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Resonant PdL 3-M 4 sM 45 and L 3-N4 N4 5 Auger transitions

T. M. Grehk, W. Drube, R. Treusch, and G. Materlik
Hamburger Synchrotronstrahlungslabor HASYLAB am Deutschen Elektronen-Synchrotron DESY, Notkestrasse 85,
D-22603 Hamburg, Germany
(Received 8 August 1997

The evolution of the Pd Auger electron emission resulting in an ogkar®l 4d shell, respectively, was
experimentally studied as a function of photon energy acros4 fhehreshold. Both for the core-core-core
(L3-M4sMy 9 and the core-valence-valenckestN,sN,5) processes the observed resonance behavior is in-
terpreted in terms of radiationless resonant Raman scattering. In the threshold regime the Auger electron
emission traces the photon energy and the linewidth exhibits a sublifetime narrowing. Aroungttiieshold
the L3-N, 5Ny 5 emission partly overlaps with the valence-band satellite. The accurate intensity normalized
constant initial state data reveal a Fano-type modulation for the main valence band. However, no such behavior
is obtained for the satellite region if the resonant threshold process in;ti, SN, 5 Auger channel is taken
properly into accounf.S0163-182608)05612-4

INTRODUCTION structure effects in solid materials. The situation is of par-
ticular interest for materials like Ni and Pd that have a frac-
The Auger electron emission near the excitation thresholdion of a hole in the outermost shell (Ni 0.6, Pd 0.36 holes
procesg. Recent advances in synchrotron radiation basedo@mission spectra.™ The satellite observed at the bottom
photoemission techniques have triggered renewed interest ff the valence lgand\/B) in Ni and Pd Shgizl)ﬁg?sallttrlbuted o
the experimental study of these resonance phenomena. EU atorT_ncllkled tWO'hOI(T final Sf':,at% ' A . Qndu::(;d g
general theoretical approach in describing these process %?In.'s':ﬁ e_e;;tron gprtre a;tlotn te eCI{IS. Nssimmg ? close
ton is inelastically scattered by a multilevel atom resulting in . . ; - SP
the emission of two electros The Auger electron emis- area around the satellite shows a pronounced intensity modu-

sion then occurs as a resonance in the double photoionizatidﬂt'o.n gl% has been |nter.preted In t.erms of a Fa_no
cross section. which takes on the form of a modifiedprome' Most of the experimental studies on the satellite

Kramers-Heisenberg formula. At resonance the ground Stat%tructure have focused on the constant initial SIELEs)

: : properties of the satellite at resonance. In the light of recent
Vitual Inermediate stattone.eletiron excied atomutich  idngs n the field of RRRS, i i of great interest o inves-
is linked to the final statéddouble ionized atom with one tigate how these |Qe_as app!y to the resonance behavior In the
photoelectron and one Auger electiolihe one-step nature 4d metals where it is possible tq make_a direct comparison
of the threshold Auger process became experimentally evit_)etween an opendand 4d shell n the flnal state. .
dent in a pioneering experiment by Browtal,* who stud- In this paper, we present unique high-resolution experi-
ied theL 3-M4 M4 5 emission in atomic Xe for resonant ex- mental data for the high-energy Pls-M,gM,s and -
citation energies. They observed spectator electron line 3~NagNa s Auger e'eCtFO” emissions resonantly excited in
dispersing with photon energy and this phenomenon is rel e Ls threshold region. Below the edg_e, .bOth the
ferred to as the resonant Auger Raman effect where a morgs”MasMasandLs-N, 5N, 5 Auger electron emissions trace

general terminology is radiationless resonant Raman scatte 1e photon energy, .i.e., 'they appear at CO”.S“"?”I binding en-
ing (RRRS. ergy (BE), and the linewidths exhibit a sublifetime narrow-

