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Photoexcited N4 5010, 3 Auger transitions for La3* in LaFj, an insulator, are studied with the photon
energy tuned through the La4d to 4/ resonant excitations. The post-collision interaction between the pho-
toexcited electron and the Auger electron leads to a shift in the Auger kinetic energies. The shift is re-
duced by 2.3 eV for the same Auger transitions in LaBg, a metal, due to metallic screening.

Photoexcited Auger events in an atom are usually
described as a process involving two independent steps:
The removal of a core electron from the atom by photoe-
mission and the subsequent Auger decay of the core hole.
This description is quite accurate if the incident photon en-
ergy is much higher than the core photothreshold for con-
tinuum excitation; in this case the photoelectron is promptly
removed from the atom and is decoupled from the slower
Auger event. However, for excitations barely above thresh-
old, the Coulomb repulsion between the slowly receding
photoelectron and the Auger electron can produce an up-
ward shift of the Auger electron kinetic energy. For excita-
tions to bound states below threshold, the exchange and
correlation energies can also be significant in addition to the
Coulomb interaction. The measured shifts can be as large
as a few electron volts. The interaction between the pho-
toexcited electron and the Auger electron, known as the
post-collison interaction (PCI),"* has attracted much atten-
tion recently because it provides a means to probe the na-
ture of the photoexcited states and the Auger decay
processes.

If the photoexcited Auger process occurs in a solid-state
environment, screening of the charges can substantially
modify the PCI shifts. Although much work on PCI has
been done in solids,>* the screening effect has not been in-
vestigated thoroughly. In a metal, all charges are screened
in a very short distance on the order of an atomic radius in
the adiabatic limit, thus the long-range Coulomb interaction
between charges is reduced.’ Considering the same Auger
process in a wide-gap insulator for which screening is merely
the long-range dielectric polarization, the PCI shift due to
the Coulomb interaction can be much larger than in a metal.
In this paper, we report the first observation of this effect.
We measured the PCI shift for the N4 5010, 3 Auger transi-
tions of La®* in LaF;, an insulator, and found a much
larger Coulomb shift compared with the same transitions in
LaB¢, a metal.

The experiment was done at the Synchrotron Radiation
Center at Stoughton, Wisconsin. A 3-m toroidal-grating
monochromator and a double cylindrical-mirror analyzer
were used to acquire the photoemission and Auger spectra.
The LaF; samples were prepared by evaporating a thin layer
(about 200 A thick) onto a tungsten foil at room tempera-
ture. There was no measurable charging effect for these
thin layers.

Figure 1 shows a partial-yield spectrum for LaF; obtained
by measuring the secondary-electron current with Kinetic
energy 5.9 £0.2 eV while scanning the incident photon en-
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ergy. The three peaks a, ¢, and e correspond to quasiatomic
transitions for La3* from the ground state 44'° (1S,) to the
excited states 4d°4f' (°P,, 2D, and 'P,), respectively. The
two lower transitions (peaks a and c¢) are below threshold
for continuum excitation (promoting a 4d electron to the
conduction band), and therefore are very sharp. The higher
transition (peak e) is above threshold and is broadened.
These transitions have been studied quite extensively be-
fore.%7

Some typical photoemission spectra are shown in Fig. 2.
The photon energies used for spectra a—g are 97.08, 99.00,
101.53, 114.87, 116.87, 120.87, and 128.87 eV, respectively;
they are indicated by arrows a—g in Fig. 1. In Fig. 2 the
valence band (mainly F2p) as well as La5p (two com-
ponents-due to spin-orbit splitting), F 2s, and La Ss core lev-
els can be clearly seen; these are labeled for spectrum g.
The measured binding energies ( +£0.1 eV) for various
states relative to the Fermi level are 9.7 (peak of the
valence band), 20.8, (La5ps»), 23.4 (LaSpyn), 31.3
(F2s), 38.6 (La5s), 106.6 (La4ds;), and 109.6 eV
(La4ds;,), respectively. The two broad features labeled A
and B for spectrum g in Fig. 2 originate from quasiatomic
La-derived N4 5010,,3 and N4 50,,30,,3 Auger transitions,
respectively. This assignment is based on comparison with
known Auger spectra of isoelectronic -, Xe, and Cs*.%3
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FIG. 1. Partial-yield spectrum for LaF;. The arrows a-g indi-
cate photon energies used to obtain spectra a—g in Fig. 2, respec-

