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Abstract

Resonant inverse photoemission spectroscopy (RIPES) measurements have been performed in the soft X-ray (SX) region. The energy
region, which could not be accessible up to these days, includes core levels of many important elements to be investigated. They were applied
to transition metals (TM), rare earth (RE) metals, and their compounds. Remarkable resonance enhancement was observesd #f Ce 4d
resonance of some Ce compounds. This gives us complementary information with Ce 3d resonance IPES that was reported before. 2p and
3p resonance spectra were observed for the TM compounds. These resonances show rather weak enhancement compared with those of C
compounds, although apparent resonance feature was observed. These results are well-reproduced by many-body configuration interactior
on the basis of the Anderson impurity model. Though the study has just started, the results demonstrated the effectiveness of the RIPES
measurements.
© 2004 Published by Elsevier B.V.
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1. Introduction up to recently, since interactions between photon and sub-
stances are very strong. It became possible after improve-
The inverse photoemission spectroscopy (IPES) has beemrment of technology for optical devices and photon detectors
an important technique to investigate a density of state like soft X-ray emission spectroscopy (SXHR)3].
(DOS) of unoccupied state. Combining with photoemission  In case of photoemission spectroscopy, resonant measure-
spectroscopy (PES), which measures a DOS of occupiedments became possible after the development of synchrotron
state, IPES gives us complementary information about DOS radiation (SR) and have made remarkable achievenjiéhts
of materials[1]. In 1994, Wibel and coworkef5—7] measured resonant IPES
The IPES technique has two experimental modes; (RIPES) near the Ce 3d-absorption edge (about 880 eV)
Bremsstrahlung isochromat spectroscopy (BIS) mode andand reported a strong resonance effect by using a crystal
tunable photon energy (TPE) mode. The former uses amonochromator. However, IPES in the SX region had not
band-pass filter and scans the excitation energy, while thebeen observed yet till very recently.
latter uses a spectrometer with a fixed excitation energy. The Recently, we succeeded in the observation of the IPES in
BIS measurements are easier than TPE measurements, behe SX region using a spectrometer for the SXBE We
cause it does not need a spectrometer and proper band-passbserved the resonant IPES of Ce and Ti compounds near
filter is available in the X-ray and vacuum ultraviolet (VUV) the Ce 4d and Ti 3p absorption regifi-14].
region. Thus, the X-ray BIS (XBIS) and UVBIS have been In this paper, we describe the recent results of resonant
observed in early days. IPES in the SX region. Since the reports of BIS measure-
The observation of IPES in the soft X-ray (SX) region, ments have been described in previous artif1és-18] the
which means from several 10-1000 eV here, was still experi- description of these experiments is omitted.
mentally difficult, because the intensity of IPES is extremely ~ The measurements were performed for 3d transition met-
weak. Spectroscopy in the SX region had been much behindals (TM), 4f rare earth (RE) metals, and these compounds.
Resonance measurements were performed at TM 2p and
3p-absorption edge, and RE 4d-absorption edge. Remark-
* Corresponding author. able resonant effects were observed in these measurements.
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Especially, the RE compounds that have localized 4f statethe IPES in the energy rangev = 10-40eV. The TPE

shows strong enhancement, while TM compounds exhibit measurements are effective to observe a band structure

rather weak enhancement. in unoccupied state. Hu et gI36] observed IPES of Sc
metal at Sc 3p threshold (10-44eV) and observed strong
resonance. Since they used a near-normal-incidence spec-

2. Historical background trometer, experiments in the higher energy could not be
performed.

History of PES and IPES can be traced back to the be- A trial to observe IPES in the TPE mode was also made
ginning of the 20th century. In 1905, Einstein found photo- in the X-ray region. A pioneering work has been done by
electric effec{19]. In the photoelectric effect, the maximum Liefeld and coworker$37,38]in 1974. They observed res-
energy of the emitted photoelectrons is proportional to the onant X-ray emission of La at the dvabsorption edge. 20

photon energyv. years later, Wibel and coworke[§—7] measured resonant
IPES near the Ce 3d-absorption edge (about 880 eV) and re-
Emax=hv — W, ported a strong resonance effect. However, since they used

a crystal spectrometer, lower limit of available energy range
was about 850 eV.

