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Unoccupied electronic band structure of Na on Cu(111) as studied by inverse photoemission
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We have determined the unoccupied part of the electronic structure of sodium on Cu(111), employing
k-resolved inverse photoemission in the isochromat mode. For Na coverages above 0.15 monolayer, an
image-potential surface state is observed 2.3 eV above Er. For the completed p (2X2) Na phase at 0.25-
monolayer coverage, a pronounced Na 3p,—derived feature occurs 0.4 eV above Ep, which exhibits a
nearly-free-electron-like energy dispersion. For wave vectors k; = 0.6 A~ the unoccupied part of the
Na 3s band appears close to the Fermi level. We compare our results with recent band-structure calcula-

tions for free and adsorbed Na monolayers.

I. INTRODUCTION

The absorption of alkali-metal atoms on metal surfaces
has been the subject of numerous experimental and
theoretical studies in the past."> These studies were
motivated by the idea that the alkali-metal-adsorbate sys-
tem provides an example for a simple chemisorption sys-
tem. Also the significant promoting properties of alkali
metals in heterogeneous catalysis® have stimulated a
number of investigations of the co-adsorption of alkali
metals with atoms and molecules on surfaces. The
valence levels of adsorbed alkali-metal atoms can be stud-
ied by direct and inverse photoemission, which are both
surface-sensitive techniques. In the present study of the
Na/Cu(111) system, we continue our recent work of the
chemisorption of K on Cu(111).’> Since most alkali-metal
valence levels that determine the chemical and physical
properties are unoccupied, inverse photoemission is par-
ticularly powerful for their investigation.

II. EXPERIMENT

The experiments reported below were carried out in a
two-chamber ultrahigh-vacuum apparatus.® The base
pressures in the spectrometer and in the preparation
chambers were in the 10~ !!-mbar range. The system was
equipped with angle-resolved inverse- and ultraviolet-
(direct) photoemission spectroscopy (IPS and UPS, re-
spectively), Auger-electron spectroscopy (AES), and low-
energy electron diffraction (LEED). The IPS measure-
ments were performed in the isochromat mode, detecting
9.5-eV photons with a Geiger-Miiller—type counting tube
with a SrF, entrance window. The electrostatically fo-
cused electron gun’ with BaO cathode and the photon
detector were mounted at a fixed angle of 30° with respect
to each other. The angle of incidence, 0, of the electrons
was varied by rotating the sample. The electron-beam
divergence was better than 4°, resulting in a resolution of
the wave vector k of Ak, =0.08 A ™1, The overall ener-
gy resolution (electrons and photons) was 0.35 eV in IPS.
Angle-resolved UPS with Hel radiation (hv=21.2 eV)
and an overall resolution of 0.1 eV agrees with similar
measurements at hAv=4.89 eV by Lindgren and
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Walldén.?

The Cu(111) single-crystal surface was cleaned by Ne-
ion sputtering and annealing. Its cleanliness was checked
by IPS, UPS, and AES. Sodium was evaporated from a
commercial getter source (SAES Getters, Italy) onto the
sample at room temperature. The pressure during eva-
poration stayed in the low 10~ °-mbar range. The work-
function change was determined by the diode method,
i.e., by detecting the onset of the absorbed sample current
from the electron gun. The coverage-dependent work-
function change of the Na/Cu(111) system has been pub-
lished by Lindgren and Walldén.” In our study we find
the same work-function changes with a weak minimum of
Ad=—2.3 eV at a coverage of approximately 0.1 mono-
layers (ML). We used the occurrence of a clear 2X2
LEED pattern as the calibration point for 0.25 ML of Na
coverage. When increasing the coverage above 0.25 ML,
we observed a compressed and less sharp hexagonal over-
layer structure in LEED.

III. RESULTS AND DISCUSSION

Inverse-photoemission spectra of Na on Cu(l111) are
presented in Fig. 1 as a function of increasing coverage.
The lowermost spectrum shows the normal-incidence IPS
curve of the clean Cu(111) surface, where the sharp emis-
sion feature at 4.2 eV above the Fermi level represents
the image-potential surface states. These states are ob-
served in projected bulk band gaps of metallic surfaces
and are fixed in energy relative to the vacuum level.!®
The adsorption of small amounts of Na (<0.1 ML)
quenches the image-state emission of the clean surface,
while a new weaker feature occurs which seems to be
connected to the vacuum level (cf. Fig. 1). It will be dis-
cussed below. For Na coverages above 0.1 ML, two
features emerge in the spectra, which with increasing
coverage move to smaller energies, the lower one ap-
proaching E,. Concomitant with the development of
these two Na-induced features in IPS, a p(2X2) LEED
pattern occurs. For the completed p(2X2) Na phase the
two states are located at 0.4 and 2.3 eV above E.
Heskett ez al.!! have observed a similar unoccupied two-
peak structure in IPS for the Na/Al(111) system, and as-
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FIG. 1. Normal-incidence inverse-photoemission spectra of
Cu(111) at Av=9.5 eV as a function of Na coverage in mono-
layers. Note the development of a Na-induced surface state
near the Fermi level and the shift of the image-potential state
near the vacuum level, which is given by a hatched mark for
each spectrum.

signed the lower-lying state to the Na 3p, level. We fol-
low their interpretation, also because this assignment
agrees with the band-structure calculation for an isolated
sodium monolayer by Wimmer!? and with a recent model
calculation for an adsorbed Na monolayer by Ishida.!* In
addition, the density-functional calculations by Boettger
and Trickey'* fit this interpretation.

