THE INTERACTION OF ULTRAVIOLET LASER RADIATION
WITH METAL AND SEMICONDUCTOR SURFACES

FINAL REPORT

Richard M. Osgood, Jr.
Principal Investigator

May 1, 1992 through May 31, 1995

=

U. S. Army Research Office

CONTRACT # DAAL-03-92-G-0191

Columbia Radiation Laboratory
Columbia University
New York, New York 10027

APPROVED FOR PUBLIC RELEASE
DISTRIBUTION UNLIMITED

190 50019661

Submitted August 4, 1995

THE VIEW, OPINIONS, AND/OR FINDINGS CONTAINED IN THIS REPORT ARE THOSE OF THE
AUTHOR(S) AND SHOULD NOT BE CONSTRUED AS AN OFFICIAL DEPARTMENT OF THE ARMY
POSITION, POLICY, OR DECISION, UNLESS SO DESIGNATED BY OTHER DOCUMENTATION.

1 DTIC QUALITY INSPEGTED 5




TABLE OF CONTENTS

Introduction: Image-State Spectroscopic Studies of Electronic Structures and

Scattering Processes in Low-Dimensional (1D and 2D) Systems . ....... 3
I. Image-Potential Resonances .. ............ ... ... . . 3
A.OnCu Suraces .. ..o ittt ittt i i e e e 4
1. Non-Image-Potential Features . ............ ... i vnn. 8
2. Image-Potential Features .. ............ ... .. ... 10
3. Work Function Measurement . .......... ..ot nenn.. 16
B. On Jellium-like Metal Al ........ ... .. . i, 18
IL. Image-State Electron Dynamics ......................... IREEEEE 22
A.Relaxation Channels . . .. ........ i i 22
B. Analysis of Cu(111) Band Structure .. ......... .. .. .. L 23
C. Nonthermal Behavior of Image-State Electrons ..................... 25
II1. 2-D Scattering Processes and Confinement on Na/Cu(111) and Other
Interface Systems .. .......... ... .. i 26
A. Experimental Results .. ......... ... ... .. i i 27
B. Dramatic Quenching on Image States by Alkali Adsorbates — Coverage
Dependence . ...........iit i e 29
C. Momentum-Resolved Measurements on 2D Scattering and Confinement . ... 32

1. Effective Mass Measurement and Conservation of Electron Lateral
J%; 10 45 7=) 9 010 3o 1 [N OO 32

2. Contributions to Linewidths of Image States and Electron Scattering ... 35
3. Lateral Confinement due to Elastic Collision and

Its Scattering Cross-Section . . ... ... ... .o, 39
IV. 1D Confinement and Lateral Superlattice Effects on Stepped
Copper Surfaces .. .. ....... . ... .. . 41
A. Sample Selection and Preparation . .............. ... .. ., 43
B. Measurements on Bare Vicinal Cu(001) ............. ... ... .. ..., 44
C. Measurements on Alkali Adsorbed Vicinal Cu(001) .................. 46
D. Lateral Superlattice Effects ........... ... . ... . i 49 ..~ —
E. Effects of Lateral Confinement on the Binding Energy ............... SOL——E‘;“
F. Localization Due to Step Disorder . .......... ... ... i, 51 d
G. Asymmetric Photoemission . .......... ... i i 53 jm
References . ... ... ...ttt 54 ; ,

Appendix A: Presentations and Publications Under the Present ARO Project . 58 ;
Appendix B: Scientific Personnel Who Participated in the Present Project

i
Rist

ﬁ’ \




Introduction: Image-State Spectroscopic Studies of Electronic Structures and Scattering

Processes in Low-Dimensional (1D and 2D) Systems

The first observations of image states on solid surfaces were reported about ten years ago
using inverse photoemission' and two-photon photoemission (2PPE),2 and the initial stages in the
nonlinear spectroscopy of image states emphasized the measurement of the binding energies of
these states as well as their dispersion relations or effective masses.> More recently, work in this
area has sought to exploit the relative precision of image-state spectroscopy by using their high-
resolution two-photon photoemission spectra as a probe of surface conditions as well as the
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interfacial physics. Simultaneously with this work, the image-state spectroscopy has been

developed into a powerful and unique probe of surface/near-surface electronic structures and
electron dynamics, enabling new insights into the physics of nanostructured.'>!> ARO support of
this program has enabled us to make significant progress in uncovering the physics of low-
dimensional electron systems, utilizing the high-resolution angle-resolved 2PPE. Our progress is

reported below in four sections.