Up to recently, observation of IPES in the SX region was
impossible. On the other hand, the observation of SXES has
become possible in the energy region from several 10 to
100 eV, recenthyf2,3]. SXES measurement excited by pho-
hvmax = Exin + W ton from synchrotron radiation was performed and achieved
a lot of fruitful results.

where Ejax and W mean the maximum energy of photo-
electrons and the work function, respectively. An inverse
relationship is hold between the short-wavelength cutoff of
emitted X-rays,hvmax, and incident electron energgxin
when electrons are incident to the solid surface

Duane and Hunf20] determined Planck constainfrom
the relations. They observed X-ray emission with an energy
hv from X-ray tube as a function of acceleration voltage 3. Formalities
of electron and observed sharp rising of X-ray intensity at
energyEyin. That is the first observation of BIS in X-ray 3.1. Normal IPES
region. After that, Ohlirji21] observed the emission in higher
resolution and found characteristic structures of sample at IPES is generally considered as the time reversal process
the threshold. Nijiboef22] suggested the structures reflect of photoemission. The IPES measurement observes energies
DOS of unoccupied state. of photons emitted from a sample excited by electrons, while
In XBIS measurements, the apparatus for XPS are usu-PES measurement observes energies of electrons emitted
ally used[23]. The apparatus is commercially available from a sample excited by photons. Thus, the two measure-
now, which is equipped with a crystal spectrometer to ments observe different properties of the sample. The IPES
monochromatize X-ray source of AldK(1486.6 eV) or Mg observes DOS of unoccupied state, while PES observes that
Ka, (1253.6 eV). Emitted photons are detected by means of of occupied state. Thus, the IPES and PES measurements
photocathode and channel electron multiplier. Hillebrecht give us complementary information of sample. Since the ini-
et al. [24] reported a high performance electron gun for tial state of IPES and the final state of PES are continuous
XBIS, whose energy resolution is about 0.5eV. state, spectra of both measurements basically reflect the to-
Application of a Geiger-Miller (GM) counter to ultravi- tal DOS. X-ray absorption spectroscopy (XAS) and XES are
olet band-pass detector made the BIS in ultraviolet region also used to study the DOS, but these spectra reflect partial
possible. Dos¢25] observed UVBIS by means of the GM  DOS of unoccupied and occupied states, respectively, be-
detector that has a band-pass aroand= 9.7 eV. The de- cause these are optical dipole transition. In order to elucidate
tector equips a CaFwindow that works as a high-cut filter.  the total electronic structures of a material, it is desirable
The active gas in GM tube, which is typically §jas, works to perform all these measurements. However, the IPES has
as a low-cut filter at the ionization threshold. The pass width been applied to only limited samples, because of its experi-
of I,/CaF, detector is about 0.8 eV that decides the reso- mental difficulty.
lution of BIS measurements. After the development, many Present situation of IPES resembles to the situation of PES
observations of UVBIS have been repor{éé,17,26,27] around 1980, in which days resonant PES was performed in
The band-pass detector was improved by many re- VUV region[39]. Roughly speaking, the present resolution
searcherf§28-30] Instead of 3 gas, solid state photoemitter  of IPES is about 19times of PES and intensity of IPES
was also applied to the detectf@1-33] which improved is less than 107 times of PES. The reason is due to weak
the practical resolution of UVBIS to about 0.3-0.4 eV. intensity of IPES.
In 1983, Himpsel and coworkef84,35] observed IPES Pendry[40] estimated the intensity of IPES for the first
spectra in the TPE mode by means of a grating type spec-time in analogy to the one-step model of photoemission.
trometer and position sensitive detector. They observed From the recent result of Johnson and Davenptii, the
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cross-section of IPES is described as follows excitation energy. The BIS measurements can observe one
do ¢ o 1 R 5 spectrum for one sample except for angle resolved measure-
T (£ ]2 - p| k)] ments, so that resonance features cannot be observed.
On the other hand, TPE measurement observes emission
wherek denotes the initial state with no photons @nde- spectra by means of a spectrometer when the system is ex-
notes the final state consisting of an electron in a bound cited by certain energy. The TPE spectrum is plotted versus
state. Thet is the polarization vector of photons, ands photon energy. In the TPE mode, excitation energy can be
the fine structure constant. changed at will, so that the energy can coincide with the
o2 1 absorption edge.
0= =~ —
he 137 3.2. Resonant IPES
The cross-section of PES calculated with the same assump-
tion is described as below In the normal IPES process, an electron incident upon a
do o k 1 solid surface decays radiatively to the lower energy states.