In an isolated atom, the virtual intermediate excited stated'd at threshold. This is characteristic for RRRS. In this pho-
may involve bound atomic orbitals and continuum states. |fon energy region the two Auger yields _d|splay a similar
a noncorrelated solid, these states are sensitive to the dens@enSIty ‘?'e"e'opme'.’“- Above Fhreshold this resonance struc-
of empty(one-electropstates derived from the periodicity of tdre continues to disperse with photon energy and at the
the lattice. In a recent study of the resonantM,sM s same time the normal Auger channel emerges at constant

transition in solid Ag, Drube, Treusch, and Matetlghowed kinet_ic energy. The intensity modulation of the_ normal Au_—
that the evolution of the Auger electron emission acrosJer lines above the edge follows the structure in the density

threshold is governed by the partial density of enpistates of d—IiI_<e states in both cases. This indicates that the resonant
that are probed in the intermediate dipole transition. behavior of both thel3-M4gM, s and La-NagNys Auger

A crucial point of RRRS from solid materials, however, is emissions can be described in terms of RRRS.
to what extent the core excited photoelectron affects the final
two-hole scattering state. This is of fundamental importance
for an understanding of the multielectron dynamics at the The experiments were performed using the high-flux x-
borderline between atomic processes and outer-shell bandy wiggler beamline BW2 at HASYLABHamburg, Ger-

EXPERIMENTAL DETAILS

0163-1829/98/5(1.1)/642245)/$15.00 57 6422 © 1998 The American Physical Society



S7 RESONANT PdL3-M4sM 45 AND Lg-NgeNys. . 6423

Pd L3'M4,5M4,5 Pd L3'M4,5M4,5
)
‘g
=
et
g
2
2 i ) y
ﬂ_é 2 E AN |\ g
=] . \’.\/ ||J [ OeV -\g;
'S, 'G3p'D, 'Fy, F, > S
T T T T T T T T 7 .
725 720 715 710 705 700 695 690 685 ‘§ ; '
Binding Energy (eV) a A v
e G S
FIG. 1. PdL3-M,4 M, 5 resonance Auger spectrum recorded at o ,f“\\_’l_e\v/
Ahv=0 eV (i.e., at the white-line maximujm The bars represent N s ey
. A :
the calculation for th&Z—1 element RHRef. 2]). The energy po- ——
sition of the calculated data has been shifteti32.2 eV. " 3V
-4eV
many). Monochromatic radiation is obtained by a pair of R
Si(111) crystals mounted in nondispersive/—) geometry 710 705 700
yielding a photon energy bandwidt#i0.5 eV at 3000 eV. Binding Energy (eV)

The monochromatic radiation is focused onto the sample by ) )
a combination of a sagittally bent second monochromator FIG- 2- _Thf‘ evolution of théG, line across the; edge. The
crystal and a tangentially bent mirror. The resulting focus SPectatorlike” component is marked with” and the normal Au-
size is 0.3(vertically) X2 mm (horizontally, full width at 98" component witiA.
half maximum(FWHM), and the photon flux on the sample . .
amounts to X 10*2 s~1. Upstream the analyzer chamber, atheoretical calculation for Pﬂg'M.4Y5M 45 and have tlhere-
high transmission copper mesh records the photon flux imforé used data for th&-1 material Rh(Ref. 21 shifted
pinging onto the sample. The experiment chamber ist132.2 €V to higher kinetic energ{kE). The calculated
equipped with a hemispherical electron analyfSTIENTA multiplet splitting for R_h is som_ewhat larger than the mea-
SES-200. Further details will be published elsewhéfarhe ~ Sured one for Pd. This trend is further accentuated when
total-energy resolution used in the experiment is 0.5 eV foconsidering that the multiplet splitting increases with atomic
Ls-M4 <M, s and 0.8 eV for the5-N, N, s data. The elec- humber. Nevertheless, the main features appearing in the Au-
trons were collected in normal emission from the sampled€r Spectra are well reproduced by the caIcuIanoQ. The stron-
The electron analyzer is mounted at 45° relative to the ingest components in tre® multiplet areG, and the’F. The
coming photon beam in the horizontal plane. other lines are considerably less intense and play only a mi-
The sample was a high-purity polycrystalline Pd foil Nor role in the CIS and constant final sta@FS data pre-
cleaned by repeated cycles of ‘Asputtering and heating Sented below. . _
until no traces of the main contaminan® and G were The general characteristics of RRRS_belcome apparent in
detected in the photoemission spectra. During the experimeffi€ development of the strongest line'Q) in the
the x-ray energy and intensity in the Rd regime were Ls-MasMysmultiplet over thel ; edge(Fig. 2). It can quali-
cross-referenced by measurements of theléel of a Ag  tatively be decomposed into two components, although it
sample mounted on the same holder. The accuracy of thehould be pointed out that these components strongly mix in
intensity normalization of the x-ray photoemission spectros& nonadditive way near threshold. Compon@fthas a con-
copy and Auger electron spectroscopy spectra is estimated &2ant BE and its intensity is resonantly enhanced\aw