tively.
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FIG. 2. Photoemission spectra for LaF;. Spectra a-g are taken
with photon energies indicated by arrows a—-g in Fig. 1, respectively.
The initial-energy scale is referenced to the Fermi level (Eg) of the
metal substrate. The two arrows indicate positions of constant
kinetic energies.

From the measured core-level binding energies, the effec-
tive Coulomb interaction between the two holes in the
Auger final state is roughly 15 eV.? These transitions were
also observed in LaB¢ with comparable intensities. The pre-
vious assignment’ that the features 4 and B were derived
from La-N4 50,V and N4 50,3V Auger transitions (V
stands for the valence orbitals) could not be correct, be-
cause LaF;, being ionic, should show negligible NOV Auger
intensities compared with LaB¢. The two arrows in Fig. 2
indicate positions of constant Kinetic energies; the two
Auger features show dramatic changes in intensity and line
shape as the photon energy is tuned through the absorption
features shown in Fig. 1.1° Here we will focus attention on
the energies of N4 ,s0:0,,3 Auger transitions, feature 4 in
Fig. 2. Feature B overlaps often with strong photoemission
lines, and its analysis is more difficult.

Auger feature A4 is plotted versus the kinetic energy in
Fig. 3 as a function of photon energy hAv with an expanded
scale to show details. For Av=101.53 eV (position c in Fig.
1), two sharp peaks corresponding to the !P and P Auger
final states are observed.® The transitions are

444 f95525p8 + hy — 4d°4 £ (3D)55%5p®
— 44"%5s515p5('P,*P)af ey (1)

where e4 denotes the Auger electron. The splitting within
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FIG. 3. N4 50,0, 3; Auger spectra for LaF;. The bars labeled
‘“‘uncertainty’’ represent noise level in the original spectra before
smoothing. The energy resolution is 0.3 eV. The excitation photon
energies (hv) are indicated.

the 'P and 3P manifolds due to coupling to the 4f electron,
spin-orbit coupling, and crystal-field effect is small and not
resolved. The strong peak in Fig. 3 for Av=101.53 eV is
the La5s photoemission peak. For Av=100.53, 104.87, and
112.87 eV, the Auger intensity is essentially zero, because
the absorption (Fig. 1) is very small; the background varia-
tion is due to some unidentified loss features associated
with photoemission peaks. For hv=114.87 eV in Fig. 3,
continuum states far above threshold are reached, and the
excitation and Auger decay processes are essentially decou-
pled. The transitions are

444 £%5525pS+ hv — 4d° (2D )y, 2D 512)41°55%5p5 + ep
— 4d'%5s15p5('P,3P)4f '+ eptes , (2)

where ep denotes the photoelectron. The spectrum thus
consists of four peaks, i.e., each of the two photoexcited
states (2D3, and 2Ds;,) gives rise to two Auger peaks P
and *P. The positions of these peaks are indicated by long-
and short-dashed lines for the initial 2Ds/; and 2Dy, states,
respectively, in Fig. 3. The P and 3P splitting is obtained
from the spectrum with Av=101.53 eV, and the 2D5/2-2D3/2
splitting is obtained from photoemission (spectrum not
shown). The change in line shape seen in Fig. 3 as Av in-
creases from 114.87 to 132.87 eV is mainly due to drastic
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changes in the 2Ds-2D3/; photoemission branching ratio in
this energy range: the 2Ds;; channel predominates at the
lower-energy end, and both the 2D s, and 2D 3/, channels are
about equal in intensity at higher energies.!® Since the
background function including some overlapping direct pho-
toemission features is uncertain, we do not attempt to
deconvolve the spectra. The above analysis, however, does
explain the spectra qualitatively. From the relative Auger
energies for processes described by Egs. (1) and (2), one
can show easily that the binding energy of the 4f' electron
for the state 4d'%5s5p° (P, 'P)4f! relative to the Fermi lev-
elis 6.9 eV.

