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Interference between Bulk and Surface Photoemission Transitions in Ag(111
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The direct-transition photoemission peak from thesp valence band of Ag(111) shows a pronounce
asymmetry. The emission intensity on the lower binding energy side of this peak is considerably h
and extends to a cutoff at the band edge just below the Fermi level. This extra emission is de
from indirect transitions induced by the surface. A linear combination of the direct (bulk) and indi
(surface) channels results in the asymmetric line shape. [S0031-9007(96)00851-4]

PACS numbers: 79.60.Bm, 71.20.Gj, 73.20.At
o
t

i

d
h

y

r
n

a
i

h
a

e

Ag
ith

a

n
cal
2.

rmi
en
ed
ld

ve

th
ain
ines
the
tic
Angle-resolved photoemission is the only general to
for probing the occupied band structure of solids. Its a
plication in recent years has covered a variety of ma
rials, including (high-temperature) oxide superconduct
[1], fullerides [2], f-electron compounds [3], ferromagne
[4], etc., all with a great deal of success. One wou
think that the basic photoemission processes should
well understood by now. This is actually not so, even
the case of the noble metals which played a key role
model systems in the early days of the development
the photoemission technique. In this paper, we will re
vestigate the photoemission properties of Ag(111). T
focus of this study is to examine the line shape of a
rect band-to-band transition in the bulk derived from t
nearly-free-electron-like Agsp states [5]. The standard
three-step model for photoemission would predict a si
ple symmetric peak with a width determined by lifetim
broadening [6]. As we will show below, the experiment
line shape is far more interesting. The peak has an as
metric tail on the lower binding energy side extendin
over a wide range to a cutoff at the valence band edge
below the Fermi level. This extra emission does not
semble the density of states, and can be attributed to i
rect transitions caused by the change in dielectric respo
at the surface. Interference between the direct (bulk)
indirect (surface) transitions results in the asymmetric l
shape for the direct-transition peak. An analysis of t
line shape yields a quantitative measure of this surface
fect. This interference phenomenon is fairly similar to t
Fano resonances seen in atomic and molecular spectr
autoionization processes.

Our experiment was done at the Synchrotron Radiat
Center, University of Wisconsin–Madison, Stoughto
Wisconsin. Figure 1 shows three spectra taken w
photon energies ofhn  7, 8, and 9 eV from a sample
kept at room temperature using a normal emission geo
etry. The incident light wasp polarized and had an angl
of incidence of 45± with respect to the surface norma
The major spectral features are labeled in the figu
The energy reference is the Fermi level. To facilita
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the discussion, we show in Fig. 2 the band structure of
along the [111] direction. The intense peak in Fig. 1w
an energy just below the Fermi level is derived from
Shockley surface state located in thesp band gap at the
L point in the Brillouin zone [5,7]. The direct-transitio
peaks as labeled in Fig. 1 correspond to the verti
band-to-band transitions indicated by the arrows in Fig.
As the photon energy changes, a different point ink
space is probed, and the peak moves relative to the Fe
level correspondingly. This peak movement has be
employed for band mapping [5]. The above-mention
sp-derived states are excited only by the electric fie
component perpendicular to the surface. Thed states of
Ag, with binding energies greater than about 4 eV, gi
rise to intense peaks. A tail of thisd emission can be

FIG. 1. Normal emission spectra from Ag(111) taken wi
photon energies of 7, 8, and 9 eV as indicated. The m
spectral features are indicated. The dashed horizontal l
indicate zero intensity levels for the three spectra, and
dotted curve for the middle spectrum shows the inelas
background function.
© 1996 The American Physical Society 1167
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seen in the spectrum forhn  9 eV. For the other two
spectra, thesed states are not excited due to the vacuu
cutoff.