— =———|(k|&- p| b)}2 In the 3d*-electron system, for example, the normal IPES
dQ 2 m®ho process is expressed as follows

If we suppose the square of the matrix elements in each _ +1

equation is same, the ratio of two cross-sections is given by |3d”> +e& — [3d") +hv 1)

the following equation -
ged where € denotes the incident electron. If the electron energy

do do w2 re )2 is higher than the binding energy of a core electron, the
'=1\139o ey =22=-\7] - electron is excited and ejected out of the system. Then, the
created core hole decays radiatively (fluorescence process)
whereie and A, are the electron and photon wavelength, or non-radiatively (Auger process). The fluorescence process
respectively. The value ofis about 16° and 103 atenergy  is expressed as described below
of 10eV (VUV) and 1000eV (X-ray), respectively. This 1
result indicates the inherent low intensity of IPES. |c3d") — ’3d1 >+ hv @)

. Fig. 1shows the energy diagram ?f IPES. The IPES tech- wherec denotes a core hole. On the other hand, if the energy
nique has two measurement modes; Bremsstrahlung |sochrobf the incident electron is close to the binding energy of
mat spectroscopy mode and tunable p_h_oton energy mOdethe core hole, the second order process as described below
The BIS measurement observes a specific photon energy bXNOUld take place
means of a band-pass filter. The proper band-pass filter is
available in X-ray (1253.6 and 1486.6 eV) and VUV (about [3d") +e~ — |3p°3d""%) — |3d"1) + hv (3)
10eV) region. Thus, the X-ray BIS and UVBIS have been
observed in early days. The BIS spectra are recorded versudhis is a time reversal process of Auger decay. Because

of the interference between processes (1) and (3), resonant

effect would be observed.
IPES . .
TPE BIS In the SX region, there are many important core levels.
<o) e () Fig. 2 shows the energies of the core levels, compared with
ANAAP> available energies of the several measurements modes. Al-
PP RS o most all 2p and 3p levels of transition metals and 4d level
of rare earth metals are in the SX region. 1s levels of C, N,
VN> and O are also included, as well as Si 2p. These levels have
4 . been studied with the resonant PES, and are also the subject
<y
= A B} of resonant IPES.
: ,
s > <X >
AN Si2p Cls NIsO ls
L . * LS y  Energy (eV)
10 100 1000 >

UVBIS 4 A XBIS
Fluo-  RIPES € Soft X-ray (SX-IPES) ,>

Fig. 1. Energy diagram of IPES. At low energy excitation, only IPES

process is observed. If the excitation is higher than absorption edge, coreFig. 2. Binding energies of some elements (upper) and several measure-
hole is created. The core hole decays with fluorescence. Near absorptionment modes (lower). TM and RE means transition metal and rare earth
edge, RIPES process can take place. metal, respectively.
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The fluorescence is usually observed in the emission spec-off-resonant spectrum. However, Ce 4d resonance does not
tra when the excitation energy is higher than absorption edgeshow such a strong enhancement and TM 2p and 3p reso-
and core hole is created. The fluorescence has a unique ennance shows rather weak resonance. Thus, the observation
ergy of the elements in the materials to be observed. Theof RIPES in the SX region is rather difficult compared with
energy is independent from the excitation energy; i.e. char- the Ce 3d systems.
acteristic fluorescence. On the other hand, IPES changes its Pressure of the main chamber should be kept under 1
energy with changing the excitation energy. As described 10-1° Torr, because the IPES is very sensitive to surface
above, the maximum of IPES energy, which corresponds state and the measurements time is usually long.
to the Fermi edge, is proportional to the excitation energy.

