PHYSICAL REVIEW B 67, 155107 (2003

Auger effect in high-resolution Ce 3-edge resonant photoemission
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The bulk-sensitive Ce #spectral weights of various Ce compounds including GefkeeNip, and CeSi
were obtained with the resonant photoemission technique at thed@el@e. We found that the line shapes
change significantly with the small change of the incident photon energy. Detailed analysis showed that this
phenomenon results primarily from the Auger transition between different multiplet states of Bk 2
(bar denotes a holelectronic configuration in the intermediate state of the resonant process. This tells us that
extra care should be taken for the choice of the resonant photon energy when extractingp@etdal weights
from the Ce 3l-edge resonant photoemission spectra. The absorption energy corresponding to the lowest
multiplet structure of the C8ds,4f? configuration seems to be the logical choice to obtain genuinefCe 4
spectral weight from the CedBresonant photoemission data.
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[. INTRODUCTION trons, and not from the promotion of thd #£lectron to the
empty state above the Fermi leveP.

Investigations on the electronic structures of strongly cor- After the high-resolution RPES was developed in the
related materials such asandf electron systems have been early 1990s, however, some groups questioned this conven-
very active lately:” One of the perhaps oldest problems in tional wisdom and proposed a new interpretation of tfie 4
this category is the origin of the< y phase transition of Ce spectral weights of Ce compount.The main point of
metal and its compounds, which has been studied for morghose groups was that the temperature or the material depen-
than 50 years but still remains Controverg’ré.PhOtoemiS' dence of the 4 Spectra] We|ghts of Ce Compounds near the
sion spectroscopy, among various experimental techniquegermi level, which had been interpreted as the tail of the
is a very powerful tool that can directly probe the electronicKkondo resonancegid not follow the Kondo scenario which
structures of solids. Indeed in the case of Ce problem as welktipylates that the Kondo temperature is the universal con-
the study of 4 spectral weights of various Ce compoundstrolling parameter that determines the strength of the Kondo
using resonant photoelectron spectrosc@pFES technique  resonance near the Fermi level in different materials or at
at the Ce 4l edge contributed decisively to the understand-different measuring temperatures. This controversy gener-
ing of this famous phase transition. This technique is necested many more careful studies on th‘eg’_)ectra| Weights of
sary to enhance thef4electron emissions and separate themyarious Ce compounds by several research grotigésome
from contributions of other conduction electrdhand uti-  utilizing RPES technique and others using ordinary ultravio-

lizes the following process let photoemissiofUPS technique with He(hv=21.2 eV)
10451 9,62 10450 and Hg (hv=40.8 eV) sources.
44741+ o —4d°4f—4d 7417+ photoelectron. (1) Most of these later studies also supported Kondo reso-

nance scenario, but one important issue that has not been

The conventional wisdom that came out of these studiessettled so far is the surface effect and how to separate the
at least until early 1990s, was as follows. The major factorsurface from the bulk contributiors.Since the electron ki-
distinguishing betweem and y phases of Ce and its com- netic energy at the Ceddedge RPES is about 120 eV, and
pounds is the strength of the hybridization between e 4 the electron mean free path at this kinetic energy is only
level and the conduction bands, and the disappearance of tladout 5 A®17 the surface contribution in thef4spectral
local magnetic moment in ther phase results from the weights obtained with d-edge RPES technique is expected
Kondo phenomenon of the singlet formation due to the hyto be very much significant, even larger than the bulk in
bridization of a localized # electron with conduction elec- some cases. The situation with the ordinary UPS data with
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He (hv=21.2 eV) and Hg (h»=40.8 eV) sources is not ™ R e R Raaai e e T

advent of the new beamline at SPring-8, Jaffdhhas been
well known that we can reduce the surface contribution in . )

photoemission spectra by using high energy photon source. ., CeSi,
For example, if around 880 eV photon source is used in _,.,..../ e
RPES, the electron mean free path of the photoelectrons |||

