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Correlation between electron loss and inverse photoemission
measurements of alkali metals on metal surfaces
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We have used the techniques of electron loss spectroscopy (ELS) and inverse photoemission

spectroscopy (IPES) to study the adsorption of Na on Al(111) as a function of coverage. We
find a strong correlation between the energy of the primary loss feature in ELS and the unoccu-

pied Na 3p level in IPES. This correlation allows us to interpret the ELS peak as an electronic

transition for an Na coverage of less than one monolayer. For coverages greater than one Na

layer, we observe an attenuation of the unoccupied 3p level and a conversion of the ELS feature

into an electronic excitation (a surface or interfacial plasmon mode).

The electronic properties of alkali metals and alkali-
metal overlayers have been studied both experimentally
and theoretically for many years. ' '2 In some of the early
measurements of alkali-metal overlayer systems, An-
dersson and Jostell2'5 observed loss peaks in the 2-4-eV
energy range for Na, K, and Rb adsorbed on Ni(100).
These features all exhibited a similar coverage-dependent
behavior: an initial decrease in energy as a function of in-
creasing coverage, a minimum at intermediate coverage,
and then an increase to saturation at the corresponding
alkali-metal surface plasmon energy at the completion of
the first one or two alkali-metal layers. This qualitative
behavior of alkali-metal-induced electron-loss spectrosco-
py (ELS) features has since been observed for a number
of other systems, including Na, Cs/Cu(111) (Ref. 1),
K/Cu (100) (Ref. 6), Cs/Al (111) (Refs. 7 and 8),
Na/Ru(001) (Ref. 9), and Cs/W(100), Mo(100). ' Ex-
planations for these loss features include collective
plasmon modes, ""2 s-p transitions within the alkali-
metal lager,

s and excitations involving substrate elec-
trons. ' " In the present study, we will present ELS
measurements of Na/Al(111) which show a strong corre-
lation with corresponding inverse photoemission measure-
ments of the same system. The combination of these two
techniques allows us to more critically evaluate these
models and suggest an alternative explanation.

The electron-loss measurements presented here were

performed using a Leybold-Heraeus ELS-22 spectrometer
with an incident electron energy of 30 eV and a resolution
of -50 meV. The angle of incidence was 60' and most
spectra were recorded in the specular geometry. The in-
verse photoemission measurements were carried out in a
separate system. Emitted photons at 9.5 eV were detected
by a Geiger-Muller tube equipped with an SrF2 window
and yielding an overall energy resolution of -0.4 eV.
The movable electron gun, which has an angular resolu-
tion of —+ 3', was fixed at normal incidence to the crys-
tal for the measurements reported here. The Al(111)
crystal was cleaned routinely by sputtering and annealing.
Cleanliness was checked by Auger and inverse photoemis-
sion spectroscopy (IPES) or high-resolution electron
energy-loss spectroscopy. The Na was evaporated from a
commercial SAES getter source onto the crystal at room
temperature. The Na coverages were determined by eva-
poration times and calibrated to thermal desorption, low-
energy electron-diffraction (LEED), and work-function
measurements.

In Fig. 1 are displayed spectra from our ELS measure-
ments of Na/Al(111) as a function of Na coverage.
When sodium is evaporated onto the Al surface, a loss
feature at 2.5-3.0 eV is observed at a coverage of 0.07, as
shown in Fig. l. (For low Na coverages, two possible loss
peak positions are indicated on the spectra in Fig. 1 and
the plot of the data in Fig. 2 due to an ambiguity in the

10 387 @1988The American Physical Society



10388 D. HESKEl I et al.

I
'

I
'

I

MLS Na/Al ( I I I )

I
'

I
'

I

Na/0 I (III)
I

TWO LAYERS

$- 2.9 a)

— 2.7
Ep = 30 eV

60O SPECULAR

~4
~0

~ ~
~ ~ ~ ,...::..-.. ' 0.20

'. r.
8

~t, - 033
~ A ~ ~ rp m 0 p7

~ ~

r
~A

"'
~

I

-:50
1.00

s
~ ~, ~

I

+"0.83
4

"-'0.75

~ t~

"0.63

' '0.50

3.4—
(A
D 3.2

(2x2)

