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Resonant Auger spectroscopy at the X edge of NiO
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We have measured the photon-energy dependence of tte2€24 and O 1s2s2p resonant Auger lines at
the OK edge of NiO. The transition from the Raman-like regime, where these features are observed at
constant binding energy, to the Auger regime, where they appear at constant kinetic energy, is found for a
photon energy~0.8 eV lower than the absorption maximum at threshold, usually assigned o $dafes
hybridized with the Ni 8l orbitals. We interpret this behavior as a consequence of the fact that the intermediate
states of the resonant Auger process also havesiiéharacter. At the photon energy where the Raman- to
Auger-like regime transition takes place, the constant kinetic energy of the Auger featur&s8igV higher
with respect to off-resonance excitation. Analysis of the photon-energy dependence of the kinetic energy of the
Auger peaks across the transition from the Raman-like to the Auger-like regime allows us to determine the
onset of the Ni 4p continuum in the K edge absorption spectrufis0163-18209)03031-3

INTRODUCTION state physics they have been widely employed in the inves-
tigation of core-excited states and of decay processes. A re-
With the availability of tunable photon-energy sources of-cent example is the observation of resonant Auger dichroism,
fered by synchrotron radiation facilities, resonant spectrosinduced by the one-step recombination of a spin-polarized
copy has become a powerful technique to study the eleccore hole excited with circularly polarized lighConcerning
tronic properties of condensed matter. For this reason, thBXES, a recent finding is, for instance, that the crystal mo-
understanding of the core-hole recombination procegses ~mentum can be conservédhis suggests the use of RXES
ger, x-ray emissionfor resonance spectroscopy has becomeds new band-structure probe. For these reasons, a better un-
a very crucial topic. derstanding of the relaxation processes of the intermediate
The two-step model of the Auger or x-ray emission pro-state in RAES and RXES is particularly important, since
cess often falils if the energy of the excitation is close to arf€laxation might invalidate the applicability of the one-step
absorption threshold. The creation of a core hole and its ramodel and destroy the conservation of momentum. As an
diative or nonradiative decay can no longer be considered &&xample, the relaxation of the intermediate state in insulators
distinct independent processes, but they have to be viewed ftas been recently investigated in redge resonant x-ray
a one-step model, described by a Kramers-Heisenberg-tygigattering studies in MnQRef. 4 and NiO? that found evi-
matrix element. This case is characterized by the fact thatdence ofd-d transitions and electron-hole pair excitation.
the absorbing atom can be left in the same final ste® Recently, we have performed an experiment on NiO
while the excess energy of the incoming photon is transwhere we studied the NifZ3s3p and Ni 203p3p Auger
ferred completely to the outgoing electrodugen or photon  lines at the NilL 3 resonancé.We investigated the transition
(x-ray emissiof Thus, the energy position of the features infrom Raman to Auger behavior of these lines induced by
the Auger(x-ray emissioh spectrum follows the incoming transitions to delocalized intermediate states or by the par-
photon energy. This behavior is often addressed as the resticipation of inelastic processes in the recombination of the
nant radiationlesgemission of an Auger electrpror radia-  core hole. There is some indication that these processes in-
tive (emission of a photorRaman regime. This is the typical volve energies much smaller than the NiO band gap, sug-
situation obtained when the photon energy is set befor@esting that the intermediate state can relax by other means
threshold or across a resonance in the absorption spectruiiian d-d transitions. In the present paper, we describe the
due to a well-localized intermediate state. If the energy of thédehavior of the O $2s2s and O 1s2s2p resonant Auger
final state of the absorbing atom can vary over a continuunines when the excitation energy is varied around th& O
of values, for instance when the photoelectron is excited int@bsorption edge.
a band, then the normal Augétuorescencecase might be In NiO, resonant Auger spectroscopy at theKQand at
retrieved. In this case, the electrofmhotons, produced by the Nil,;edges are quite different case¥he intermediate
the recombination of the core hole, are detected at constastate of the RAES process reached after absorption of a pho-
kinetic (photon energy. The transition between Raman- andton at the NiL,; edge has mostly Ni@ character and is
Auger-like behaviors can also be induced by the possibilityusually considered as well localized. In fact, the onset of the
of the electron excited in the intermediate std® relaxing transitions to the continuum of the valence band formed by
and losing energy faster than the lifetime of the initial coresp state is found~11 eV above the maximum of thies
hole. white line. On the other hand, at thekOedge, an O & hole
Resonant AugerRAES and resonant x-ray emission is created and the core electron is promoted into one of the
(RXES) spectroscopy have become important techniques tempty O 2 states. These are strongly hybridized and form a
study the electronic properties of condensed matter. In solidwide band. This picture has recently been confirmed by reso-
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nant valence-band photoemissfbhin this context, it should