from Ce 4 levels will be about 20 A%!" Since those ' )
880-eV photon energies can excite a Gk ®re electron to 878 880 882 884 886 888 890

an empty 4 level (Ce 3d absorption edge the 4f spectral Photon Energy (eV)

weight is also enhanced due to the resonance phenomenon as

in the case of Ced-edge RPES. Hence we can obtain much  FIG. 1. x-ray absorption spectra ofl3-4f transition region for
more bulk-sensitive Ce fAspectral weights by using those CeF&. CeNk, and CeSi. The symbols marked on the spectrum
high photon energies in this so-called Ce-8dge RPES represent photorl energies used for REES shown |n_subsequent_ fig-
technique. In fact, this technique had been already tried mordres. The bar diagram at the bottom is the theoretical calculation

than 10 years agjc? but the energy resolution in the Ce 3 result for the multiplet structure d8df? intermediate state taken
d-edge RPES at that time was not good enough to give conf[om Ref. 26.

clusive resuits. Recently, Sekiyaragal. succeeded to obtain and the electronic structures of individual compounds will be

the total energy resolution including energy analyzer at the;; : Cagi 2324
Ce d-edge photon source less than 100 meV with high pho?jlscussed in separate publicaticis.

ton flux in the undulator beamline of SPring-8 and study
high-resolution bulk-sensitive Ce spectral weights in
CERQ.ZO This Opened up a new pOSS|b|I|W to extract reliable P0|ycrysta"ine Samp|es of CeEeCeNiz, and Ce% were
bulk-sensitive spectral weights in many interesting Ce commade by the arc-melting method under Ar gas environment
pounds, and several papers have already appeared utiliziRgth constituent elements Ce, Fe, Ni, and Si whose purity
this Ce 3i-edge RPES techniqfé-* was better than 99.9%. The homogeneity of samples was
However, in the course of this study, we realized that thechecked after annealing with x-ray diffraction.
experimental photoemission data depend sensitively on the Resonant photoemission spectra of the valence bands at
exact incident photon energy near the Gk éddge, and the various photon energies near the Ced 3dge (v
difference of spectral line shape is significant enough to af-_ggg eV) along with the Ce®edge x-ray absorption spec-
fect data interpretation. Also the new Cd-8dge RPES data trum (XAS) were obtained at the beamline BL25SU in the
were found to be not Completely consistent with the old dataspring-S of Japahg_ The base pressure of an ana|ysis cham-
taken in early 1990s, even after the difference of the energyer was about 3x 10~ 1° mbar or better. The samples were
resolutions is taken into account. To derive reliable ConCIU'SCfaped with a diamond file to get clean SurfaceS, and every
sions from the Ce 8-edge RPES data, therefore, it is neces+ime the cleanness of sample surface was checked with the O
sary to understand the origin of these differences ands core-level spectrum. If the oxygen contamination peak
changes. This paper is an attempt to understand the origin ¢fas found noticeable in O sl core-level spectrum, the
these phenomena by systematically studying @ee8ge samples were scraped again with the diamond file. All spec-
RPES of several Ce compounds. We will show in this papera were measured at the temperature of 20 K, and the scrap-
data on CeFg CeNp, and CeSi only, although we studied jng was also done at 20 K. The XAS measurements were
many more Ce compounds which gave fully consistent regone by the total electron yield mode, and the energy reso-
sults with the conclusion of this paper. The three Ce comiytion was about 80 meV. Scienta 200 analyzer was used for
pounds to be discussed here have various Kondo temperge electron energy analysis for PES measurements, and the

tures, the universal parameter that controls many physicabtal resolution of the PES spectra was better than 100 meV.
properties of Ce compounds in the Kondo resonance sce-

nario. The Konc_io temperatures of intermetallic compounds Ill. DATA AND DISCUSSIONS

CeFe and CeNj are larger than about 500 K, and that of

CeSi, compound is about 45 K° This paper will mainly Figure 1 shows the Ckl, XAS data representingds,,
focus on the general phenomena of the @eeBige RPES, —4f transition for CeFg, CeNp, and CeSi compounds.

