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We have performed Ced34f resonance photoemission spectrosc@pRES for CePdAs and CePdSb and
compared the results with those of Cd-4f RPES. The 8-4f RPES spectra are remarkably different from
the 4d-4f RPES spectra, showing the smaller contribution of the surface electronic structures id-4tie 3
RPES. On the other hand, thd-3f and 4d-4f 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-sensitivefeeta of
both compounds, revealing that the difference between the surface and bulk electronic states originates mainly
from the surface core-level shift of the baré Kevel. The spectral difference between the two compounds is
explained by the different energy dependence of the hybridization strength.

. INTRODUCTION of electronic states. It has been reported that the G«
RPES spectra show Cef &pectral line shapes remarkably

Many cerium compounds have been extensively studiedifferent from those of the d-4f RPES> ! indicating that
by various experimental and theoretical methods because @fie Ce 41-4f RPES spectra strongly reflect contributions
their fascinating physical properties, for example, the Konddrom the surface region due to the shorter mean-free path of
effect, heavy-fermion phenomena, and valence fluctuatiorthe excited electron. However, the energy resolution of the
They originate from peculiar behaviors of strongly correlated3d-4f RPES has so far been not sufficient to resolve such
Ce 4f electrons near the Fermi leveEf). The Ce 4 elec-  fine structures nedEg, making it difficult to quantitatively
trons show itinerant characters through the hybridization bediscuss the difference between the surface and bulk elec-
tween the Ce #iand other valence electron states. In order totronic states. Very recent development in high brilliance syn-
probe the Ce # electron states, photoemission spectroscopyhrotron radiation source and instrumentation enable us to do
is a very useful methollin particular, resonance photoemis- the high-energy excitation RPES with sufficient energy reso-
sion spectroscopyRPES using synchrotron radiation is lution. Thus we can compare the details of the bulk-sensitive
very effective in revealing the electronic states such asfCe 43d-4f RPES results with the surface-sensitivé-4f RPES
orbit? A widely used Ce 4-4f RPES has an advantage of spectra.
good energy resolution, which enables one to observe such CePdAs and CePdSb are two dimensional layered com-
fine structures as the Cd 4pin-orbit splitting of the order of pounds, which are composed of the Ce layer and the Pd-X
300 meV3“ However, the small mean free path of the pho-layer piled up along the axis. The crystal structure of CeP-
toelectron is a weak point of thedd4f RPES for probing dAs is the hexagonal ZrBeSi type with the Pd and As atoms
bulk electronic states. On the other hand, Gk43 RPES in a plane while CePdSb has the hexagonal LiGaGe-type
measurements provide relatively bulk-sensitive informatiorcrystal structure, where the Pd and Sb atoms form puckered
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layers'?~* The distance between the nearest neighbor Ce

atoms in thec plane is larger than that along tlmea;?is in (a) CePdAs A 5 (é;e)}g;PdSbA

both compounds, suggesting that the hybridization of the Cez [C¢ 344/ T=20K /N

4f states may be much weaker within thplane. According ~ § |T=3%°K @E=02ev) - pi

to the previous Ce @ x-ray photoemission spectroscopy = |“#7%7¢V Ee o

study?!® these compounds show nearly trivalent character and<

are understood to be weakly hybridized systems. CePdAs isé‘

antiferromagnetic below arourith=4 K with an anisotropy 5 |ce4d-4¢ Ce 4d-4f

with respect to the axis in the electric resistivity and the = |T=40k T=40K A
magnetic susceptibility. The magnetic moments of the Ce  |(A@£=70meV) B (AE=T0meV) B
atoms lie in thec plane and antiferromagnetically ordered

along thec axis in the ground staté4.0On the other hand, . - - )
CePdSb has a ferromagnetic ground state with the easy mag s Gbindiig eneigy (e%) Sinding encrgZy (eV(;
netization axis in the plane!? Its magnetic ordering is char-

acterized by a rather high Curie temperatlige=17.5 K in FIG. 1. Ce 3I-4f resonance photoemission spedRPES for