be recalled that in a system such as Ni metal, where the
intermediate state is characterized by the presence of an elec-
tron in a delocalized band, the transition between Raman and
Auger-like regimes is observed as soon as the excitation
reaches the threshol This is a consequence, as anticipated
above, of the delocalization into the solid of the excited elec-
tron, which no longer participates to the recombination of the
core hole. Similar effects have also been observed for the Pd,
Rh! and Ag(Ref. 12 L3M 4 M, 5 Auger lines.
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A NiO single crystal was cleaveid situ to obtain a clean 800
(100 surface. The base pressure of the apparatus was better
than 5<10 %% mbar. C & core-level photoemission was
used to check for possible carbon contamination. Between
successive cleaves, the amount of carbon on the surface of
the sample remained below the detection limit.

The resonant Auger data were collected at the dragon
beam line ID12B at the European Synchrotron Radiation
Facility,'® using the circularly polarized light emitted by the [ v =53156V
helical undulator Helios ¥ The photon energy resolution 0 ' |
was ~0.2 eV. The energy distribution of the photoelectrons bbb e b e b e
was measured at normal emission using a commercial hemi- 450 460 470_ 489 490 500 510 520 530
spherical analyzetPHI Model 3057, mean diameter 279.4 Kinetic energy (eV)

mm) with multichannel detection. The bandwidth of the ana-

lyzer was set to~0.3 eV, while its acceptance angle was FIG. 1. (8 O K edge absorption spectrum of NiCb) Photo-
+20°. The light incidence angle on the sample was 60° witremission spectrum of NiO obtained faz=531.5eV.

respect to the surface normal, while t@10) crystallo-

graphic axis of the sample was parallel to the plane contain- . .

ing the photon wave vector and the sample normal. All datd"t© SPin-up and spin-down states igf; or &, symmetry. In
were collected at room temperature. the case of NiO, qnly the mmo.rlty spiy, states are partla]ly

Particular care has been dedicated to the absolute photofMPYY and one single peak is observed, corresponding to
energy calibration. This was obtained by measuring the diffransition between an Qslclzé)re level and an O2 state
ference between the kinetic-energy positions of the pli 2 Nybridized with ane, orbital. o _
peaks due to the first and second order of the monochro- Figuré 1b) shows the photoemission spectrum of NiO
mator. Then the position of the Nip3core levels and of the ©OPtained at»==531.5 eV. This is the photon energy that
O 1s line in second order have been monitored to correcfOTe€SPonds to the position of the maximum absorption at
possible shifts of the photon energy and kinetic-energy axidréshold. Three RAES peaks are visible, labeled in Fig). 1
due to monochromator drifts and/or sample charging. Th&@SA B, andC. PeakC corresponds to the Os2s2s Auger
analyzer work functionp has been determined by measuring fransition while peaksA and B belong to the O $2s2p

the Fermi level of sputtered €100 using the first and sec- manifold. At the OK edge, the O 42p2p Auger process
ond order of the monochromator. resonates with the photoemission from the ©cbre level.

