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Final-state screening dynamics in resonant Auger decay at thep2edge of vanadium
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We investigated the resonant Auger process near thes) 2dge in vanadium metal. Attention is centered
on the onset of Auger decays and their behavior below thg, 2esonance. The[,,3d3d decay has a
crossover from the Raman-Auger to the normal Auger regime atgheri2zation threshold. Meanwhile, Auger
decays with core holes in the final state have normal Auger behavior even below the ionization threshold, the
2p323p3p process being visible at 2.2 eV lower photon energy. The different resonant behavior of these Auger
decays can be understood within the one-step model as final-state screening effects affecting the

photoexcitation.
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[. INTRODUCTION below the 2 absorption maximum for both metals, i.e., at

Resonant photoemission of the valence band is a powerfdf?€ IT for Crand 1.1 eV below the IT for P& For titanium,
way to extend the information that can be obtained on théhe resonance energy is shifted to 3 eV higher photon energy
electronic structure of matter beyond the level given by stancompared to the Ti 2 IT.** Raman-Auger behavior was not
dard photoemission experiments. In resonant photoemissidigported, but the onset of the@d3d normal Auger decay is
the incoming photons have an energy which is in the vicinityobserved at the photon energy corresponding to the IT.
of a core level absorption threshold, giving chemical element For 3d transition metals, the Raman-Auger to normal Au-
specificity in the analysis of the valence band spectrumger crossover of Auger decays with final-state core holes is
Since this method permitted clarification of the origin of the more rarely studied than that of th@3i3d decay. In nickel
Ni two-hole satellite, many studies have been performed metal, the p3p3p Auger spectrum has been shown to have
both at the  edgé~" and at the P edge of @l transition the same behavior as thep33d spectrum, i.e., resonant
metals®-13 Resonant valence band studies at thee@lge Raman-Auger below the photoabsorption maximum and nor-
revealed the existence of subthreshold Auger procésées. mal Auger abové! For manganese, thep3p3p and 23p3d
They were confirmed by further studies at theetige®-13In Auger decays have been reported to have a normal Auger
contrast to the normal Auger electron behadbovethresh-  behavior below resonancé.
old, whose energy is independent of the photon excitation, Vanadium is an early@transition metal interesting for its
the energy of the emitted electrdmelow the absorption magnetic properties when diluted in allolfsAs it is very
threshold follows the photon energy. This constant “bindingreactive, studies of electronic properties of clean vanadium
energy” behavior as a function of the photon energy is there quite rare. It is well studied by ultraviotet®and x-ray’
so-called nonradiative Raman-Auger effect. It is the signaphotoemission spectroscopy. A resonant photoemission study
ture of an interaction between the photoexcited and the auwvas reported for the soft x-ray rangéresonant studies at
toionized electrons. higher photon energies are necessary to improve the knowl-

For 2p3d3d Auger decay, which is superimposed on theedge of its electronic structure, to complete the valence band
valence band photoemission, the Raman-Auger to normaitudies of 8 transition metals, and to understand the 2
Auger crossover is well studied for some transition metalsexcitation dynamics not affected by strong electron correla-
The crossover is defined as the intersection of the lines ddions.
fining the linear kinetic vs photon energy dependence of the We report here the study of vanadium Auger decays at the
Raman-Auger regime and the constant kinetic energy of th@ps/, threshold. Auger spectra with different final states are
normal Auger behavior. With some exceptions, it is related taneasured simultaneously in order to have insight into any
the ionization thresholdT), measured as the binding energy possible differences in their subthreshold behavior. The
(BE) of the 2p level, which is the smallest energy needed to2p3d3d Auger decay is found to have a normal Auger onset
excite an electron from the core level to the valence band. I@t the IT, as reported for titanium, chromium, and it842
nickel, the crossover is observed at the absorption maximurkor photon energies lower than the IT, the Raman-Auger
(resonance energy which coincides with the photon energy decay is observed at 2.3 eV BE relative to the Fermi level
corresponding to the I The resonance energy in iron and (Eg). It can be related to the two-hole correlation satellite,
chromium is shifted to 0.9 and 2.0 eV higher energy relativeattainable only by the Auger channel, as in the case of chro-
to the IT, respectively. The crossover is observed=ateV ~ mium and iront? Meanwhile, for Auger processes with core
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FIG. 1. V 2p PES spectrum atv =650 eV (dashel and XAS FIG. 2. V 2p Auger spectrda) at the V Zs, resonance energy,