contrast to other Ce compounds and other isostructurgtePdAs(a) and CePdStth) compared with the d-4f RPES.
RPdSb compoundsR=Nd, Sm, Eu, Gd which order
antiferromagnetically? CePdAs. The binding energyEf) was calibrated by the
Ce pnictide compounds are well-known to show variousFermi edge of Au thin film.
unusual properties derived from the peculiar electronic struc-
tures neaEg .** "8 The p-f hybridization between the pnic- Il RESULT AND DISCUSSION
togenp bands and the Cef4states plays an important role in '
the electronic structures neBk . In this paper, we present ~ Figure 1 shows the Ced34f RPES spectra for CePdAs
the Ce 4 spectra measured by thel3f RPES for CePd (&) and CePdSlb) in comparison with the Cedr4f RPES
(X=As, Sb). We compare the norf-4alence-band spectra spectra. The Ce 4 spectra are obtained by subtracting
taken at  the resonance-minimum  d-@f:h»  the resonance-minimum spectra taken lab~875 eV
=875 eV, 4-4f:hv=114 eV) with the band-structure cal- (~114 eV) from the resonance-maximum spectra taken at
culation of LaP& (X=As, Sb)(Ref. 19 and quantitatively hv~882 eV (~122 eV) corresponding to the Ced3if
discuss the electronic structures of the valence bands. Thddd-4f) thresholds. Backgrounds due to the inelastic scatter-
we analyze the Ce f4spectra with using a noncrossing ap- ing are subtracted from the raw spectra in Fig. 1. The upper
proximation (NCA) calculatiof®=?? based on the single- curve in Fig. 1a) shows the Ce # spectrum for CePdAs
impurity Anderson mode(SIAM).%*2* We discuss the dif- measured by means of thel®}f RPES at room temperature
ference between the surface and bulk electronic structures #fith the energy resolution of-0.7 eV. The lower curve in
Ce 4f states for CePd (X=As, Sb). Fig. 1(a) for CePdAs and both upper and lower curves in Fig.
1(b) for CePdSb are measured at lower temperatures (20
~40 K). The energy resolution of the Cal3lf RPES for
CePdSb in Fig. (b) is ~0.2 eV, whereas the total energy
The Ce 31-4f RPES spectra of CePdAs were taken at theresolution of the Ce d-4f RPES is set to 70 meV in Figs.
BL-2B beam line of the Photon Factof?P in the High  1(a) and Xb). In Fig. 1(a), a two-peak structure is observed
Energy Accelerator Research Organization, while tHe43 at aroundEg=2.20(2.62 and 0.65(0.70 eV in the 3-4f
RPES of CePdSb were measured at the BL-25SU beam lingld-4f) spectrum, corresponding to the anti-bonditfy)
of SPring-8%° The Ce 4l-4f RPES was performed at the and bondingB) states due to the hybridization between the
BL-3B (Ref. 26 beam line of the PF. These RPES spectraCe 4f and other valence-band states. According to the inter-
were taken with hemispherical GAMMADATA-SCIENTA pretation given by the SIAM? the peakB in the lower
SES-200 analyzers. The total energy resolution of tihets  (smalle) Eg region derives mainly from the Cef# configu-
RPES hv~120 eV) was set to about 70 meV. The total ration in the photoemission final states whereas the €e 4
energy resolution of the®4f RPES study of CePdAs at PF final-state character is dominant in the pe&kit is found
was around 0.7 eVat T=300 K), while that of CePdSh at that the intensity ratio oB to A decreases remarkably from
SPring-8 was ~200 meV at Ce @-4f threshold br  the 3d-4f to 4d-4f spectra. Since thed44f RPES is more
~880 eV). The single-crystal samples of CePdX  surface-sensitive than thed3if RPES, the transfer of the
=As, Sh) were prepared by the Bridgman method in evacuspectral weight of the peak to the peakA for the 4d-4f
ated tungsten-crucibles sealed by electron beam weldingRPES indicates weaker hybridization strength of the Ce 4
The clean surfaces were obtained by repeated scraping withstates in the surface region.
diamond filein situ until no contamination could be detected  Besides, shifts of the two peaks to higltgy are observed
in the photoemission region of the G 13d-4f) and O 2  for the 4d-4f RPES. The peaB slightly shifts by~0.05 eV
(4d-4f) signals. The base pressure was ¥ ° Torr dur-  toward higherEg. The shift of the peal is ~0.42 eV in
ing the measurements. For thd-8f RPES measurement for CePdAs as summarized in Table |. The shift of bd&h
CePdSb, the sample was cooled down to 20 K by a closedAE(B)] andA [AE(A)] peaks may originate from the lo-
cycle He refrigerator whereas they were kept at about 40 Kalization of the bare Cefdlevel due to weaker hybridiza-
during the 4l-4f measurements. The sample temperaturdion strength in the surface layer, resulting in the positive
was kept at~300 K during the Ce 8-4f RPES study for surface core-level shift. The shift of peAkincludes not only

