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L,L sV Coster-Kronig decay in nickel: The near-edge region
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The probability of thd_,L 3V Coster-Kronig(CK) decay process in Ni following the creation of p;2 core
hole has been measured by photoemission spectroscopy using synchrotron radiation. The branching ratio
between CK and.,VV Auger decay has been determined as a function of the photon energy in the proximity
of theL, edge(870—-890 eYV. It is found to become independent upon the photon energy range already a few
eV above threshold. The direct low-ener@pout 7 ey CK emission spectrum has also been observed.
[S0163-182609)03915-9

INTRODUCTION competes, whenever energy is allowed, with the dikgstV
deexcitation and leaves the system in a triple vacancy state.
Electron correlation plays a fundamental role in the exci-The second step of the cascade is a Coster-Kr@Dig tran-
tation and deexcitation processes related to the interactiosition whose probability is governed by the overlap ampli-
between radiation and matter and, in turn, on the results of yde of the ,,, and 23, wave functions in the excited
spectroscopic analysis of these processes. This is the casgate. In Eq(1), which has been written in an atomic nota-
for instance, in solids with a narrod/ band, of which tran- g €on i the 2, photoelectrongcy is the L,L 3V CK
Shess Syatom, the- ndependon partcie pcara s no long SN, ks s anL3VVV Auger elecon
SUffiCiEI’)l/t to de,scribe thepphotoiorﬁ)ization FE)rocess and magr]l CK transitions are k_nown }1% be_the most relevant decay
. : hannel for the, hole in TM.™ This cascade channel has
body effects have to be included to explain the features o . . .
een the object of many experimental studies as well as of

photoemission from core levels. Spectroscopy of the 2 . . . - .
level in 3d TM is a subset of this field that has been recently>°™® debate dea“'lg_ﬁ'th the phyS|'caI origin of the satellites
exploited in order to obtain information about the electronic”? 1M LaVV spectra. =" The analysis of the Auger process
and magnetic properties in the ground sfate. and the m(,aasure of the branchlng raﬁ@etwegri_zvv anq
In this paper we will deal in particular with the relaxation L2LsV—L3VVV has been carried out mainly by high-
of the 2p core hole in Ni viaLVV Auger decay, a very €nergy PthogTz'Sli'on experiments, either by standard
specific aspect in itself, though contributing a piece of infor_photoemlls45|%?1 "™ or by coincidence spectroscopy
mation for a more general understanding of charge redistrtAPECS.”"""" The latter in particular gave very detailed in-
bution in the final states of both primary photoemission andormation onj by analyzing the correlated emission of the
following deexcitation. The.\VV Auger process is a nonra- €lastic 21, photoelectron and thie;VV Auger spectra, with
diative decay through which thep2core hole state autoion- the underlying assumption that only thgV'VV intensity can
izes towards a double vacancy valence state with one ele®e correlated in time with the creation of thp: core hole.
tron promoted in the continuum. The spin orbit splitting In solid Ni, these experiments have measurge (0.78
associated with the 2% state is usually large enough to *12)% at the AIKa emission wavelengtt. In this system
yield two separate multiplet spectra of Auger transitions,the spectator hole is expected to be rapidly screened by the
generally termed_zVV and L,VV for the 2ps, and 2p,,  Valence electrons, the screening process resulting in a very
hole states, respectively. Th@g, hole states, only contrib- small energy shift of thé.;VVV transition (which can be
utes to theL,VV part of the Auger spectrum here consid- thus named.3VV) with respect to thé3VV transition***’
ered. On the contrary, for thepZ,, hole state, the cascade In spite of the sizable number of papers published on this
process specific topic, not much is known about the threshold re-
gime, where electron correlation effects are expected to be
hv+2p®3d®4s2—2p,,,°3d0+ e, — 2p3,°3d°+ eyn+ eck quite important. In this regime the photoelectron is very ac-
617 tive in screening the core hole, so tBevalue for the subse-
—2p°3d'+epptecktea (1 quent decay channels might be very different with respect to
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the high-energy regime. A couple of experiments performed
on solid target¥'°have shown that at threshold the two-step
mechanism is too crude of a model to describe the
photoexcitation-Auger event. Indeed, a two-step mechanism
is unable to account for the coherence between the photoab-
sorption and the decay processes that they have found when
looking at the event with high resolution.

CK processes in the near edge region absorption spectra
cause thelL, part of the 2 absorption edge to be much
broader than its spin orbit partneg.® In spite of evidence
for CK relevance, neitheg nor the direct CK emission spec-
trum have been measured until now in the near edge region.

