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Valence-Electron Resonances in Alkali-Metal Overlayers Observed via
Photoemission Line-Shape Changes

A. Carlsson, D. Claesson, S.-A. Lindgren, and L. Walldén

Physics Department, Chalmers University of Technology, 41296 Goteborg, Sweden
(Received 27 November 1995

Valence-electron resonances for Na overlayers on Ag(111) and Cu(111) are observed by photoemis-
sion via line-shape changes for the substsaie-band emission in a narrow range of photon energies.
The effect is ascribed to interfering contributions to the photoelectron wave from the substrate and the
vacuum barrier. [S0031-9007(96)00618-7]

PACS numbers: 73.20.At, 73.20.Dx, 79.60.Dp

Alkali metals adsorbed on metal surfaces attract interesesults [4,5] obtained with Cu(111) as a substrate show
as prototype examples of simple chemisorption [1] andhat at this temperature the film grows in a layer, by
simple metal quantum well systems [2]. In spite of theatomic layer fashion, during the formation of the first
numerous studies made the electronic structure is stiflour atomic layers. The present work indicates a similar
rather poorly characterized. So far, observations of thgrowth on Ag(111). We therefore believe that the effect
filled states have been limited to the discrete states thatiscussed below is not due to film inhomogeneities, and
may be formed by alkali metal valence electrons in thehis is suggested also by the fact that an exact coverage
energy range of substrate band gaps [3]. These state$ 2 monolayers (ML) is not critical for the observation.
are observed in a photoemission spectrum as narrowhe incident light @-polarized, 40 incidence angle)
peaks which are easily resolved from the low backgrounds obtained from a normal incidence monochromator in
characteristic of the substrate energy gap. More typical athe MAX synchrotron radiation laboratory (BL 52). The
metal overlayers on a metal is the formation of resonancesesults presented in detail below are for 2 ML of Na
with an energy spread due to overlap with a continuum obn Ag(111). Similar results are obtained for 2 ML of
states in the substrate. As a result of the weak opticaNa on Cu(111), but, as discussed below, the interference
transition probability of a free-electron-like metal, the phenomenon of the main present interest is somewhat
alkali-metal overlayer resonances are, in general, difficulbetter resolved with Ag as a substrate. The effect is
to detect by photoemission. Here we show that, abbserved also for thicker Na films.
least in a few cases, alkali-metal overlayer resonances A well known feature of photoemission spectra
can still be observed by this method, although not inrecorded in the normal direction from the close packed
the usual manner via the appearance of characteristgurface of a noble metal is a peak due sgp-band
emission peaks. Instead, a resonance is revealed lsansitions across the energy gap responsible for the
overlayer induced line-shape changes for the emission ouiecks of the Fermi surface at tliepoint of the Brillouin
of substrate bulk states. For the cases discussed belowgne. For Ag, these transitions can be monitored by
two and three atomic layers of Na on Ag(111) or Cu(111)photoemission from the threshold photon energy, about
the line-shape change is drastic but only in a narrowt eV, to about:v = 11 eV when the initial state energy
range of photon energies when the optitadlonservation has shifted into thetd band region 4 eV and further
rule selects substrate states in the energy range of theelow the Fermi energy. For most photon energies
resonance. The results can be understood, we believig, this range this emission is also observed when the
as an interference in the photoemission matrix elemenAg(111) surface is covered by 2 ML of Na (Fig. 1).
between contributions from different spatial parts of theHowever, in a narrow range of photon energies, between
initial state. The bulk of the substrate gives a contributiorapproximately 5.5 and 6.5 eV, the overlayer induces a
which is characterized by a narrow emission line due tarastic change of the spectrum. Here the peak is split
k-conserving optical transitions betweerp bands while into a doublet, which has no counterpart in the spectrum
a broader spectrum, reflecting the width of the resonancegcorded for the clean substrate. For comparison, we plot
is generated at the interfaces and in the interior oin Fig. 2 the initial state energy versus photon energy
the film. for the Ag(111)Y(2 ML Na) sample and the clean Ag

The present observations are made by recording angkurface, or the Ag surface covered by a small amount
resolved photoemission spectra along the surface normaf Na, such that the work function is reduced enough
for Ag(111) and Cu(111) surfaces covered with differentthat the interband transitions can also be monitored at
amounts of Na by evaporation of the alkali metal from alow photon energies when the initial state is close below
heated glass ampoule brokensitu. The sample is kept the edge of thd. gap. If 2 ML of Na are deposited on
at 170 K by cooling its holder with liquid N Previous Cu(111), a similar deviation from the dispersion observed
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’ FIG. 2. Initial state energy versus photon energy for Ag(111)