The second, higher-lying state was attributed by
Heskett et al.'' to a possible contribution from Na d
states. However, all calculations'>'* reveal only a rath-
er small density of d states at higher energies in the case
of sodium. We therefore attribute the emission feature at
Ep+2.3 eV to an image-potential state of the ordered
Na-covered surface. As the work function of the
Cu(111)-(2X2)-Na system is reduced to about 2.7 eV,
this state is located 0.4 eV below E . A similar
vacuum-level pinning of the image-state emission with
work-function changes as high as in our case (A®=—2.3
eV) has been reported for K on Pt(111).!3 This is in con-
trast to a recent report!® for K on Cu(100), where the
image-state emission follows the work-function change
only up to about A®=—1 eV. Whether surface order,
the exact nature of the projected bulk band gap, or
another reason accounts for these different observations
is unclear at the moment.

The energy difference between the two unoccupied
states of Na on Cu(111) at 0.4 and 2.3 eV in Fig. 1 is 1.9
eV, while on Al(111) we read 1.0 eV for that of the corre-
sponding two-peak structure (cf. Ref. 11). This excludes
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an interpretation in terms of intrinsic sodium states for
both emission features. However, the variation in the
unoccupied electronic structure of Na/Cu(111) and
Na/Al(111)!! can easily be explained, if the higher-lying
spectral feature reflects an image-potential surface state
pinned to the vacuum level rather than band-structure
properties of adsorbed sodium. The interpretation as im-
age state also explains the small coverage-dependent en-
ergy variations in Fig. 1, which reflect the work-function
changes with the amount of adsorbed Na. The
identification of image-potential states in adsorbed mono-
layers of the heavier alkali-metal atoms is less likely to be
expected, since for K, Rb, and Cs an increasing density of
d states is predicted'? within the energy range straddling
E, ... A possible hybridization of the image states with
these d states could prevent the occurrence of such an in-
tense image-state emission as is otherwise observed on
metal surfaces with well-defined projected bulk band
gaps.®

Increasing the sodium coverage beyond the (2X2)
phase in Fig. 1 (see the 0.35-ML spectrum) leads to a
reduction of the Na p state near E, while the image-state
emission is not affected. Strong coverage-dependent vari-
ations in intensity and energy have been reported!"!® for
alkali-metal valence-band emission as measured by UPS.
We attribute the p-band intensity reduction at coverages
above 0.25 ML in Fig. 1 to an energetic broadening of
this state due to an increasing disorder in the Na adlayer
when going beyond the (2X2) phase. However, we also
want to note here the observation!’ of an anomalous peak
near E, in UPS of Na(110), as well as the disappearance
with coverage!® of a narrow peak just below E. for
Na/Cu(111), which Lindgren and Walldén have interpret-
ed!® as part of a series of discrete potential-barrier states,
i.e., modified image-potential states, where the lowest
unoccupied state should occur!® at Ep+2.25 eV in very
good agreement with our observation of the image-state
emission in Fig. 1 (see the discussion above).

There is a downward shift of the Na 3p emission in Fig.
1 when going from 0.15 to 0.25 ML coverage. This shift
is similarly observed for the Na p emission of the
Na/Al(111) system'® and reflects the depolarization
effect,’° 2! i.e., the increasing electrostatic field at the
surface, which causes the strong reduction of the work
function.

Next we applied angle-resolved IPS to the (2X2) Na
phase on Cu(l11) to obtain the two-dimensional energy-
band dispersion. Corresponding inverse-photoemission
spectra are presented in Fig. 2 as a function of polar an-
gle 6 along the T—M azimuth of the surface Brillouin
zone. We note an upward dispersion of the two intense
emission features of Fig. 1 just discussed above. The
image-state emission can be followed only up to 6=15°
and exhibits a similar upward dispersion along along the
I'-K azimuthal direction in Fig. 3. Turning now to the
Na p emission, we observe a strong dispersion from the
Fermi level at normal incidence up to 2.1 eV at 6=32.5°
in Fig. 2, resulting in a total bandwidth of 1.7 eV. At
27.5° a new intense emission feature emerges near Ep
which exhibits a weaker upward dispersion with increas-
ing 6 (cf. Fig. 2). We attribute this band to the unoccu-
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pied part of the Na 3s band that is expected!?”'* to turn
up from the occupied region and cross the Fermi level
along T—-K and T-M. For a discussion of the various
band dispersions, we have plotted the peak positions of
all spectral features of Figs. 2 and 3 as a function of k| in
Fig. 4. Also included in Fig. 4 is the 6=0° UPS value of
the occupied s band measured with Av=21.2 eV, which
disappeared for 6>2.5°| (original spectra not shown).
We note a similar dispersion behavior for both the Na p
state as well as the image-potential state along the T -K
and T—M directions. The Na s band occurs at polar an-
gles of 27.5° in Fig. 2 and 25° in Fig. 3, respectively, cor-
responding roughly to k;=0.6 A" . A possible interpre-
tation in terms of copper bulk bands can be ruled out by
comparing to the elaborate IPS work on bulk transitions
by Schneider et al.?? for Cu(111).