In the present paper, we will focus our attention only on the
O 1s2s2p and O 1s2s2s Auger lines, since these transi-
RESULTS AND DISCUSSION tions do not involve interference effects with photoemission
peaks such as the ones giving rise to Fano profiles.
In Fig. 1(a) we present the absorption spectrum of NiO at  In Fig. 2 the kinetic-energyKE) position of peaks\, B,
the OK edge. The peak d@tr=>531.5¢eV corresponds to ab- andC is plotted as a function of the incoming photon energy.
sorption due to empty Of2 states hybridized with Ni@  Well below the OK edge, peak® andC appear at constant
orbitals. The structures at higher photon energiés’ ( binding energy(peak A is too weak in this photon-energy
>534eV) are attributed to2weight in states of predomi- range for its position to be determined accuratels ex-
nantly Ni 4sp character® The general line shape can also be plained above, this behavior is typical of the nonradiative
reproduced by multiple scattering calculations as discusseRaman regime, where the absorption of a photon and the
previously®'® The spectrum is also very similar to the emission of an Auger electron have to be viewed as a
electron-energy loss spectra and comparable to the high eobnestep process. The constant binding endRfy) regime
ergy inverse photoemission spectfdn early 3 transition- seems to be dominant for photon energies up hto
metal oxides, the absorption spectrum shows a doublet neafr530.7(=0.2) eV. Around this value, the kinetic energy of
the OK threshold. This is due to the octahedral crystal fieldthe RAES lines reaches a maximum that-i¢.8 eV higher
and to the exchange interaction, which split tret &bitals  than the KE value characteristic of the off-resonance Auger.
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T AR T ™ energy much lower than the absorption maximum. As a con-
3.0 T 500 sequence of energy conservation, this means that the inter-
ad ] mediate states that give constant kinetic-energy Auger peaks
}.','.iiiv{:&‘. A ] when the photon energy is well above threshold are not the
PES. 900q00e | same ones that contribute to the absorption pealnat
495 =531.5eV. A similar behavior has been observed forlGu
] RAES in Cy0,*® where the intermediate state is represented
by the combination of a |25, hole with a 4p electron in
strong interaction with the O<p valence band. In this case,
the crossing between the Raman and the off-resonance Auger
lines occurs at about 1.5 eV below the maximum. On the
contrary, in CuO, where thie; edge corresponds to a single
line resonance well separated from the excitations to con-
tinuum states since in the IS the Cd 3hell is completely
] filled and the 4p band is empty, this crossing is observed
480 much closer to threshold, at about 0.6 eV below the
] maximum?®®
T We have already noticed that the presence of overlapping
1475 distinct intermediate and final states can lead to a very com-
1 plex photon energy dependence of the KE position of the
RAES peak$. If the energy separation between the corre-
sponding FS’s is smaller than the lifetime broadening, they
Photon Energy (eV) will appear as a single RAES peak. However, tuning the
excitation from ongrelaxed or unrelaxedS to a different
FIG. 2. Kinetic-energy position of peaks B, andC of Fig. (b)  one would transfer spectral weight across the peak, which
as a function of the photon energy. The dashed lines represegould not follow a simple constant bindir@aman or ki-
points at constant binding energy, while the horizontal solid linesyetjc (Augen energy behaviot.Moreover, under the condi-
correspond to the values of the kinetic-energy positions of the peakifons described above, interference effects in the intermediate
athy=>545.8eV. or in the final state are also likely to become important, in-
creasing the complexity of the RAES process. The observa-
tion that the behavior of the KE position of the RAES peaks
At higher photon energies, the position of the RAES peaksirastically changes below threshold means that, even if their
gradually moves towards lower KE values and eventuallycontribution to the XAS spectrum is very small, there are
reaches(at hy~533eV) the kinetic energy of the off- intermediate states more bound than the ones giving the ab-
resonant Auger spectra. We would like to stress that the desorption maximum ahv=531.5eV.
viation from the Raman-like behavior takes place 0.8 Assuming the absence of interference between different
+0.2eV before the X edge, where the absorption cross intermediate states involved in the recombination of the core
section is at least five times lower than at threshold. Fronhole, the resulting RAES spectra should correspond to the
such a consideration, we exclude the presence of experimesuperposition of their respective independent contributfons.
tal artifacts due to the finite resolution of the monochromatofThis suggest a possible interpretation of the KE dependence
such as the ones described in Refs. 6 and 18. These artifaaié the RAES peaks shown in Fig. 2. These peaks might in
consist in the apparent constant kinetic energy of the RAE$act result from transitions to the states responsible for the
peaks position that is observed whin is scanned across absorption peak dtr=531.5eV and giving rise to a Raman
one of the IS resonancéebserved, say, dtv). Since the behavior(constant BE, superposed on to the constant KE
photon-energy resolutiosnhv is finite, the photon enerdyr  peaks, which are due to excitations into more bound delocal-
will always be available to excite the same resonant intermeized or relaxed intermediate states. The superposition of
diate state as long ds varies in an interval of the order of these two components would in fact result in a dependence
Ahv around the resonance. If the RAES peak position isof the peak position similar to the one shown in Fig. 2, with
plotted as a function of the mean excitation energy, a cona maximum KE forhvr~531.5eV. The RAES peaks should
stant kinetic energy is observéide., Auger behavior Exci-  also be broadened since they would be the superposition of
tation energies for whicthv lies (significantly below or  two different contributions with a different photon-energy
above the resolution window will show the expected peak atlependence. However, within the error bars of our experi-
constant binding energgi.e., Raman behavipiif the IS is  ment, such a broadening is not observed. An alternative ex-
not delocalized or relaxed. Since in our case the deviatioplanation of the RAES peaks position might be that the in-
from the Raman regime takes place at a photon energy beloterference between intermediate states is not negligible. In
the absorption threshold much lower than the monochrothis case, the separation into a Raman and an Auger compo-
mator bandpasg.2 eV), we can exclude the intervention of nent would not be possible in the photon-energy region cor-
such artifacts. Note that the energy resolution of the electronesponding to the absorption prepeak. This would also ex-
analyzer has no influence on the observed KE position of thelain the lowering of the KE maximum below the photon
RAES peaks. energy corresponding to the resonance maximum. Note that
The Raman and the off-resonance Auger lines cross at ahe asymmetry of the absorption prepeak is an indication of
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the presence of interference between spatially localized aneglecting any screening effect, to excite an ©electron
extended IS'ysee below into the conduction band at the IO edge the photon needs