Il. EXPERIMENT
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TABLE I. Summary of the experimental results on CePdAs and T 1
CePdSh. The values in the parentheses are obtained after broaden- (a) hv=2875eV
ing the Ce 8-4f RPES for CePdSb measured with the resolution —o— CePdAs
of 0.2 eV to the resolution of 0.7 eV corresponding to the @et3
RPES of CePdAs.

CePdSb

(Broadened)
Compound 8-4f RPES 4-4f RPES Energy shift
E(A) E(B) E(A) E(B) E(A) E(B) —_
(broadenep (broadeney é
CePdAs 2.20 0.65 262 0.70 0.42 0.05 ;
CePdSb 2.45 0.65 260 0.75 0.15 0.10 E (b) ‘
(2.29 (0.70 (0.39 (0.09 > hv=114 eV
'@ | —o— CePdAs (4E = 70 meV)
2 CePdSb
the surface core level shift but also the so-called hybridiza- E

tion shift, which moves the peaktowardE .° Namely, the
splitting between the pealds and B increases for larger hy-
bridization strength resulting in the shift of the peaks. Ac-
cording to our NCA calculation, however, the hybridization
shift for the peakB is much smaller than for the peak D00
Since the hybridization strength in the surface-layer is s ¢ i >
weaker than that in the bulk, the energy position of the peak binding energy (eV)
A for the 4d-4f RPES is shifted towarég for smaller hy-
bridization effect. This contribution suggests that the surface FIG. 2. Comparison of the resonance-minimum spectra of
core-level shift is larger than the observed siiff(A) as  CePdAs(empty circlo and CePdShisolid curve taken athw
really confirmed later by NCA analysis. =875 (a) gnd 114 eV(b). The spectrum of C(_ePdSb taken fait
Figure Xb) shows the Ce 8-4f spectrum for CePdSb in =875 eV is broadened to the energy resolutiddEE 0.7 eV) of
comparison with the d-4f RPES spectrum. There are two- 1€ SPectrum of CePdAs.
peak features at around 2.4560 and 0.65(0.75 eV in the
3d-4f (4d-4f) RPES results. Similarly to CePdAs, the in- pnictogen. The similarity of the spectra between two com-
tensity ratio ofB to A reduces much in thedt4f RPES and  pounds should be ascribed to the large photoionization cross
the energy positions of the pe&andA shift toward higher ~ section of the Pd d states in this excitation energy regioh.
Eg. However, the energy shift of the pe&k(A) is ~0.10  Figure 2b) shows the resonance-minimum spectra taken at
(0.15 eV, which is larger(smalley than the corresponding hv~114 eV for reference. Both spectra for CePdAs and
value of CePdAs as summarized in Table I. In order to propCePdSb have common features in regard to the peak struc-
erly compare this value with the result of CePdAs, tle4s tures at 3.3 and 1.3 eV along with the tendency of decrease
RPES result for CePdSb is convoluted with a Gaussian fundowardEg . One notices for both compounds that the inten-
tion to achieve the same energy resolutien0(7 eV). After  sity of the prominent peak near 3.3 eV with respect to the
this broadening process, we notice that the energy separatidtensity of the 1.3 eV structure is noticeably weaker than the
of the two peaks is smaller (1.891.55 eV) and the energy 3d-4f resonance-minimum spectra. This is because the pho-
shift AE(B) and AE(A) become comparable to those of ton energy fiv~114 eV) corresponds to the Cooper mini-
CePdAs, namely 0.35 and 0.05 eV compared with 0.42 anghum for the Pd 4 states’
0.05 eV. In other words, better resolution measurements for In order to understand the valence-band structures of both
CePdAs may lead to largésmalle) energy shift ofAE(B)  CePdAs and CePdSb, we will compare the results of the
