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Enhanced Multielectron Effects in the Core-Level Spectra of Calcium,
Strontium, and Barium
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Intrinsic collective losses are observed in the core-level spectra of Ca, Sr, and Ba
that exceed those observed in Al, Mg, and Na by factors up to 10. The coupling strength
depends on the nature of the core hole. The relationship between the strength of the col-
lective excitations and the extraatomic relaxation energies explains increases of 1.0 eV
and 0.3 eV in Ca'3P and Sr 3P splittings compared to the free-ion spin-orbit splittings.

PACS numbers: 71.45.Gm, 73.60.Dt, 79.60.Cn

The many-body aspect of the photoemission
process finds its experimental manifestation in
two observationsi": the relaxation energy and
the occurrence of satellites. The binding energy
of a core level is smaller than the Eoopmans-
theorem value EK calculated for a strictly one-
electron transition by the relaxation energy E~.
The origin of E„ is the lowering of the final-state
energy when the "passive" orbitals are allowed to
rearrange in accordance with the increased posi-
tive charge due to the missing electron. A num-
ber of weaker structures towards lower kinetic
(higher binding) energy are usually observed
which reflect transitions leaving the system in
final states different from the fully relaxed quasi-
ground state. Thus a correct description of the
photoemission process requires a full many-body
treatment which yields a spectral distribution
A(~) of final states.

A sum rule, first proposed by Lundquist, s re-
lates A(~) to the energy of the Koopmans-theorem
value EK and the energies E~ and EJ, according to

J(d&u/2m)[(uA((u)] =E. K =Es E~. — (1)

Expression (1) states that the weighted average
of the spectral distribution is at the position of
the frozen orbital binding energy. %e expect that
for a high intensity of satellites E~ is large, all
other parameters being equal.

In addition to the "intrinsic" satellites just men-
tioned extrinsic losses suffered by the photoelec-
tron on its way through the solid contribute to
the spectrum. The separation of these two spe-
cies have been the central problem in studying
multielectron effects of this kind in solids. 4 '
For simple metals the satellites are plasmons
and intrinsic plasmon contributions between 107'
and 44% have been measured in the most studied
metals Al, Mg, and Na. ''

In this Letter we report intrinsic losses in Ca,
Ba, and Sr that exceed the extrinsic ones by fac-

tors up to 10. The structure of these losses fol-
lows closely, in all cases, the loss function Im( —1/
e). They thus represent excitations that are
characteristic for the metal rather than the atom.
Their high intensity makes it possible to observe
further differences in the coupling strength of the
excitations depending on the quantum numbers of
the core hole. In particular, an increase of the
apparent Ca 3p spin-orbit splitting by more than
1 eV over the free-ion value is traced to such a
difference and the accompanying variation in
relaxation energy.

The x-ray-excited core-level spectra [x-ray
photoemission spectroscopy (XPS)] of Ca, Sr,
and Ba were measured in a Hewlett-Packard Mod-
el-5950A ESCA spectrometer with use of mono-
chromatized Al Ke radiation in a vacuum of 6
&10 "Torr. The resolution obtained was 0.7 eV.
The metals were measured as films evaporated
onto polished stainless-steel substrates.

In Fig. 1 we have plotted the spectra of those
core levels that could be recorded over a range
of 20 eV without interfering emission from other
lines. The second spin-orbit component (p„„
d», ) was removed with use of a stripping proce-
dure. Starting with the background at low binding
energies, a reduced replica of the original spec-
trum shifted by the spin-orbit splitting was sub-
tracted from the spectrum channel by channel
proceeding towards higher binding energies. A11
deconvolutions were made with the statistical in-
tensity ratio and the spin-orbit splittings used
were Ca 2p (3.74 eV), Ca 3p (1.40 eV), Sr 3p
(10.33 eV), Sr 3d (1.74 eV), Sr 4p (1.30 eV), Ba
4d (2.63 eV), and Ba 5p (2.19 eV). Some spectra
are broadened by Lorentzians of adjustable width
in order to account for the different core-hole
lifetimes and to equalize the widths of all main
lines at 2 eV full width at half maximum (FWHM).
For the broad Sr 3p„, line a Lorentzian contribu-
tion of 1 eV was deconvoluted to obtain a width of
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FIG. 2. Splitting of the outermost p levels for the free
ion of Ca, Sr, and Ba and for the corresponding metals.
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corresponding spin-orbit splittings in the free
ion." We find an excess splitting in the metals
of 1.06 eV for Ca, 0.34 eV for Sr, and about 0.05
eV for Ba. These deviations are so strong that
they result in a seal'le~ apparent spin-orbit split-
ting for Sr than for Ca in contrast to the expected
monotonic &«~ease with atomic number.

