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Photoemission from Yb metal reveals the existence of a strong autoionization decay above the 5pj3/,
photoionization threshold. Intense emission at constant kinetic energy mimicking in shape the photoemis-
sion from the valence band and 4f states appears for photon energies larger than the 5p;/, threshold. We
relate this phenomenon with the atomic Sp-5d4 ‘‘giant resonance’ of Yb, having a locally collapsed
5d-screening-orbital state as an intermediate step for the autoionization.

The atomic ground-state electronic configuration of Yb is
5p84f1454°6s2 At the solid-state fcc Yb has a band struc-
ture formed by very close 6s (occupied) and 5d (empty)
bands,! with a high density of 5d empty states at the Fermi
level. Only a small degree of s-d hybridization has been
theoretically predicted, which gives a very small, fractional
population of valence electrons of 5d character; the optical
absorption of fcc Yb is dominated by interband transitions
to 5d final states;2 Yb is a divalent rare earth.

In this Rapid Communication we report a phenomenon
found in the photoemission from Yb metal when a 5p core
hole is formed, which is not found in Yb-Si compounds.?
The phenomenon consists of the appearance of intense
peaks in the electron energy distribution curve, which main-
tain constant kinetic energy (CKE) for excitation energies
above the 5pj; threshold, as shown in Figs. 1 and 2. Figure
1 displays the as-measured curves from our synchrotron ra-
diation angle-integrated photoemission experiment* per-
formed on a clean, ultrahigh vacuum deposited Yb film.
The spectra obtained with different photon energies in the
range 15-31 eV are plotted versus the kinetic energy of the
collected electrons. The bottom spectra (obtained with hv
values below the 5p3/; threshold) show the electron states in
the valence region of Yb: the final-state doublets 4f3% 7
for the bulk and the surface atoms (shifted)® and the 6s
density of states extending to the Fermi level.
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FIG. 1. Angle-integrated electron energy distribution curves
(EDC’s) for fcc Yb, at photon energies below and above the 5p32
threshold. For Av > 24 eV it appears the intense CKE emission.
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At hv=25 eV, an abrupt change of shape of the spec-
trum occurs, with the appearance of intense emission in the
KE interval 15-18 eV, this intense emission remains for
higher Av values at CKE, as it is seen in the curve obtained
with hv =27 eV.6

Figure 2 allows a better look at the structure of the CKE
emission that turns on at the 5py, threshold (24.1 £0.1 eV
from in situ Mg Ka x-ray photoemission spectroscopy).
Two of the energy distribution curves (EDCs) of Fig. 1, one
obtained with hv < 5p3, threshold (24 eV) and one with
hv > Spy; threshold (25 eV), are plotted versus the initial-
state energy (Er was determined, in situ, by a Au standard),
and the difference spectrum is obtained. We stress that any
pair of EDC’s having hv > 5p3, and hv < 5py, threshold,
respectively, yields the same difference curve at the same
KE values, with minor shape differences being imputed to
the changing background as a function of Av. The structure
of the difference curve mimics the photoemission EDC of
Yb, with four peaks of similar width and spacing as the pho-
toer?itted 41 final states and a weak edge at 19 £0.1 eV of
KE.

This is the new observation: a very intense emission
resembling a replica of the valence band and 4/ photoemis-
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FIG. 2. EDC'’s for hv values smaller and larger than the 5p3
energy (hv =24 eV dashed, and hv=25 eV dash-dotted curves)
plotted vs initial state energy. The difference curve (solid) reveals
the structure of the CKE emission that resembles a replica of the
valence band and 4/ photoemission.
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sion, turns on as a CKE feature when a Sp core hole is
formed in metallic Yb (but not in Yb-Si compounds), as if a
very efficient monochromatic excitation channel opening
above the 5p threshold would supply 23.6 +0.1 eV to the
valence and 4f electrons (calculated from the KE of the
“replica’> spectrum). The normalized 4f photoemission
yield® over the hv range of the experiment is given in Fig.
3, and compared with our one-electron HFS calculation of
the cross section for photoionization of the atomic 4f elec-
trons.

The observed effect is not explained by the usual
core—bound-state transitions found in resonant photoemis-
sion’ nor by a simple combination of 0,3;04sP; and
0,,304,5Ng 7 Auger core-valence-valence (CVV) transitions,
because of the unavailability of significantly occupied Oy s
(5d) band states. Also, the sharpness of the CKE peaks ex-
clude the presence of two band-like final-state valence
holes; as in a regular CVV Auger decay, those, in fact,
would yield a broad emission due to the convolution of the
valence and 4f states. Further, although indirect, informa-
tion comes from the absence of the CKE “‘replica’’ structure
in the photoemission from Yb/Si reacted interfaces and
compounds;® this imposes the need to regard this
phenomenon as different from an obvious Yb CVV Auger.
Finally the very large intensity of the CKE “‘replica’ emis-
sion, which is comparable to that of the photoemission by
the same states at the near threshold Av values studied, re-
quires a very efficient decay channel for the Sp hole.

