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Observation of the two-hole satellite in Cr and Fe metal by resonant photoemission
at the 2p absorption energy
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Valence-band spectra of Cr and Fe metal were measured with photon energies around their regpective 2
energies. An Auger signal is found to be superimposed on the valence-band photoemission signal for photon
energies at and above the 2bsorption energy, but also for excitation energies down 40eV below the
absorption energy. This is the radiationless resonance Réesonant Raman Augeregime and gives rise to
a signal that is equivalent, in terms of the final state, to the 6 eV satellite in Ni with energies at 3.5 eV below
Er in Cr and 3.2 eV belovEg in Fe.

High-energy spectroscopies represent established methotlsnless resonance Raman spectroscopy, RRASr larger
for studying the electronic structure of atoms, molecules, angghoton energies a normal Auger transition is observed,
solids. With the advent of high-flux synchrotron radiation which is identified from its constant kinetic energy, in addi-
sources, resonance experiments such as resonance phdion to the two-hole correlation satellite.
emission (RPB), resonance x-ray scattering, or resonance For 3d metals to the left of Ni, less experimental data
Auger spectroscopy have become interesting new to8ls. exist for resonance photoemission at both tpeaBd the D
RPE consists of performing a photoemission experiment omesonance$:'2 From measurements at the 3esonances it
one electronic level with a photon energy equal to the abhas been concluded that there are no two-hole satellites in
sorption energy of another deeper core level of one of thehe data antl(with the possible exception of Mn metaio
constituents. Under this condition, one can have constructivRuger transitions with constant kinetic energy occur for ex-
interferences between the two channels of excitation, and theitations with photon energies smaller than the maximum in
resulting intensity increase allows element-specific informathe 3p absorption coefficiert® While it seems to be
tion to be enhanced. One condition for the occurrence of thexpected that the valence two-hole satellite does not exist in
RPE process in the valence level is the formation of a qua3d elements to the left of Ni metal, the detailed investiga-
sistationary intermediate state. This situation holds in solidstions on Ni metal around thep2edgé suggest a possible
e.g., for rare earth compounds, because of the long-lived navay to detect it nevertheless, namely, by using the RRAS
ture of the 4 states’ It has also been found to be the case totechnique. This method has also been successfully applied to
a certain degree in Ni metAHowever, the situation is not as investigate core-core Auger transitions in related
clear for other transition metals, although a valence-bandystems-3-16
resonance enhancement has been observed aptabsdrp- In this paper we report the first successful attempt to ob-
tion energy, extending quite far above thp 8nergy’~*2 serve the two-hole valence-band satellite in Cr and Fe metal.

In the previously much-studied case of Ni metal, theln addition, an unexpected crossover from the RRAS regime
valence-band resonance has been most thoroughly investo the Auger regime in these two systems is reported.
gated at the energy of thep2absorptiorf In short, a reso- The experiments were performed at beamlines 7.0.1 and
nance enhancement of the valence band and the two-hof3.2 of the Advanced Light Sourd@LS), Lawrence Ber-
satellite about 6 eV below it have been observed for phototkeley National Laboratory. The resolution in the photon
energieshr smaller than the @ absorption maximunfradia-  channel varied between 100 meV and 230 meV, and in the
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FIG. 1. Valence band photoemission spectra of Cr metal for FIG. 2. As Fig. 1, but for Fe metal. Here a large Auger signal is
energies leading up to thepg), resonance absorption maximum. A visible, and the 8 valence band intensity is barely discernible. The
large Auger signal is seen, beginning at a binding energy of abouihset again shows thep2photoabsorption cross section, where the
3.5 eV and ending at the resonance maxim(whoton energy photon energy range for which the electron distribution has been
equals the P3;, absorption maximum energpf this photoabsorp- observed is indicated, an@lB indicates the Pg, binding energy
tion spectrum at about 6 eV. The inset shows the independentlyRef. 18. The spectra fohv=704.10 eV tohy=706.27 eV are
measured @ photoabsorption cross section, where the photon engiven as measured, and the reduction factors for the other energies
ergy range for which the electron distributions have been displayedre indicated.
is indicated.EB indicates the B3, binding energy(Ref. 18. The
spectra forhy=572.99 eV tohv=574.23 eV are given as mea- 1OW the 2pz, energy between 704 eV and 708 eV are shown

sured, and the reduction factors for the other energies are indicatell? Fig. 2, again together with thep3,—3d absorption spec-
trum as an inset. The Fep3, absorption peak here is at

. EX=707.8 eV. The valence-band spectra presented in Figs.
electron channel between 100 meV and 250 meV. The width and 2 were thus recorded for photon energies leading up to
of the 2ps,—3d absorption line was-2.5 eV(measured as  the 2p,, resonance energies. Th@s— 3d absorption en-
full width at half maximum, FWHM, and therefore, as re- ergies were calibrated at a special beamline in a transmission
quired for straightforward analysis of the data in term ofexperiment.

