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Overlayer Test of Surface Photoemission Effect in Cu(100)
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Angle-resolved photoemission from bulk valence bands of a single crystal yields direct-transition
peaks that are often distorted due to interference with broadband indirect emission induced by the
surface. The present study is a direct test of this surface effect by using an overlayer to modify
the surface boundary condition. A Cu(100) single crystal exhibited a rather asymmetricsp direct-
transition peak and a significant indirect emission intensity. Deposition of a thin Ag overlayer shielded
the Cu surface from vacuum, and both the peak asymmetry and the indirect emission intensity were
suppressed. [S0031-9007(97)02893-7]

PACS numbers: 73.20.At, 71.20.Gj, 79.60.Dp
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Angle-resolved photoemission from bulk valence ban
of a single crystal yields well defined peaks correspond
to momentum conserving band-to-band optical transitio
These so-called direct-transition peaks disperse as a f
tion of photon energy and emission direction, and a ma
application of angle-resolved photoemission has been
map the band structure based on a measurement of t
peak dispersions [1]. It has been clear from old data p
lished in the literature that the line shapes of these pe
are often asymmetric. This asymmetry was explained
cently in terms of an interference effect between the dire
transition channel and a surface-induced indirect-transit
channel [2]. For the latter, the relevant surface effect h
a fairly short range, and therefore the indirect transition
momentum nonconserving and leads to a broadband e
sion from the valence band. This indirect emission
mains phase coherent with the direct transition, and
interference between the two channels is very similar
the Fano effect in atomic physics. The dominant mec
nism for indirect emission at low photon energies has be
attributed to a nonvanishing= ? A near the surface cause
by a dielectric mismatch between the substrate and vacu
(A is the vector potential of the photon field, which chang
rapidly across the surface). This= ? A term should be part
of the transition matrix element, but has been largely
nored in previous photoemission calculations.

Although the asymmetric line shape has been w
explained, there has been no direct proof that it is actu
caused by the surface. The present study is to add
this issue. To prove the surface origin of the asymme
line shape, we use an overlayer to modify the surfa
boundary condition. In particular, we use an overlay
material that provides an approximate dielectric match
the substrate to suppress the effect of the= ? A term.
This should suppress the indirect emission intensity
well as the asymmetry of the direct-transition peak. Bo
effects were indeed observed as we will report below.
our experiment, we used a single-crystal Cu(100), wh
exhibited a rather asymmetric direct-transition peak fro
0031-9007y97y78(14)y2807(4)$10.00
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the sp band. For the overlayer material, we chose A
This choice was based on several considerations.
being an element in the same column of the period tab
has very similar electronic properties, and thus provide
fairly good dielectric match resulting in a much reduce
= ? A at the interface. More importantly, Ag does no
intermix with Cu, and grows in the (111) direction when
is deposited on Cu(100) [3]. This orientational differen
results in a large mismatch and decoupling between
substrate and overlayer states, effectively isolating
bulk Cu valence states from the surface. This isolati
means that the Cu indirect emission now originates fro
the interface (rather than the surface), and is thus redu
because of the reduced= ? A at the interface.

Our photoemission experiment was carried out at
Synchrotron Radiation Center, University of Wisconsi
Madison, Stoughton, Wisconsin. A small hemispheric
analyzer with a61.5± acceptance cone was used
collect the data. The synchrotron beam wasp polarized
and had an angle of incidence of 45±. A normal-
emission geometry was used. The Cu(100) substr
was prepared by sputtering and annealing in the us
manner, and the final surface showed a very sharps1 3 1d
electron diffraction pattern. Ag was deposited by therm
evaporation, and the rate was monitored by a wat
cooled quartz oscillator. The growth was along the (11
direction as verified by electron diffraction, in agreeme
with earlier investigations [3].

