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Interatomic Resonant Photoemission from Quantum-Well States
in Ultrathin Films of Ag on V(100)
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Normal emission photoemission spectra from a single ordered monolayer of Ag on V(100) sh
a sharp and intense peak associated with a quantum-well state. The photon energy depend
of the intensity of this peak shows an identical enhancement profile to the V3d photoemission
in the vicinity of the V 3p ! 3d excitation threshold, characteristic of resonant photoemission
The significance of this result for resonant photoemission characterization of materials is discus
[S0031-9007(98)07793-X]

PACS numbers: 79.60.Dp, 73.20.At
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The phenomenon of resonant photoemission is n
well established and has been observed in many mater
[1]. In vanadium, for example, when the incident photo
energy matches the threshold for photoexcitation of t
3p state to the unoccupied part of the3d band, coherent
interference can occur between the direct photoemiss
from the valence band and the autoionization involvin
this transition. In the simplest cases the effect leads t
characteristic Fano line shape in the resonance. Beca
the effect requires significant coupling to the localize
core state resonant photoemission has been used in stu
of valence band photoemission line shapes in a range
materials (e.g., [2–4]) to associate different parts of t
valence band with the constituent elements. Howev
we here present evidence thatinteratomicresonance can
occur in photoemission, calling into question the gene
reliability of this area of application.

The particular system we have studied is ultrath
epitaxial films of Ag grown on V(100). This growth
system is extremely well characterized, and normal em
sion photoemission shows discrete quantum-well (QW
states localized in the Ag films in the binding energ
range down to 2 eV below the Fermi level correspon
ing to the projecteds-p D1 band gap in the substrate [5]
Resonant photoemission from the valence band of V
well known to produce a broad peak in the photon ener
range around 65 eV which appears above the V3p ! 3d
transition of approximately 37 eV [6]. We find, howeve
that the photoemission signal from the QW state in
single monolayer (ML) film of Ag on V(100) shows a
photon energy dependence essentially identical to tha
the V substrate, indicating the existence of an interatom
resonance in which the QW state must participate in t
decay of the V3p ! 3d excitation.

The decay of the excited statesf3p53dn11gp !
3p63dn21 1 ed is, of course, essentially equivalent to a
Auger process except that in the normal Auger proce
0031-9007y98y81(22)y4995(4)$15.00
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the initial core excitation is into the continuum an
the final state is a two-hole, rather than one-hole, sta
Nevertheless, the requirements for interatomic reson
photoemission can be expected to be somewhat simila
those for interatomic Auger processes which have be
known to occur for many years in conventional Auge
electron spectroscopy [7]. The most common cases
in oxides (e.g., Ref. [7]) and alkali halides (e.g., Ref. [8
in which the valence charge is largely localized on th
oxygen or halogen anion, so if a shallow core hole
created on the metal cation the only decay mechani
is via the anion valence electrons. Interatomic Aug
processes also form the dominant route for neutralizati
in low energy He1 ion scattering from metals, the He1

ion again having no shallower valence electrons to perm
an intra-atomic Auger process (e.g., Ref. [9]) and form
the basis of the Knotek-Feibelman mechanism [10]
photon-stimulated desorption from oxide surfaces.
is therefore reasonable to anticipate that interatom
resonant photoemission may be possible in largely ion
materials. Indeed, Kayet al. [11] have reported very
recently the observation of interatomic (or “multiatom”
resonant photoemission in MnO and in two other oxide
Such a process would not previously have been expec
however, in a metallic system.

The experiments reported here were performed
Daresbury Laboratory using light from the Synchrotro
Radiation Source at beamline 6.2 which is equipp
with a torroidal grating monochromator covering th
photon energy range 15–150 eV. The ultrahigh vacuu
surface science end station was fitted with the usu
sample handling, cleaning, and characterization facilitie
and the methods used for cleaning the V(100) surfa
and preparing well-characterized Ag overlayer films ha
been described previously [5]. Photoemission electr
energy spectra were collected using the VG Scienti
ADES rotatable spherical-sector electron energy analy
© 1998 The American Physical Society 4995
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at normal emission using photons incident at 40± in the
photon energy range 15 to 90 eV. A typical spectru
of this kind is shown in the inset of Fig. 1 taken from
a 1 ML Ag film and shows a weak peak associate
with emission from the V3d band (close to the Fermi
level), an intense peak from the QW state (which in th
case has an associated wave function with the num
of nodal planes parallel to the surface,m ­ 0) at a
binding energy of 1.64 eV, and further structure from th
Ag 4d electrons in the binding energy range 4–7 eV
Separate measurements of the intensities at the QW p
energy, and at a slightly higher kinetic energy to provid
a background for subtraction from the QW intensity, we
recorded in much smaller (0.25 eV) photon energy ste
and the resultant CIS (constant initial state) spectru
is shown in the main part of Fig. 1. For compariso
an equivalent CIS spectrum recorded from the V(10
d-band on the clean surface is also shown.