We have found significant Na 3s emission intensity
only around the M and K points. It is known, however,
that the limited energy and k| resolution in UPS and IPS
prevents an exact determination of the Fermi-level cross-
ing.?* For the s band we therefore expect it to occur at
smaller k, values, as also suggested by calculations'? for
the hexagonal monolayer, where the s band crosses at

about 2 between the T and K points. Along the T-K
symmetry direction it exhibits!? strong upward disper-
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FIG. 2. Angle-resolved inverse-photoemission spectra at
hv=9.5 eV for different incidence angles 6, probing states along
the I'= M line of the Cu(111)-(2X2)-Na surface Brillouin zone.
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FIG. 3. Angle-resolved inverse-photoemission spectra at
hv=9. 5 eV for different incidence angles 6, probing states along
the I'-K line of the Cu(111)-(2X2)-Na surface Brillouin zone.
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FIG. 4. Energy dispersion E(k|) of the surface-state features
as derived from Figs. 2 and 3 (solid dots). The solid square
denotes the 8=0° UPS value of the occupied s band measured
with Av=21.2 eV photons (original spectra not shown). The
dashed line represents the calculated center of gravity of the Na
3p, band for a Na overlayer on semi-infinite jellium (from Ref.
13).
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sion, while we find only a weak dispersion in Fig. 4.
Again, the actual dispersion behavior of the spectral
features may be obscured by their proximity to Eg.

In his local-density functional theory for the electronic
structure of an isolated sodium monolayer, Wimmer'?
used a nearest-neighbor spacing of 2.66 A. This small
Na-Na distance causes the calculated dispersion to be
much stronger than the dispersion measured here for a
2X2 Na overlayer with a Na-Na distance of 5.11 A.
Bearing this in mind, we at least qualitatively find agree-
ment between our results of Fig. 4 and Wimmer’s calcu-
lated electronic structure. In particular, the predicted p,
band starting at about Ep+0.6 eV at T exhibits the
correct strong upward dispersion.

In his calculations Ishida'> has tried to simulate Na ad-
sorbed on Al(111) by a Na overlayer on semi-infinite jelli-
um. Ishida’s results show good agreement with the occu-
pied part of the 4s band of K on Al(111) as determined by
Horn et al?* Also from this calculation, 3p, character
has to be assigned by the measured Na band, and we have
plotted the calculated'® center of gravity of the Na 3p,
band as a dashed line along the T'—M azimuth in Fig. 4.
It is expected!® to form a rather broad structure. In our
study the observed sharp p emission at T in Figs. 2 and 3
has a full width at half maximum of 0.4 eV and is solely
determined by the experimental energy resolution.
Hence the intrinsic width of the p, at T must be smaller
than 150 meV.

In the calculations of Boettger and Trickey,14 local-

density-functional theory is used to obtain the equilibri-
um lattice parameters and the electronic structure for
hexagonal monolayers of the alkali metals and alkaline-
earth metals. For a comparison with our experiment, it
is again clear that the calculated energy dispersion is too
strong as the Na-Na distance is much smaller in the hex-
agonal monolayer than in the 2X2 overlayer phase we
studied. Hence, as with Wimmer’s calculation'? dis-
cussed above, agreement between theory and experiment
can only be found in a qualitative manner.

In summary, we have studied the unoccupied electron-
ic structure of Na on Cu(111) by inverse photoemission.
At coverages below 0.25 ML a Na 3p —derived state is ob-
served which shifts with increasing coverage towards the
Fermi level. This coverage-dependent shift is in agree-
ment with the results for the adsorption of K on
Ag(110)% and alkali-metal atoms on Al(111).1° At 0.25
ML an ordered p(2X2) Na overlayer is formed that ex-
hibits a sharp Na 3p, state 0.4 eV above E, and an
image-potential state which is pinned by the vacuum level
E,.=Ep+2.7eV. The unoccupied Na 3s band can only
be discerned around the M and K points. The measured
band dispersion of all Na-induced states compares rather
well with Ishida’s calculation!® for a Na monolayer on
semi-infinite jellium.
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