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Interplay of atomic and solid-state effects in inner-shell-resonant photoelectron spectra
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We report photoelectron spectra of metal chlorides excited in the vicinity of the chigriabsbrption edge.
The spectra of RbCI, which has a narrow valence band, exhibit a strong resonance behavior. Hartree-Fock
calculations show that the absorption final states are the atomiclike Frenkel excitons. Their decay is dominated
by the Auger process where the final-state ahd 31 electrons behave as spectators. In the sequence of
chlorides with increasing width of the valence band the atomiclike resonance effects are continuously replaced
by the bandlike shape of the spectra.

An interesting experimental procedure, combining innershown. The absorption spectrum measured in the electron
shell resonant-photoelectron and Auger spectroscopy, andeld mode is exposed in the inset. Considering the absorp-
made available by the recent development of combined syrtion final states as the empsy andd-like conduction-band
chrotron radiation and electron spectroscopy techniques, hasates the comparison with the band-structure calculations
already exposed its ability to disclose complex dynamics ofeads to the scenario where the first few absorption maxi-
inner-shell excitations of atontsmolecules, and different muma reflect the core excitons at theand X, points of the
types of solids™® For nonmetallic solids, the phenomena Brillouin zone (see, e.g., Ref. 10
connected with this procedure have been especially clearly Three groups of lines may be distinguished in the electron
emphasized in thefresonant photoelectron spectra of ele-spectra(Fig. 1). All spectra, starting from the bottom spec-
ments for which the B8 shell is the outermost filled shell. The trum, the nonresonant pre-edge spectrum, show the3@I
elements at the end of the second period, such as dlamh  valence band, the Rbdp, CI™ 3s, and RB 4s photoelectron
phosphorug, which form semiconductors with widep3 lines. With increasing photon energy this group keeps a con-
related valence bands, expose very wéélany) resonance stant binding energy. The intensity of the photoelectron lines
effects, the main feature being the appearance of thdoes not exhibit any noticeable changes in the resonance
L,3M»3M 53 normal Auger spectrum at the ionization thresh-regions, indicating a minor role of the participator Auger
old of the 2 shell. Contrary, the argonlike ions of potassium, transitions in the decay of corresponding excitations. The
calcium, and scandium in ionic solids exhibit strong reso-second group is made up of the;M,3sM,5 normal Auger
nance effectd® characteristic for the Auger-resonant inelas-lines composed of two sets of th®, 'D, and®P terms of the
tic scattering’ final 3p~2 electron configuration shifted relative to each

Here we report the results of a study for thg; absorp-  other by the 1.6-eV spin-orbit splitting of thg@Zhell. This
tion edge of CI ions, constituents of metal chlorides. This group has a constant kinetic energy. When the photon energy
choice puts us into an intermediate situation between the twapproaches the first absorption maximum, the third group of
groups of atomgions) described above, and gives hope tobands appears between the first and second groups. This
build a link between them. group clearly exhibits a resonance behavior: it is fully devel-

The experiments are performed using synchrotron radiaeped at the maximum of the first absorption bdspectrum
tion from beamline 22 at the MAX-laboratory, Lund Univer- 5), almost disappears in the region between the first and sec-
sity, Sweden. The monochromator is a modified SX-700ond absorption bands, and reappears with a modified shape
plane grating monochromator with energy resolution of 0.13n the regions of the secoridpectrum 9and third(spectrum
eV in the actual photon energy region. The electron spectra3) absorption maxima.
are recorded by a hemispherical analyzer Scienta SES-200 For these spectra we use the theoretical model applied to
with energy resolution of 0.075 eV. The samples, the films ofanalogous spectra of Kin Ref. 3. We treat an inner-shell
metal halides, are evaporatéd situ from a molybdenum excitation and its Auger decay as a two-step process. For the
boat onto a stainless-steel substrate. The film thicknesfirst step, the absorption process, the energies, and intensities
(about 100 A is controlled by a quartz monitor. Other ex- of the 20°-2p®4s(3d) transitions in the Cl ion are calcu-
perimenal details are described in Ref. 3. lated in the intermediate coupling scheme and the Hartree-

In Fig. 1 a set of electron spectra of RbCl induced byFock-Pauli approximation in conjunction with the Watson
photons in the region of the ClL,; absorption edge is sphere model. The depth of the potential well at the Site
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FIG. 2. Calculated CI L3M,3M 55 Auger spectra for RbCI. The
zero binding energy corresponds to the transition energy of the
highest level of the final ionic configuration. The normad, 4nd
B 3d spectator spectra are broadened by the Voigt function with

T R e B e FWHM of 1.1, 0.7, and 0.8 eV, respectively. The depth of the Wat-
25 20 15 10 S 0 son sphere for thed3spectator Auger spectra varies from zétoe