much different. Hence to compare quantitatively the experi- A* @F
mental photoemission spectra with those expected from the haad s
Kondo temperature of bulk materials, it is imperative to be 3a4f(d,,) ! .*
able to extract the bulk contributions from the experimental * \ 3047(d, )
data. Many approaches have been tried with the Gedge . PP e
RPES or ordinary UPS datd!* but the results were not 2 S0 y CeFe,
conclusive enough since each method has its own drawbacks e A 'i'. T N N—
and uncertainties. s s *

Recently a powerful new method to extract reliable bulk £ 3 ....,,-" -.‘."'\ CeNi,
Ce 4f spectral weights has become possible thanks to the .Ez ./—’/ . ‘@ G T ——
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FIG. 2. Cef spectral weights near the Fermi level for CgFe FIG. 3. Difference spectra between thé dpectral weights at
obtained with various incident photon energies. various photon energies and thathat=881.76 eV.

The 3ds;, XAS of Fig. 1 consists of the main peak structure Since the contribution from the Cef Z£missions is at least
nearhy=882 eV, and the satellite peak near=887 eV. ten times larger than those from other conduction electrons at

The main peak structure comes fromd®4f1" —.“3 d%4f2” these resonance energies, we can safely neglect the other
transition, and the satellite peak 63%4f%" —3 d°fl” conduction-electron contributions and consider the spectra of

transition?® The quotation mark indicates approximate inter-_':ig' 2 as the Ce #ispectral Weigkéts near the Fermi level, as
the case of Ce d-edge RPES® However, the bulk con-

pretation, since the complete eigenstate of each peak is corfi! € - . :
posed of many body configurations. The line shape of thdribution of Ce 4 spectral W(_elghts of Fig. 2 is much larger

main peak near 882 eV is primarily determined by the mul-than that of 4 edge RPES,_ since the electron 5nean free path
tiplet structures of th&d4f? electronic configuration, where at 3d—4f transition energies is much longfér! _
the underline represents a hole. At the bottom of the figureids The spectra in Fig. 2 consist of a peak near the Fermi

shown the theoretical bar diagram, which represents ener vel and a ShO‘l"de{) at abp_ut 2 eV. The shoulder near 2eV
positions and intensities of the multiplets of tBelgAf2 omes from thd*— f* transition, whereas the peak near the

electronic configuration expected from the atomic::elrm_i lthEI co(;nes_ frot;n‘lgg_lgh transition ((19 mezri]ns t.rllef
calculation’® We can see that the theoretical calculationthoee}égr: dce) ?ggorl:;ggg Zgﬁj_'l%lsf_%gl%?ggt asilfaodta(ra];lmsg
compares favorably with the experimental XAS data, espe- Peax. y

ciallv for the case of CeSi althouah we can also notice that ©" those peaks and their re_Iati_on to the electronic structures
y 3 g af CeFg have been dealt with in other papéts? Here we

the details of the main peak line shape and the satellite pe . .
intensity near 887 eV change somewhat depending on tﬁ}gcus on the change of the 4pectral line shapes depending

an the incident photon energy. We clearly see that as the
photon energy is increased frofn(881.76 eV to F (882.48
eV), which is only 0.72 eV apart, the width of the peak near
the Fermi level is significantly broadened. To see these
changes of spectral weights more quantitatively, we sub-
tracted the spectrum @ from data taken at higher photon
energies after normalizing each spectrum at its maximum
intensity. The resulting difference spectra at various photon

compounds. This change of the XAS line shape is due to th
stronger hybridization between Cé 4lectron and the con-
duction band in CeReand CeNj compared with Ce$j as
evidenced by their Kondo temperatures. We will deal with
this phenomenon and its implication on the electronic struc
tures systematically in a separate publicafibn this figure,
the symbolsA to G designate the incident photon energies
used to obtain the f4spectral weights with the Ced3edge : I
RPES to be shown in subsequent figures. energies are shown in Fig. 3. . .