In a phenomenological framework it is tempting to ex-
plain the CKE emission as being excited by the decay of an
electron in the 5p hole from a sharp intermediate state lying
just below Er (within 0.55 eV below Er according to our
data) which would supply — 23.6 eV of energy to a 4f or
valence electron. We propose such state to be a locally col-
lapsed 5d state efficiently overlapping the 5p hole; i.e., a lo-
calized 5d impurity state (with the impurity being the Yb
atom with one 5p core hole) that acts as screening orbital
for the 5p hole, being populated by one electron. Screening
orbitals (or equivalently core excitons) have been proposed
to explain the line shapes of core-level photoemission peaks
in adsorbate and bulk systems.'®!! A collapsed 54 atomic-
like state overlapping the S5p hole would allow resonant 5p-
5d dipole transitions at the 5p threshold, and as a screening
orbital could localize an electron from the valence band at
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FIG. 3. Photoemission yield (normalized CIS) for the 4f states in
fcc Yb as compared with the calculated photoionization cross section
for atomic Yb 4f orbitals (Hartree-Fock-Slater-Length approxima-
tion). The resonance at the 5p3, threshold is the result of the cou-
pling of photoionization and the discussed autoionization decay.

higher 5p excitation energies. With our assumption of a lo-
calized 5d intermediate state, the CKE emission is then ex-
plained as the consequence of autoionization of the ‘‘impur-
ity”’ Yb atoms, via the decay of one electron from the inter-
mediate state to the initial Sp hole and emission of a 4f or
valence electron. This would be a resonant process for en-
ergies just above the Sp threshold because of the expected
strong S5p-5d dipole, and a Sp-screening-orbital-4f or
Sp-screening-orbital-valence Auger decay for higher excita-
tion energies. The relevant fact is that the 5d screening or-
bital would contribute one full electron to the 5p decay pro-
cess, and its final-state hole would be virtual, not contribut-
ing therefore to the line shape of the CKE emission that
indeed resembles a one-hole final state emission.

The distinction suggested of resonantly enhanced autoion-
ization and Auger decay is mostly semantic, but allows to
connect our discussion with the known resonant processes
of atomic Yb. The excited states of YblI lie in the continu-
um of YbIll and YbIll so that autoionization and Auger de-
cays may follow the excitation of a Sp electron in atomic
Yb.!2 In particular, due to the presence of easily collapsed
5d empty orbitals (the next element is Lu, which is
4f1465254d"), “‘giant” 5p-5d resonances are responsible for
sharp peaks in the Yb1 5p absorption spectrum at excitation
energies between 27 and 28 eV.!12"1* The decay of the excit-
ed states of YbI can yield series of ejected-electron peaks
corresponding to final states like 5p%6s, SpS6p or
5p%4 /13652, at energies between 17 and 20 eV KE.12

In other words a strong 5p-54 dipole, resonantly
enhanced by the collapse of the 54 wave function under the
potential of the 5p hole! makes autoionization with ejection
of a loosely bound electron a highly favorable process.

Our suggested explanation of the data implies that the
formation of a localized 54 impurity-state screening orbital
is an effect, at the solid state, that is related to the atomic
collapse of the 54 wave function.!> A weak 5d band charac-
ter and the presence of a high density of empty (5d) states
at Er would be the prerequisites for the process to occur. In
this respect it is illuminating the fact that in Yb silicides the
CKE “‘replica”® emission does not appear. As expected
from the electronic structure of the transition metal sili-
cides, Si-3p-metal-nd valence states hybridize to form
bonding bands. A full (hybrid) band character is then ex-
pected for the Yb 5d states in the Yb-Si compounds, not al-
lowing the local collapse of an atomiclike orbital. We add
that the ordinary CVV Auger transition (with C=5p) in
these silicides has so little intensity that it is basically lost in
the background of the spectra.’ The CKE “‘replica’ emis-
sion is therefore expected to be important only in systems
electronically similar to metallic Yb, like Eu!® and possibly
some rare-earth compounds with empty 4 bands at the Fer-
mi level.

In summary, we observe a strong emission at CKE, above
the 5p threshold in Yb metal, that mimics the distribution
of the valence and 4f states. We associate this phenom-
enon with the existence of a localized 5d state attracted by
the Sp core hole which acts as an intermediate state for au-
toionization decays (the Auger process is also an autoioniza-
tion), reminding the related atomic processes. The superpo-
sition of the autoionization decay and the photoionization
gives a resonance line shape to the Yb 4f photoelectron
yield.

A more detailed and quantitative understanding of the
observed phenomenon will only become possible after more
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experimental and theoretical work is done; in particular,
variations of the intensity of the CKE emission with 5p core
hole lifetime (i.e., excitation energy) could be important.

At any rate, the interesting physics that emerges from this
phenomenon is the existence of a strong intra-atomic relaxa-
tion happening in a solid, that more efficient (faster) than
the conduction-band relaxation.

In this respect, we note that in a mixed valent alloy of Yb
(YbAl;) a different, strong effect (not well characterized,
due to insufficient data) induced by the 5p core hole was
found,!” consisting in a 4f13-4/'% valence change as an
intra-atomic relaxation mechanism. It thus appears that
photoemission in proximity of shallow core-level thresholds,

like the 5p in rare earth, can be accompanied by highly effi-
cient competitive intra-atomic relaxation processes that
deserve study and may shed light on the complex problem
of solid-state relaxation upon electron emission.
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