[AE(A)] than the value in Table | and the intensity of the band-structure calculations for isostructural La compounds
peakB may be more enhanced. The intensity ratidadb A~ LaPdAs and LaPdSb performed by a full-potential linear
is larger for CePdAs than for CePdSb, showing that the hyaugmented plane wave methtd® Comparison of the total
bridization strength is stronger for CePdAs. The change oflensity of stateYDOS) between LaPdAs and LaPdSb is
the hybridization strength is due to the difference of the pnicshown in the upper panel of Fig. 3, while the lower panel of
togen and/or the crystal structures. Fig. 3 displays the partial DOSDOS for each element,
Figure 2a) compares the @&4f resonance-minimum namely La %, Pd 4d, and pnictogerp orbits for both com-
spectra between CePdAsmpty circlé and CePdSksolid  pounds. The results for both compounds are rather similar.
curve). All spectra are normalized to the same area after thd he total DOS for both compounds is decreasing tovrd
subtraction of the inelastic electron background. The specand extremely small & as experimentally observed. This
trum for CePdSb is broadened with a 0.7 eV full width atindicates that these compounds belong to the low-carrier sys-
half maximum(FWHM) Gaussian function by considering tem. Judging from the PDOS for dominant orbits, the fld 4
the different resolution. The resonance-minimum spectrstates are dominant for the total DOS in wide valence-band
taken athv~ 875 eV have rather similar spectral line shape,region belowEg, in particular, in the region from-2.5 to
namely they have a prominent peak structure at around 3.3 3.7 eV. This may be derived from a nonbonding Pdl 4
eV, a shoulder structure at around 1.3 eV, and a linearlptates. The As @ and Sb 9 states belovieg have noticeable
decreasing feature towai, in spite of the difference of PDOS in the two regions from-3.6 to ~5.5 eV and from
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FIG. 4. Resonance-minimum spectrum of CePdSb taken at the
energy (eV) Ce A (a) and 4 (b) thresholds compared with the results of the
band-structure calculation. The PDOS broadened by a Gaussian and
a Lorentzian function in LaPdSb are also displayed, considering the
relative photoionization cross sections. See text for details.

FIG. 3. Comparison of the density of stai{@0S) obtained by
the band-structure calculation for LaPdAs and LaPdSef. 19.
The partial DOSPDOS of the La &, Pd 4d, and As 4 (Sb 5p)
states in LaPdA¢LaPdSh are shown in the lower panel. the Sb % and La A states is small, they contribute to such

spectral structures as the shoulder at around 4 eV and the
~2.5to 0.5 eV. The former region may correspond to thepeak near 1.3 eV through the hybridization with the R 4
bonding states between the Pd 4nd pnictogerp states states. Some difference between the calculated DOS and ex-
while the latter region corresponds to their antibondingperimental spectrum, for example near 1 eV, may arise from
states. The structures ranging from 5.5 to 2.5 eV, namely thtéhe ignorance of the final-state hybridization of the valence
bonding states between the Pd dnd pnictogeip states and bands with the Ce # states.
the Pd 4l nonbonding states, shift to lowé&i; from LaPdAs For reference, Fig. ®) displays the PDOS of LaPdSb in
to LaPdSb. This may arise from the shift of the pnictogenthe bottom panel and the relatively surface-sensitive valence-
p-band states towarBr by the substitution of As by Sh. band spectrum for CePdSb takerhat-114 eV in the upper

