DEUISCHES ELEATRUNEN-OTNGCHRARUVINRUN I]

_DESY SR 84-34
December 1984

Eigentum der Biblioth
Proparty of D ESY ‘ lill:ro:yk
Zugong:

Accessions: 1 0. JAN. 1985
Lenh{ns’: ]O'JQ

Loan period: 7 days

3p-RESONANCE PHOTOIONIZATION OF THE VALENCE BAND

IN METALLIC Ca: ATOMIC AND SOLID-STATE MANY-BODY EFFECTS

by

J. Barth, I. Chorkendorff, F. Gerken, C. Kunz,
R. Nyholm and J. Schmidt-May

IT. Inatitut fan Experimentalphysik, Universitdt Hamburg

G. Wendin

LURE, Université Paris-Sud, Orsay
and
Institute of Theon. Physics, Chalmerns Undivernsity of Techn., Goteborg

ISSN 0723-7979

NOTKESTRASSE 85 2 HAMBURG 52



DESY behalt sich alle Rechte fiir den Fall der Schutzrechtserteilung und fiir die wirtschaftliche
Verwertung der in diesem Bericht enthaltenen Informationen vor.

DESY reserves all rights for commercial use of information included in this report, especially in
case of filing application for or grant of patents.

To be sure that your preprints are promptly included in the
HIGH ENERGY PHYSICS INDEX ,
send them to the following address ( if possible by air mail ) :

DESY
Bibliothek
Notkestrasse 85

2 Hamburg 52
Germany




gsz:mZ:rB;;g: ISSN 0723-7979

3p-resonance photoionization of the valence band

in metallic Ca: atomic and solid-state many-body effects
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Abstract

The valence band photoemission of metallic Ca is shown to be resonantly
enhanced in the region of 3p-excitation. The general shape of the resonance
profile can be explained as an atomic phenomenon, namely a 3p-3d giant dipole
resonance driving the valence electron photoionization process. The metal
aspects are revealed by the shape of the resonance, the asymmetry of which
reflects the 3d-character of the valence band, and by additional structure,
which probably represents a coupling to shake-up processes.
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The excitation of p- like core electrons into empty valence orbitals
in transition metals gives rise to resonancesin optical absorption and
ionization spectra which exhibit various kinds of many-body effects [ 1,2].
In this letter we report a study of the 3p-resonance in calcium metal com-
prising the measurement of the valence band (VB) photoemission intensity
in the vicinity of the 3p-threshold, and a calculation of the 4s-, 34-,
and 3p-photoionization cross sections in a local-density based random phase
approximation (RPA). Achievements and shortcomings of the theory become

apparent.

Calcium immediately precedes the 3d-transition metals, and free calcium
atoms do not have any 3d-electrons in the ground state (6;23d0). Metallic
calcium, on the other hand, does have some 3d-character in the ground state
due to hybridization with d-bands above the Fermi level, approximately 0.5
3d-electrons according to bandstructure calculations [3]. Our RPA calculation

I.Sde.S‘ strongly suggests

using a configuration appropriate for the metal, &4s
that the photon energy dependence of the experimental VB intensity indeed
shows the signature of 3d-emission, namely a low-energy interference minimum
followed by a maximum. The experimental data show an additional maximum at

higher energies the explanation of which requires a refinement of the theory.

Experiments were carried out at the Hamburger Synchrotronstrahlungslabor
HASYLAB using the grazing incidence monochromator FLIPPER [4]. Ca films
were prepared by evaporation from tungsten baskets in the spectrometer chamber
at a base pressure of | x IO-lo torr. Figure | shows a typical energy distribu-
tion curve (EDC) of the valence band at 62 eV photon energy. The valence
band photoemission intensity as a function of photon energy was obtained
by "constant initial state (CIS)" spectrocopy, the initial energy being
set to the valence band (0.5 eV window centered 0.3 eV below the Fermi level).
The measured spectra were normalized to the photon flux and to the variation
of the analyzer transmission [5] It should be mentioned that all features
to be discussed below are clearly discernible in the raw spectra so that
they are not artifically introduced by the normalization procedure.

Figure 2 shows the result for the VB photoemission intensity. Because
of the difficulties associated with the treatment of photoemission in a
solid as a one-step process, we discuss this spectrum in terms of photo-
ionization cross sections. In the limit of separate probabilities for an
electron to be ionized and to leave the solid without being scatterd inelasti-

cally, it has been shown that the escape probability is essentially structure-
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less for energies exceeding the threshold energy by mere than 20 - 30 eV
[5,6]. The minimum in the valence band intensity profile at 25 eV and Lhe
maximum at 33 eV can be described in terms of an atomic 3p > "3d" resonance
excitation, a IS0 > ]P] giant dipole resonance [1,2,7], ionizing the 3d-like
valence electrons. This indicates that the observed structures can safely

be attributed to the photoexcitation probability.