I. Image-Potential Resonances

Two-photon photoemission spectroscopy (2PPE) is a suitable technique for probing
unoccupied bound states at crystal surfaces. Typically, it utilizes a real intermediate state, with
the first photon populating an excited state, while the second photoemits from this level. This
spectroscopy has been used with a great deal of success in studying image-potential (IP) states in

metals, through the determination of their binding energies, lifetimes and effective masses. The




2PPE spectroscopy of these states is relatively easily realized because of their relatively long
lifetimes, 7.e. 107'%s, compared to those of bulk states, 107“~10""s. Given the advantages of
2PPE, it would be of much interest if the technique could also be applied to shorter-lifetime, bulk-
like states without resorting to femtosecond pulses which have been used, for example, to
examine short lived surface states on semiconductor surfaces.*

In this section, we report that two-photon spectroscopy with a tunable nanosecond source
can be applied to measure short-lived surface resonance states on metal surfaces. In particular,
we have measured the photoemission spectra from surface resonances resulting from strong
mixing of an image state with a bulk energy band. These strong image resonances have recently
become of interest since they provide a clear example of a well defined, calculable surface
resonance system. In particular, in contrast to an image state which is formed by an electron
reflecting between the Coulombic and the crystal barrier, an image resonance is formed by
reflection between the same surface Coulombic barrier and an inner discontinuity in the surface
potential. Quantum mechanically we would expect an increased broadening of the image feature
as the degree of coupling to the bulk is increased, a phenomena which has been discussed in
conjunction with the dependence on the principal quantum number of image states’ "7 and the
analogous broadening of discrete energy levels of an adsorbed atom on a metal surface.'*** While
several papers have investigated these resonances theoretically, there have been only a very
limited set of corresponding experimental measurements. Typically these have relied on inverse

photoemission and, thus, have had generally low resolution.

A. On Copper Surfaces

Two-photon spectroscopy was first used to measure image states on the (111) faces of




Cu?"2 and Ag®?* for which the n=1 image state is close to degenerate with bulk bands. Here a
narrow surface state that lay below E in the band gap of the projected band structure was used as

the initial source of electrons in the 2PPE process (Fig. 1).

Cu (111) Cu (100) Cu (110)

Figure 1. Projected energy-band diagrams for Cu(111),% Cu(100),” and Cu(110)***” at ky = 0. The shaded area
represents the projection of the bulk band structure. Image states are designated by "n = 1" and "n =2".

Because of this narrow initial state, the 2PPE signal would be éxpected to be particularly strong
since the density of states for the narrow surface state is much higher than that of the bulk
continuum initial levels, which are important in the cases of Cu(110) and Cu(100). Also, the
transition matrix element is bigger for the overlap of surface state wave function than for the
overlap of the bulk wave function with the image state.”*” Subsequently, 2PPE was used in
conjunction with (100) surfaces of Cu and Ag to probe image states which were again used as the

42325 Qince the initial state in this

intermediates and were well within the Cu band gap (Fig. 1).
case was a bulk band, the intensity of the signal for this surface was an order of magnitude lower
than from the (111) faces for comparable light intensities. In the case of the Cu(110), the 2PPE

signal intensity is reduced for two reasons: 1) there is no initial surface state for 2PPE, and 2) the

IP system is fully mixed with the bulk continuum, that is, it is an image resonance. Despite this




resultant relatively weak 2PPE signal, we were able to observe the Cu(110) n=1 IP resonance and

measure its position and width.
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Figure 2. Our experimental apparatus, which is suitable for high-resolution angle-resolved 2PPE measurements
with tunable photon energies in a UHV environment.