If the final states derived from the distinct IS's are at thean energy equal to the Osbinding energy plus the energy
same energy, whemv is set well below the excitation difference between the Fermi level and the conduction-band
threshold of all the possible IS, the RAES peaks will beminimum. Assuming a band gap of about 4 eV, and a
observed at constant BE, representative of the binding eRyalence-band maximum-0.3 eV lower than the Fermi
ergy of the final state. Under this assumption, an estimatiofeye| 2 it turns out that the transitions to the Q@/MNi 4sp
of the upper limit of the BE of the most bound IS can be,gience band are excited for photon energies greater than or
obtained. It will be given by the intersection of the Ramanequa| tohy=532.3eV. This is already quite close to the
line interpolating the constant BE points beldw=531 eV absorption prepeak of OfZNi 3d character, and screening

and the Auger line corresp_ondlng to the. KE of the R.AESmight further reduce this value. Considering the fact that the
peaks above thresholdee Fig. 2. Comparing the behavior _. . .
tail of continuum states can extend to lower photon energies

of peaksB andC, we find that the most bound IS's cannotlie - i of sharp resonanc@<??this is consistent with

more than~2.3 eV below the absorption peak in Fig. 2 . g .
(before threshold, peakis very weak ar?]d its pBE is not vgell the observation of the Raman to Auger transition starting

defined. ~0.8 eV before the prepeak. It should also be noted that the
Concerning the nature of the IS's excited beldw kinetic energy of the Auger lines have essentially converged

—531.5eV, a possible interpretation could be that they ar@t their high-energy limit bjny=532.5eV. _

gap states. If this was the case, the transition towards a con- We will now relax the condition that the FS’s obtained as
stant kinetic_energy regime of the RAES peaks Wou|d be’i Consequence of excitation into distinct IS’s are degenerate.
induced by the relaxation of these gap states before the ré&uppose thatv is set well below the excitation threshold of
combination of the core hole. Actually, we have already ob-all the accessible IS. Then the RAES peaks will be observed
served in the case of Niz; RAES that relaxation might take at a constant BE corresponding to the binding energy of the
place for intermediate states if the photon energy is tune@S resulting from the transition into the tail of the Nég

just a few hundred meV above the value necessary to exciteéerived IS’s, which extends to lower photon energies than
them, even if they are well localiz€dn Li,Ni;_,O, the Li" the Ni 3d derived IS’s. This FS contains two holes, namely
impurities induce extra holes of Op2character, increasing O 2s? (peak C in Fig. 1) or O 2s2p (peaksA and B),