spectrum(solid). The energy is the BE for the photoemission and (b) at 112 eV above, an(t) at 18.2 eV below the resonance. Spec-
the photon energy for the absorption_ The d|p on the high_energyum (C) is shifted by 18.2eVto allgn the direct photoemISSIon lines

side of the XAS spectrum is due to oxygen contamination of theobtained at resonance. The absence of the Csignal at the po-
beamline. sition indicated by an arrow means that the Cu substrate is com-

pletely covered with vanadium.

holes in the final state, the normal Auger behavior is ob- _ _
served everbelowthe IT. In addition, the process with two Sure during evaporation was about ¥mbar. Photoelectron
core holes in the final state is observed at lower photon erSPectra were used as a test for the cleanliness of the sample
ergy than that with one final core hole. This relation betweerfnd the absence of any Cu contribution to the spectra.
the number of final core holes and the onset of the normal
Auger regime can be understood as a final-state screening lll. RESULTS AND DISCUSSION
effect.
The paper is organized as follows. First, we present the V
2p absorption and photoemission measurements which allow
an accurate determination of the resonance energy and the The V 2p photoelectron spectrufPES induced by 650
IT. Further, the photon energy dependence of tp8d3d €V photons and the V2XAS spectrum are shown on the
Auger decay is presented and discussed. Finally, the photdi@me energy scale in Fig. 1. The positions of thepy;2and
energy dependence of thep33p and 23p3d decays is V 2p1» PES maxima relative to thg: are measured to be at
given and discussed in terms of the core-hole screening iR12.3 and 520.0 eV, respectively. We refer these energies to
the final state. the V 2pgp and V 204/, IT's. A small O 1s signal visible at a
BE of 531.7 eV is due to oxygen contamination of the vana-
dium surface. The quantity of oxygen is estimated to be
Il. EXPERIMENT about 11% from the V g to O 1s ratio weighted by the
i corresponding photoabsorption cross sectiSrishe V 2p
The experiments were performed at the SUperESCAag corresponds to theg3d™— 2p3d™! transitions. The
beamline of the Elettra storage ring, using a stigmatic SXy, 2ps, and V D,,, absorption maximdresonant energigs
700 monochromator. The end station consists of a standaig}e |ocated at 515.3 and 522.4 eV, respectively. It should be
uItrahlgh vacuum chamber equ_ped with a double-pasgqaq that the v Bs/» absorption maximum is shifted by 3
hemispherical elegtron analyzer with a 96-channel detecto,, . higher energy with respect to the \pg IT. The
The x-ray absorption specttXAS) were measured by col- oparqy separation between the main components of the XAS

lecting low-energy secondary electrons. The photon energy,ecrm is 0.6 eV smaller than the one in the PES spectrum.
resolution of 160 meVat 650 eV and the analyzer resolu- g ransfer of the spectral weight away from the threshold

tion of 100-120 meV a$ comparable to the Wsg lifetime 54 the apparent reduction in the spin-orbit splitting are at-
broadening of 180 me¥: The correct positions of electron iy teq to the strong Coulomb and exchange interactions

spectra structures are determined by adjusting the BE of thg.veen the @ core hole and the Belectrons in the final
Fermi level. state20