Our experimental apparatus consisted of a pulsed laser and a UHV chamber containing the
sample and the electron-energy analyzer (Fig. 2). The light source used in the experiment was a
frequency-doubled tunable dye laser pumped by a XeCl excimer laser (A = 308 nm) with a 15-ns
pulse width. The incident light was p-polarized, in accordance with selection rules for transitions
considered in our experiment.®® The angle of light incidence was 68° away from the normal. The
intensity of the incident light was sufficiently low that sample heating due to laser irradiation was
negligible. Before being loaded into the ultrahigh-vacuum chamber, a (110)-oriented single-
crystal copper sample (99.999% purity) was chemically cleaned. The sample was then sputtered
(1~2 kV, 5x10°° Torr Argon) and annealed (~800 K) until a sharp p(1 x 1) low-energy-electron-
diffraction pattern appeared. As described below, the work function of Cu(110) was measured
using our experimental electron distribution curves (EDC’s) as 4.46 + 0.04 eV, which agrees well
with results obtained by other groups.?” This measurement provided a confirmation of the surface
quality, since for contaminated or damaged surfaces a work function change would be expected.
During the measurements, the chamber base pressure was typically below 8 x 107" Torr. The
electron energy was analyzed using an electrostatic, 160° spherical-sector energy analyzer with an
acceptance cone of 0.002 steradians. The analyzer resolution was experimentally established from
the numerical fits to the image state EDC (discussed below) as 140 meV. Both the energy
analyzer and its multichannel plate detector were enclosed in a p-metal box and biased at 5 V with
respect to the sample in order to reduce stray magnetic field distortions of the EDC’s. Finally,
note that acquisition of the 2PPE IP signal with good signal/noise ratio required numerical

averaging of repeated measurements.




1. Non-Image-Potential Features

A typical EDC for normal emission and hv = 4.14 eV, is presented in Fig. 3. Three peaks
appear at 5.8 eV, 7.3 eV, and 9.3 eV kinetic energy. These energy values correspond to the
actual kinetic energy values shifted by the difference in the work functions between the sample
and the detector as well as by the 5V applied bias.

The peak at 5.8 eV is due to theAsingle-photon photoemission process from thermally
excited states just above the Fermi level, in the vicinity of the I, band (inset Fig. 4), to free-
electron-like states above the vacuum level. The high energy tail of this peak arises in part from
2PPE from bulk states 3~4 eV below Er. The inset of Fig. 3 clearly shows the two contributions
to the 5.8 eV peak. This data was taken with higher incident photon energy than in Fig. 3, which
caused the 1PPE peak to be enhanced over the 2PPE tail in comparison to the results shown in

the figure. Rapid decay of the 1PPE peak, which can distinctly be seen from the inset, reflects an
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Figure 3. Typical two-photon photoemission energy distribution curve for Cu(110) (normal emission, hv = 4.14
eV). Single-photon photoemission as well as two-photon photoemission features are observed. The inset shows
the 5.8 eV peak scanned at a higher photon energy, hv = 4.35 eV, for which two components of this peak are

clearly distinguishable.




equivalent temperature of several hundreds of degrees. The low energy side of the 5.8 eV peak
abruptly terminates at the position of the vacuum level, indicating the photoemission threshold.
The final shape of the scan is also smoothed due to the limited energy resolution of our electron
energy analyzer. In order to determine the energy position of the vacuum level as well as the
energy resolution of the electron-energy analyzer, the shape of the peak was modeled as an abrupt
step with an exponential decay, convoluted with the expected Gaussian resolution function of the
energy analyzer.”® A least square fit of our data to this model produced the energy location of the
vacuum level, which is analogous to the actual 0-eV kinetic energy of photoemitted electrons.

To examine whether space-charge effects were distorting the spectra under the conditions
shown in Fig. 3, the EDC was scanned at several light intensities including those smaller than and
the same as used in the figure. No substantial change in the shape of the peak was observed
confirming that space charge effects were not significant in our observation of Cu(110) image
feature. In addition, in the course of our work on this and other experiments it was observed that
when space-charge effects were important, shifts in the low-energy cutoff occurred. Care was
taken to insure that no such effects were present when obtaining the data.