Figure 2 represents RPES spectra near the Fermi level of We find two noticeable features in every difference spec-

CeFe obtained with various incident photon energies correrum of Fig. 3—a broad peak below the Fermi letgl and

sponding to the symbols froA to G in Fig. 1. All through a sharp dip aEg . The maximum of the broad peak moves to

- ; _ the high binding energy side as the incident photon energy is
tnhaens;@ %?]%tggcggegglfﬁet?cﬁlfvﬁnz-l;g%r?ésvgelghts are reso increased. In fact, we note that the binding energy of the

maximum position is exactly the same as the difference of
two incident energies, which is indicated by the arrows. This
3d'%f1+#w—3d%4f2—3d%4f%+ photoelectron. (2)  tells us that the kinetic energy of the broad peak remains the
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same regardless of the incident photon energy, a telltale sig-
nature of Auger emission. Hence, we can conclude that this
broad peak results from the Auger transition, and that the
apparent change of the spectral line shapes depending on the
incident photon energy is due to these Auger emissions over-
lapping the resonantf4photoemissions. This Auger process
must be the Coster-Kronig type between different multiplets
of the 3d%°4f? configuration in the intermediate state of
RPES.

To obtain genuine Ce f4 spectral weights from RPES
data, therefore, it is necessary to avoid the contribution from
these overlapping Auger emissions. The best way to achieve
this is probably to take the spectrum at the incident photon
energy corresponding to the lowest multiplet of the interme-
diate state. Indeed, we can see in the figure that the differ-
ence spectrum betwedhandA is nearly flat, implying that
the spectral shape is nearly identical for data taken near the
lowest multiplet. We have also confirmed that the spectra
taken at incident photon energies slightly beldwremain
identical in line shapes as that &f This fact gives us an
important lesson in extracting bulk-sensitive Ck gpectral

Intensity (arb. units)
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dangerous to use the incident photon energy which simplyifference spectrum between the two.

gives maximum resonance effdsuch as peak in Fig. 1),
since at that energy the spectra might be contaminated wi
overlapping Auger emissions. It is instead best to choose th
incident photon energy as low as possible which still givesth
appreciable resonance effect. Some of the previous Ce
3d-edge RPES experiments may have been performed at tq
photon energy of maximum resonance, in which case th
data have to be interpreted with caution. This interpretation
on the origin of the line-shape change with the incident pho-
ton energy can also explain the dip structure rigashown

in Fig. 3. Because of the Auger transition between multiplets
the intensity of the Kondo resonance peak neéarwill be
reduced while some intensities move to higher binding en-
ergy side. Therefore if each spectrum is normalized to its
maximum height before subtraction, as we did in our case, a
dip will show up near the Fermi level with negative intensity

in the difference spectra.

This phenomenon of overlapping Auger emissions in the
Ce 2d-edge RPES spectra is not limited to the particular case
of CeFe. In Fig. 4 and Fig. 5 are shown the Cel-2dge
RPES data for CeNiand CeSj, respectively, taken at vari-
ous incident photon energies. Again, we see that they both
show changes of spectral shapes depending on the photon
energy, similar to the case of CefeThe two spectra of
CeNj, in Fig. 4 are obtained with the incident photon ener-
gies of 882.34 eME) and 881.54 eV A), which are very
close to each other and roughly correspond to two maximum
points of s, XAS spectrum of CeNiin Fig. 1. But these
two 4f spectral weights have appreciably different shapes in
that the spectrum at photon energyshows a fairly strong
peak around 0.8 eV binding energy, which becomes very
weak or absent in the spectrufn To understand the origin
of this change of spectral shape, we again took the difference
spectrum of the two and showed it at the bottom of Fig. 4.

fets of 21942

Intensity (arb. units)