the number of gap states participating to the<@dge ab- screened by an electron in the N6@ band. As the photon
sorption and allowing for a determination of their energyenergy is increased, the intermediate state is more and more
distribution (in the presence of a core hpf€*! The OK  gominated by the Ni 8/0 2p resonance ahy=531.5eV,
XAS spectra of Li-doped NiO show an extra peak centered ajyhich has a high cross section. As a consequence, the BF of
~3 eV below the absorption prepeak in undoped NiO. Thishe RAES peaks will be representative of the BE of the final
energy difference appears to be too large compared to th?(ate with two holes (€ or 2s2p) screened by an Of2

value of ~2.3 eV reported above. . . . . )
S , . electron hybridized with the Ni @ orbitals. Now notice that
A second possibility could be that the IS’s excited well the position of peakB in Fig. 2 does not seem to follow

below hr=531.5eV c_ontaln some N|343_c_harac_ter. In exactly a constant BE line. Fromhy=528.5 to hy
other words, the continuum states containing Np4and — 59956V, it follows a constant BE line that is1 eV
O 2p weight responsible for the large absorption coefficient : N

P g P g D below the line followed fromh»=529.5 toh»=530.5eV. In

for hv>534 eV might have a tail extending below the peak™™ . ;
at threshold. This is a very well-known case in atomic phys-NiS Photon energy region the error bars are quite large be-
ics. where it has been demonstrated that transitions t§2use of the small intensity of the RAES features, which are

the continuum can dominate the absorption spectra foflSO Superposed on a high background. However, in principle
photon energies well below threshdfdEven in systems N this way we can obtain an estimate of the value of the
with strong discrete resonances below threshold the effec@ifferent screening of a O=2core hole by an electron ex-
due to Auger or fluorescence emission from the continuungited into O 2 states hybridized with Ni gp or Ni 3d or-
might be important. An example is represented by thebitals, respectively.

resonant «, , fluorescence following photoexcitation of Xe

over a range containing the; edge? Well below the ion-

ization threshold, states belonging to the Rydberg series are CONCLUSIONS

excited and give intense Raman peaks that are strongly
asymmetric because of the contribution of threshold TO conclude, the O 42s2s and O 1s2s2p resonant Au-

fluorescencé3 ger lines have been studied as the energy of the exciting
In our case, the asymmetry of the XAS peak in Fig. 2photons was scanned across the at thé @dge. The posi-
confirms its interaction with the continuum, which will be tion of the RAES peaks reveals a transition from a constant
formed mostly from the Ni 4p band. Since I1S’s of Ni dp  binding energy(Raman behavior, to a constant kinetic-
character are also responsible for the constant KE RAE®nergy(Augen regime. This transition is observed for a pho-
above threshold, on the basis of what was discussed aboten energy~0.8 eV lower than the absorption maximum at
and assuming no interference effects we can state that the tafireshold and is interpreted in terms of relaxation of the in-
of the valence band in the R edge extends down to termediate state of the resonant Auger process when as O 1
~529.2 eV. This conclusion is also supported by our detereore electron is excited into gap states. At the Raman-
mination of the O % binding energy(528.6 eV} in NiO.  Augertrade off, the kinetic energy of the RAES peaks
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reaches a maximum that is1.8 eV higher than the off- ACKNOWLEDGMENTS

resonance excitation case. This complex dependence of the

kinetic energy of the RAES peaks is interpreted as due to We are grateful to P. L. Wincott and G. Thornton
overlapping distinct intermediate states with Nl 3or  (Manchester Universifyfor providing the NiO single crys-

Ni 4sp character. Valuable information about the energy potal. We would also like to thank L. H. Tjeng, F. M. F de
sition of the onset of the continuum of QpXstates hybrid-  Groot, O. Tjernberg, and L. Braicovich for stimulating dis-
ized with the Ni 4p band can be extracted from this depen-cussions, and Kenneth Larsson for his invaluable technical
dence. assistance.

*Present address: TASC-INFM, c/o Elettra Synchrotron Light Goulon-Ginet, M. Hagelstein, and A. Rogalev, Physica B
Source, Strada Statale 14-Km. 163.5, 34012 Basovizza, Trieste, 208&209, 199(1995.

Italy. 14p. Elleaume, J. Synchrotron Radiaf.19 (1994.

1T, Aberg and B. Crasemann, Resonant Anomalous X-ray Scat- "°F. M. F. de Groot, M. Grioni, J. C. Fuggle, J. Ghijsen, G. A.
tering, edited by G. Materlik, C. J. Sparks, and K. Fischer _ Sawatzky, and H. Petersen, Phys. Revi@5715(1989.