It is clear that in the photon energy range of the V3p-3d
resonance the CIS spectra of the Vd-band and QW state
are almost identical. The selection of photoelectron ene
spectra shown in Fig. 2 provides clear visual eviden
of the strong enhancement of the QW peak intens
around the photon energy of 65 eV. Notice that the ve
broad double-peak line shape of the CIS seen in Fig. 1
characteristic of this resonance in solid V as described

FIG. 1. Constant initial state (CIS) spectra showing th
photon energy dependence of the photoemission intensity fr
the clean V(100)3d band and from the QW peak of the
spectrum recorded a 1 ML Ag film on V(100). The inset show
a typical photoelectron energy spectrum from the overlay
system.
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more detail elsewhere [6]. Separate measurements w
also made of a series of other QW states, and we sh
in Fig. 3 a comparison of the photoemission intensit
from the 1 ML sm ­ 0d QW and from two other states
corresponding to 2 MLsm ­ 1d and to 4 ML sm ­ 2d
(note that there is no occupied QW state for a 3 M
film). All of these CIS data show significant oscillations
in their intensity, but only the 1 ML film shows the
very strong enhancement in the region of the V3p !
3d resonance, the 4 ML film state showing no obviou
enhancement which can be correlated with the resonan
Photoemission from the QW state of the 2 ML film doe
show significant enhancement of the intensity in the ran
of the V3p resonance, but it is much less pronounced tha
for the 1 ML film.

Photoemission intensity oscillations from QW state
can largely be understood in terms of a modification o
the Adawi [12] description of surface photoemission, i
this case involving coherent interference between emissi
from the film/vacuum (surface) interface and from the sub
strate/film interface. This idea has already been discuss
by Carlssonet al. [13,14] in the context of their own work
at very low photon energies on QW states in Na and C
films on Cu(111). Our measurements on Vs100dyAg at
film thicknesses from 1–7 ML are far more extensive, an
fuller details of these results and their theoretical modelin
will be presented elsewhere [15]. Typically, however, bot

FIG. 2. Normal emission photoelectron energy spect
recorded at various photon energies from the 1 ML Ag film o
V(100).
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FIG. 3. Comparison of CIS spectra from the quantum-we
states associated with 1, 2, and 4 ML of Ag on V(100) a
described in the text.

our experimental results and our theoretical simulatio
show intensities above photon energies of about 40 eV
be much weaker than at lower energies. The very stro
enhancement of the QW photoemission intensity seen fr
the 1 ML film for photon energies above 40 eV cannot b
understood in these terms and must be associated with
teratomic resonant photoemission.

As noted above, the most common situations in whi
conventional interatomic Auger processes have been s
is in systems in which Auger decay can proceedonly
by an interatomic process. This is clearly not the ca
here, and indeed we do see the resonance in the
3d photoemission, even in the presence of the QW
Our observation must therefore rely on strong couplin
of the QW overlayer state to the V3d band. In this
context the fact that we observe the effect strong
only for the thinnest, 1 ML Ag film, is reasonable. As
the film thickness increases the renormalization of t
single-electron wave function ensures that its amplitu
at the substrate/film interface must fall with increasin
thickness. We also note that the bcc (100) surface of
is very open on an atomic scale, and the first monolay
Ag atoms are thus embedded into the V surface, such t
the Ag-Ag separation is significantly larger than in bul
Ag. Finally, we note that while the QW states occu
in the V(100) D1 band gap, and so cannot couple t
the substrates-p electrons, there is evidence of stron
hybridization of the QW state with the V3d electrons.
In particular, we have shown that the dispersion of 1 M
QW state with parallel electron momentum implies a hig
effective masss2.2med, most readily reconciled with3d
hybridization [5]. Moreover, tight-binding calculations
for Ag on Fe(100) provide explicit evidence of this
interaction on this related surface [16].
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While these arguments make it possible to understa
why this particular QW state is likely to couple relatively
strongly to the underlying V3d states, the clear implica-
tion of an interatomic Auger-like process contributing to
resonant photoemission in a purely metallic system is su
prising. It also has considerable potential ramification
Resonant photoemission is extensively used as a means
characterizing the local origins of specific features in th
valence bands of materials. This not only includes meta
lic alloys [2], but also oxides, such as band-gap state
in titania [3] and cuprate superconductors [4]. The im
plicit assumption of such studies is that those parts of th
valence band photoemission showing resonant behav
characteristic of one of the constituent elements origina
from those atoms. If interatomic processes can be impo
tant, the whole basis of these studies is cast into dou
One might, of course, question the extent to which th
word “interatomic” is strictly valid in that the QW state is
not localized on the Ag atoms although the charge dens
in the 1 ML sm ­ 0d QW state does peak in a plane cen
tered on the Ag atoms. On the other hand, the QW sta
is certainly Ag induced, so the “atomic” part of this labe
is effectively the same as that used in the interpretation
resonant photoemission from alloys and compounds.

Of course, in questioning the significance of inter
atomic processes in the proper interpretation of resona
photoemission from complex materials a key issue
the magnitude of the effect; if interatomic processes a
very much weaker than intra-atomic ones, they are u
likely to lead to gross misinterpretation. This question
is especially germane to the recent observation of mul
atom resonance (albeit in core level photoemission) in
mixed oxide showing colossal magnetroresistance [11
In the present case, however, we see that the mag
tude of the resonant enhancement of the photoemissi
from the 1 ML QW state is quantitatively identical to
that from the V3d state, so the implication would be that
the QW is wholly V3d in character. Calculations for the
closely related AgyFes100d system certainly do show
the 1 ML QW to have significant substrate3d character
[16]; however, even for this state substantials character
is found, and these same calculations also show stro
substrate3d character in the QW states from 4 ML Ag
films, whereas our data show no resonant enhancem
in this case. This observation clearly indicates that su
strate hybridization is not a sufficient condition for strong
resonant enhancement, but is consistent with the idea t
the proximity of the atom in which the core holesV 3pd
is created is crucial, as has been proposed in the rec
interpretation of multiatom resonant photoemission in ox
ides [11].
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