The resonance profile of the VB photoionization cross section in Fig.
2 can be understood within an atomic framework, using a mean-field approach
like the random phase approximation (RPA) for describing the dynamic response
of the coupled atomic shells. The present valculation is based on a diagrammatic
expansion of the photoionization amplitude (polarizability; hubble diagrams)
evaluated using a local-density approximation (LDA) for the atomic potential
and wave functions. This approach (LDRPA) [1,8] is similar, but not identical,
ta the time-dependent local-density approximation (TDLDA) [9,10]. We actually
use a potential corresponding to the atomic ground state configuration

2, 6, 2.0 . .
3s"3p 4s73d". However, when calculating induced potentials and photoionization

amplitudes and cross sections, the configuration was chosen as 45"53d0’5

to simulate 3d-occupation in the ground state ol Ca metal. The LDA potential
used here [11] does not have any long-range Coulomb tail and might be said
to simulate some properties of the screened core hole potential in a metal.
The effective potential has an inner-well region supporting a 3d-orbital
[12], followed by an angular momentum barrier. At larger distances the potential
remains positive and slowly tends to zero. There is consequently no outer
well region supporting Rydberg levels. In the one-electron approximation

the excitation spectrum is therefore characterized by a discrete 3p » 3d
resonance below the 3p-threshold and a weak continuum above. However, taking
into account the very large dynamic polarizability of the 3p-shell, giving
rise to a large induced field, the 3p » d oscillator strength appears as

a continuum resonance (giant dipole resonance, "collective resonance" ~2])
This may also be thought of as a 3p53d resonance shifted to above the 3p-

threshold and escaping into the continuum [1,2,13,147.

The resulting total photoionization (photoabsorption) cross section is
shown in the inset in Fig. 2 and is clearly dominated by the 3p + "3d" giant
dipole resonance in the 3p + d continuum cross section. Although broad,
this resonance gives rise to Fano-type asymmetric resonance profiles in
the 3d- and 4s-emission channels: The 3d-emission has an interference minimum
in the region of onset of 3p-absorption and a maximum around 38 eV, while

the 4s-emission has a maximum around the 3p-threshold and a minimum around

-4 -
S0 eV. This is analogous 1¢ the result found by Zangwill and Soven [ 9] in
the case of 4f/VB-emission in the 4d-region in cerium. We have also calculated
the 4p-cross section which is similar in shape as, but considerahly smaller

than the 4d-cross section in the region ol the 3p » "3d" giant dipole resonance.

To compare the experimental VB emission with theory we infer from calculated
partial densities of states [ (5] that 0.15 3d-clectrons, 0.18 4p-electrons,
and 0.06 4s-electrons are contained in a 0.5 eV wide interval below the
Fermi level. Neglecting the 4p-contribution duc to the low cross section
in the region of the 3p-resonance we construct a theoretical valence band
cross section oTh =0.15 Tag * 0.06 Trg? where Tayg and O, 3T €TOSS sections
per clectron. yp has finally been properly scaled and superimposed on a
smooth but rapidly varying background, and the result for 05; and also 33d
alone {(dashed curve) arc shown in Fig. 2. From the quite reasanable agreement
between theory and experiment we conclude that the photon energy variation

of the experimental VB-intensity in the 3p-resonance reglion shows the signature

of 3d-emission.

On the low energy side of the 3p ~ "3d" resonance maximum (Fig. 2), there
is a particularly large discrepancy between the measured VB-intensity in
the metal and the calculated intensity from the LDA-atom, revealed by the
steep rise in the assumed background. However, this is hardly surprising.
In a realistic calculation, one might take the effective driving field from
an atomic LDA-based mean-field calculation but one would have to use initial
and final one-electron states from a band calculation. The atomic calculation
should then be done with a valence configuration similar to that of the

1.5 dD.S

metal, e.g., 4s 3 .In addition, collective-like modes of the valence

electrons would have to be taken into account.

On the high-energy side of the 3p + "3d" resonance the mcasured cross
section of the metal exhibits an additional minimum and maximum, and it
ig difficult to relate these structures to excitations of atomic origin.
Structure in this region has indeed been observed in photoemission of atomic
Ca: The prominent satellite structure in the 3p-core level spectrum is connected
with important double and even triple, excitations in absorption [7], leading
to sometimes dramatic variations of the intensities of the 4s and 3p lines
and their satellites in the 35 - 80 eV range of photon energies [16,17].
There is a correlation between the 3s-threshold in the metal and the additional
oscillation. In the calculation, however, the 3s-channel, including a 3s » 4p

window rescnance, does not seem to give rise to sufficiently intense structure
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to be important in the metal. We conclude that the high-energy structure
accompanying the valence hand resonance most likely is characteristic for

Ca metal.