(Elsevier, New York, 1994 p. 431. 18D, D. Vvedensky and J. B. Pendry, Phys. Rev. L&#, 2725
2B T. Thole, H. A. Dur, and G. van der Laan, Phys. Rev. L&, (1989; I. Davoli, A. Marcelli, A. Bianconi, M. Tomellini, and
2371(1995. M. Fanfoni, Phys. Rev. B3, 2979(1986.

17 ; ; g ; ;
3y. Ma, N. Wassdahl, P. Skytt, J. Guo, J. Nordgren, P. D. Johnson, F. Reinert, P. Steiner, S. lfher, H. Schmitt, J. Fink, M. Knupfer,

P. Sandl, and E. Bertel, Z. Phys. ¥, 83 (1995.
J-E. Rubensson, T. Boske, W. Eberhardt, and S. D. Kevan, Phys, , . .
Rev. Lett.69, 2598(1992. M. F. Lopez, A. Hadr, C. Laubschat, M. Domke, and G. Kaindl|,

43. M. Butorin, J.-H. Guo, M. Magnuson, P. Kuiper, and J. Nor- I(Ellggghﬁ'lzl‘itgzg’z 3C57LE';1]l-nggsachaLt ;.dgerlgi;ﬁa 2233 ggg
dgren, Phys. Rev. B4, 4405(1996. » V- . ZOPez, L. ‘ ' oS

1993; L. H. Tjeng, C. T. Chen, P. Rudolf, G. Meigs, G. van der
5L. Braicovich, C. Dallera, G. Ghiringhelli, N. B. Brookes, J. B. (1993 jeng . '9 v

Laan, and B. T. Thole, Phys. Rev. 48, 13 378(1993; M. F.
Goedkoop, and M. A. van Veenendaal, Phys. Re%5B15 989 Lopez, C. Laubschat, A. Gutierrez, A."Hig M. Domke, G.
(1997. ’ : ’ ’

6 - ) Kaindl, and M. Abbate, Z. Phys. B5, 9 (1994.
M. Finazzi, N. B. Brookes, and F. M. F de Groot, Phys. Rev. B19\ Finazzi, G. Ghiringhelli, O. Tjerberg, Ph. Ohresser, and N.
59, 9933(1999.

B. Brookes(unpublishedl

’S. Hifner, Adv. Phys43, 183 (1994. 20p_ Kuiper, G. Kruizinga, J. Ghijsen, G. A. Sawatzky, and H.
8M. Nakamura, Y. Takata, and N. Kosugi, J. Electron Spectrosc. Verweij, Phys. Rev. Lett62, 221(1989.
Relat. Phenom78, 115(1996. 213. van Elp, H. Eskes, P. Kuiper, and G. A. Sawatzky, Phys. Rev.

°0. Tjernberg, S. Sterholm, U. O. Karlsson, G. Chiaia, M. Qvar- B 45, 1612(1992.
ford, H. Nylen, and I. Lindau, Phys. Rev. B3, 10372 22\, Breinig, M. H. Chen, G. E. Ice, F. Parente, B. Crasemann, and

(1996. G. S. Brown, Phys. Rev. &2, 520(1980.

0\, Weinelt, A. Nilsson, M. Magnuson, T. Wiell, N. Wassdahl, O. M. A. MacDonald, S. H. Southworth, J. C. Levin, A. Henins, R.
Karis, A. Fdhlisch, N. Matensson, J. $to, and M. Samant, D. Deslattes, T. LeBrun, Y. Azuma, P. L. Cowan, and B. A.
Phys. Rev. Lett78, 967 (1997. Karlin, Phys. Rev. A51, 3598(1995.

W. Drube, A. Lessmann and G. Matelik, Resonant Anomalous 2*The position of the valence band maximum (8@®1 eV) is de-
X-ray ScatteringRef. 1), p. 473. termined as in Refs. 7 and 17 and is consistent with the 0.4 eV

2\, Drube, R. Treusch, and G. Materlik, Phys. Rev. L&t, 42 value found in those cases.

(1995. 25D, V. Morgan, R. J. Bartlett, and M. Sagurton, Phys. Re\51A

133, Goulon, N. B. Brookes, C. Gauthier, J. B. Goedkoop, C. 2939(1995.