The dashed horizontal lines in Fig. 1 indicate the ze
intensity level for each spectrum. It is clear that t
direct-transition peak is asymmetric, with the emissi
intensity on the lower binding energy side being sign
icantly higher. This extra emission, referred to as the
direct transition, extends to a cutoff at thesp band edge.
Each spectrum also contains a small background cau
by inelastic scattering of the photoelectrons. The inel
tic scattering is a cascading process, with more second
electrons generated at higher binding energies. The
ted curve for the 8 eV spectrum in Fig. 1 is an estima
of this background. It is constructed according to t
“Shirley criterion” [8]; namely, the background functio
at each point is taken to be proportional to the integral
the area under the spectrum to the right. The proportio
constant is determined in the present case by match
the calculated background function to the measured ba
ground just above the vacuum cutoff. Because the ine
tic background is necessarily a monotonically increas
function of binding energy, much of the asymmetric ta
of the direct-transition peak on the lower binding ener
side is due to elastic events. The 8 eV spectrum, a
subtraction of this background, is shown in Fig. 3 usi
small circles.

The standard three-step model of photoemission s
gests that the direct transition should be characteri
by a Lorentzian with a width determined by the electr
and hole lifetimes [6]. This is certainly not the case f
the spectrum in Fig. 3. Futhermore, the emission on

FIG. 2. Band structure of Ag along the [111] direction. Th
horizontal axis is the wave vector normalized to the distan
between the zone center and the zone boundary. Di
transitions for photon energies of 7, 8, and 9 eV are indica
by vertical arrows.
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lower binding energy side of this peak is too flat and e
tends too far to be accounted for by an extension of t
direct-transition process; it must be derived from a diffe
ent channel. Overall, the observed line shape resembl
Fano profile, and strongly implies an interference betwe
two channels: a direct channel, which as a narrow sp
tral distribution, and an indirect channel, which has a wi
spectral distribution.

To understand the observed line shape, and to de
mine the origin of the indirect channel, we have mad
a model calculation, incorporating all of the essenti
physics that are known to apply for the present syste
The model begins with a two-band fit to the nearly-fre
electron-like Agsp band dispersions. In addition to the
pseudopotentialV111, two effective masses, one each fo
the twospbranches separated by theL gap, are introduced
to account for higher-order hybridization effects [9]. A
excellent fit is obtained. The corresponding Bloch wav
are then constructed, and, at each energy, the initial w
function is formed by a linear combination of two Bloc
states, one traveling toward1z, and the other traveling to-
ward2z. For the Ag-vacuum interface, we assume a st
potential determined by the work function of Ag. The po
sition of this potential stepz0 extends beyond the classi
cal surface due to electrons spilling over into the vacuu
side, and is determined in our calculation by fitting to th
known energy of the Shockley surface state.

For the photoemission final state, we employ a tim
reversed low-energy-electron-diffraction (LEED) state
accordance with a one-step description of the photoem

FIG. 3. The top curve is a model fit to the experimental spe
tra (circles) taken with a photon energy of 8 eV; the inelas
background function has been removed for the experimen
spectra. The middle curve shows the result of the same mo
calculation but with the surface contributions removed. T
bottom curve shows the density of valence states.
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sion process [6,10]. The damping of the final state d
to inelastic scattering in Ag is modeled by an exponent
envelope function with a decay length of2j, wherej is
the mean free path. This effectively leads to a complex
nal wave vector, or a complex energy (the imaginary p
corresponds to a lifetime broadening). The momentu
matrix elementkcf jA ? ===jcil is then calculated using the
above described wave functions, and the initial and fin
density of states are computed using the dispersion
lations. These are combined using Fermi’s golden ru
to yield a photoemission spectrum. The results, not s
prisingly, show a fairly symmetric direct-transition peak
This is becausej is fairly large at these low energies, and
consequently, the transition is dominated by the bulk in
gral. The results are thus well described by the three-s
model [11].

