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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 respective 2p
energies. An Auger signal is found to be superimposed on the valence-band photoemission signal for photon
energies at and above the 2p absorption energy, but also for excitation energies down to;4 eV below the 2p
absorption energy. This is the radiationless resonance Raman~resonant Raman Auger! regime 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
EF in Cr and 3.2 eV belowEF in Fe.
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High-energy spectroscopies represent established met
for studying the electronic structure of atoms, molecules,
solids. With the advent of high-flux synchrotron radiatio
sources, resonance experiments such as resonance p
emission ~RPE!, resonance x-ray scattering, or resonan
Auger spectroscopy have become interesting new tools1–4

RPE consists of performing a photoemission experiment
one electronic level with a photon energy equal to the
sorption energy of another deeper core level of one of
constituents. Under this condition, one can have construc
interferences between the two channels of excitation, and
resulting intensity increase allows element-specific inform
tion to be enhanced. One condition for the occurrence of
RPE process in the valence level is the formation of a q
sistationary intermediate state. This situation holds in sol
e.g., for rare earth compounds, because of the long-lived
ture of the 4f states.5 It has also been found to be the case
a certain degree in Ni metal.6 However, the situation is not a
clear for other transition metals, although a valence-b
resonance enhancement has been observed at the 3p absorp-
tion energy, extending quite far above the 3p energy.7–12

In the previously much-studied case of Ni metal, t
valence-band resonance has been most thoroughly inv
gated at the energy of the 2p absorption.6 In short, a reso-
nance enhancement of the valence band and the two-
satellite about 6 eV below it have been observed for pho
energieshn smaller than the 2p absorption maximum~radia-
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tionless resonance Raman spectroscopy, RRAS!. For larger
photon energies a normal Auger transition is observ
which is identified from its constant kinetic energy, in add
tion to the two-hole correlation satellite.

For 3d metals to the left of Ni, less experimental da
exist for resonance photoemission at both the 3p and the 2p
resonances.7–12 From measurements at the 3p resonances it
has been concluded that there are no two-hole satellite
the data and1 ~with the possible exception of Mn metal! no
Auger transitions with constant kinetic energy occur for e
citations with photon energies smaller than the maximum
the 3p absorption coefficient.8,9 While it seems to be
expected1 that the valence two-hole satellite does not exist
3d elements to the left of Ni metal, the detailed investig
tions on Ni metal around the 2p edge6 suggest a possible
way to detect it nevertheless, namely, by using the RR
technique. This method has also been successfully applie
investigate core-core Auger transitions in relat
systems.13–16

In this paper we report the first successful attempt to
serve the two-hole valence-band satellite in Cr and Fe me
In addition, an unexpected crossover from the RRAS reg
to the Auger regime in these two systems is reported.

The experiments were performed at beamlines 7.0.1
9.3.2 of the Advanced Light Source~ALS!, Lawrence Ber-
keley National Laboratory. The resolution in the phot
channel varied between 100 meV and 230 meV, and in
12 582 ©2000 The American Physical Society
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electron channel between 100 meV and 250 meV. The w
of the 2p3/2→3d absorption line was;2.5 eV~measured as
full width at half maximum, FWHM!, and therefore, as re
quired for straightforward analysis of the data in term
RRAS,4 the width of the incoming photons was small com
pared to that of the resonance. The samples were thin fi
~80 Å to 200 Å! of pure Cr or Fe evaporated onto W~110!
substrates. The quality of the sample was verified by th
low-energy electron diffraction~LEED! spectra and a barel
visible O 1s signal. During the experiment, especially for C
some buildup of oxygen was observed. However, its sig
in the valence-band region~at a binding energy of;6 eV! is
well separated from that of the Cr 3d spectra and could
therefore be removed. The spectra ascribed to the meta
not change in any noticeable way during the period of
measurement indicating reaction of the surface with the o
gen. Also, a small second-order radiation signal was vis
in the Cr spectra, and this was subtracted from the data.
energy scale was calibrated from the Fermi cutoff with
accuracy of 0.05 eV.

Figure 1 shows measured valence-band spectra fo
metal using photon energies between 572 eV and 576
The inset gives the measured photoabsorption curve for
with the peak of the Cr 2p3/2 absorption curve occurring a
EX5576.3 eV. TheL3VV Auger shapes could be derive
from the spectra by subtracting a valence-band spect
with a shape derived from that measured far from resona
Similar valence-band spectra for Fe metal measured just