In order to more quantitatively discuss the electronicpanel. This excitation photon energy corresponds to the Coo-
structure of the valence bands, we compare a valence-bameér minimum of the Pd d states, thus the relative ratios of
spectrum of CePdSb, which is obtained by Cd-4f the photoionization cross sections reduceogg 4/0sp s
resonance-minimum  spectrumh#~875 eV), with the ~4 andopyay/oLaz~2027 The PDOS in Fig. &) are ob-
PDOS obtained by the band-structure calculation for LaPdSkained by the above-mentioned broadening process. In the
in Fig. 4a@).1° The experimental nonf4valence-band spec- upper panel of Fig. @) is shown the sum of PDOS by the
trum consists of a main peak at3.3 eV, a shoulder struc- dot-dashed curve with using the reported cross section pa-
ture at~4.0 eV and a broad structure at1.3 eV. In order rameters in Ref. 27. However, one notices a remarkable dis-
to simplify a comparison between experimental and calcuerepancy near-1.3 eV. The result suggests a possibility of
lated resultgshown in the lower panel of Fig.)3we tenta-  further suppression afpy 4 in the Cooper minimum region.
tively convolute the calculated PDOS results with use ofWe try to reproduce the experimental result by reducing the
both Lorentzian broadening with the maximum FWHM of relative intensities by half. The thick solid curve in the upper
0.5 eV (Ref. 29 and Gaussian broadening with a fixed panel of Fig. 4b) shows the sum of three components. The
FWHM of 0.2 eV corresponding to the instrumental resolu-shoulder structure near 1.3 eV is better explained. Thus, we
tion (AE~0.2 eV). The Lorentzian width originates from a confirm that the band-structure calculation well reproduces
lifetime of the photoemission final states. In addition, wethe experimental results of the valence bands. The difference
take the photoionization cross section at this excitation enbetween the 8-4f and 4d-4f spectra can be explained by
ergy into account’ We summarized the convoluted PDOS the hr dependence of the photoionization cross sections.
in the bottom of Fig. éa). The Pd 4l contribution is much Hence, no surface effect is detected in the electronic struc-
stronger than others obgs/osh5~20 and opgy/oasq  ture of the valence-band spectra.
~30) 2" The thick-solid curve obtained by adding all PDOS  In order to discuss the difference of the Ck dectronic
components well reproduces the experimental spectrum. Thatructures between CePdAs and CePdSb as well as between
main peak at around 3.3 eV, a shoulder at around 4 eV, anblulk and surface, we calculate the Cegpectra by the NCA
a broad structure at around 1.3 eV are well reproduced. Thuspethod within SIAM. Thel /I, is given by expd/\)-1,
it is found that the 8-4f resonance-minimum spectrum is whered is the thickness of the surface layer ands the
almost composed of the Pdi4tates. Although the weight of photoelectron mean-free path as a function of the kinetic
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Expt. Ce 4d-4f
(CePdAs)

Band Calc

As 4p PDOS

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

Then, we attempted to calculate the Cé gpectra by
considering the hybridization strenggV?(E) represented
by the pnictogenp-band-like energy dependence of DOS,
which has the two-peak structures near 5.0 and 1.6 eV as
shown in the lower inset of Fig. 5. The hybridization strength
dependence of the Cd 4pectrum in the entire valence-band
region is shown in the lower panel of Fig. 5. The experimen-
tal 4f spectrum of CePdAs is compared with the calculated
curves, which are obtained by the sum of the surfage (

=2.3 eV) and bulk(1.6 eV) components with the ratio of
Is/1,~1.63. Although the calculatedf4spectra have two-
peak structures, the spectral weights from 3 to 5 eV are much
N suppressed and deviated from the experimental Cepéc-