Thus, the spectrum of the Fermi edge moves in the emission4.2. Spectrometer
spectra by changing energy.

The relation between IPES and XES resembles that be- The spectroscopy in the VUV and X-ray region has been a
tween PES and Auger electron spectroscopy (AES) spectrachallenging subject, because of its experimental difficulties.
The AES peak that has a unique kinetic energy is observedHowever, thanks to the advent of synchrotron radiation, the
in a PES spectrum. When the photon energy for excitation spectroscopic technology has rapidly improved. A number
is changed, the AES peaks move in the PES spectrum. Theof types of grazing-incidence spectrometers were developed
resonance effect is observed, when an AES peak coincidesand simultaneously, X-ray emission measurements became
with a certain PES peak; i.e. these processes have the sampossible in the soft X-ray regiof2,3].
initial and final states. Similarly, the resonance effectis ob- Rowland mount type spectrometer is used in this study.
served in IPES when the fluorescence peak matches with artwo types of spherical gratings, 5m with 300 lines per mil-
certain IPES peak. limeter and 7 m with 1200 lines per millimeter, were used.

The incidence angle of the spectrometer was fixed at an an-
gle of 85.98 and 87.T3respectively. The spectrometer cov-

4. Experiments ers the energy range from 30 to 1200 eV. Detection angle of
the spectrometer is about-2 srad. The designed resolution
4.1. Overview is 0.04 and 0.15eV at the energy of 50 and 100 eV, respec-

tively, when 5m grating is used, and 1.0 eV at the energy of

Fig. 3 shows the schematic diagram of a spectrometer of 200 €V, when 7m grating is used.
IPES. The apparatus was originally developed for X8S
The XES measurements were performed using synchrotron4-3- El€ctron gun

radiation in place of the electron gun in the figure.
In case of resonant IPES, the intensity is enhanced In the UVBIS measurements, the energy of electron beam

strongly. Especially, strongly correlated materials such as S rather low (5-15eV), so that the space charge effect can-
Ce compounds show strong enhancement when Ce 3d cordotbe dlsr_egarded. Furthermore, low qngular spread f';md rea-
level matches with the photon energ§]. The intensity sonably high current10wA) are required. Thus, a Pierce

of an on-resonant spectrum becomes ovék tiles of an  tYP€ electron guii34] and pervatrorj42] was used for ex-
citation.

Since the electron energy is rather high in this study, the
space charge effect is not so serious. But, small spot size of
the electron beam is rather essential in this system, since the
spectrometer has a small diaphragm (slit) in order to achieve
high resolution. The size of effective observation spot is
determined by the slit size, that is typically 50-308.

At the initial stage of this study, a filament-cathode-type
electron gun was used for excitation. The energy range of
the gun was up to 5keV and the spot size was comparable
to the slit size, but the energy spread was rather wide. To
improve the resolution, a Pierce type electron gun with BaO
cathode is used. The spot size is rather large, but the energy
spread is narrower than that of the filament type.

The electron kinetic energy for excitation was calibrated
CRehain by energy analyzer. In the standard measurements, electrons
a sample granng detector are injected normally and the emitting photons are observed

Fig. 3. Schematic diagram of spectrometer for IPES. The angle between at an angle Of,abOUt 60 .
incident electron and emitted photon is°60he inset shows the side The resolution of the system is limited by the energy
view. A Rowland-mount type spherical-grating spectrometer is used. spread of the electron gun in the low energy region. Since