FIG. 1. Valence band photoemission spectra of Cr metal
energies leading up to the 2p3/2 resonance absorption maximum.
large Auger signal is seen, beginning at a binding energy of ab
3.5 eV and ending at the resonance maximum~photon energy
equals the 2p3/2 absorption maximum energy! of this photoabsorp-
tion spectrum at about 6 eV. The inset shows the independe
measured 2p photoabsorption cross section, where the photon
ergy range for which the electron distributions have been displa
is indicated.EB indicates the 2p3/2 binding energy~Ref. 18!. The
spectra forhn5572.99 eV tohn5574.23 eV are given as mea
sured, and the reduction factors for the other energies are indic
th
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low the 2p3/2 energy between 704 eV and 708 eV are sho
in Fig. 2, again together with the 2p3/2→3d absorption spec-
trum as an inset. The Fe 2p3/2 absorption peak here is a
EX5707.8 eV. The valence-band spectra presented in F
1 and 2 were thus recorded for photon energies leading u
the 2p3/2 resonance energies. The 2p3/2→3d absorption en-
ergies were calibrated at a special beamline in a transmis
experiment.

The valence-band spectra consist of a genuined
valence-band feature, starting at the Fermi energy, and
Auger signal that ends up at around 5–6 eV apparent bind
energy for the maximum photon energy used, which is
proximately at theEX absorption maximum~top spectra in
both figures!. In the normal resonant Raman regime, the A
ger signals should stay at constant binding energies up toEX
because they track with the photon energy; however, thi
obviously not the case down to;2 eV below the resonanc
energy.4

To emphasize this point, Fig. 3 shows a few selec
valence-band spectra for Cr metal, namely at the resona
energy~576.3 eV! and for two photon energies below an
above the absorption maximum. For Ni metal the Auger l
starts to ‘‘move’’ relative to the photoelectron peaks only
the absorption maximum because of its constant kinetic
ergy. However, for Cr the Auger spectrum starts to exhib
constant kinetic energy and move through the binding ene
spectrum already at 2 eV below the absorption resona
maximum. The spectra also show the expected intensity
hancement by factors of about 15 and 10 for Cr and
respectively, at the resonance.7–11,17

In Fig. 4, a plot of theL3VV Auger kinetic energy is
presented as a function of the photon energy relative to
at the 2p3/2 resonance maximumEX. The data for Ni are
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FIG. 2. As Fig. 1, but for Fe metal. Here a large Auger signa
visible, and the 3d valence band intensity is barely discernible. T
inset again shows the 2p photoabsorption cross section, where t
photon energy range for which the electron distribution has b
observed is indicated, andEB indicates the 2p3/2 binding energy
~Ref. 18!. The spectra forhn5704.10 eV tohn5706.27 eV are
given as measured, and the reduction factors for the other ene
are indicated.
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12 584 PRB 61BRIEF REPORTS
from a previous study,6 and the resonance positions for C
and Fe metal have been determined in separate x-ray ab
tion measurements~insets in Figs. 1 and 2!. The data for Ni
metal show the linear behavior that is characteristic of
resonant Raman effect6 for hn,EX ~with EX the energy at
the 2p3/2 absorption maximum!, while for hn>EX the nor-
mal Auger signal with constant kinetic energy dominates
spectra. Careful inspection of the data for Ni from 0.0 eV
about 0.6 eV below the resonance shows a small system
deviation from the straight line, suggesting that the consta
kinetic-energy limit may be reached slightly below the res
nance maximum, as noticed by the authors, who discuss
eral possible reasons for this behavior. However, for Ni,
important point is that the two straight lines connecting
energies below and above the resonance maximum inte
exactly at zero as defined by the photon energy relative to
resonance maximum, which is for the case equal to the 2p3/2
binding enery.

The behavior for Cr and Fe in Fig. 4 is different, in th
the ‘‘ordinary’’ Auger signal at nearly constant kinetic e
ergy is observed down to about 2 eV below the absorp
maximum for both cases. We stress again that the width
the exciting photons never exceeded 230 meV and is
small compared to the 2p3/2→3d absorption curves for both
Cr and Fe.

The data in Fig. 4 contain two new observations, name
the first observation of the two-hole satellite in Cr and Fe
3.5 eV and 3.2 eV belowEF respectively, compared to 6 eV
in Ni,6 and the fact that the crossover from the RRAS regi
to the Auger regime is different in the three metals. W
respect to the observation of the two-hole satellite we n
that this feature has been sought ever since the 6 eV sat
in Ni metal was detected more than two decades ago.

FIG. 3. Selected valence band spectra of Cr around the 2p3/2 energy
~576.3 eV! in order to show the shift of the Auger energy with photo
energy~and the absence of it! below the 2p3/2 absorption energy. The un
derlying dashed curves and points represent a simulation of the spectra
the Auger spectrum, the background, and the valence spectrum derived
measurements at a photon energy where they are well separated from
other.
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crossover from the RRAS regime to the Auger regime
‘‘normal’’ in Ag, Pd, Rh, and Ru, the 4d equivalents to Cu,
Ni, Co, and Fe, where, however, the screening dynamic
different from that in a metal13 and again core-core trans
tions were investigated.