° trum. The discrepancy is ascribed to the strong hybridization
o strength near 5.0 eV, indicating that the simple assumption
0 that pV2(E) is represented by the PDOS of the pnictogen
states is improper. Then, we assume th®f(E) has one
S peak near 1.3 eV corresponding to the antibonding states
FIG. 5. Hybridization strengtpV2(E) dependence of the NCA between the Pdd and pnictogerp states. Such an energy
spectra compared with t.henl44f resonance photoemission spectra dependence as shown in the upper panel of Fia. Better

of CePdAs. The upper inset shows the energy dependence of the, 4y ces the two-peak structures of the Gesectra dis-
hybridization strength employed for the NCA calculation shown in played in Fig. 1 as later shown in the lower panel of Fig.

the upper panel, which corresponds to thd-4f resonance- . .
minimum spectrum of CePdAs. The lower inset compares th 6(a). Thus, the Ce & states may be strongly hybridized with

: i Fhe antibonding states of thppd mixed states.
2
Ellg;(/)e?j ?;r'?r?e?\lgft:p?e\évtlrtg Stuﬁvf: ?r:%ed:zw:? E)Zﬂr:\gl_(E) em In order to.discuss the difference between the surface and
bulk electronic structures for the two compounds, we have
energy { is about 4 and 15 A at the Ced4and Ce 3 performed the NCA calculation for the bulk- and surface-
thresholds, respectively’ The value ofd is assumed to be sensitive Ce 4 spectra. The solid line in the upper panel of
3.9 A for both compoundgthe nearest neighbor Ce-Ce dis- Fig. 6 shows the energy distributignv?(E) used for the
tance is 3.899 and 3.947 A for CePdAs and CePdShke¢alculation in comparison with the resonance-minimum
respectively.*3! We obtainlg/1,~1.63 and 0.25 for Ce spectrum(doty for CePdAs taken ahv=114eV. This
4d-4f and Ce 3l-4f RPES, respectively. We tried to divide pV*(E) emphasizes the strong hybridization of the Ce 4
the observed Cef4spectrum into the surface and bulk com- states with the anti-bonding states between the Pl As
ponents in a direct way without employing the simple sub-4p states at around 1.4 eV. The/?(E) linearly decreases
traction method, which has been widely used in separatingpward Eg and is assumed to be constant abdue with
the spectrum into the surface and bulk contributidid. pV?(Eg)=5.5 meV. The remaining DOS abo&:- repre-
Namely we fit the experimental results by a sum of surfacesents the finite DOS of the conduction-band states as shown
and bulk components with the given surface/bulk intensityin Fig. 3. We set thes;; to 1.6 and 2.3 eV for the bulk and
ratio. The energy dependence of the hybridization strengtsurface, respectively. Here, the spin-orbit splitting of the Ce
pV2(E) to reproduce the experimental results is first as4f states of 0.32 eV is used. The calculated curve, which is
sumed to be proportional to the resonance-minimum spea sum of the surface and bulk components with the ratio of
trum, which has two-peak structures at 3.6 and 1.4 eV aks/1,~0.25, well reproduces the bulk-sensitivd-3f RPES
shown in the upper inset of Fig. 5. The upper panel showspectrum for CePdAs in the lower panel of Figa) It is
the hybridization strength dependence of the €s@ectrum  noticed that the bulk contribution is dominant in the whole
for CePdAs.pV?(E) was simulated by the energy depen-region. The surface-sensitivel4f spectrum measured with
dence shown in the upper inset. The solid, dashed, and dothe energy resolution diE~70 meV is qualitatively repro-
dashed curves in the upper panel correspong\té (Eg) duced by the sum of surface and bulk spectra with the inten-
=5.0, 4.0, and 3.0 meV. The bulk and surface componentsity ratio ofls/l1,~1.63 in the upper panel of Fig(l. The
are added in the calculated curves with the intensity ratio ofalculated result is compared with the RPES spectriyfa (
I/1,~1.63. We set the baref4evel (;) for the surface and ~50 meV) in the vicinity ofEf in the lower panel of Fig.
bulk states to 2.3 and 1.6 eV, respectively. Although theS(b). The same calculation also qualitatively reproduces the
hybridization strength is varied in the whole energy rangegxperimental line shape in this energy region, in particular
the experimental spectrum cannot be well reproduced. Ththe weak shoulder structures a0.25 and~0.05 eV. It is
strong hybridization near 3.6 eV with the Pd 4tates splits recognized that the surface electronic states give strong in-
the 4f component into higher and lowdfg components. fluence on the Ce#spectrum measured by thel4f RPES
The noticeable discrepancy suggests that the resonancep toEg. The surface effect is mostly treated by the shift of
minimum spectrum does not faithfully reflect the energy de-the bare Ce # level.
pendence of the hybridization strength with the Gestates. Similar results for CePdSb are shown in the upper panel