be +4%. The stability of the photon energy 4s+0.05 ev.  =0. This component relates to transitions into the peaked
density of unoccupied d states and therefore shows a
RESULTS AND DISCUSSION “spectatorlike” behavior. The line shape is asymmetric be-

low the edge with a tail to higher Beower KE). This asym-

In Pd, theL ;-absorption edge exhibits a peaked structuremetry in the subthreshold regime is caused by the Fermi
("white line” ) due to the dipole allowed transition into a energy cutoff in the intermediate excited state. The resulting
narrow region of unoccupieddstates. In our experiment the effective FWHM of the line profile is accordingly smaller
photon energy Ahv) is measured relative to the white-line than expected from thk; hole lifetime time(resonant nar-
maximum. On this energy scale the B¢ threshold has an rowing effec}. The “normal” Auger line A develops at
energy position of~—0.6 eV. The tabulated Pd; binding  threshold with constant KE. Its intensity modulation as a
energy is 3173 eV. function of excitation energy follows the density of empty

Figure 1 shows a PHd3-M,sM, s resonance spectrum re- states withd character probed in the intermediate dipole
corded anhv=0 eV, i.e., at the white-line maximum. The transition®?? Also, the line profile is more Lorentzian-like
distinct strong peaks can all be assigned to the final stat@ith a larger FWHM that is consistent with the combined
multiplets of the @1® configuration. We are not aware of any intermediate and final-state lifetimes.
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FIG. 3. Pd valence-band spectra recorded at different photon FIG. 5. Difference spectrésee text showing the development
energies around thé; edge. The below resonance spectrum of thel;-N, N4 s Auger channel. The behavior is analogous to the
(Ahy=—10 eV) exhibits the well-known valence-band satellite at L3-M,sM 45 case(see Fig. 2
—8.3 eV.

=+1 eV. A similar effect is reported in a recent study of the
resonant, M, sM, 5 process in Ni-2
The additional emission due to the emergingN, 5N, 5
hannel is obtained by subtracting the below threshold spec-
rum (Ahv=—-10 eV) as shown in Fig. 5. To account for
the modulation in the valence bartiBig. 4) the difference

Data from the VB region obtained at different photon en-
ergies around thé ; edge are shown in Fig. 3. The well-
known VB satellitd®1%12can be seen at a BE of 8.3 eV in
the spectra recorded well below and above the threshol
e.g.,Ahv=—10 eV and+20 eV. AtAh»=0 eV this spec-

tral region displays a pronounced intensity increase due tQuecira are obtained assuming that the spectral intensity
the resonant enhancement of thg-NygNys channel. The  1oqq 1 the Fermi level is larger than or equal to zero. To test
extra intensity in the main VB marked with an arrow is also,q validity of this assumption, theh»=0 eV spectrum is
caused by thés-Ny fNy,s émission, which has a tail to lower compared with thshv=+20 eV spectrum in Fig. 6 where
BE and thus overlaps with the direct VB photoemissi®ee 4 |atter has been shifted 20 eV to lower BE. Besides the

below). . L
. expected broadening due to they-lifetime, the spectral
The accurately flux normalized VB data reveal a small butshape of both spectra is the same. This supports that the

pronounced intensity modulation in the Fermi-level region.method to extract the-N. N < Auger works fairly well
We have obtained CIS data by integrating the VB in the BE 37445 AUG y wet.