In principle, the crossover from the RRAS to the ordina
Auger regime could occur at the photoemission binding
ergy, which is the smallest energy needed to excite an e
tron from a core level to the valence band. This is obser
in the present case in Ni and Cr as done earlier for Ag,
Rh, and Ru.14–16

In addition, for Ni EB and EX agree, as in Ag, Pd, Rh
and Ru,14–16 while in Cr and FeEX is larger thanEB ~see
Table I!. This may be explained in the following way. I

ing
om
ach

FIG. 4. Plot of the peak of theL3VV Auger kinetic energy for Cr, Fe
~this work! and Ni ~Ref. 6! relative to its energy at the 2p3/2 maximum
absorption energy, as a function of the difference in photon energy from
of the 2p3/2 absorption maximum. The dashed lines show the extrapola
of the resonant Raman Auger regime~and the Auger kinetic energy! to zero
relative photon energy, and emphasize the difference between Ni on the
hand and Cr and Fe on the other hand. The 2p3/2 binding energies~Ref. 18!
are indicated by arrows, the energy of the maximum of the 2p3/2→3d
absorption crosssection is given byEX; they have been measured direct
by J. Underwood at beamline 6.3.2 at the ALS, because the literature~Ref.
19! arbitrarily sets these energies equal toEB, which is obviously not cor-
rect.

TABLE I. XPS binding energies and XAS absorption energ
~peak maximum! for the 2p3/2 level of Cr, Fe, and Ni. The binding
energies are the average of the numbers in Ref. 18, and the ab
tion energies for Cr and Fe have been determined by J. Underw
at the metrology beamline of the ALS~beamline 6.3.2!, and that for
Ni has been taken from Ref. 6; errors are60.2 eV;D is the differ-
ence between the absorption and the binding energy.

Binding Absorption D

energy~XPS! energy~XAS! ~XAS-XPS!

Cr 2p3/2 574.3 eV 576.3 eV 2.0 eV
Fe 2p3/2 706.9 eV 707.8 eV 0.9 eV
Ni 2p3/2 852.7 eV 852.7 eV 0.0 eV
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Ni, which is ;d9 in the initial state, the x-ray absorptio
spectroscopy~XAS! experiment ‘‘removes’’ the one fina
hole from the valence band, and since one hole cannot
relate with itself, the Ni XAS process can be viewed a on
particle process.20 Since in this view (Z11 approximation!
the final states in photo- electron spectroscopy~PES! and
XAS are the same~namely d10), the spectra of these tw
techniques should be similar, which they are. In Cr (d4 ini-
tial state! and Fe (d6 initial state!, the XAS process can b
viewed as removing one hole from a correlated six-hole
four-hole state, respectively, which means that the corr
tion energy has to be supplied by the incoming photon
addition to the binding energy, meaning thatEX will be
larger thanEB, as observed.

The question why the crossover is observed atEB in Ni
and Cr but not in Fe may have its origin in dynamical effec
In order to understand why the crossover from the RR
regime to the ordinary Auger regime in Fe does not occu
EB, one can use the following argument. The Auger kine
energy is given by

Ekin~CVV!5BE~C!2@BE~V1!3BE~V2!#2U,

meaning that it is given by the binding energy of the relev
core level ~C! diminished by the energy of the sel
convolution of the valence band and the two-hole correlat
energyU. This equation is valid forhn>EB . For hn,EB
one has to replace it by

hn5Ekin~CVV!1@BE~V1!3BE~V2!#1U.

If Ekin(CVV) stays constant for decreasinghn as in Fe for
photon energies belowEB , either one of the two last term
or both of them have to decrease with deceasinghn. The
most likely candidate isU, the on-site two-hole repulsion
energy, because withhn,EB one may enter the adiabat
regime, leading to a delocalization of the holes and a co
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sponding decrease ofU. The difference in behavior of Cr an
Fe may be explained by the difference in the electronic str
ture of these two metals.

The differences in the resonance behavior observed
Ni, Fe, and Cr have their origin in the differences of the
electronic structure. A detailed explanation of the data
yond the qualitative arguments presented requires a com
cated many-body calculation, which is beyond the scope
this work.

In conclusion, it has been demonstrated that the equ
lent of the 6 eV valence satellite in Ni can be seen by
RRAS technique in Cr and Fe metal at 3.5 eV and 3.2
below EF , respectively. However, while in Ni this state
accessible by the PES and Auger channel in Cr and Fe, it
only be reached via the Auger channel. In all three cases
RRAS behavior switches to an ordinary Auger behavior
the photon energy reaches approximately the binding ene
The present data, taken together with those of Ni,6 thus dem-
onstrate how, with the help of a high-intensity third
generation synchrotron radiation source, resonance t
niques that were previously limited in their applicability du
to low count rates can be brought to use, thus revealing
ditional aspects of the electronic structure of solids.
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