Binding energy (eV) uppermost spectrunio 16.3 eV(the bottom spectrum The mean
radius of the spectator electr@®yq in the final ionic configuration

FIG. 1. Photoemission spectra for RbCl. The €3 absorption s indicated at each spectrum. The dashed spectra are corrected ones
edge is shown in the inset. The number at each spectrum correising the experimental data for argon atofsse text
sponds to the vertical bar with the same number in the inset and ) o
shows the photon energy used. The spectra are normalized to eqd@fs Which lead to the correct description of analogous ex-
photon flux. The energy levels and corresponding Auger transitionerimental spectra of the isoelectronic Ar atoth§ome of
are indicated for most of the structures. The binding energy is rethe calculated Auger spectra are shown in Fig. 2.
lated to the valence-band maximum. Spectrum 5 of Fig. 1, after subtraction of the background

and photoelectron lines represented by the pre-edge spectrum
V. is taken equal to 7.65 eV, the Madelung energy of thel, is reproduced in Fig. (8). The calculated gspectator
RbCI crystal, which leads to the mean radii of $88) a.u.  L3M,3M»3 Auger spectrum well fits most of it. The remain-
for the 45(3d) orbitals. The calculated energies of the tran-ing part(the broken curvein the high-binding-energy region
sitions 25,-4s, 2py-4S, 2p-3d, and 204,-3d in CI™ well fits the calculated normadl;M,3M 55 Auger spectrum.
ions are 200.0, 201.6, 202.3, and 203.9 eV, respectivelyThis similarity shows that the intensity of the participator
They are reasonably close to the energies of the first threprocesg2p~4s-3s™1) is negligible(this process should re-
absorption maxima200.9, 202.4, and 204.0 eV, respec- sult in the resonant enhancement of the single-peak photo-
tively). Moreover, the calculated intensity ratio of these tran-electron ling. In addition, the absence of the resonant en-
sitions, 33:50:17the second transition is here considered ashancement of the valencgCl™ 3p) band shows that the
a superposition of the transitiongg,-4s and 205,-3d) is  overlap of the wave functions of the loosely bounded excited
also very close to the observed intensity ratio 28:60:12 oklectron and the core electréwhich is included in the radial
these maxima. This comparison indicates that the interpretantegral for participator process, but not included in the case
tion of the absorption spectrum in terms of atomiclike Fren-of spectator procegds small, which is natural for thesA
kel excitons may well compete with the traditional interpre-excited state. So, the resonant structure may be unambigu-
tation based on the calculated structure of the undisturbedusly assigned to thep24s-3p*4s pure-spectator Auger

conduction band’ transition, shifted by 2.5 eV to the higher energy relative to
For the second step, the Auger process, the normahe normal Auger spectrum.
2p°-3p* as well as the spectatorp24s(3d)-3p*4s(3d) Spectrum 9 of Fig. 1 is reproduced in Figbg It may be

transitions are calculated. The radial integréi&,G¥) for  understood as a superposition of three properly weighted
Auger final states are reduced by comparison with theicomponents(i) the 4-spectatol ,M ,3M 5 Auger transition
Hartree-Fock valuegby 30 and 25% for the |8 and  which originates from the decay of theg4s state(ii) the
3p*4s(3d) configurations, respectivelyAs this calculation normalL ;M »3M ,5 Auger transition, which reflects ionization
overestimates the decay rates to e term of the final  of the 2pg, subshell, andiii) the 3-spectatorl ;M ,M g
configuration, the term intensities in the normal arst 4 Auger transition, which arises from thepg,3d state. The
spectator Auger spectra of Chre corrected by scaling fac- calculated 3,3d-3p*3d Auger spectrum is very sensitive
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FIG. 3. The resonant photoemission spectf@59 (b), and 13 , KCI Z
(c) from Fig. 1 (filled circles and their components. The nonreso- f"‘ . xx
nant background and photoelectron liriepectrum 1 in Fig. Lare i 2:'?. x*
substracted. The Voigt functions which represent the calculated nor- FI oy
mal (dash-dotted line, FWHM 1.2 e\), 4s-spectator(dashed line, ,"'\;"‘ : X%
FWHM=0.7 eV), and 3l-spectator(dotted line, FWHM=0.8 eV) \ § %
contributions to measured spectra and the resulting theoretical spec- RbCl  #
trum (solid ling) are shown. The calculated spectra are shifted in the **:’CE: 30)
energy scale to fit the experimental spedtrg about 2—3 eY. 20°53p* A 200, 45>3p%s %
to the choice oV, and, thus, to the mean radius of thé 3 . P
wave function of the final configuratioR;y. The small val- 3