Side View PIAS ",
diaphram :
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the energy spread of the thermionic cathode is over than T IR'I'PES‘ “
0.2-0.3eV even at low temperatures, the resolution of the Q/I\t\
. Co (54.7¢V)
IPES system cannot be improved beyond that energy spread. E / 30 g ot
= /5/“ Ni (61.8eV
JdEVHAR 1 (61.8¢eV)
4.4. Detector _E w/w W AR
~| (34
Since the IPES intensity is extremely weak and efficiency &l | Cu (699 ¢V)
of spectrometer is very low, high sensitive and high effi- § N/ﬁ N g
ciency detector is required for SX—IPES measurements. ‘_E §/WW
A position sensitive detector, which consists of mi- £
crochannel plates and a resistive anode, was used for TPE Ng/; L
measurements from the beginning of IPES measurements 0 5 10
[34-36] In early days, the detector was small (1in. diam- Energy above E (eV)

eter) and has rather few channels (less than 100) to detect, ) )
Fig. 4. IPES spectra from Co, Ni, and Cu metals. The spectra were excited

but it has been _|mproved. by the energy below the absorption edge, so that these show DOS of
In our exp.erlme.nts, two types. of the detectors Were hese metals. Each peak just abdeof Co and Ni is 3d peak. The 3d
used. One-dimensional (CR-chain, Hamamatsu Photon-peak is not observed for Cu.

ics) and two-dimensional (PIAS, Hamamatsu Photonics)

multi-channel detectors were properly selected depending

of situation. 5. Results and discussions
The CR-chain with a 3% 80 mn? size and 1024 chan-

nels is mounted tangentially along the Rowland circle of the 5.1. 3d Transition metals and these compounds

spectrometer. Since its detection plane is flat, the plane does

not coincide completely with the Rowland circle. Further-  Transition metals and these compounds are interesting

more, the detector has a large size (880 mn?), so that materials for resonant IPES experiments. Only one result of

the resolution at the edge of the detector becomes worseresonance measurement has been reported for Sc 3p reso-

compared with the center. nance by Hu et a[36] using a normal incidence spectrom-
The effective spectral range depends on both dispersioneter.

of the spectrometer and dimension of the detector. Thus, TM 3p (40 — 70eV) and TM 2p (400 — 900 eV) can be

it changes by changing the energy. The effective energy excited in this system. The efficiency of the spectrometer

range of the CR-chain is rather narrow because of the becomes lower at lower energy and the emission current of

grazing-incidence setup; 15-40eV at the detection energythe electron gun also becomes lower. Thus, the measurement

of 50-120eV (5m grating), 160 eV at 420 eV (7 m grating). in the low energy is rather difficult.

The CR-chain is suitable for measuring a narrow range in  Fig. 4shows IPES spectra of Co, Ni, and Cu metals. These

detalil. samples were prepared by evaporation on a Mo substrate.
Because of the experimental arrangement, the PIAS Co, Ni, and Cu metals have 8d3d®, and 3d° nominal

can be used only at normal incidence. Thus, the detectionstates, that is, two, one, and no d-hole(s) in the ground state,

plane is not always on the Rowland circle and distortion respectively. The IPES spectra were excited at the energy

of spectral image is large. However, since the PIAS is a below the absorption edge of each metal. Thus, these are

two-dimensional detector, correction of the distortion is normal IPES spectra that reflect the DOS of empty state. A

easy. On the other hand, the effective spectral range be-sharp structure just abowg- observed in Co and Ni corre-

comes rather wider from 25 to 70eV by changing the sponds to 3d state, while the corresponding structure is not

center energy from 50 to 120eV. The PIAS is suitable for observed in Cu that has no 3d hole nominally.

measuring the wide energy range. Fig. 5shows emission spectra of Ni, which were excited
Recently, flat field type spectrometer has been applied toby various energies near the Ni 3p-absorption epis.