Small increases (+0.1 to + 0.3 eV) in the spin-
orbit splitting compared to the free-atom values
have been observed earlier in a number of metal
d levels. ' In this context possible reasons for
these deviations have been discussed. They could
all be dismissed except for a crystal-field or
band-structure effect on the rather loosely bound
(E~= 10 eV) d levels. ~''4 Such an explanation is
impossible in the present case: The binding ener-
gies of the outermost p levels are - 25 eV for Ca,- 21 eV for Sr, and - 15 eV for Ba. Thus the lev-
el with the highest binding energy shows the
greatest increase in the apparent spin-orbit split-
ting which rules band-structure effects out as an
explanation.

We have made attempts to fit our spectra to two
lines separated by the free-ion spin-orbit split-
ting. Figure 3 shows as an example the original
data of the Sr 4p lines and three spectra obtained
after removing the 4p&2 component through the
stripping procedure. If we adopt the free-ion
spin-orbit splitting of 0.96 eV a residual peak
1.4 eV below the main line remains that cannot
be removed by varying the intensity of the width
of the 4p„, component. lf we require the 4p split-
ting to be 0.96 eV, we would have to explain this
low-lying satellite which occurs only on the 4p„,
line in Sr and a corresponding satellite on the
Ca 3p„, line. Explanations involving chemical

FIG. 3. The Sr 4pg2 spectrum after subtraction of the

4p~/2 spectrum assuming different separations between
the two levels and different satellite intensities. The
dots represent the original spectrum.

shifts due to contaminations or surface species
must be ruled out because they require similar
satellites on all other core levels. We are thus
left with an as yet unknown but highly selective
new excitation mechanism as an explanation for
this sateQite.

Alternatively we would like to propose a differ-
ent explanation for the increased p-level splitting
that is based on the relationship between relaxa-
tion energy and the intensity of the intrinsic loss
spectrum aQuded to above. Taking again Sr as
an example (Fig. 3), we find that the 4p spectrum
can be fitted if we assume a spin-orbit splitting
of 1.30 eV aed a satellite spectrum that is re-
duced to that of the 4s level (curve b of Fig. 3).
If this reduction is disregarded, a low-lying sa-
tellite appears (curve a of Fig. 3) which would

have to be explained. We can now invoke the sum
rule (1) as an explanation for the increased 4p»-
4p„2 splitting: The initial-state splitting is 0.96
eV as observed in the free atom. In the solid the
relaxation of the 4p„, is larger than that of the
4p~„ level due to due to different coupling strengths
of the two levels to the excitation spectrum of the
metal. The same arguments hold for the p levels
of Ca and Ba.

While this explanation is admittedly still specu-
lative it finds support by three additional obser-
vations.

(i) The difference in relaxation depends on the
overall strength of the satellite spectrum which
decreases from Ca over Sr to Ba as does the in-
crease in the p»-p„, splitting.
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FIG. 4. The Ca 3p spectrum in Ca metal and in CaO.
The spectra have been aligned.

(ii) As a consequence of the unusually high
coupling strength of the core holes to the excita-
tion spectrum of these metals we would expect
very high ex' a-atomi c relaxation energies. The
extra-atomic relaxation energies of Ca, Sr, and
Ba are indeed only surpassed by those of Li ac-
cording to a recent study by Johansson and Mar-
tensson ' if one disregards the transition metals.

(iii) A reduction in the coupling strength should
result in a reduction of the apparent spin-orbit
splitting. This is indeed observed if we compare
the Sp spectrum of Ca with that of Cao in Fig. 4.
The single line in CaO is expected for an unre-
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This Letter reports the first ultrahigh-vacuum study of surface-enhanced Raman scat-
tering from pyridine adsorbed on a clean single-crystal silver surface containing a
smooth modulation (1 pm periodicity) to allow optical coupling to surface plasmon polar-
itons. A large mode-selective enhancement (-10 ) of the Raman signal from the first
monolayer is observed at surface-plasmon-polariton resonance. Coverages greater than
one monolayer show a smaller enhancement (-102).

PACS numbers: 78.30.Jw

Surface-enhanced Baman scattering has been
observed in electrochemical cell systems, ' tun-
nel- junction structures, "discontinuous films, '

small particles in solution, ' and recently for sur-
faces prepared in ultrahigh vacuum (UHV). ' '
Recent UHV experiments have used the photoreac-
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