A thick layer of vanadium was deposited by an electron-
bombardment evaporator. The (@Q0) substrate was cleaned
by repeated cycles of argon ion sputtering and annealing at
450 °C. Evaporation permitted us to have a clean vanadium Figure 2 shows the electron energy spectra recorded at the
surface in a much shorter time than by cleaning a singl@hoton energy of th& 2ps,, resonancéhy=515.3 eV (a),
crystal. The base pressure wag 80! mbar and the pres- 112 eV above(b), and 18.25 eV belowc) the resonance

A. Determination of the resonance energy and the ionization
threshold

B. V 2p resonant Auger decays
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FIG. 3. Resonant behavior of the spectra in the valence band BE,. FIG. 4. Photon energy dependence of the p4;d3d nonradi-
region, from the photon energy of 510.1 eV up to the resonance ative decay, from 3.7 10 3.0 eV below the g, resonance. The v
glon, P 9y ' P " 3d PES spectrum at 510.1 eV is subtracted from all the spectra. The

) ) spectra are normalized to the same heigi normalization factor
energy. The spectrum far below resonariceis shifted to s indicated in the figure

18.2 eV higher kinetic energy to match the photoemission

lines at resonance. Solid lines indicate Auger structures a”§p3,23d3d behavior. the V @ PES’s at 510.1 eV are sub-

dashed lines direct PES positiof@s, 3p, 3d, and “Sat.” for  yacted from the valence band spectra. The subtracted spectra
3p satellitd. The arrow indicates the position where the Cu e shown in Fig. 4. The absence of the shift of the structure

3p line should be observed if the V layer was not sufficently centered at a BE of 2.7 eV for different photon excitation
thick to cover the copper substrate completely. On the 'efEignifies that the fs,3d3d decay has a Raman-Auger be-
side of the figure, one observes thp;23s3p Auger decay  payior below the IT. In the opposite case, the spectra re-
(the 3/2 subscript is omitted in the figure for breVitThe  ;oqeq at 512.35 eV would be shifted to 0.75 eV higher
3s-3p Coulomb interaction in the final state is responsible forbinding energy relative to the spectra recorded at 511.60 eV.

1 3 ;
the °P and”P signals separated by 10.8 eV. Thps23p3p  The Raman-Auger behavior of the2,3d3d process can be
Auger decay appears in the 420-437 eV kinetic en€kd5)  rg|ated to the two-hole correlation satellite, attainable only

range. It consists of the thréts, *D, and®P) LS components through the Auger channel, as in the case of Cr an#Fe.
arising from the Coulomb interaction between the two 3 oy results are compared to studies on otfen®tals in
holes in the final state. The intensity of tfié@ component at Table I. The Raman-Auger position relative to the Fermi
resonance is increased by a factor of 12 with respect 10 itRyg| increases from V to Ni, i.e., with electron correlations.
value far above the resonance. TheyZ3p3d Auger decay At the same time, the difference between the photon energy
(460-475 eV has at least two major contributions. Accord- ¢ the Raman-Auger onset and the IT decreases drastically
ing to the calculations performed on nickeand ironZwe  to0m Cr to V. and the Raman-Auger regime was not ob-
identified the low-energy component as a mixég,'F) fi- ’
r?al state and the hlgh.-energy (.:omponent as a mixedD) TABLE I. Comparing the p3d3d Auger decays of @ transition
final state. This line is superimposed on thp §pectrum  metals: the Raman-Auger position relativeBg Raman-Auger on-

below the resonance. Finally, th@s%,3d3d Auger decay is  set, Raman to normal Auger crossover, and normal Auger onset
located in the right part of the figurg00-510 eV and is  relative to the IT. All values are in eV.

superimposed on the valence band photoemission for photanr

energies close to the resonance. Raman to
Raman-Auger normal Auger  Normal
1. 2p;3,,3d3d Auger decay position Raman-Auger crossover Auger
The resonant valence band behavior is shown in Fig. 3 for relative toEr onset relative to the IT__ onset
photon energies from 510.1 eV up to the resonance. Therj2 0
spectra are presented on the BE scale to show the expectegh 23 0.7 0 0
Raman-Auger regime below the IT. Two structures at BE of 35 ~5 0 0