interval 1-2 eV(Fig. 4). The Fano-like intensity modulation

has a minimum alhy=—-2 eV and a maximum aAhv Pd L-N,.N,
)
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FIG. 4. Constant initial-state data obtained from the valence-

band emission in the BE interval 1-2 eV over thg edge. The FIG. 6. Comparison of thd 3-N,sN, s spectra near Xhv
intensity is normalized to the maximum &hv=+1 eV and =0 eV) and far above thresholdAh»=20 eV). Note that the
shows a 15% modulation. An intensity minimum occurd\at = spectral features show a resonant narrowing near threshold analo-

—2 eV. gous to the core-core-core transitifig. 2).
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The main difference between the two Auger channels un- 1.0
der study is that 3-M 4 sM 4 5 only involves inner-shell tran-
sitions resulting in a rather large and well-defined splitting of
the final-state componenigxtending over 29 e)/ which 0.8
allows a straightforward assignment in terms of an atomic
model. The situation fok.3-N,4 sN, 5 iS not as clear because
the final state adds additiondl holes to the open valence
shell. However, in the ground state the Pd valence band only
has approximately 0.36@ holes. It is thus reasonable to also
assign a dominantly é® character to the 3-Ny 5N, 5 final
state. This is particularly true for excitation energies up to
just above threshold because the intermediate excited state
can be assumeddd’. The final-state components, therefore,
should be very similar tod®, i.e., the spectral weight should 02
be dominated by théG, and °F lines® The intensity maxi-
mum of the rather structureless-N, 5N, 5 energy distribu-
tion can then be associated with th&, component. ThéF
features mainly contribute to the intensity at lower BE.

The role of d-valence hole interaction in narrow-band , — -
materials such as Ni has been extensively studied both ex- 5 0 5
perimentally and theoretically some time ago and seems now .
quite well understood. In the model developed by Sawatzky @) Relative Photon Energy (eV)
and Cinf® the ratio of the on-site “correlation” energy
and the valence-band widiV is a measure for the atomic 1.0 4 Pd
character ofd-band holes in these systems. For Ni, electron ’ L,-edge
correlation results in al-band width that is considerably 1 - C]ZS LM, Mg
smaller than expected from one-electron theory. These ef- . (CFg)L NN
fects are generally less pronounced for ttteretals. How- il
ever, for Pd we still haveJ/W=~1, which means that the
stronger high binding-energy features in the spectra can be
assigned to an atomiclike two-hole state but that there also
exist parts in thelL3-NysN45 emission with bandlike
behavior'® Especially the emission tailing towards the Fermi
level may be interpreted in terms of self-convolution of one-
electron states. It is then tempting to ascribe the intensity
modulation observed in the main VI&ig. 4) to an interfer-
ence between the direct photoemission and the bandlike part I :
of the resonating autoionization channel where the excited 10 5 0 5 10 15 20
electron in the intermediate state is confined to localizéd 4
states. (b) Relative photon energy (eV)

The excitation energy dependence of theN, 5N, s tran-
sition follows the same pattern as observedlfgrM 4 sM 5 angles compared to the correspondirig;-M,sM 5 data (G,

(Figs. 2 and B We again qualitatively have a two- i q) (1) Constant final-state data for both Auger channels above
component picture with a spectatorlike feat®& and the iy eshold. Note that the CFS data for- M 4.sM 4 5 follow the partial
normal AugerB, as marked in Fig. 5. The relative intensity density of emptyd states.

of B'(L3-N4sNgg), however, is larger compared ta’

(resonant’Gy, line for L3-M, M, 9 above threshold. The VB emission. Accordingly, the3-N, gN, 5 Auger emission
reason for this is the considerably smaller multiplet splittingrides on a background related to the VB photoemission.
of the N, sN, 5 final state, which adds additional intensity to Therefore the background intensitgbtained from theAhv

the region oB’ as the normaf’F Auger components and the =—10 eV spectrumin the L3-N, N, 5 CFS and CIS scans
self-convoluted part disperse acradswith increasing pho- was corrected for the modulation in the VB shown in Fig. 4.
ton energy. A closer investigation of the CIS and CFS prop-The corresponding values fdrs-M4sM, s were derived
erties up to threshold of the main component with a BE offrom the flux-normalized spectra after subtracting a constant
8.3 eV in theL3-N4 N4 5 Augers is presented in Figs(eaf] ~ background.