The aim of our contribution to the experimental study of
this CK process is twofold. On the one hand we meagire
throughout the NiL, near edge region as a function of the
tunable energy of monochromatic photons from a synchro-
tron radiation source. On the other hand we directly measure
the L,L3V CK spectrum in the solid state, an experiment
which presents some difficulties because of the poor signal to
background ratio since the CK kinetic energy is low and falls
in the region of very intense background of secondary elec-
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The experiment was performed on the SA-8 beam line of FIG. 1. NilL,3VV Auger spectra as measured as a function of
the storage ring Super ACO of LUR®rsay, using a Beryl the photon energyright end side ofy scalg across the @ x-ray
double crystal monochromator that delivers approximately @bsorption edges. Intensities are normalized to the same incident
photon flux of about % 10’ photon/sec mimat the sample Photon flux.
position with an energy resolution of 0.4 eV over the energy
range 800—-900 eV. The sample was a nickel single crystaht photon energies below thie, threshold and near thie
(110 surface prepared in ultrahigh vacuum following stan-threshold, the valence band photoemission and its associated
dard cleaning proceduré$Photoemission spectra have beeninelastic background is the main spurious contribution to
measured by a wide angle acceptance spectrorfiefs- I 3. Above thel, threshold, both thé,VV emission low-
sorption spectra have been measured in total electron yielenergy tail and the valence band contributions have to be
mode (TEY), detecting with a channeltron the total current considered as sources of systematic error {pr.
of negative particles ejected from the sample surface as a The relevance of the systematic error associated to these
function of the photon energy. The incident photon flgx  spurious contributions can be evaluated by extrapolation.
was monitored by measuring both the current driven by al'he valence band photoemission intensity is measured below
metal grid located before the monochromafpicoammeter the L5 threshold and assumed constant in underneath the
reading and the current of negative particles ejected from anAuger spectrum measured lav= 854 eV (very close to the
Al thin foil located after the monochromatdchanneltron L; resonance We can then estimate that it contributes for
count rate. less than 2% to thi;, maximum(840 eV of kinetic energy

RESULTS AND DISCUSSION ' T ' ' '
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Differential absorption spectra

With the aim of selecting the intermediate excited state
preceding the Auger decdy>?**we have measured the
full Ni LVV Auger spectrum for fixed photon energies across
the region of the B thresholds. Figure 1 displays the Auger
spectra after normalization to the sahge as measured for a
number of photon energies, indicated at the right end side of 800000 -
the y axis. The correspondent TEY absorption spectrum is . :
reported in Fig. 2(circles. The NiLj; andL, resonances 400000 s s ; s
occur at 854.3 and 871.9 eV in our photon energy scale. 840 550 860 &0 80 80

The photoelectron intensity in the 825—-848 eV kinetic photan energy (V)
energy rangel@,) can be almost entirely assigned to the 2 F1G. 2. Ni 2p edges x-ray absorption spectra in total electron
hole decay. Nevertheless, some spurious contributionsseld mode(close circles and in partial yield mode at thesVV
which cannot be physically discriminated from thgVV — maximum(continuous ling normalized to thé., edge. The dotted
spectrum, generate a systematic error in the measurg,of line is a linear extrapolatiofsee text
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With similar arguments, we estimate that its contribution “—_— —
does not exceed 6% in all the other Auger spectra measured 11| ]
for photon energies below the, threshold. 10 .

For photon energies above the threshold, the low-

> 09 -

energy tail of theL,VV and the valence band emission are % o.s:— y
present and their contribution can be evaluated by assumingg o7 .
it to be constant and equal to the photoemission intensity g o6 -
measured at 848 eV, where thgVV emission should be § 051 ]
zero. In the spectrum dtv=880 eV, we estimate an overall 2 04f 7
spurious contribution to,, that does not exceed 6%. - o3p 1
|3, is expected to decrease in going from 854 to 867 eV — o02f 7
photon energy, reflecting the change of thes2 photoion- o1r ]
ization cross sectioitsee Fig. 2 The increase iz, ob- 00— s e P (v

served at 871.5 eV, i.e., when the@, channel is open, can
be explained only by a2,,— 2p3, core hole transition, as
described in Eq(1). FIG. 3. Branching ratigd(hv) (close circlep as derived from