RRAS} the width of the incoming photons was small com- The valence-band spectra consist of a genuire 3
pared to that of the resonance. The samples were thin filmgalence-band feature, starting at the Fermi energy, and an
(80 A to 200 A of pure Cr or Fe evaporated onto(¥10)  Auger signal that ends up at around 5—6 eV apparent binding
substrates. The quality of the sample was verified by theienergy for the maximum photon energy used, which is ap-
low-energy electron diffractiofLEED) spectra and a barely proximately at theEX absorption maximungtop spectra in
visible O 1s signal. During the experiment, especially for Cr, both figure$. In the normal resonant Raman regime, the Au-
some buildup of oxygen was observed. However, its signager signals should stay at constant binding energies &Xto

in the valence-band regidat a binding energy of-6 eV) is becguse they track with the photon energy; however, this is
well separated from that of the Crd3spectra and could ©Obviously not the case down te2 eV below the resonance
therefore be removed. The spectra ascribed to the metal drperay’

not change in any noticeable way during the period of the 10 emphasize this point, Fig. 3 shows a few selected
measurement indicating reaction of the surface with the Oxyyalence-t;aeng spectrg 1;or cr mert]al, namely at thbe lresonagce
gen. Also, a small second-order radiation signal was visibl€Nergy(576.3 ey and for two photon energies below an

in the Cr spectra, and this was subtracted from the data. Thst;Or){/: ttohErﬁg\?g’r’prtle?gtir\?ea)t((l)r?ﬁ;nbEgtrogllergt?f)?: tpheeaﬁ:%%;lg?
energy scale was calibrated from the Fermi cutoff with AMhe absorption maximum because of its constant kinetic en-

ac?:gracy Olf Oﬁs ev. d val band tra f ergy. However, for Cr the Auger spectrum starts to exhibit a
\gure 1 Snows measured vaience-band spectra 11 “qyngiant kinetic energy and move through the binding energy
metal using photon energies between 572 eV and 576 e

. . ) pectrum already at 2 eV below the absorption resonance
The inset gives the measured photoabsorption curve for Cyaximum. The spectra also show the expected intensity en-

with the peak of the Cr @y, absorption curve occurring at pancement by factors of about 15 and 10 for Cr and Fe,
EX=576.3 eV. TheL;VV Auger shapes could be derived respectively, at the resonanté’

frpm the spectra by subtracting a valence-band spectrum |n Fig. 4, a plot of theL;VV Auger kinetic energy is
with a shape derived from that measured far from resonanc@resented as a function of the photon energy relative to that
Similar valence-band spectra for Fe metal measured just beit the 25, resonance maximurEX. The data for Ni are
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FIG. 4. Plot of the peak of the;VV Auger kinetic energy for Cr, Fe
FIG. 3. Selected valence band spectra of Cr around thg, 2nergy  (this work and Ni (Ref. 6 relative to its energy at the, maximum
(576.3 eV in order to show the shift of the Auger energy with photon absorption energy, as a function of the difference in photon energy from that
energy(and the absence of)ibelow the 25, absorption energy. The un- of the 2p5, absorption maximum. The dashed lines show the extrapolation
derlying dashed curves and points represent a simulation of the spectra usifj the resonant Raman Auger regiitand the Auger kinetic energyo zero
the Auger spectrum, the background, and the valence spectrum derived frofelative photon energy, and emphasize the difference between Ni on the one
measurements at a photon energy where they are well separated from edgnd and Cr and Fe on the other hand. Tpg,2vinding energiegRef. 18
other. are indicated by arrows, the energy of the maximum of tipg,,2>3d
absorption crosssection is given BX; they have been measured directly
from a previous stud§,and the resonance positions for Cr by J. Underwood at beamline 6.3.2 at the ALS, because the literéRefe
and Fe metal have been determined in separate x-ray abson® arbitrarily sets these energies equaBB, which is obviously not cor-
tion measurementSnsets in Figs. 1 and)2The data for Ni  rect.
metal show the linear behavior that is characteristic of the
resonant Raman efféctor hv<EX (with EX the energy at crossover from the RRAS regime to the Auger regime is
the 2p5, absorption maximum while for hv=EX the nor-  “normal” in Ag, Pd, Rh, and Ru, the d equivalents to Cu,
mal Auger signal with constant kinetic energy dominates theNi, Co, and Fe, where, however, the screening dynamics is
spectra. Careful inspection of the data for Ni from 0.0 eV todifferent from that in a metaf and again core-core transi-
about 0.6 eV below the resonance shows a small systemations were investigated.
deviation from the straight line, suggesting that the constant- In principle, the crossover from the RRAS to the ordinary
kinetic-energy limit may be reached slightly below the reso-Auger regime could occur at the photoemission binding en-
nance maximum, as noticed by the authors, who discuss seefgy, which is the smallest energy needed to excite an elec-
eral possible reasons for this behavior. However, for Ni, ariron from a core level to the valence band. This is observed
important point is that the two straight lines connecting thein the present case in Ni and Cr as done earlier for Ag, Pd,
energies below and above the resonance maximum intersegh, and RU-~*°
exactly at zero as defined by the photon energy relative to the In addition, for NiEB and EX agree, as in Ag, Pd, Rh,
resonance maximum, which is for the case equal to thg,2 and Ru**~*®while in Cr and FeEX is larger tharEB (see
binding enery. Table ). This may be explained in the following way. In
The behavior for Cr and Fe in Fig. 4 is different, in that
the “ordinary” Auger signal at nearly constant kinetic en- ~ TABLE I. XPS binding energies and XAS absorption energies
ergy is observed down to about 2 eV below the absorptioriPeak maximumfor the 2ps, level of Cr, Fe, and Ni. The binding
maximum for both cases. We stress again that the width ggnergies are the average of the numbers in Rgf. 18, and the absorp-
the exciting photons never exceeded 230 meV and is thuton energies for Cr and Fe have been determined by J. Underwood