intensity (arb. units)

Expt. Ce 4d-4f
(CePdAs)

binding energy (eV)
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components. The lower panel shows tHesfpectrum obtained from

FIG. 6. () Upper panel: Comparison of the optimized energy the Ce 2i-4f RPES compared with the NCA calculatidi) Com-
dependence of the hybridization strength and parameters used in tharison of the 4 spectrum measured by the Cd-4f spectrum in

NCA calculation with the 4-4f resonance-minimum spectrum of the wide-energy regiorfupper panél and nearEg (lower panel
CePdAs. Lower panel: Comparison of the Cegpectrum studied with the NCA calculation.

by the 3-4f RPES with the calculated spectrum for CePdAs in the

wide-energy region(b) Comparison of the calculated results with . .
the Ce 4 component measured by thel4f RPES in the wide SPectively. Thee;=1.6(2.4) eV is employed for the bulk
region (upper pangland nearE (lower panel. (surface. The calculated result withg/1,=0.25 can well

explain the bulk-sensitive 84f RPES spectrum measured
of Fig. 7(a). The pV?(E) represents the strong hybridization with the energy resolution afE~200 meV as shown in the
of the Ce 4 states with the antibonding states between thdower panel of Fig. 7. The surface-sensitivedd4f spec-
Pd 4d and Sb % states centered at 1.3 eV. Th&/%(E) trum is properly reproduced by the calculated curve with
decreases towaid: , and the DOS just abougr is assumed |s/1,=1.63 in the upper panel of Fig(l3). The lower panel
to be pV?(E) is 6.0 and 5.5 meV for bulk and surface, re- displays the experimentalf4spectrum neaEg. In this re-
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50 The pV?(E) for the surface component is shown in the
(a) Bulk (b) Surface upper panel of Fig. ®). Here, the average hybridization
| CePdAs CePdAs lao strengthA is taken as 46.0 and 38.8 meV for CePdAs and
(e,=1.6eV) (e,=2.3¢eV) CePdSb, respectively. The lower panel of Fih)&ompares
- |o___ cepasb _——- CePdSb 150 the surface spectrum for both compounds. Although the dif-
> (.= 1.6 eV) (s,=2.4 eV) ference between the surface and bulk electronic structures is
g 4 almost explained by considering the shift of the barfe 4
o 20 level, the difference of the Cef4spectra between these two
2 compounds are mainly attributed to the difference of the hy-
110 bridization strengtipV2(E). The 4f electron numberr(;) of
= CePdAs is estimated as0.994 (0.996 for the bulk (sur-
. 0 face, while then; of CePdSb is~0.994(0.997 for the bulk
Bulk Surface (surface component. These results are consistent with
- CePdAs CePdAs weakly hybridized feature of both compounds.
= | ... CePdsb ----CePasyh
o | @ETsomeV) e me\“\ IV. CONCLUSION
i \ In conclusion, we have performedd3tf RPES for
= 5 weakly hybridized Ce compounds, CePdAs and CePdSb.
5 \ The Ce 4 spectra of the two compounds have two-peak
= \ structures corresponding to thé*4and 4f° final-states but
' . their intensity ratios are rather different. The spectral differ-