The small broad peak at 7.3 eV (Fig. 3) stems from 2PPE excitation from a 3d-like bulk
band of copper.” Figure 3 shows the variation in kinetic energy position of this feature with the
change in the incident photon energy. The data lies on a straight line with a slope of 2
(AEy;:=2Ahv ), which indicates that this feature is due to a fixed initial state. The fact that the
EDC signature of this state was also observed on contaminated Cu(110) surfaces establishes that

a bulk state is the initial level in this transition, specifically the 3d-like bulk band of Cu.




2. Image-Potential Features

The high kinetic energy of the 9.3 eV EDC peak (Fig. 3) indicates that this feature is due
to a two-photon process. The position of the rising edge of this peak was monitored as the
incident photon energy was varied and it was established that the kinetic energy change of the
peak was equal to the change in the incident photon energy. This result indicated that the 9.3 eV
feature uses a fixed interrnediate state in the two-photon process. The photoemission intensity of
this peak was sensitive to the quality of the prepared surface. For example, if Cu(110) was
contaminated by a 12 hour exposure to 5 x 10" Torr the 9.3 eV feature was not seen; in fact,
three sputter/anneal cycles were required to obtain the feature again. Its binding energy
(determined below) was in the expected range for a n=1 IP resonance, and an angle-resolved
2PPE study of this state confirmed that it had positive dispersion. Since previous studies have not

reported other surface states in this energy range, we concluded that the 9.3 eV feature is due to

the IP resonance on Cu(110). 21
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Figure 4. Variation of the kinetic energy of the 3d bulk band peak with change in photon energy. The AE,;;=2Ahv
dependence indicates a fixed initial state. The inset shows the bulk energy bands of Cu.*>*"*
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The slope of the high-energy side of the resonance EDC is step-like, reflecting a Fermi
energy cut-off, i.e. the rapid decrease of occupied energy states above the Fermi energy level.
Figure 5 gives a schematic representation of the 2PPE process for a broadened intermediate state
indicating that the final EDC is the product of the actual image-state feature multiplied by the
Fermi function. The Fermi cutoff is convoluted with a Gaussian which reflects the resolution of
the detector. Note that in this analysis it was implicitly assumed that the density of the initial bulk
states about EF is constant, an assumption which is reasonable given the nearly constant slope of

the Z, band near Er (inset Fig. 4).

L

Figure 5. Two-photon excitation process for a broad intermediate state. Due to the Fermi distribution function, the
states below Eg + hv are predominantly populated by the first photoexcitation. The resultant EDC is a modified
signature of the broad intermediate state (in our case, the IP resonance).

11




As is clear from Fig. 5, it is possible, in principle, to measure the entire image-potential
feature by increasing the photon energy. In practice, however, as the photon energy was
increased, the 5.8 eV peak grew and for A < 285 nm (hv > 4.35eV) significant distortion of the
EDC occurred due to space charge. The Cu(110) IP data for A = 285 nm (hv = 4.35 V) 1s shown
in Fig. 6, where the energy axis is referenced to the vacuum level. Due to the weak
photoemission signal under these conditions, it was necessary to average numerically several
scans taken at the same emission angle and incident light intensity. During the data collection, no
significant change in the work function was observed which confirmed the consistent quality of
the examined surface throughout the experiment. In the data of Fig. 6, each data point was

effectively sampled 4200 times.
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Figure 6. The image-potential-induced EDC peak on Cu(110) (normal emission, hv = 4.35 V), composed of two
broad, image resonances which have blended into a single feature. The Er + hv level has been indicated. The
resultant work function is ¢ = 4.46+0.04 eV.

The lack of distinctive detail on the low-energy slope of the observed IP feature suggested

that the feature was composed of only one energy-broadened IP resonance (n=1). To confirm
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this interpretation, a numerical fit to this feature was attempted by approximating it as one
Lorentzian with an exponential background multiplied by a Fermi function. Deviation of this fit
from the shape of the data was significant, and the numerically determined binding energy of the
one Lorentzian differed for fits to different data sets. This inconsistency indicated that the
observed feature was composed of at least two overlapping Lorentzian curves (n=1 and n=2)
which were broadened due to mixing with isoenergetic bulk levels.