ues ofR3y, which correspond to the collapsed 8lectron,
lead to a spectrum very similar to t_he _corresp_onding spectra Relative kinetic energy (eV)
of Ar (Ref. 1) and K" (Ref. 3. With increasingR4 the
spectrum obtains the two-band structure observable for ClI . '
If we change the fit paramet&f, systematically, the best fit FIG. 4. The resonartfilled circles and normalcrossesAuger

for the third component of the spectrum is obtained withSPectra and valence-band photoelectron spe@liaping crosses
V.=4.35 eV (Ryg=5.9 a.u). Thus, the main effect of the for several chlorides. The photoelectron lines are substracted from
sSectator g electron is the 3.0-eV high-energy shift of the the resonant spectra. The spectra are excited correspondingly at the

normal Auger spectrum together with some modification offi'St L2s absorption structures, far from the ionization thresholds
9 P 9 he photon energies used are 206 eV for 3c@P0 eV for NaCl,

i . i rms th -
its shape. Note that although in these general terms the eKCI, and CaC}, and 212 eV for Rb@| and below absorption edges

fects of the 4 and 3 spectators on the,M,gMo; Auger corresponding compounds. The spectra are aligned to match the
spectra are very similar, the careful comparison allows us tg__~- f the resonant spectra. The Auger spectra of each com-
distinguish them firmly and use them as fingerprints of exci-ma O : P . ger sp
. . . . ound are normalized to equal height.
tations of different nature. The underlying physics reduced
mainly to the different multiplet coupling in thep324s and  found in the spectra excited with lower-energy photons indi-
3p~23d configurations. cating that the ionization threshold is rather smooth. This
In Fig. 3(c) the Auger spectrum excited at the third ab- may be due to some inhomogeneous broadening of the
sorption maximum(spectrum 13 of Fig. )lis shown. It is  threshold and/or to shake-up of the near-threshold excited
dominated by the normadl,sM»3M,5 structure. In its low-  electrons. The shape of a particular normal Auger spectrum
energy part the resonanti&pectatorl ,M 3,M 3 structure is  depends on the relative weight of itg andL, components.
clearly visible and proves the character of states respon- So, the spectra 12—14 and 18—23 clearly exhibithdand
sible for this absorption band. of the L,M,3M 5 spectrum, indicating that the absorption
The normal Auger spectrum may be firmly identified in bands at 204.0 and 206.8 eV reflect transitions fromlLthe
all spectra starting from spectrum(Big. 1). This means that shell. Instead, the absorption band at 205.2 eV may be re-
above a photon energy of about 201.3 eV the transition eledated to transitions from thie; shell.
tron has a noticeable probability of leaving the reaction re- Thus, the creation and decay of excitations related to the
gion before or during the Auger transition. In a solid, such achlorine 2 shell of RbCl may be reasonably well under-
threshold is naturally interpretable as the bottom of the constood in terms of atomic processes within chlorine ions. The
duction band for transitions from thepg,, shell. However, main qualitative solid-state effect is the existence of an ion-
the spurs of the normal ;M »3M,; structure may also be ization threshold above which the transition electron is trans-
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ferred into the conduction band. To disclose how much this To conclude, we have shown, that the photoelectron and
atomiclike behavior is related to the extremely narrow va-Auger spectra of RbCI exhibit a strong resonance behavior
lence bandVB) of RbCl we have studied the evolution of when the energy of incident photons passes througltihe
the resonant and normah,M,sM,; Auger spectra in a se- absorption edge of chlorine. Somewhat surprisingly, the
quence of chlorides with different VB widths. In Fig. 4 these Spectra may be understood in terms of atomic transitions. In
spectra for RbCI, KCI, NaCl, Cagl and ScCJ are com- the sequence of chlorides with incregsing VB width the
pared. The full width at half maximurtFWHM) of the vB  atomiclike resonance effects are continuously replaced by
of these compounds was estimated as 1.0, 1.1, 1.7, 2.8, a#fef Pandlike shape of the spectra. These results clarify the
3.0 eV, respectively, for RbCl, KCI, and NaCl in good accor- regularities of t_he structure of theopZesonant electron spec-
dance with the recent data of Ref. 12. The main effectlra of other solids.

clearly seen in Fig. 4, is that with increasing VB width the  The investigations were financially supported by the Es-
resonant as well as normal Auger structures become wideonian Science Foundation, the Swedish Natural Science Re-
and approach each other. The resonant spectrum loses &sarch Council, the Swedish Institute, and the International
atomiclike nature characteristic for narrow-VB RbCl and ob-Science Foundation. The authors wish to thank Dr. EmNo
tains the solid-state nature characteristic for wide-VBmiste, Dr. R. Nyholm, and Dr. A. Maiste for their assistance

semiconductorg’ and discussions.
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