IPES and SXES measuremeft8,44] Since the spectrom-  The observed spectra are shown with dots and the smoothed

eter has approximately a flat focus line, higher resolution is data are shown by solid lines. A few spectra at low energy

expected. excitation are normal IPES spectra. When the excitation en-
The absolute energies of the spectra were calibrated byergy is higher than 66.1 eV, core electron is excited. Then,

measuring the Fermi edge of Au. Efficiency of detector is each emission spectrum includes both IPES and fluorescence

also calibrated by detecting white light, since the efficiency components. The fluorescence spectrum is originated from

depends on the position in the detector. a decay of a Ni 3p core hole that is created by the incident
Since the cross-section of emission spectra is proportionalelectron. The fluorescence peak is observed at about 65 eV

to the third power of its energy, observed spectra are nor-in these spectra. An IPES peak moves with the excitation

malized by (hv)® [45]. Furthermore, the spectra were also energy. A sharp edge in each spectrum corresponds to the

normalized by the emission current of electron gun. Fermi edge. The peak beside the Fermi edge becomes very
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Fig. 5. SXES spectra of Ni metal. The numbers beside these spectra denote { h \ P ,‘; -1-10
the excitation energies. The dots show observed spectrum and solid lines /\ ‘L d-12
show smoothed data. The energy position of Ni-3d3p fluorescence is ( o o doqg
shown by broken line. /‘L\ S I
R off resonance] 8
Lol beea st | 1
weak when the excitation energy is 66.1 eV, where the fluo- -2 0 2 4 6 8 Intensity 0
rescence peak has almost the same energy as the IPES peak. e-w (eV)

Fig. 6 shows the RIPES spectra of Ni. On- and Fig. 7. Calculated IPES spectrum of Ni as a functionfok ¢ — o for
off-resonance spectra are plotted versus energy fiegm variouse. Thee dependence of the intensity of the main peak< 0eV)
An arrow shows the energy position of Ni 3¢ 3p fluo- and the shoulderH = 2-4eV) are shown by the solid and dotted lines,
rescence. Ni 3d peak just abofe becomes weak in the respectiyely, on the right; anda_) denote the energies of incident electrons

and emitted photons, respectivg§i7].

on-resonance spectrum.

Tanaka and Jpi7] calculated RIPES spectra of Ni by im-
purity Anderson model including many-body configuration @lso shown inFig. 7. These results seem to describe well
interaction effectFig. 7 shows the calculated IPES spectra. qualitatively the intensity change of the spectra.
In the calculation, the initial state of Ni metal consists of,3d Fig. 8shows Ti 3p RIPES spectra of lightly doped SrFiO
309, and 3&0 ConfigurationS, and the IPES spectrum Sp”ts [14] The resonance enhancement of the RIPES is observed
to bonding, anti-bonding and non-bonding states. The bond-atthe Ti 3p— 3d-absorption edge. The figure shows on- and
ing state becomes the main peak near the Fermi edge and ieff-resonance spectra which are excited by 47 and 45 eV, re-
shows a Fano-type resonan{@&], while non-bonding and ~ spectively. The spectra show two features, which correspond
anti-bonding peaks at 2 and 4 eV are resonantly enhanced© the bg and g states. In the figure, difference spectrum
at the absorption edge. The calculated intensity changes ardetween these two spectra and O 1s XAS spectrum are also
shown. The figure shows that the Ti 3d state is enhanced
by the resonance, while the intensity of Sr 4d state is not

" Nimetal RIPES changed. The peak at 6.1 eV is a surface state, which is ex-
iNi3d = 3p oo pected from recent band calculation of doped SgTid®].
\f\ - ?.w.ﬁ‘,f* Fig. 9 shows Ti 2p RIPES spectra of TiJrutile) plot-
gL ‘;:;MW o ted versus emission energy. A single-crystal was cleaned by

scraping with a diamond file. SXES spectrum that is excited
by SR is shown at the bottom of the figu&0]. Ti 3d —
2p emission peaks are observed in these spectra, which are
shown by vertical bars in the figure. It reflects the existence
. of 3d electrons in the ground state, though Fi® thought
b to be 3@ system nominally.
_2”"‘ (5) - é ; : f') o Fig. 10shows the RIPES spectralof TiQlotted versus
Energy above Er (eV) energy fromEg. Just above the Fermi edge, IPES spectra of