FIG. 1. Photoelectron energy spectra at different photon eneigr Ag(111) covered with 0.15 ML Na and for Ag(111) covered
gies recorded along the surface normal to an Ag(111) crystakith 2 ML of Na.

covered with 2 ML of Na. The incident light i® polarized

and the incidence angle is at40
1 eV belowEr as the 2 ML thick Na overlayer is placed
on top of the substrate. This would be the conclusion if

for the clean crystal is observed at nearly the same initialhe spectra were to be interpreted in the conventional man-
state energy as for Ag. The main difference is that théer when a photoemission peak is assumed to correspond
minimum between the two peaks is less pronounced fot0 @ state in the solid. Since no such gap is expected for
Cu and that the deviation occurs at a few tenths of an eWhe present systems, the results demonstrate the need for a
lower photon energy. different interpretation. We suggest that the apparent gap
The peak splitting is accompanied by an increase ofs @ consequence of interfering contributions to the pho-
the emission intensity. The enhancement of the emissiofPemission matrix element when the initial energies of the
at hv = 6.0 eV is evident from the two spectra shown Ag bulk states involved in the, p-band transitions are
in Fig. 3. This photon energy was also chosen to showpear an overlayer resonance.
the difference between the spectrum characteristic of the An overlayer resonance is, in fact, expected to appear
clean, or, as in Fig. 3, slightly Na covered, surface and th@t about the initial energy of the apparent energy gap.
spectrum for 2 ML of Na at a photon energy for which This is demonstrated by electronic structure calculations
the doublet character is particularly clear. We note that
for this photon energy the dip in the upper spectrum falls
at the same energy as the peak in the lower spectrur | =% <o
(Fig. 3). It will be argued below that, loosely speaking, ' N
the dip in the upper spectrum is an inverted version of the :
peak in the lower one. e
If 3 ML of Na is absorbed on Ag(111), the observations s
are similar to those for 2 ML, but the deviation from the [ 2ML
dispersion characteristic of clean Ag occurs at a slightly ‘1‘ .
higher initial state energy. For 4 and 5 ML there is, in | 0.17 ML SBe
addition to the dispersing Ag bulk peak, a peak which /"'\\ :
remains at constant initial enerdf — Er = —0.4 and % .
—0.3 eV for 4 and 5 ML, respectively). The stationary \\____,, \‘d‘ls\'-,
peaks have appreciable strength only for photon energie -,
below approximately 6 eV. At 6 ML coverage, we ¢
observe emission from a discrete overlayer state 0.15 e
below Er formed within the Ag band gap which extends
0.3 eV belowEr [6]. For Cu, the gap extends further FIG. 3. Photoemission spectrum measured in the normal
below Er (0.8 eV) [7], and a discrete state is already direction for Ag(111) covered with 0.15 ML (lower spectrum)

; ; of Na and 2 ML of Na, both recorded at 6.0 eV photon energy.
ol;serve? at a thl(.:knlesi (;L 4 M]!" VZVhI\I/IIi for 3 ML the The peak labeled is due to an Ag(111) surface state, and the
observations are simiiar to those for = . . peak labeledB is dues, p-bulk band transitions. Due to the

According to the plot shown in Fig. 2, it is as if a alkali deposit,S appears at a lower energy and has a lower
0.4 eV wide gap had been induced in the Ag band intensity than for clean Ag(111).