and 1b). TheL3-N4 N4 5 CFS and CIS data are obtained by ~ Up to Ahv=0 eV the two yields display the same evolu-
integrating over a 1-eV broad window in the VB spectration and there is no indication for a Fano-type interference
recorded over the edge. In order to extract the intensity deinvolving the atomic part of the 3-N,sN4 5 channel. For
velopment of thel 3-N4 5N, 5 transition, the contribution of  L3-M,sMy 5 the CIS behavior of the“G4 line can also be
the overlapping VB emission and the satellite has to be taketraced above threshold because no other final-state compo-
into account. In particular, inelastic processes in the solichents interfere significantly within an energy interval of a
contribute to the spectral weight at energies below the maifew L 3-lifetime widths. The overall shape of the resulting

A CIS

0.6

0.4

Intensity (arb. units)

0.0 1

Intensity (arb. units)

FIG. 7. (a) Constant initial-state data fdrs-N, N4 s (full tri-
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curve is Lorentzian-like with a FWHM slightly larger than electron correlation effects are more pronounced in the case
the Ls-lifetime broadening(2 eV). This behavior is very of the Ni 3d band, it is not unreasonable to assume the same
similar to what is expected for a spectator transition in theresonance mechanism also for this material.
atomic case.

For the reasons discussed above, it is not meaningful to
evaluate the CIS data for the;-N, N, 5 transition above CONCLUSION
threshold in the same way. Instead, above the edge it is in-
teresting to compare the CFS yields as shown in Fig. 7b. In summary, it is shown that the apparent resonant en-
Also in this case it is possible to selectively follow the in- hancement of the Pd VB satellite at thg edge is due to the
tensity development of the inner-shell transitiohG(,-line)  threshold behavior of the emergihg-N4 sN4 5 Auger chan-
all the way through the threshold region. The comparisomel, which can be interpreted in terms of radiationless reso-
reveals that the relative intensity enhancementAdtr  nant inelastic scattering. We find that the excitation energy
=0 eV is slightly smaller for thé3-N4 N, 5 channel. This  dependence of thies-N,4 5N, 5 Auger yield follows the same
is because thke3-N, N, s was measured with a larger band- trend as observed for the;-M 4 gM 4 5 channel. Up to thé g
width (0.8 eV) than thel 3-M 4 M, 5 (0.5 eV). Otherwise, the threshold the Auger lines have a constant BE while their
two Auger yields show the same behavior at higher excesmtensity resonantly increases with photon energy. At the
photon energies. This nicely demonstrates that the Augetdge, a resonant line narrowing is observed in both cases.
electron emission fot 3-N, N4 5 shows the same behavior Above threshold the normal Auger lines emerge at constant
in the threshold region as the inner-shieft M, M, 5 chan- ~ KE and their widths become dependent on Lhelifetime.
nel. From these observations there is no obvious need tbhe CIS data fot_3-N, 5N, 5 in the VB satellite region show
invoke a different mechanism for the resonance behavior o development analogous to the-M4sM 5 G, line.
the two channelst 3-M4sM 45 andL3-NysNy 5. A possible  Above threshold, the normal Auger yield, as revealed in the
dominant contribution of the emerging Auger emission to theCFS data, exhibits in both cases a modulation due to the
resonance enhancement of the VB satellite in Ni has alsanoccupied density ofi-like states. The main VB shows a
been discussed. Fano-type modulation indicating interference between direct

For Pd, the resonant enhancement is an integral part of thghotoemission and autoionization channels in the bandlike
threshold Auger process itself. It is related to tfmne- part of the spectra. No interference effects are observed in
electron density of emptyd states, also indicating that the the atomiclike region, i.e., between the VB satellite and the
coupling between the excited one-electron intermediate state;-N, sN, s Auger emission if the background related to the
and the two-hole final state is small. Although the on-siteVB photoemission is taken properly into account.
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