The three panels of Fig. 1 show some of our spec
taken with photon energies of 12, 13, and 14 eV, resp
tively. For each photon energy, we show a spectrum
the clean Cu(100) surface and spectra for Ag coverage
1 and 2 monolayers (ML). For the 14-eV case (botto
panel), each spectrum shows a Fermi edge followed b
plateau at higher binding energy. This plateau is cau
by indirect emission from thesp band. This indirect-
emission plateau joins a peak at about 1.4 eV binding
ergy, which is the direct-transition peak from the Cusp
band [4]. At higher binding energies are the Cu3d and
© 1997 The American Physical Society 2807
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FIG. 1. Normal-emission spectra from clean Cu(100) a
Cu(100) covered by 1 and 2 ML of Ag. The three pane
correspond to spectra taken with photon energies of 12, 13,
14 eV, respectively. The spectra in each panel are normal
in the same way, and the intensities are directly comparable

Ag 4d features as labeled in the figure. These three sp
tra are normalized to the synchrotron beam current,
thus the relative intensities are directly comparable. T
Cu 3d emission becomes weaker for increasing Ag co
erages due to attenuation by inelastic scattering within
overlayer. The Ag4d emission shows a pair of peaks
one monolayer coverage. When another monolayer of
is added onto the surface, the middle peak becomes m
intense, and a new peak is observed on the lower bind
energy side. If the coverage of the Ag is increased slow
from below a monolayer to over a monolayer, one c
easily detect the onset of emission from this new pe
which signals the completion of the first monolayer a
the beginning of the buildup of the second monolay
This allows us to make an independent absolute deter
nation of the coverage.

The spectra for the other two photon energies are v
similar. The main difference is that the direct-transitio
peak is at a different binding energy. By moving this pe
around, we can examine the behavior of the peak and
wings in greater detail. A qualitative visual inspection
the three sets of data yields the following observations.
The Fermi edge and the indirect-emission plateau are ra
intense for the clean surface, but become significantly s
pressed by Ag deposition. (ii) The direct-transition pe
is rather asymmetric for the clean surface, with the wi
on the right side being much higher than that on the l
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side. This asymmetry is reduced with Ag coverage, a
the line shape becomes fairly symmetric at a Ag covera
of 2 ML. (iii) The peak height of the direct-transition fea
ture is significantly increased with 1 ML Ag deposition
and is approximately restored to the clean-surface va
with the deposition of the second monolayer of Ag. Th
behavior appears unusual because inelastic attenuatio
the overlayer should cause a general reduction in inten
as seen for the Cu3d emission.

The direct-transition peak forhn ­ 13 eV is located
midway between the Fermi edge and the Cu3d emission,
allowing a detailed analysis of its line shape. Figure
shows amplified versions of these spectra. Again, th
spectra are normalized, and the intensities are dire
comparable. The vertical “I bars” under the peaks are
used as a “meter stick” to highlight the variations
peak height and asymmetry as mentioned above. Fr
perturbation theory the basic line shape is given by [2,5

IsEd ~

Å 1
E 2 E0 2 igy2

1 Cs1 1 BEd
Å2

. (1)

In this equation, the first term represents the direct tra
sition, whereE is the binding energy,E0 is the center of
the direct-transition peak, andg is the full width of the
peak. The second term represents the indirect-transi

FIG. 2. Normal-emission spectra from clean Cu(100) a
Cu(100) covered by 1 and 2 ML of Ag taken with a photo
energy of 13 eV. The vertical “I bars” under the peaks are
drawn at the direct-transition energy, and have the same hei
They are used as a “meter stick” to highlight the variations
peak height and asymmetry. The dashed curves indicate
Shirley background function for each spectrum.
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continuum. For the very limited energy range in our e
periment, a linear approximation suffices. Thus,B is the
slope, andC ~ = ? A is a complex number characteriz
ing the relative amplitude of the indirect transition. Th
two amplitude terms in Eq. (1) add linearly, and interfe
ence between the two can lead to an asymmetric dir
transition peak. The effect of adding Ag onto the surfa
is to suppress the indirect transition as discussed ab
and so jCj should become significantly smaller. Th
should lead to a suppression of the interference effect
the asymmetry of the direct-transition peak.