ence is interpreted as due to the difference of the hybridiza-
tion of the Ce 4 states with other valence bands. The bulk-
sensitive 3-4f RPES spectra for both compounds show
FIG. 8. Summary of the energy dependence of the hybridizatiorstronger hybridization feature than those of the surface-
strengthpVZ(E) employed for the optimized NCA calculations. sensitive 4l-4f RPES, revealing the essential difference be-
The bare 4 level energye; is also shown in the upper figure. The tween the surface and bulk electronic structures. On the other
calculated bulk and surface spectra are shown for Xet=As, hand, the resonance-minimum spectra are rather similar be-
Sb) in the lower panel. tween the two compounds. The results were compared with
the band-structure calculations for LaPdAs and LaPdSb. The
resonance-minimum spectra for CePdSb are compared with
gion, the calculated # spectrum also agrees qualitatively the calculated rgsults by taking the photo?onization Cross sec-
with the experimental result. Here again, the surface effect id0nS and the instrumental resolution into account. It is
mainly described by the shift of the baref devel. These shoyvn that the surface effect is negligible in the resonance-
results support the validity of the SIAM to explain the minimum spe_ctra or the valence-bar;d spectra. However, the
present Ce #i spectra. Generally speaking, the Cd-4f NCA calculat]o_n has revealed thay/ (E)_reﬂect(_ed in the
RPES spectra deviate obviously from the bulk electronid ©Sonance-minimum spectra cannot satisfactorily reproduce
structures due to the remarkable contribution from the surin€ €xperimental Ce # spectra. We can reproduce the

face layer while the Ce ®4f RPES spectra are dominated surface- and bulk-sensitive Cé 4pectra of both compounds
by the bulk component. and separate the surface and bulk components by considering

We summarize the@V2(E) used in the reproduction of the pVZ(E) associated with the antibonding states of phe

the Ce 4 spectra for CePdAs and CePdSh in the upper panépixed states. The difference between thg su_rface and bulk
of Fig. 8. The panela) represents the bulk component and electronic sta_tes can be treated by co_nS|der|ng_ the surface
(b) represents the surface component. The hylis 1.6 eV core level shift of the bare f4_|eve|,_ while th_e difference _
for both CePdAs and CePdSh, whereas surtads 2.3 eV between the two compounds is mamly dgscpbed by the dif-
for CePdAs and 2.4 eV for Celi;dSb. The lower panels of Figferent energy depend(_ence o_f the hybridization strength. The
8 show the spectra calculated by NCA method. An importanpe 3d-4f spectra semlquan_tltanvely reﬂect_thg bulk compo-
issue from this analysis is that the employ@d?(E) in re- nent, supporting that the high energy excitation RPES is a
producing the Ce # spectra has not directly reflected the powerful means to prgbe bulk electronic struct'ures. We have
resonance-minimum spectra or the pnictogestates. It sug- reconflrmed_ the validity of the SIAM to explain t.“? Cé 4
gests that a profound investigation of the hybridizationphOtoem'Ss'on spectra, at least for weakly hybridigiedv

mechanism is needed to analyze the Jephotoemission Tk) Ce compounds.
spectra. The average hybridization  strength\
=7rfg’pV2(E)dE/B for bulk components of CePdAsA(
=46.0 meV) is stronger than that for CePdSKR\ (
=42.3 meV). The calculated bulk spectra for the two com- We would like to thank the staffs of PF, especially
pounds in the lower panel of Fig(® reveal that the change M. Mamiya, A. Kakizaki, Y. Azuma, and E. Shigemasa,
of the average hybridization strength leads to the differ- and the staffs of SPring-8 for supporting the experiment. We
ence in the intensity ratio of the two peaks. thank K. V. Kaznacheyev, T. Susaki, T. Shishidou, T.
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