0.5 and 2.2 eMdashed linesdo not change their position. Fe 3.2 ~a ——1 0
They can be associated with the density of states contribution -, '
to the direct photoemission procésdsihe photon energy de- Ni 6.0 ~4 0 ~-05
pendence of the [%,,3d3d Auger process is indicated by a areference 10.

full line. For photon energies higher than 512.3 @V), the  bThis work.

2p523d3d spectrum shifts with photon energy, so it has acReference 12.

normal Auger behavior. To bring to light the subthreshold’Reference 9.
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FIG. 6. Photon energy dependence of the v;;Bp3d Auger

FIG. 5. Photon energy dependence of the Vs3Bs3p, spectrum, from 4.2 eV below the V3, resonance up to the reso-
2p323p3p and 2s,3s3d Auger spectra, from 18.2 eV below the V nance. The V B PES spectrum has been subtracted from all the
2p3» resonance up to the resonance. “Sat.” indicates thep¥a3-  spectra. The dip at 470-473 eV is an artifact of the subtraction and
ellite. Inset shows the,3s3p KE region for photon energies) has no physical meaning.

510.10,(b) 511.60, andc) 511.85 eV.
behavior of these Auger processes can be understood in

served in Ti. The last two columns illustrate the influence of€'™MS of the final-state screening. It is known that in some

electron correlations on the transition from the Raman-Auge -aSEs, for instance in nickel metal, the main photoemission

to the normal Auger behavior, i.e., from a single quantum-'"€S aré a_ccompanied by _two-hole satellites. A schematic
g gee d infgPresentation of the Kotani-Toyozawa mo@ete Refs. 24

two steps. For light elements, like V and Cr, the two regimesand 25 explains this effect. This model predicts that after the
join at the IT. Meanwhile Fe has a mixed Raman—normaPhotoionization of a core electron, tdeband is pulled down

Auger behavior in an intermediate region of about 1 eV,and its unoccupied states belds¢ produce an extra hole.

while Ni switches rapidly from Raman to normal behavior at\éV? sugﬁeslicrthat in a resonant decay, ;’;&'gl‘ has to be viewed
a photon energy about0.5 eV below the IT. elow the IT as a one-step process, t e can accom-

modate not only a €p screening electron, but also the pho-

toexcited 2 electron, thus permitting an absorption process
2. Auger decays with core holes in the final state below the IT.

The dependence of decays with two core holes in the final We illustrate this in the case of thepg,3p3p decay. In
state on the excitation energy below resonance is shown i€ ground-state configuration, thel Band is located ar
Fig. 5 on a KE scale. The most intense structi® of the  LFig- 7@]. In the final state(3p*3d™?), the two P core
2p3,3p3p spectrum is visible when the photon energy isholes are screened by a pulldown of the iBand. The first
tuned to 510.1 e\(2.2 eV below the By, IT). Its intensity ~ Screening process is shown in Figb) the 31 band is pulled
does not change significantly up to an excitation energy oflown and the unoccupiedd3tates undekr accommodate
511.6 eV. At this energy, a swelling of the background isthe photoexcited electron. The screening is accomplished by
observed, in the region where the two singlet structures groSP electrons and the photoexcited electron in tiieb&nd.
up. The two'P and 3P components of the [,,3s3p spec- [N the second screening procd$sg. 7(c)], the unoccupied
trum appear at 511.6 elsee the inset of Fig.)5The low- levelsin the pulled-downdband are filled by dpelectrons.
intensity 2ns,3s3d feature appears at the same photon enln this final state t'he pho;oexcned e!ectron is accommodated
ergy as a shoulder on the low KE side of the ¥RES peak at Er. Note that in the first screening process, the photon
(440 e\). Even below the IT, these nonradiative decays havénergy needed for absorption is smaller, which permits the
a KE that does not change with photon energy: they have Bormal Auger line to appear below the IT.
normal Auger behavior.