We have also monitored EDC's of the valence band photoemission in the
photon energy raange of 3p-resonance. For photon energies near the second
resonance maximum at 45 eV we observe a significant change in the relative
intensity of the valence band compared to the emission intensity at higher
binding energy. Herc most of the intensity originates from inelastically
scattered secondary electrons, however, some weak satellite structures may
also be present. Unfartunately, the photoemission In the binding energy
region between 5 and 10 eV was found to depend on the sample preparation
so that we are unable to extract the intrinsic valence band loss structure
from our measured spectra. Instead we have measured CIS spectra of the emission
behind the valence band to which the CLS spectrum of the valence band can be
normalized. The rtesult for a C1S spectrum taken at 5.5 eV below EF is
represented by the dotted curve in Fig. 2, a similar result was obtained
at an initial energy of 3.9 eV below Eg.
We find that the intemsity ratio between the valence band photoemission
and the "background” shows a maximum at 45 eV and an indication of a shoulder
at higher energy in close correspondence with the features of the valence
band cross section above 40 eV. Below and above these features the intensity
ratio shows the same value. Very similar results have been obtained for
the following 3d-transition metals Sc through Cr for which an even more
dramatic additional maximum in the valence band cross sectien accompanies
the 3p-resonances on the high energy side | 18]. This lends support to the
interpretation of the described eifect as intrinsic also for Ca in spite
of the fact that the shape of the valence hand loss structure showed some
variations from sample to sample in EDC's. Note that these variations occured
even below the detection limit of specific impurities by Auger or photo-

emission technique.

The observed change in the relative intensity of valence band and "back-
ground™ emission suggests that 3p core states which are resonantly excited

around 45 eV photon energy do not only decay into simgle hole valence band

final states, but also into more complicated valence band satellite excitations.

Tt is tempting to associate also the resonantly excited 3p-core states with
satellite excitations, especially since very intense satellite structures

have been reported for x-ray excited 3p photoenission spectra of Ca metal [19].
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These satcllites have been attributed to irtrinsic excitations of plasmons
although the unusually strong intensity relative to the main 3p line could

not be explained [19]. The investigation of plasmon coupling to core excitations
is indeed very difficult in Ca, since the free clectron like behaviour is
distorted by the presence of the d-bands at the Fermi level [ 6] . On the

other hand, the satellites must not be entirely attributed to plasmons and,
moreover, the entire 3p~core hole spectrum may have to be discussed in terms

of differently screened holes, or even in terms of term-level type of structure
of the 3p-hole interacting with a 3d-like screening charge. A calculation
taking proper account of the Ca band structure and core-hole screening is
probably necessary for a satisfactory description of the 3p-XPS spectrum

of Ca metal and may be essential also to describe the dynamics of the 3p-giant

dipole resonance region.

It is of particular importance to analyze the resonance photoemission
problem in the 3p- and 2p-regions simultaneously {1 . Barth et al. have
recently obtained the total absorption spectrum and the valence band resonance
photoemission of Ca metal |20], to which we trefer for comparison. In contrast
to the 3p ~ "3d" giant dipole resonance, which carries a large part of the
total oscillator strength of the 3p-shell, the 2p + 3d white lines only
carry a small fraction of the 2p-oscillator strength. Moreover, the 3d-wave
function is more localized in the 2p - 3d excitations than in the 3p + "34d"
excitation, where it really corresponds to a continuum resonance, and the
decay channels and interaction strengths are different for the two cases.

The atomic LDRPA seems to work quite well also in the case of the 2p-resonance,
provided that the 2p-Auger width is taken into account. Preliminary results
[21T give a ~ 1:1 intensity ratio of the white line spin-orbit partners,

the J = 1/2 line being slightly broader and more asymmetric than the J = 3/2
line. Asymnetric resonances are found in all partial cross sections, the

4s- and 3s-cross sections having interference minima on the high-energy

side of the resonance and the 3d- and 3p-cross sections on the low-energy

side. The preliminary results suggest that the experimental VB-intensity
variation with photon energy does not show an y clear 3d- or 4s/4p-signature.
However, a strong 4s/4p-emission seems to be evident, possibly consistent

with the large width of the electron spectrometer window (~ 2.5 eV [20]).

In conclusion, we have investigated the 3p - 3d resonance of calcium
metal by means of resonant photoemission technique and local-density based

RPA calculation. The major resonance of the valence-band emission in the
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Figure Captions

Figure |

Figure 2

EDC of the valence band of metallic Ca at 62 ey photon energy.

Experimental valence band (VB) photoem
metal, compared with a local

ission intensity for Ca

~density based RPA calculation

(LDRPA). The orbital occupation is 4:"53d0'5 (however, atomic

Potential based on 4823do) and the VB-cross section is constructed

as OTH = 0.5 °3d + 0.15 O%s (dashed curve: O34 alone) where
%34 and O, Fefer to cross sections per electron

VB .
* Opy is super-
Posed on a background (dashed

~dotted curve) which may give a

e of solid state effects, The maximum

Spectrum of the VB and a CIS
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