- - : ~al FIG. 4. Ce 4 spectral weights near the Fermi level for CgNi
weights using the @-edge RPES technique—that is, it is optained at different photon energies. Shown in the bottom is the

tﬁ’le difference of the photon energy and therefore corre-
gponds to the constant kinetic energy feature. This tells us
at in this case of CelMias well the origin of this phenom-
enon is the same as the case of Geffiscussed earlier, and
fe overlapping Auger emissions between different multip-
intermediate state contribute to the line-shape
change with the incident photon energy. The Gefiectra
shown in Fig. 5 give the same story, although the phenom-
enon does not look as pronounced as in the case of C&Ni

is in fact a general observation in our series of Cee@ge

CeSi,
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maximum around 0.8 eV binding energy, which is exactlyspectra are shown.
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resonant photoemission study on Ce compounds that the ionduction-band density of states near the Fermi level for
tensity of the indirect Auger emissions is weaker for atransition-metal compounds would also help this decay pro-
weakly hybridized system with a low Kondo temperature.cess, further enhancing indirect Auger emissions.

This seems quite natural since the indirect Auger transition

should involve a decay process into the delocalized IV. CONCLUSION

conduction-band states, the probability of which must be o
higher when the hybridization betweerf 4nd conduction- In the newly developed Ced3edge resonance photoemis

band electrons is strong and the density of conduction-ban ion technique for the study of bulk electronic structures of
ong an Y .ée compounds, the spectral shapes were found to depend
states near the Fermi level is large. Both of these trends wil

enhance the Kondo temperature of the material, hence esensmvely on the incident photon energy. By analyzing Ce

plain the correlation between the indirect Auger emissior:éd'e.dge RPES valence-band spectra of GeRzeNy, a_nd
! ) CeSj compounds systematically, we showed that this phe-
intensity and the Kondo temperature.

We might mention that the observation of indirect Augernomenon originated from the Auger transition between dif-

emissions in the valence-band spectrum obtained with inci}iﬁrﬁ]net |rrr11tue| :ﬁfgizireugtt:;:soﬁ—ﬂifreg)erf;ocrgc fgggg:riﬁlt%gu h
dent photon energies higher than on-resonance in RPES s b : 9

not unique to our cases discussed above. In fact, this phé’\Ze only showed the data on Cef&CeNi,, and CeSiin this

nomenon is quite common and much stronger in the metalli@2Per We found s!m|lar results for other C.e compounds as
Wwell, and expect this phenomenon to be universal for any Ce

3d and 4 systems, as observed, for example, in the NIcompounds Hence, when the €spectral weights are ob-
metal 3-edge resonant photoemissionThe fact that this et&lined with the Ce -edge RPES technique, it is very im-

effect is rather small in Ce resonant photoemission compar . . o .
to the cases ofl electron systems is probably related to theportant to avoid these overlapping Auger emissions contrib-
uting to the spectra. The most logical choice of the incident

more localized wave function of Cef4electron. Once the hoton energy to obtain genuine Cé dpeciral weight from
core hole is created by a photon in the x-ray absorption pro,?he Ce 3 re%)(/)nant hotgemission data must begthat corre-
cess, it can decay either to the direct Auger emissions with- P

out losing energy in the intermediate state, or to the indirec?‘pon(.jlng to the lowest multiplet of thedddge x-ray ab-
Auger emissions by losing some energy in the intermediatéOrptlon spectra.

state by decaying into conduction-band states. The relative
intensity of these two channels, i.e., direct Auger emissions
versus indirect Auger emissions, will be determined by how One of us(E.J.C) acknowledges the support by Korea
fast the intermediate state decays into the conduction band®esearch Foundation GranGrant No. KRF-2001-015-
before the direct Auger emission takes place. Since this deDP0178. This work was supported by the Korean Science
cay will be fast when the hybridization is strong between theand Engineering FoundatiofKOSER through the Center
localized state and the conduction band of the intermediatéor Strongly Correlated Materials Resear¢(BSCMR at
state, we can understand why the indirect Auger emissionSeoul National University. The research was performed un-
are strong in transition-metal compounds compared with theler the support of Japan Synchrotron Radiation Research
more localized 4 compounds. The generally high Institute (JASRI).
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