The evolution of the B3,,3p3d nonradiative decay with
the photon energy, from 511.1 eV below the resonance up t
the resonance, is given in Fig. 6 on a KE scale. Thepv 3

TABLE Il. Raman-Auger and normal Auger onset relative to the
I(;I’, for three V Auger decays with different final states.

PES spectrum has been subtracted from the spectra. One can of’;lilrgiet;te Raman-Auger Normal Auger

note that the B;,,3p3d Auger structure appears at 511.6 eV, core holes onset onset

like the 2p4,3s3p and 2v3,,3s3d spectra. Its position does

not change with photon energy; thus this decay has also a2p,,3d3d 0 0.7 eV 0.0 eV

normal Auger behavior, even below the IT. 2p3/»3p3d 1 0.7 eV
Table Il compares the Auger resonant behavior of three 2p3/,3p3p 2 22 eV

Auger decays with different final states. The differences in
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if both have two core holes in the final state. In the last case,
both electrons involved in the final state belong to the same
shell. The probability of the [&,,3p3p process is higher and
permits it to be observed at a lower photon energy.

The effect of the different behavior ofp3p3p, 2p3p3d,
and 23d3d Auger decays is not observed in nickel métal
++ because the final state of th@23p3p Auger processes is
3p*3d'% the 3 band is occupied and the first screening
channel is equivalent to the second one.

3p

IV. CONCLUSION

We report a resonant Auger study near thep4,zedge in
oz 23 vanadium metal. The study is centered on the very beginning
@ ®) © of the absorption process and the behavior of the Auger de-
cay lines below the resonance. Thp;23d3d decay has a
"Lonstant binding energy up to the ionization threshold and a
constant kinetic energy above. The Raman-Auger regime be-
low threshold gives rise to the same final state as the two-
hole correlation satellite, here attainable only through Auger
channel, as in Cr and Fe.

The most intense [,,3p3p nonradiative decay is ob-
served 2.2 eV below the ionization threshold. Its constant

In the 2p3,,3p3p Auger processes the final state has twokinetic energy position shows that it is a normal Auger pro-
3p holes and the @ band has to be pulled down a lot to cess. The B;,3d3d decay appears 0.7 eV below the ioniza-
achieve their screening. The first screening channel permitgon threshold and it has a normal Auger behavior too. This
photoexcited electrons to be accommodated bétpwin the  premature normal Auger behavior is understood in terms of
2p523p3d process, there is only onep3hole in the final  screening of the core holes in the final state. As Auger decay
state: the pulldown of thedband is smaller and the unoc- s g single quantum-mechanical event below the ionization
cupied 3 states are closer #: the normal Auger behavior ,reshold, screening effects can affect the photoexcitation.
starts at a higher photon energy than the one of the \ye ghow that the transition from the Raman-Auger to the
2p3/23p3p Auger process, but still below the IT. Contrary to normal Auger behavior of @ transition metals should be

decays with final-state core holes, the;23d3d process in- i ssed as an interplay betweeth @ectron correlations
volves no final-state core hole and there is no need for pull-

ing down the 8 band. To achieve photoabsorption below theand final-state screening dynamics.

IT, the photoexcited and autoionized electrons interact. The

KE of the autoionized electron has a photon energy depen- ACKNOWLEDGMENTS
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FIG. 7. Schematic representation of the model for screening i
the P*3d™! final-sate configuration(a) In the initial state, the
metal 31 band is separated by into an occupied part and an
unoccupied part. In the final statdy) the 3 band is pulled down
belowEg, and there are@8holes belowEgr which accommodate the
photoexcited electrorig) 4sp electrons fill 31 hole states belog
and the photoexcited electron is accommodateB-at
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