The same La-derived atomiclike Auger transitions in LaBg
have been observed and reported before.””!! For excitations
far above threshold (e.g., hv=114.87-132.87 eV for LaF;
in Fig. 3), the Auger transitions are essentially free from
PCI, and the difference between Auger energies from LaF;
and LaBg is due to differences in work functions, crystal
(Madelung) potentials, relaxation energies, etc. For a mea-
sure of the PCI shift, consider the quantity AE which is the
difference between the kinetic energy of the P Auger line
for resonant excitation into the >D; absorption line below
threshold (peak c in Fig. 1) and the kinetic energy of the
Ns010,; (!P) Auger line for excitation far above thresh-
old. AE=1.8 eV for LaF; from Fig. 3 and AE = —0.5 eV
for LaB¢ from data presented in Ref. 7. The difference
between these two values for AE, about 2.3 eV, reflects
mainly the difference in solid-state screening (final-state ef-
fect) between LaF; and LaBs. We show below that the
initial-state effect is much smaller. Denoting the effective
Coulomb energy between the Ss and Sp core holes in the
Auger final state by U (5s5p), the Auger kinetic energy for
excitations far above threshold is given by’

E(4)=FE(4d)—E(5s)—E(5p)—U(5s5p) , 3)

where E (4d) is the single-particle binding energy of the 4d
state, etc. For resonant excitations, the Auger energy is

Er(A)=E(4d — 4f)— E(5s)
—E(5p)+E(4f)—U(5s5pdf) , )

where the first term is the 4d to 4f excitation energy, the
next three terms give the single-particle binding energies for
the Ss, 5p, and 4f levels, respectively, and the last term
represents the effective interaction among the 4f electron
and the Ss and 5p holes. We also have

E(4d— 4f)=E(4d) — E(4f) — U(4d4f) , Q)

where U (4d4f) is the effective energy between the 44 hole
and the 4f electron. Combining Egs. (3), (4), and (5), we
obtain

AE=Er(4A)—E(A)
=U(5s5p) — U(5s5paf) — U(4daf) . 6)

The first two terms on the right-hand side reflect the final-
state effect. The last term in Eq. (6), reflecting the initial-
state effect, is essentially independent of the solid-state en-
vironments, because the 4d°4'(3D,) state is spatially com-
pact, and the valence electrons are insensitive to the 4d to
4f inner-shell transitions. It has been observed that the *D,
excitation energies for La vary only by about 0.1 eV in dif-
ferent solid-state environments.%!? Therefore the difference
in AE, about 2.3 eV, is indeed dominated by the final-state
effect. We emphasize that the above argument generally
cannot be applied to other systems, e.g., those involving p
to d transitions,'® for which the initial-state effect is general-
ly not negligible.

In summary, PCI shifts are influenced by solid-state
screening effects. Comparing an insulator, LaF;, with a
metal, LaBg, the PCI shift in LaF; is larger by about 2.3 eV.
This is due to metallic screening in LaBg, which suppresses
the Coulomb repulsion between the photoexcited electron
and the Auger electron. The Coulomb repulsion contri-
butes typically a few electron volts to the PCI shifts for exci-
tations to bound states; therefore the observed difference in
PCI shifts is of the correct order of magnitude. A detailed
calculation of this screening effect with realistic wave
functions and decay rates is not yet available. The final
state of the Auger transition for La in LaB¢ is probably
4d'%55'5p3('P,*P)4f'V! independent of excitation condi-
tions, where V is a 5d or 6s valence orbital. Assuming me-
tallic screening in LaB¢ proceeds infinitely fast, the following
simple picture applies. For excitation to a bound state, the
photoexcited electron occupies a screening level; for excita-
tion to a high-lying continuum state, the photoelectron
leaves fast, but the atom remains neutral by pulling an elec-
tron from the conduction band into the screening level.
The Auger electron experiences the same interaction with
the La atom independent of the excitation process; there-
fore the PCI shift is suppressed.
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