: at the metrology beamline of the AL®eamline 6.3.2 and that for
ér:]glrllgolzn;?ared to theyiz,,—3d absorption curves for both Ni has been taken from Ref. 6; errors at®.2 eV; A is the differ-

The data in Fig. 4 contain two new observations, namely,ence between the absorption and the binding energy.

the first observation of the two-hole satellite in Cr and Fe at
3.5 eV and 3.2 eV belo respectively, compared to 6 eV
in Ni,® and the fact that the crossover from the RRAS regime

Binding Absorption A
energy(XP9 energy(XAS) (XAS-XPS)

to the Auger regime is different in the three metals. WithCr 2p,, 574.3 eV 576.3 eV 2.0eV
respect to the observation of the two-hole satellite we not&e 2p,, 706.9 eV 707.8 eV 0.9 eV
that this feature has been sought ever since the 6 eV satellitg 2p,, 852.7 eV 852.7 eV 0.0 eV

in Ni metal was detected more than two decades ago. The
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Ni, which is ~d® in the initial state, the x-ray absorption sponding decrease bf. The difference in behavior of Cr and
spectroscopy(XAS) experiment “removes” the one final Fe may be explained by the difference in the electronic struc-
hole from the valence band, and since one hole cannot coture of these two metals.

relate with itself, the Ni XAS process can be viewed a one- The differences in the resonance behavior observed for
particle proces&’ Since in this view Z+1 approximatiod  Ni, Fe, and Cr have their origin in the differences of their
the final states in photo- electron spectroscdP¥S and  electronic structure. A detailed explanation of the data be-
XAS are the saménamely d'), the spectra of these two yond the qualitative arguments presented requires a compli-

techniques should be similar, which they are. In 6t hi-  cated many-body calculation, which is beyond the scope of
tial state and Fe @I° initial state, the XAS process can be this work.

viewed as removing one hole from a correlated six-hole and |, conclusion. it has been demonstrated that the equiva-

four-hole state, respectively, which means that the correlagnt of the 6 eV valence satellite in Ni can be seen by the
tion__energy has t_o b_e supplied by the_incoming photon, irPRAS technique in Cr and Fe metal at 3.5 eV and 3.2 eV
laddmor;] toEtge bmtkj)mg er:jergy, meaning thax will be below Eg, respectively. However, while in Ni this state is
arger than >; @s opservec. . - accessible by the PES and Auger channel in Cr and Fe, it can
The question why the crossover is observedBtin Ni .
and Cr but not in Fe may have its origin in dynamical effects.Only be reach_ed wa_the Auger chanr_lel. In all three cases, t_he
§RAS behavior switches to an ordinary Auger behavior if
he photon energy reaches approximately the binding energy.
he present data, taken together with those of thiys dem-
onstrate how, with the help of a high-intensity third-
generation synchrotron radiation source, resonance tech-
Evin(CVV)=BE(C)—[BE(V;)XBE(V,)]-U, niques that were previously limited in their applicability due
) o o to low count rates can be brought to use, thus revealing ad-
meaning that it is given by the binding energy of the relevanijitional aspects of the electronic structure of solids.
core level (C) diminished by the energy of the self- g [ thanks the Advanced Light Source, Lawrence Ber-
convolution of the valence band and the two-hole correlatior]<e|ey National Laboratory for its hospitality, H. Wang for a
energyU. This equation is valid fohv=Eg. Forhv<Eg  yery useful discussion on resonant processes, E. Arenholz
one has to replace it by and A. Kay for assistance in setting up these experiments and
_ some first exploratory data, and the Volkswagenstiftung for
hv=Eyin(CVV) +[BE(VY XBE(Vz) ]+ U. the support of his work. The effort of J. Underwood to de-
If Exin(CVV) stays constant for decreasihg as in Fe for  termine 25,—3d absorption spectra of Cr and Fe with
photon energies belokg, either one of the two last terms samples provided by J. Kortright is very much appreciated.
or both of them have to decrease with deceasimg The  Work at LBNL and the ALS was also supported by the Of-
most likely candidate idJ, the on-site two-hole repulsion fice of Energy Research, Materials Sciences Division of the
energy, because withv<Eg one may enter the adiabatic U.S. Dept of Energy under Contract No. DE-ACO03-
regime, leading to a delocalization of the holes and a corre76SF00098.

regime to the ordinary Auger regime in Fe does not occur
EB, one can use the following argument. The Auger kinetic
energy is given by
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