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

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

Angle-resolved photoemission is the only general toolthe discussion, we show in Fig. 2 the band structure of Ag
for probing the occupied band structure of solids. Its ap-along the [111] direction. The intense peak in Fig. 1with
plication in recent years has covered a variety of matean energy just below the Fermi level is derived from a
rials, including (high-temperature) oxide superconductorsShockley surface state located in thgband gap at the
[1], fullerides [2],f-electron compounds [3], ferromagnets L point in the Brillouin zone [5,7]. The direct-transition
[4], etc., all with a great deal of success. One wouldpeaks as labeled in Fig. 1 correspond to the vertical
think that the basic photoemission processes should Heand-to-band transitions indicated by the arrows in Fig. 2.
well understood by now. This is actually not so, even inAs the photon energy changes, a different pointkin
the case of the noble metals which played a key role aspace is probed, and the peak moves relative to the Fermi
model systems in the early days of the development ofevel correspondingly. This peak movement has been
the photoemission technique. In this paper, we will rein-employed for band mapping [5]. The above-mentioned
vestigate the photoemission properties of Ag(111). Thep-derived states are excited only by the electric field
focus of this study is to examine the line shape of a dicomponent perpendicular to the surface. Thetates of
rect band-to-band transition in the bulk derived from theAg, with binding energies greater than about 4 eV, give
nearly-free-electron-like Agp states [5]. The standard rise to intense peaks. A tail of thid emission can be
three-step model for photoemission would predict a sim-
ple symmetric peak with a width determined by lifetime Ag(111) Normal Emission
broadening [6]. As we will show below, the experimental
line shape is far more interesting. The peak has an asym- sp Direct Transition
metric tail on the lower binding energy side extending
over a wide range to a cutoff at the valence band edge just
below the Fermi level. This extra emission does not re-
semble the density of states, and can be attributed to indi-
rect transitions caused by the change in dielectric response
at the surface. Interference between the direct (bulk) and
indirect (surface) transitions results in the asymmetric line
shape for the direct-transition peak. An analysis of the
line shape yields a quantitative measure of this surface ef-
fect. This interference phenomenon is fairly similar to the
Fano resonances seen in atomic and molecular spectra for
autoionization processes.

Our experiment was done at the Synchrotron Radiation
Center, University of Wisconsin—Madison, Stoughton, 4 3 N 1 0
Wisconsin. Figure 1 shows three spectra taken with
photon energies okv = 7, 8, and 9 eV from a sample
kept at room temperature using a normal emission geont=IG. 1. Normal emission spectra from Ag(111) taken with
etry. The incident light wap polarized and had an angle photon energies of 7, 8, and 9 eV as indicated. The main

f incid f 4% with t to th f | spectral features are indicated. The dashed horizontal lines
or incidence o with respect to the surface normal. j,jicate zero intensity levels for the three spectra, and the

The major spectral features are labeled in the figuregotted curve for the middle spectrum shows the inelastic
The energy reference is the Fermi level. To facilitatebackground function.
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seen in the spectrum fdrv = 9 eV. For the other two lower binding energy side of this peak is too flat and ex-
spectra, thesd states are not excited due to the vacuumtends too far to be accounted for by an extension of the
cutoff. direct-transition process; it must be derived from a differ-