What is missing up to this point is the surface effe
on the photon field. The transition matrix element act
ally consists of two terms,kcf jA ? = 1 s= ? Ady2jcil,
where the second term, although often ignored, is
ally not negligible [6,12]. Classically, there is a discon
tinuity in the dielectric functioń at the surface, which,
upon differentiation, leads to an extra term proportional
dsz 2 z0d. This delta function is somewhat broadene
phase shifted, and otherwise modified (Friedel-like osc
lations) when the quantum mechanical response funct
of the system is taken into account. This problem is co
putationally challenging, and, as far as we know, has on
been worked out for the simplest possible system, the
lium [12]. Nevertheless, it is clear that the contributio
from this surface term to the transition matrix eleme
will be proportional to the amplitudes of the wave func
tions at the surface, namely, of the formCc

p
f sz0dcisz0d,

with the coefficientC being on the order of≠Ay≠zjz0d,
where d is the atomic layer spacing (approximate rang
of the surface effect). The gradient of the vector pote
tial at the surface should be on the order ofkDA, where
DA  s´ 2 1dA is the difference between the interna
and external fields, andk  pyd is the wave vector at
the zone boundary. Combining these equation, we obt
CyA ø s´ 2 1dp  21.8 1 4.3i for hn  8 eV using
the known optical constant of Ag [13]. Putting this valu
into our calculation results in a significantly asymmetr
line shape, which bears some resemblance to the exp
mental one.

The solid curve overlapping the data points in Fig. 3
a fit to the experimental curve usingC as an adjustable
parameter (withA normalized to 1). The value ofC
from this fit is 23.1 1 3.5i, which is of the same order
of magnitude as our rough estimate. For compariso
the middle curve in Fig. 3 is a result of the sam
calculation but withC set to zero, in other words, with
the surface term ignored (the surface state is also igno
in this calculation). The line shape is a fairly symmetr
peak, as mentioned above. The difference between
two model curves shows the significance of the surfa
ue
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contribution. Other parameters involved in constructi
the fitting function include the known full width at hal
maximum of 75 meV for the surface state peak [14
and an instrumental resolution of 55 meV. The wid
of the direct-transition peak is determined mostly by t
damping of the time-reversed LEED state and, to a les
extent, by the broadening of the hole state. The lat
quantity is 100 meV from our fit, which is somewha
larger than the surface state broadening, as expected.
mean free path for the final state is 30 Å from the fit—
a very reasonable value [6]. The intensity of the surfa
state peak in Fig. 3 can be related to the coherence len
of the hole state, which is on the order of102 Å. None of
these parameters have anything to do with the asymm
of the direct-transition peak, or the magnitude of th
indirect-transition contribution.

The traditional view of the photoemission proce
would suggest that the indirect transition should resem
the density of valence states. Thesp band edge at the
zone boundary is a saddle point singularity, which giv
rise to a divergent density of states in one dimensio
as shown by the bottom curve in Fig. 3. Both th
experiment and our calculation reveal no such diverg
behavior. Rather, the indirect transition is bounded
a rounded cutoff at the band edge. The reason for t
behavior can be related to the behavior of the mat
element. The initial wave function can be characteriz
by a rapid oscillation with a wave vector near the zo
boundary modulated by a long-period envelope functio
This envelope function is pinned at the surface by
node. For energies near the band edge, the period of
envelope function becomes long, and, consequently,
wave function becomes depleted near the surface. A
result, the matrix element diminishes, which effective
quenches the divergent singularity of the density of stat
This rounded cutoff is thus a result of constraints on t
initial wave function imposed by the surface bounda
condition.

In summary, Ag(111) is a simple system, but its d
tailed photoemission line shape has remained unexplai
over a long time. The direct transition is characterized
an asymmetric line shape, accompanied by a signific
indirect emission at low binding energies with a round
cutoff at the band edge. These spectral features can
related to surface effects. The interference between
direct and indirect transitions causes the direct-transit
peak to assume an asymmetric profile. The indirect tr
sition can be attributed to the= ? A term in the transition
matrix element, which becomes important at a surface.
simple estimate of the magnitude of this surface con
bution yields a value consistent with the experimental
sults. The effects discussed in this study are fairly gene
in nature, and are likely to be important for other system
as well. The mean free path is 30 Å for the present exp
iment, but can become as short as,5 Å at higher photon
energies. The importance of the surface term will increa
1169
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correspondingly, and its amplitude can become compa
ble to that of the bulk contribution. Clearly, these surfac
effects cannot be ignored in quantitative materials studi
using photoemission spectroscopy.
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