Ag(111) + Na
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which have been made for one or two atomic layersiition the amplitude is then large in the overlayer, and
thick alkali films surrounded by vacuum [8,9]. As sucha smooth joint at the metal-metal boundary means that
a film is taken from vacuum and placed on a metalthe amplitude is large also on the substrate side of the
surface, some of the discrete states will broaden intinterface.
resonances, but, as discussed previously [2], the energy If the peak splitting is to be explained by the destruc-
is mildly affected by the transfer from vacuum to thetive interference mentioned above, then at least one of
surface. the contributions to the matrix element must have a phase
Next, we try to explain the unusual manner in whichwhich varies rapidly across the observed doublet. This
the overlayer resonance is observed. Ordinarily, an oveicondition is satisfied by the contribution from thep
layer state or resonance is found to produce an emissidoulk band transitions in the substrate. For this part of the
peak which is more or less strong depending on the phanatrix element there is a rapid phase charngeé, where
ton energy [5,10]. Miller, Samsavar, and Chiang [10]A¢ = arctafi(E — Ey)/A], by 7 as the energ¥ moves
observed an oscillatory emission intensity and dispersivacross the narrow bulk pe&kA = 0.25 eV FWHM, cen-
energy upon variation of the photon energy for reso+tered atE;). Using the two band model for the substrate
nance in Ag overlayers thick enough that, in contrast tdoands and a flat Na potential terminated by a step to-
our case, the emission in dominated by the contributiorwards vacuum [2] to calculate the photoemission matrix
from the overlayer. Obviously, for 2 and 3 ML thick Na element [13], we find that the vacuum barrier may be re-
films, the emission intensity of the alkali overlayer reso-sponsible for the wave which interferes destructively with
nances are too weak to be observed in this direct waythe bulk emission. That these contributions are respon-
Their contribution to the matrix element may, however,sible seems reasonable since, for discrete Na overlayer
be sufficient to be observed via the interference with astates, it is the interference between the contributions from
stronger photoelectron wave, which we assume is théhe vacuum barrier and the substrate potential that gives
wave emanating from the substratep-band transitions. strong oscillations in the cross section when the photon
For the clean Ag crystal these transitions are observed anergy is varied [5]. Aside from the rapid phase change
an approximately 0.25 eV wide peak at the photon enfor the substrate contribution, the present interference is
ergies of present interest. The overlayer resonance araharacterized by phase shifts with a slower energy de-
the spectrum it generates via emission at the interfacgsendence, including the phase accumulation as the pho-
and the interior of the film is expected to the appreciatoelectron wave trasverses the film and phase changes
bly broader than this. The dip between the two peaks ofipon boundary reflections. With an adjustment of the
the doublet may then be the result of a destructive inamplitude of the surface barrier emission one also finds
terference near the energy where the two emission pealklat, considering the simplicity of the model, the observed
coincide. line-shape changes are reasonably reproduced. The sim-
The overall enhancement of the intensity upon depoulations thus suggest that the dip of the doublet may be
sition of 2 ML of Na shown in Fig. 3 is explained by regarded as an antiemission line associated with an in-
an enhanced local density of Gup electrons close to version of the bulk band emission peak due to the in-
the metal-metal interface for energies near the resonanceerference with a weaker and broader emission from the
The enhancement is observed only for photon energiesurface.
near 6 eV when initial states in the range of the reso- While the present indirect way of observing a resonance
nance are probed. This selective intensity increase is dugpes not allow a precise determination of its energy, some
to an enhanced amplitude for states near resonance nioformation is available from the line shape. We consider
only in the overlayer but also in the substrate near its inthe upper spectrum in Fig. 3. This dip between the two
terface with the Na layer. For clean Ag(111) or Cu(111)peaks marks the energy for out-of-phase contributions to
the density of bulk band electrons will be small, close bethe photoemission matrix element. If the peak observed
neath the surface at energies near the low energy edder the substrate contribution (lower spectrum in Fig. 3)
of the L gap. This, as discussed in detail by Inglesfieldhad coincided with the center of the overlayer resonance,
[11], is a consequence of the difficulty of fitting a vac- a symmetric doublet would be expected. The observed
uum tail to the standing wave state at the zone boundasymmetry (Fig. 3) means that the center of the resonance
ary. This stateL,, has maximum amplitude between the falls on the high energy side of the dip in the upper
(111) planes and maximum amplitude also at the vacuurapectrum.
interface (if this is assumed to lie half an interlayer spac- Finally, we note that the present work does not provide
ing outside the cores of the outermost atoms). Experia general solution to the problem of observing simple
mentally, the reduced electron density was observed bgnetal quantum well resonances. In the case of 2 ML of
Petroff and Thiry [12] via a strong attenuation of Cu(111)Na on Ag(111) or Cu(111), for example, it is easy to see
s, p-band photoemission intensity as the initial state apthat there should exist one more filled resonance centered,
proaches thd. point. If an overlayer resonance appearsfor k; = 0, around 2 eV belowEr. Since the spectra
in this energy range, the situation is reversed. By defigive no evidence for the resonance, this appears to be one
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instance when the otherwise rather generally applicable[2] S.-A. Lindgren and L. Walldén, Phys. Rev. 88, 3060
photoemission method is not successful. (1988).
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