The dashed horizontal lines in Fig. 1 indicate the zeraent channel. Overall, the observed line shape resembles a
intensity level for each spectrum. It is clear that theFano profile, and strongly implies an interference between
direct-transition peak is asymmetric, with the emissiontwo channels: a direct channel, which as a narrow spec-
intensity on the lower binding energy side being signif-tral distribution, and an indirect channel, which has a wide
icantly higher. This extra emission, referred to as the inspectral distribution.
direct transition, extends to a cutoff at tep band edge. To understand the observed line shape, and to deter-
Each spectrum also contains a small background causexine the origin of the indirect channel, we have made
by inelastic scattering of the photoelectrons. The inelasa model calculation, incorporating all of the essential
tic scattering is a cascading process, with more secondaphysics that are known to apply for the present system.
electrons generated at higher binding energies. The doFhe model begins with a two-band fit to the nearly-free-
ted curve for the 8 eV spectrum in Fig. 1 is an estimateelectron-like Agsp band dispersions. In addition to the
of this background. It is constructed according to thepseudopotentiaV;;;, two effective masses, one each for
“Shirley criterion” [8]; namely, the background function the twospbranches separated by thgap, are introduced
at each point is taken to be proportional to the integral oto account for higher-order hybridization effects [9]. An
the area under the spectrum to the right. The proportionaxcellent fit is obtained. The corresponding Bloch waves
constant is determined in the present case by matchingre then constructed, and, at each energy, the initial wave
the calculated background function to the measured bacKeunction is formed by a linear combination of two Bloch
ground just above the vacuum cutoff. Because the inelastates, one traveling towardz, and the other traveling to-
tic background is necessarily a monotonically increasingvard —z. For the Ag-vacuum interface, we assume a step
function of binding energy, much of the asymmetric tail potential determined by the work function of Ag. The po-
of the direct-transition peak on the lower binding energysition of this potential step0 extends beyond the classi-
side is due to elastic events. The 8 eV spectrum, aftecal surface due to electrons spilling over into the vacuum
subtraction of this background, is shown in Fig. 3 usingside, and is determined in our calculation by fitting to the
small circles. known energy of the Shockley surface state.

The standard three-step model of photoemission sug- For the photoemission final state, we employ a time-
gests that the direct transition should be characterizeteversed low-energy-electron-diffraction (LEED) state in
by a Lorentzian with a width determined by the electronaccordance with a one-step description of the photoemis-
and hole lifetimes [6]. This is certainly not the case for

the spectrum in Fig. 3. Futhermore, the emission on the Ag(111) Normal Emission

hv = 8eV Surface State

| Ag(111) Normal Emission

sp Direct Transition

6| t\}l\U}pper sp Branch
A (\

g
R z
T g N
g hr(eV)=9| 8| 7 =
2 2 5
Q .2
Surface g Bulk Only
Epi— State e | T
£
Ay
-2

Lower sp Branch

d

4 E I
0.6 038 1.0
Kk,

Binding Energy (eV)

FIG. 3. The top curve is a model fit to the experimental spec-
FIG. 2. Band structure of Ag along the [111] direction. The tra (circles) taken with a photon energy of 8 eV; the inelastic
horizontal axis is the wave vector normalized to the distancéackground function has been removed for the experimental
between the zone center and the zone boundary. Diredpectra. The middle curve shows the result of the same model
transitions for photon energies of 7, 8, and 9 eV are indicateatalculation but with the surface contributions removed. The
by vertical arrows. bottom curve shows the density of valence states.
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sion process [6,10]. The damping of the final state dueontribution. Other parameters involved in constructing
to inelastic scattering in Ag is modeled by an exponentiathe fitting function include the known full width at half
envelope function with a decay length 2, where¢ is  maximum of 75 meV for the surface state peak [14],
the mean free path. This effectively leads to a complex fiand an instrumental resolution of 55 meV. The width
nal wave vector, or a complex energy (the imaginary parbf the direct-transition peak is determined mostly by the
corresponds to a lifetime broadening). The momentumdamping of the time-reversed LEED state and, to a lesser
matrix elemen{y|A - V|y;) is then calculated using the extent, by the broadening of the hole state. The latter
above described wave functions, and the initial and finafjuantity is 100 meV from our fit, which is somewhat
density of states are computed using the dispersion réarger than the surface state broadening, as expected. The
lations. These are combined using Fermi’s golden rulenean free path for the final state is 30 A from the fit—
to yield a photoemission spectrum. The results, not sura very reasonable value [6]. The intensity of the surface
prisingly, show a fairly symmetric direct-transition peak. state peak in Fig. 3 can be related to the coherence length
This is becausé is fairly large at these low energies, and, of the hole state, which is on the orderié? A. None of
consequently, the transition is dominated by the bulk intethese parameters have anything to do with the asymmetry
gral. The results are thus well described by the three-stepf the direct-transition peak, or the magnitude of the
model [11]. indirect-transition contribution.