R30O

(9
&- 30-xo(
Cl

LLI 2.8
X

2.6—
R X

z 2.4—
Ld ooo" ~

xx +z x
X ~

2P i I II

0.2 0.4 0.6

oo ELS
x IPES

I I I I

0.8 1.0

2.5

2.3 O

2.1

19
LLI

17 Z
UJ

1.5
LLI
CL

~ ~ "013
~ ~ ~ ~ ~r

00

.:0.07
I

~ ~

~ ~

.t, ~

~ 0.4 3

FIG. 2. Correlation of ELS (x) and IPES (0,~) measure-
ments of Na/Al(111) as a function of Na coverage. Note shift-
ed scale by 0.9 eV between the two spectroscopies.
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assign this peak to the Na 3p leveL This assignment is
supported by dispersion measurements of this system re-
ported elsewhere. '5 When the Na coverage is further in-
creased, corresponding to the growth of the second layer,
the energetic position of the 3p level remains fixed while

FIG. 1. Electron-loss spectroscopy measurements of
Na/Al(111) as a function of Na coverage. Tic marks indicate
the ELS features discussed in the text and plotted in Fig. 2.

choice of backgrounds for low coverages. ) As the cover-
age is increased, this loss increases in intensity and de-
creases in energy, reaching a minimum of -2.0 eV at a
coverage of —,', where a well-ordered (%3xJ3)R30' is

observed; then it increases sharply to 3.1 eV at a coverage
of —,', which corresponds to the completion of the first Na
layer [(2x 2) ordered overlayer]. In the second Na layer,
this peak shifts to 3.6 eV, continues to increase in intensi-

ty, and, at the completion of the second layer, reaches a
value of -3.8 eV, which is equal to the energy of the sur-
face plasmon of sodium. ' These results are plotted in Fig.
2 and are discussed in more detail in another publica-
tion. '

Analogous coverage-dependent measurements of
Na/Al(111) by inverse photoemission are presented in
Fig. 3 and plotted in Fig. 2 on a shifted scale. For the
clean Al(111) surface, a peak in IPES is observed at
-3.7 eV above EF. As discussed elsewhere, '4 we assign
this to an image-induced surface resonance of the clean
surface. The addition of small amounts of Na causes a
rapid quenching of this resonance along with the appear-
ance of several Na-induced features. At low Na coverage,
a peak is observed at 2. 1 eV above EF, as shown in Fig. 3
and plotted in Fig. 2. As the Na coverage is increased,
this peak decreases in energy, reaching a minimum at an
energy of 1.1 eV at a coverage of —,'. The addition of
more Na causes this peak to increase in intensity and en-
ergy to 1.8 eV at the completion of the first Na layer
(8 & ). Since this is the lowest unoccupied Na level, we
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FIG. 3. Inverse photoemission spectroscopy measurements of

Na/Al(111) as a function of Na coverage. Tic marks indicate
the positions of the Na 3p level as discussed in the text and plot-
ted in Fig. 2.
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its intensity decreases. By the completion of the second
layer, this peak has been completely attenuated, even
though the (2X2) LEED pattern from the first Na layer
(8= —,

' ) is still observed at a somewhat weaker intensity,
probably due to a greater surface sensitivity of the IPES
measurements compared to LEED.

The behavior of the ELS peak of Na/Al(111) as a func-
tion of coverage shown in Figs. 1 and 2 is characteristic of
most alkali-metal overlayer systems studied so far. '
The similarity between the present and previous results
demonstrates that the origin of these loss feature and their
coverage dependence are substrate and alkali independent
and, in addition, since aluminum has no d bands, that sub-
strate d bands do not play a significant role. The coverage
dependence of the loss feature in ELS correlates quite well
with the energy of the Na 3p level for coverages less than
one Na layer (8 —,

' ). The breakdown in the correlation
at this coverage coupled with the discontinuous jump in
loss energy at 8 —,

' (see Fig. 2), the anomalous broaden-
ing in the width of the loss exactly at this coverage'3 (see
the corresponding spectrum in Fig. 1), and finally the
qualitative differences in ELS dispersion for submono-
layer versus higher coverage'3 all indicate a transition in
the nature of the loss feature at the completion of the first
Na layer. In other words, our results suggest that the
correct explanation for the Na-induced loss feature in
ELS involves not one mechanism but two, depending on
the coverage.