. . Ti 3d state are observed. It can be seen that the Ti 3d peak
Fig. 6. RIPES spectra of Ni metal. On- and off-resonance spectra are . . o
plofted vs. energy fronkx. An arrow shows the energy position of Ni 1S enhanced at the 467 eV excitation. Above that .ex'(:ltatlon
3d — 3p fluorescence. Ni 3d peak just abolie becomes weak in the ~ €Nergy, the IPES spectra become weak and shift its peak
on-resonance spectrum. position. We have reported X-BI51] and XAS[50] result

Intensity (arb.unit)
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A S e e p e T T T RIPES
,;.":.‘,- 'ﬂx} ' '.c.c.‘l B
(a) St on-resonance ER
& % B zn
S0 / ¢ D g
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5
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g o Srad Fig. 10. RIPES spectra of Ti(rutile). Numbers beside the spectra
¢ = denote excitation energy. Vertical bars correspond to emission peaks: Ti
B O Is-XAS 3d — 2p emission. The IPES peak of 3d just abdie shows resonant
— e L enhancement in the spectrum.
2 0 2 4 6 8
Energy Above EF (eV)
Fig. 8. RIPES spectra of SiligNbo.020s [14]. (a) On-resonance (closed The first observation of RIPES on the LasMbsorption

circle) and off-resonance (open circle) spectra measur: 547 and . .
45 e\/), respectively. (b) Di(ffgrence sp)ecijrum (solid Iingé Xsa:tlzbtracted from edge was performEd by Ll_efeld and coyvork{a3§,38] In
on- and off-resonance spectrum is also shown. (c) O 1s XAS spectrum. 1974. Several years ago, Wibel et[5]. applled RIPES spec-
troscopy to the investigation of the strongly correlated elec-
. . tron systems. They performed RIPES measurements on the
g:eTlc(e)lﬂs? dtge é(r-BItSI ?_pi;:trulr_r:{_zg and e.%. peakczi;, \tNhk')Ch ; 1C€ Ms edge of several ‘Ce-based Kondo materials’. They
y crystalfield Spiitiing, are observed at about 1,0 e the strong resonance effect of the Ce 4f-IPES spec-
and 4 eV, respectively. The peak shift in the RIPES spectratra at the Ce 3d-absorption edge. Tanaka and5253]

might reflect these states. calculated the IPES spectra within the impurity Anderson
o af h metals and th q model, which includes the full multiplet coupling effects and
5.2. 4f Rare earth metals and these compounas configuration dependent hybridization strength between the

.. 4f and conduction electrons. Their calculation explains well

Rare ea_rth metals and these compounds are ther INteT31e resonance behaviors of observed RIPES spectra. On the
estl_ng SUbJ.eCtS of r_esor_lant IPE_S measurements in the S)%ther hand, the comparison between the experimental and
region. Main target in this study is RE 4d core level. calculated results of the RIPES spectra at the Ge 8tige

of several Ce compounds was reported by Kanai €tL8l.
NSRRI Clear resonant spectra were observed at the édge be-
cause of well separated incoherent components, i.e. the nor-
mal fluorescence from the RIPES spectra.

Fig. 11 shows a comparison between RIPES spectra of
two Ce compounds. A single-crystal sample was cleaned by
scraping with a diamond file. The Ceg&is a dense Kondo
type material, while the CeRdhows valence fluctuation. A
peak at about 40 eV in each spectrum is an emission peak of
Ce 5p— 4d. The peaks at Fermi edge correspond to RIPES
peak of 4f empty state. Since it is observed on resonance
condition, the 4f peaks are observed strongly. The RIPES
spectra show contrast feature. CeRtiows two 4f peaks,
while CeGa shows only one peak. The labél &nd £ in
Fig. 10denote the number of 4f electrons in the final state.

Intensity (arb.unit)

400 420 440 460 480 On the other hand, since Ce ion in the Ce®as just one
Emission Energy (eV) 4f electron, the IPES shows only one peak.
Fig. 12 shows RIPES spectra of Cesalwo series of
spectrum that is excited by SR. Dotted lines denote Ti-82p and Ti vertical bars indicate fluorescence spectra. Phefik is en-
3d — 2p fluorescence. Arrows show IPES peak of Ti 3d. hanced resonantly in the spectrum excited by 120 eV. It can

Fig. 9. Ti 2p RIPES spectra of T¥D The spectrum at the bottom is SXES
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Fig. 11. Comparison of on-resonance IPES spectra between two Ce
compounds, which have different electronic state in the ground state.
Vertical bars indicate the peak of Ce 5p 4d emission. Thelfand £
denote the final state of RIPES process.

be seen that the Ce 46 4d emission peak is overlapping
to the 4f peak, in which energy the 4f peak is enhanced by
resonance.