What is missing up to this point is the surface effect The traditional view of the photoemission process
on the photon field. The transition matrix element actu-would suggest that the indirect transition should resemble
ally consists of two terms(ys|A - V + (V- A)/2|¢;),  the density of valence states. Tbp band edge at the
where the second term, although often ignored, is rezone boundary is a saddle point singularity, which gives
ally not negligible [6,12]. Classically, there is a discon-rise to a divergent density of states in one dimension,
tinuity in the dielectric functions at the surface, which, as shown by the bottom curve in Fig. 3. Both the
upon differentiation, leads to an extra term proportional teexperiment and our calculation reveal no such divergent
8(z — z0). This delta function is somewhat broadened,behavior. Rather, the indirect transition is bounded by
phase shifted, and otherwise modified (Friedel-like oscila rounded cutoff at the band edge. The reason for this
lations) when the quantum mechanical response functiobehavior can be related to the behavior of the matrix
of the system is taken into account. This problem is comelement. The initial wave function can be characterized
putationally challenging, and, as far as we know, has onlypy a rapid oscillation with a wave vector near the zone
been worked out for the simplest possible system, the jeboundary modulated by a long-period envelope function.
lium [12]. Nevertheless, it is clear that the contribution This envelope function is pinned at the surface by a
from this surface term to the transition matrix elementnode. For energies near the band edge, the period of the
will be proportional to the amplitudes of the wave func- envelope function becomes long, and, consequently, the
tions at the surface, namely, of the fom;(z0)¢i(z0), wave function becomes depleted near the surface. As a
with the coefficientC being on the order 0bA/dz|,od, result, the matrix element diminishes, which effectively
whered is the atomic layer spacing (approximate rangequenches the divergent singularity of the density of states.
of the surface effect). The gradient of the vector potenThis rounded cutoff is thus a result of constraints on the
tial at the surface should be on the orderkdfA, where initial wave function imposed by the surface boundary
AA = (¢ — 1)A is the difference between the internal condition.
and external fields, andl = 7 /d is the wave vector at In summary, Ag(111) is a simple system, but its de-
the zone boundary. Combining these equation, we obtaitailed photoemission line shape has remained unexplained
C/A = (e — 1)m = —1.8 + 4.3i for hvr = 8 eV using over alongtime. The direct transition is characterized by
the known optical constant of Ag [13]. Putting this value an asymmetric line shape, accompanied by a significant
into our calculation results in a significantly asymmetricindirect emission at low binding energies with a rounded
line shape, which bears some resemblance to the expenutoff at the band edge. These spectral features can be
mental one. related to surface effects. The interference between the

The solid curve overlapping the data points in Fig. 3 isdirect and indirect transitions causes the direct-transition
a fit to the experimental curve using as an adjustable peak to assume an asymmetric profile. The indirect tran-
parameter (withA normalized to 1). The value o€  sition can be attributed to tHeé - A term in the transition
from this fit is —3.1 + 3.5{, which is of the same order matrix element, which becomes important at a surface. A
of magnitude as our rough estimate. For comparisonsimple estimate of the magnitude of this surface contri-
the middle curve in Fig. 3 is a result of the samebution yields a value consistent with the experimental re-
calculation but withC set to zero, in other words, with sults. The effects discussed in this study are fairly general
the surface term ignored (the surface state is also ignorad nature, and are likely to be important for other systems
in this calculation). The line shape is a fairly symmetricas well. The mean free path is 30 A for the present exper-
peak, as mentioned above. The difference between theent, but can become as short-a§ A at higher photon
two model curves shows the significance of the surfacenergies. The importance of the surface term will increase
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