Our data are analyzed using the following fittin
function:

ATn

µ
1 1 S

Z E

2`

dE?

∂
hfIsEdFsEdg ≠ GsEdj . (2)

Here, the basic line shape functionIsEd from Eq. (1) is
multiplied by a Fermi Dirac distribution functionFsEd to
account for electron statistics, and then convoluted wit
GaussianGsEd to account for instrumental broadening.
Shirley background function [6], which is proportional t
the integral of the elastic spectrum with a proportional
constantS, is then added. Finally, each spectrum
multiplied by a normalization factorATn, where A is
an overall normalization factor,T ­ 0.83 is the layer
attenuation factor for a Ag monolayer, andn is the
number of Ag monolayers on the Cu substrate. T
layer attenuation factor is determined from an independ
measurement of the mean free path in Ag (13 Å) at
appropriate kinetic energy [7], and is fairly close to th
observed attenuation of the Cu3d feature seen in Fig. 1
The fitting function in Eq. (2) is used to fit all thre
spectra in Fig. 2 simultaneously. The fitting paramet
that are common for all three spectra areA, B, S, E0 ­
1.077 eV, g ­ 0.639 eV, and an instrumental resolutio
of 0.034 eV (mainly determined by the sharpness of
Fermi edge). The fit also yieldsC for each spectrum, and
the results areC ­ 20.550 2 0.773i, 20.519 2 0.002i,
and20.191 2 0.089i for n ­ 0, 1, and 2, respectively.

The fits are shown as curves in Fig. 2. The qual
of the fit is quite good considering the small number
parameters used in the model (and the fact that the th
spectra are fit simultaneously on the same intensity sca
The verticalI bars mentioned above are drawn at the li
centerE0, and it is clear that the interference effect c
cause a significant shift in the apparent peak position
to ,0.1 eV) and the apparent “center of gravity” of th
peak (up to,0.3 eV). This shift is something to watch
out for when angle-resolved photoemission is employ
for precise band mapping. The significant increase
the peak height in going fromn ­ 0 to 1 despite the
attenuation by the overlayer is well reproduced by t
fit. The peak height forn ­ 0 is affected by destructive
interference. This effect of destructive interference
reduced when Ag is added onto the surface, resulting
an increase in peak height.
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From our fits, we findjCj2 ­ 0.90, 0.27, and 0.044
for n ­ 0, 1, and 2, respectively. This quantity i
proportional to the indirect emission intensity, and
indeed suppressed for increasingn as noted above. By
n ­ 2, this is reduced to about 5% of the clean-surfa
value. We do not expect this to reduce to zero beca
Ag and Cu are after all not perfectly matched in terms
their dielectric properties. However, this is a substant
reduction and makes the interference effect much le
apparent. The resulting direct-transition peak appe
quite symmetric to the eye as seen in Fig. 2. Note that
screening length is rather short in metals, and byn ­ 2,
the interface is already well shielded from the surfac
Data for higher Ag coverages do not show much furth
change in line shape. The direct-transition peak becom
rapidly attenuated, and eventually, Ag-derived featur
including a surface state and quantum-well peaks app
in the spectra [8,9].

To summarize, this experiment is a direct test of th
effect of surface photoemission in Cu(100). This surfac
when clean, shows a rather asymmetric direct-transit
peak due to interference with surface-induced indire
emission. If this asymmetry were associated with t
bulk properties only, it would have been unaffected b
an overlayer, and the peak intensity would just ha
been attenuated. Experimentally, we find that a thin A
overlayer removes this asymmetry, and this sensitivity
surface boundary condition demonstrates the surface or
of this effect. The peak height associated with the dire
transition shows a nontrivial variation as a function of A
coverage. All of these observations are explained natura
in terms of a suppression of the indirect emission chan
that arises from a dielectric mismatch at the bounda
The basis of our analysis was Eq. (1), a simple and
fairly general formula that will be useful in future studie
of line shapes. Its utility in angle-resolved photoemissio
is similar to that of the well known Doniach-Šunjić line
shape [1] in core-level analysis.
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