The relevance of the cascade process is highlighted by tH&e ratio between partial and total electron yield intensitfég. 2).
partial electron yield spectrut®EY) reported in Fig. Zcon- The continuous line is the same quantity after smoothing. The
tinuous ling. It has been obtained by setting the electrond?Shed line is Fhe mean value of the all gxperimental points. The
analyzer at thé 3V maximum(kinetic energy of about 840 high-energy point represents tigevalue derived by APECS mea-
eV) with a 3 eVenergy band pass, and scanning the photor?urements(Ref' 19.
energy through the NL, ; edges. The main Auger line and
the CK satellité®>” are not resolved with the present energydoes not allow to assess a clear photon energy dependence
resolution. This measurement has been taken simultaneougbyer the investigated range. By assumjido be constant,
with the TEY spectrum reported in Fig. 2. an average value of (73%5)% (dashed line in Fig. Bis

It is known>" that the energy shift between thgVyV  deduced from the data. The asymmetric error bar is a conse-
and theL3VVV transitions is negligible with respect to the quence of the systematic error that is introduced in the as-
energy band pass chosen for the PEY spectrum, hence t§&mption of PEY to be proportional to the;VV signal,

direct L;VV process and the cascade one will contribute orf€glecting the spurious contributions from the valence band
identical footing to the measured intensity. and theL,VV emission(see discussion of Fig.)1This

Apart from a minor Contribution Coming from a con- branching ratio CoinCideS, W|th|n uncertainties, W|th the
tinuum background, the TEY spectrum is proportional to thevalue (78-12)% measured by APECS at high photon
sum of the probability of creating apg,, or a 2ps, core energy™® Nevgrtheless, it has to pe noted tha} the smoothed
hole, ay(hv) and as,(hv), respectively. The PEY spec- Curve clearly indicates an increasing trenddofvith the pho-
trum is proportional tg ag(hv) + B(hv) ay(hv)], because tOn energy. _ _ )
the allowed decay processes arg/V for a 2p;, hole, and These findings, obtained in the near-edge region, repre-
either the direct.,VV or the cascadél) for a 2p,;, hole. sgnt a co_mpleme_nt to the APECS rg;ults and give a further
This is accurate apart from a 6% systematic error that origiPiece of information: the CK probability becomes indepen-
nates from the spurious contributions g, discussed in dent upon photon energy already a few eV above threshold
conjunction with the full Auger spectra. a_nd asymptotlca_lly converges to the value measured in the

Below theL, threshold only the R, holes can be cre- high-energy regime. As_ a consequence, the_ double-step
ated, anduy,,(hv)=0. Hence, the shapes of TEY and PEY model us:ua!ly adopted in the. h|gh—energy regime for the
are identical and proportional w@,(hv) in this region. photoexqta_uon—Auger mechgn_lsm, in the case of Ni appears

The two measured spectra have been normalized to eadfl Pe valid in the threshold limit as well.
other by using a linear multiple regression in the region from
850 to 868 eV photon energy. The regression procedure
takes into account an incoherent background, whose shape
and intensity are evaluated below thg threshold and lin- The second goal of our experiment was to measure di-
early extrapolated above it. rectly the energy spectrum of thegx electron ejected from

Above thel, threshold, the3(hv)a(hv) contribution the 3d band as a consequence of the change in spin orbit
to the PEY has been evaluated by subtracting the linear excoupling of the 2 core hole. Its kinetic energlfc is given
trapolation ofas,(hv) (LE, dotted line in Fig. 2 measured by the separation energy between thg°23d" and
in the range 862—-868 eV. Then, for each photon energ@p®;,3d"" ! corrected for the work functiod® of the ana-
sampled above 870 eV, A(hv) value is obtained by the lyzer (5.2 eV). The main contribution to the separation en-
ratio (PEY-LE)/(TEY-LE) and the results are displayed in ergy comes from two distinct aspects that we assume uncor-
Fig. 3. related.

