra. Thus, we need to consider the realistic energy
€1 (V) € (BV)T pV(Er)" (MeV) A (meV)™  ny dependence of the hybridization strengt¥?(E) in quanti-
CepPtP 27 13 84 a7 0.996 tatively reproducing the Cef4spectra.
CePtAs 25 1.3 6.7 46 0.996 The 4f spectral changes in CePtdepend mainly upon
CePdpP 2.7 2.0 4.0 57 0.998 ihe €; and pV2(Eg). The ¢ sensitively varies the intensity
CePdAs 2.7 2.3 24 42 0.998 (atins of B/A in CePK while pVZ(Eg) influences the shoul-
CePdSb 2.7 2.1 2.5 36 0.998 ger structures in the HRPES spectra néar As for CeP&,

aMaximum position of the energy distributign/?(E). it is understood that the d|_fference in energy separation be-
2 . tween thee, and ¢; further influences th&/A ratios of the
®The values ofV2(E) at the Fermi level. af X PO the other hand. th wal ch by th
‘The average of the hybridization strength defined as the following: bsﬁ).?ct.ra' fnPt E Opder .an f’ etspechral CI' angis y fe
A=7ngpV2(E)/BdE (B represents the valence-band width in substitution o y arise from the whole finé shap€ o

ev) pVZ(E) and its maximum positions,, as discussed above.

. IV. CONCLUSION
structures of CeR, the Ce atoms are far outside the Xt-

plane. Namely, the hybridization between the Geahd X p, We have performed Ced34f and 4-4f RPES measure-
states is stronger than that between the Gea#d other ments for the ternary Ce pnictide M (M=Pd,PtX
states. The, of the employepV?(E) in CePX indicates a =P,As,Sb). The intensity ratios of the bonding to antibond-
particular region with the largXp, component in thep-d  ing components in the bulkf4spectra are much higher than
antibonding states. those in the surface-sensitivel-4f RPES spectra. The high-
Likewise thep-f mixing is more important than thd-f resolution 4 spectra of C®X show the weak shoulder
mixing in CeP& because the usgaVV?(E) does not reflect structures neaEg corresponding to the tail of the Kondo
the PDOS of the Pddlstates as shown in Fig. 4. Again, due resonance and its spin-orbit splitting sideband. The charac-
to the crystal structure, thp, component of theXp states teristic spectral features originate from the rather small DOS
should play an important role in the hybridization of the Ceof the valence-band states ndas.
4f states with thep-d antibonding states. In each PDOS of  From the comparison of the norf-4alence-band spectra
the Xp states in Fig. @), we can recognize a few structures, with the results of the band-structure calculations of isostruc-
namely, two broad peak or hump structures at around 1.3 etural LaMX (M=Pd,PtX=P,As,Sb), we find that the
and 2.1 eV(in the antibonding states of thp-d mixed valence-band spectra are well described by the PDOS of
state$, the considerably low DOS near 3 eV, and the two-LaM X by taking the relative photoionization cross sections
peak structures at around 4 and 5 @Vthe bonding stat¢s  into account. In contrast with the clear difference between
When the PDOS are compared with the ugatf(E), each  the surface and bulk Cef4spectra, the nonf4valence-band
€p corresponds quantitatively to the hump near 2 eV in thespectra do not noticeably depend upon the surface sensitivity
antibonding states. Therefore, the hump structure ofptlde  in the present system with loW .

mixed antibonding states should contain the |gogeontri- The NCA calculation shows that the energy dependence
bution, supported by the results of the band-structureV?(E) employed for explaining the Cef4pectra of Cll X
calculations’® emphasizes the hybridization with the antibonding part of the

Third, the pV2(Eg) in Table Il represents the hybridiza- p-d mixed states. It is also found that the bareldvel shift
tion strength just aEr. The parameters of 7—10 meV in is the most important factor in explaining the difference be-
CePXK are larger than those of 3—5 meV in CePtbr the tween the surface and bulk spectra. It is found that the hy-
bulk. This parameter is directly related to the spectral weighbridization strengths of the Cef4states in CeRX are the
of the shoulder structure in the HRPES spectra BgarThe  strongest in the region near 1.3 eV whereas the Cetdtes
pV?(Eg) of CePtP is the largest among the presenv@e  of CeP are strongly hybridized with the hump structure at
series in both the bulk and surface, providing the enhancedround 2.1 eV. It is necessary to properly consider the energy
structures nedEr in the HRPES spectrum shown in the inset dependence of the hybridization strengt?(E) instead of
of Fig. 1. ThepV?(Ef) should be related to the Kondo tem- the average hybridization strengthin reproducing the Ce
perature and the effective mass of the conduction electrongif PES spectra.
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