What are these two different mechanisms? The simi-
larity of the coverage dependence of the Na ELS peak to
the position of the unoccupied Na 3p level (Fig. 2) sug-
gests that for submonolayer coverages the loss peak is due
to an electronic transition from a coverage-independent
initial state in the Na/Al(111) system into the previously
unoccupied Na 3p level. For higher coverages, the fact
that the energy of the Na loss feature saturates after ap-
proximately two layers at the value of the Na surface
plasmon, the distinct differences in dispersion measure-
ments of this peak at high versus low coverage, '3 and a
comparison to theoretical calculations'6 suggests that the
ELS peak is dominated by a collective excitation, i.e., a
surface or interfacial Na/Al(111) plasmon, for coverages
greater than one Na overlayer.

Turning back to the ELS peak in the submonolayer cov-
erage regime, assuming this is due to an electronic transi-
tion into the Na 3p level, then we still must identify the
initial state, which must be coverage independent. The
degree of ionicity and type of bonding between adsorbed
alkali atoms and metal surfaces is still a matter of sub-
stantial debate; 4'0 however, no theory predicts a lack of
shift in the energetic position of the alkali valence s level
(the 3s in the case of Na) as a function of coverage. The
measured shift in the energy of the unoccupied Na 3p lev-
el versus coverage by —1 eV [similar changes have also
been reported for the corresponding unoccupied p levels of
K,Cs/Al(111) (Ref. 17) and K/Ag(110) (Ref. 18)) sup-
ports the idea that the s-level position must also vary
significantly in energy with coverage. If this is the case,
our results show that the ELS loss cannot be, strictly

speaking, an Na 3s-3p transition, since we require a
coverage-independent initial state to account for the
correlation we have observed between our ELS and IPES
measurements, as displayed in Fig. 2.

Since our ELS results of Na/Al(111) are qualitatively
similar to analogous measurements of most other systems,
this initial state for electronic excitations must be both
alkali-metal and substrate independent. We propose that
this loss originates from electrons at the Fermi level of the
overlayer system. This will involve charge mainly from
the Na 3s level (in our case) but also some contribution
perhaps from the substrate as well. We further suggest
that the 0.9 eV shift necessary to bring the ELS and IPES
data into quantitative agreement (note the shifted scales
in Fig. 2) is due to differences in screening in the two pro-
cesses. [Preliminary ELS and IPES measurements of
Cs/Al(111) as a function of coverage indicate a similar
energetic shift of -0.8 eV. '~] In particular, in inverse
photoemission, an extra electron is added to the system,
creating a negative-ion final state. In electron loss, the
final state is neutral, but involves the excitation of an elec-
tron from its ground state to an excited state. We believe
that these two final states will couple differently to the
screening excitations in the Na/Al(111) system, resulting
in an apparent relative shift in the energies of the mea-
sured levels. We await theoretical calculations in order to
more fully understand this screening process.

In summary, the correlation of electron loss and inverse
photoemission measurements of Na/Al(111) as a function
of coverage allow us to more critically evaluate previous
models for ELS measurements of alkali overlayers. We
propose as an alternative picture that the loss peaks origi-
nate from two distinct mechanisms, depending on the al-
kali coverage. For submonolayer coverages, the ELS peak
is due to electronic excitations from the Fermi level (pri-
marily Na 3s electrons) into the previously unoccupied
Na 3p level, which is detected by IPES. We assign the 0.9
eV shift between our ELS and IPES measurements to
screening effects associated with the different measure-
ment techniques. For Na coverages greater than one lay-
er, the nature of the loss peak changes to the collective
electronic excitation of a surface or interfacial plasmon
mode. We see evidence for a rather abrupt transition be-
tween these two mechanisms at the completion of the first
Na layer; however, a more precise description of these re-
sults should involve a determination of the relative impor-
tance of the two excitation mechanisms in the different
coverage regimes. We hope future experimental and
theoretical work will clarify this and other issues ad-
dressed in this paper.
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