Circles indicate the ratio as derived by row data, the con- (i) The variation of the spin orbit coupling of thgpZore
tinuous line represents the same profile after a ten-point avRole from antiparallel to parallel alignme(®7.3 eV in Nj.
erage repeated three times, performed to filter out the high (ii) The variation of the number ofBelectrons, whose
frequency component of the noise. The residual noise levatontribution can be written as the binding energy of the

photon energy (eV)

Differential low-energy emission spectra
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single particle 8 electron(A) minus the Coulomb repulsion 100f
in the presence of the core hdl®). o ot
Hence we have B
098 |
Eck(eV)=17.3-(A-Q)~ ®. @ ol
A andQ have been calculated in Ni using Anderson impurity 108
model, fitting polarization-dependent absorpfibor 2p3p o |
absorption and photoemissiéhJo and Sawatzlé} obtained g Lok
A=-1eV andQ=5-6¢eV, giving an expectet that S oo |
ranges from 5.1 to 6.1 eV. In the work of van der Laan and el 1 .
Thole?® based on a wider set of experimental data, values of o4 s W %
A=-0.75eV and Q=5.5eV are reported, leading to 103 |
Eck(eV)=6.85eV. o ey
Electrons of such a low kinetic energy are difficult to be ® el
discriminated against the high intensity of the secondary 099 ¢
electron spectrum, 1/100 being the typical signal to back- o 5 ‘ [ 15 »
ground ratic?® To highlight this relatively weak signal we kinetic energy (eV)

took advantage once more of the tunability of the photon

energy, collecting electron distribution cur@DC) spectra FIG. 4. Ratios between photoemission spectra measured for dif-

in the 4—20 eV kinetic energy range for four different photon €rént Photon energies through the Np 2dges. The continuous
line is a three-point average. The profile(&) is the ratio between

gggrgltehsatvzﬂgr;hiree k:)efl?r\],é gtrec%t;]?jvaer tg?egfrgﬁ.s \(/e\grl?r?]- doEré)C spectra measured lav=872 eV anchv=_854 eV, the profile
P y P |'|?ﬁ (b) betweenhy=_872 eV andchy=861 eV, the profile inc) be-

not change when the photon energy changes between g .., _ 567 ev anchy=861 eV. In(a) and(b) the high kinetic
extre'me. of the e_ka_)red interval, whereas th(? CK and phoénergy structure is thep2, photoemission peak, the low-energy
toemission contribution to the EDC spectrum is present only«tire is thel,L;V Coster-Kronig peak. Ifc) only the 205,
with above threshold photon energies. On these grounds, thg\otoemission peak is visible.

ratio of photoemission spectra measured above and below

threshold are expected to bear the imprint of photoemissioRy that a 2, core hole in Ni will decay through ,L 3V

and CK processes alone. L ) 0
The overall(photons and electropsesolution of the ex- Coster-Kr_omg process. We find a value of (7%)% that
. agrees with previous results obtained by Auger-photolectron
periment was about 0.8 &9.At 854 and 861 eV no photo- oincidence spectroscopy in the high-energy regime. The use
emission peak is expected to appear in the analyzed rang% pec by gh-energy regime.
For hy=867 and 872 eV we expectpg;, photoemission to of monochromatic synchrotron radiation of tunable energy
v b 2 P allowed us to obtain this result in the near threshold energy

contribute at 7.8 and 12.8 eV, respectively. Figure) 4 . L . .
shows the ratio between EDC spectrg takenyat 8(?7 r;rid 86{£g'0n which is complementary to the one investigated by

eV, and the D3, photoemission peak is clearly visible at the PECS.
exp,)ected kine?ﬁ:%nergy Also ionig(bQ (ratio l:))/etween 872 We have at the same time measured directly the Auger
and 861 eV spectjand Fig. 4a) (872 vs 854 eYthe 20y, electron emitted in the CK decay following the absorption

peak is located at the correct kinetic energy, but in addition %rocess at thé., edge of Ni. The experiment demonstrates

second structure centered at 6.7 eV is clearly detectable and. feasibility of a direct detection of the CK spectrum in the
. . - y de solid state. Knowledge of the exact transition energy is use-
it can be assigned to CK transitions on the basis of the erg

or osition expected according to Bg). The agreement ul information that can be exploited to refine models of the
9y P P 24 ; g '0 H4). 9 electronic properties of correlated systems. The observation
with calculated valué$?*is good in view of the many as-

N L . trqat the CK branching ratio reaches its asymptotic value al-
sumptions and approximations that have been made in bot o
ready for energies just above the threshold supports the

calculations and data analysis. It is beyond the scope of our liditv of th dd e IS0 in th d

work and the quality of our present data to discriminate be~ &N ity of the sudden approximation &lso in the near edge
) - region, a result far from being obvious for highly correlated

tween different models, but it is clear from these results thaS stems

the direct measure of thHe,L 3V CK spectrum is an interest- y '

ing way to experimentally evaluate thA ¢ Q) energy term,

an important parameter for model calculations of the elec- ACKNOWLEDGMENTS

tronic properties of highly correlated systems. . .
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