Fig. 13shows RIPES spectra of CeRICePd, and CeSg
[10]. The off-resonant spectreEfx = 90eV) are shown
in Fig. 13(a) The strong peak at 1.1eV abo# in the
spectrum of CeRiis the ‘f: peak’, which corresponds to the
4f final state. The’f peak contains the Kondo resonance.

The f peaks of CePgland CeSp in Fig. 13(a)are at
0.5eV. TheTks of CePd and CeSgare around 200K. The
f1 peak of CeRp is much larger and it is situated at the
higher energy side as compared with those of Ge&ul
CeSn. This indicates the extremely high& and strong

T T T T T T T T T
Ce4p—)4d/"‘\
Cedf—dd I

Intensity (arb.unit)

100 J:/T\I.'—/T/T_TTTMI N R
-10 0 10 20 30 40 50 60 70 80
Energy above E; (eV)

Fig. 12. Ce 4d RIPES spectra of CeGblumbers beside the spectra denote

excitation energy. Two series of vertical bars correspond to emission peaks:

Ce 4f — 4d and Ce 5p— 4d emission. The IPES peak of 4f> 4f2
just aboveEr shows resonant enhancement in the spectrum by excitation
of 120eV.
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Fig. 13. (a) The off-resonant RIPES spectra of CgRtePd, and CeSa
The abscissa is the energy above Fermi le#).( The measurements
were performed at 25K. (b) The on-resonant RIPES spectra of £eRh
CePd, and CeSg [10].

4 6

itinerant character of the 4f electron of CefRhan that of
the typical valence-fluctuating systeifsl].

The structures corresponding to the final state with:4f
configuration are observed around 5eV in the spectra of
CeRhk and CeP¢ and 4eV in CeSq The £ peaks are
found to have strong multiplet splitting which causes com-
plicated lineshapes, as clearly shown in CgRhd CeSg
spectra. On the other hand, the structures at 2eV in the
spectra of CePdand CeSpg are assigned to the Ce 5d
band.

Fig. 13(b)shows the on-resonant RIPES spectra. The Ce
5d band is not found in the spectra of CgRad CeSgdue
to the resonance enhancement of 4f components. Reduction
of spectral intensity aEr in the on-resonant spectrum of
CeRh is caused by the lack of the 5d band contribution just
aboveEg. Thus, the on-resonance spectraig. 13(b)can
be regarded as the ¥€ontribution itself.

The ! peak intensity of CeRis extremely large as com-
pared with those of CeRBdind CeSg. Furthermore, the in-
tensity atEg is small. This directly reflects the higheBt
and that the 4¥configuration is dominant in the initial state.
This is consistent with the extremely low value of Pauli-like
susceptibility xo of CeRbRy [55,56] The remarkable itiner-
ant character of 4f electrons of CeRlis reflected by the
strongly depressed foeak. The CeRhcan be regarded as
the mosta-like Ce compound. Similar remarkable proper-
ties are reported for CeR¢9].

The £ peak of CeSg which is not seen clearly in
the off-resonant spectrum ifig. 13(a) appears in the
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on-resonant one ifig. 13(b) distinctly. TheTk of CePd
has been reported to be about 240 K and that of gé&She
about 200 K[57,58] They have very similar Kondo temper-
ature. It is interesting that the relative peak of CeSgis
much smaller than that of Cepdrespective of similaifk.
This directly indicates the fact that there is a big difference
in the initial state configurations, i.e. in the 4f occupancy
nf, between CePgand CeSg [13].

6. Summary

Resonant inverse photoemission studies were performedllS]
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