Approximating the IP feature as two Lorentzians with an exponential background
multiplied by the Fermi function and convoluted with a Gaussian resolution of our detector, we
obtained numerical fits that were very consistent from one data set to the next. The lower energy
Lorentzian was assigned to the n=1 IP-induced resonance and the peak of its density of states
("effective binding energy"), referred to the vacuum level, was determined to be 0.68 + 0.1 eV.
The FWHM of this feature was measured to be 0.66 £ 0.06 eV which reflects a lifetime of
1.00+0.09 fs. Lack of detail on the IP EDC feature did not allow for individual resolution of
higher image states. The Gaussian resolution of the electron energy detector was established as
140 meV. The cutoff energy Er + hv is indicated in Fig. 6 while the background due to the tail of
the 5.8 eV peak (Fig. 3) has been omitted.

Our experiments report the observation of image resonances. Extensive theoretical
treatments have been reported for the case of the barrier-induced image sfafes. In particular,
Smith and co-workers,”**? and Echenique and Pendry*>** have calculated the binding energies of
image states using a WKTs-like phase-shift analysis considering both the crystal and image
barrier, while Echenique, Flores and co-workers™~° reported detailed calculations of expected
lifetimes. The latter show that linewidths on the order of 20 meV are expected for n=1 image

state if its linewidth is lifetime limited. Subsequent measurements by Schoenlein ef al.” and
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Giesen et al*’ on low index fcc metal surfaces showed somewhat shorter lifetimes and thus
correspondingly broader linewidths.

In contrast to the thorough theories that address the image states, there is at present no
closed theory for the case of image resonances. Several researchers have attempted to formulate
the theoretical treatment of image potential resonances,'****! however, their work requires an
assumed or an ab initio calculation of the shape of the surface-potential barrier and/or the bulk
core potentials, as inner discontinuities in the potentials are required to reflect electrons toward
the surface from the bulk. These same analyses have shown that the positions and the widths of
the image resonances are very sensitive to the details of the potential features; and that the
appropriate selection of the dominant features of the potential-energy surfaces is still not clear. As
a result, most of the theories do not address specific metal surfaces, and those that are surface
specific, such as calculations for Cu(111), Au(111) and Al(111) by Jurzyszyn,*> do not treat
resonances of (110) surfaces of fcc metals.

Several of the above analyses do, however, provide a gauge of the relative magnitude of
the image resonance density of states and their effective binding energies. For example, an
approximation to the value of the effective binding energy of the density-of-states peak
corresponding to n=1 image resonance on Cu(110) can be made by examining the results of
Smith’s multiple-reflection analysis at the edge of the band gap. While the quantitative
predictions of the multiple-reflection model agree very well with numerous measurements of
binding energies of image-potential states, the theory is only suitable to image-potential
resonances which lie in the immediate vicinity of the band edge. Thus the approach is not
quantitative for many importantresonance systems. For example, in the case of Al(111), where the

resonance is 11.04 eV from the gap, and Au(111), where itis 1.11 eV from the gap,42 the inverse-
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photoemission experiments measured the image resonance effective binding energies to be 0.54
eV on Al(111)* and 0.60 eV on Au(111),* while simple application of the multiple-reflection
theory predicts the binding energy of 0.85 eV for both when using the phase shift appropriate to
the band edge. For our case, the peak in the density of states of n =1 image resonance on Cu(110)
lies ~ 0.8 eV (Ref 45) from the gap, and thus application of the phase-shift theory can be
expected to yield only a very rough approximation to the actual value of the binding energy. In
fact, the theory gives an effective binding-energy value of 0.38 eV for the n =1 image resonance,
where ¢. = 0 was assumed for image resonances below the Shockley-inverted gap near the K
point, as is appropriate for the case of Cu(110). This value is considerably below the binding
energy of 0.68 £ 0.1 eV observed in our experiment.

Another estimate of the effective binding energy can be obtained using the approach of
Lindgren and Wallden.** Their computation assumes a corrugation-free jellium solid and thus is
not surface specific. Their results show that the density-of-states curve depends sensitively on the
depth of the potential discontinuity, Vo, at the surface, where Vy is the sum of the free-electron
Fermi energy plus the work function. Specifically, if the depth is too shallow no oscillations or
maxima in the density-of-states curves are seen, whereas, for very large values of Vo, clear
maxima are seen with binding-energy values close to 0.85 eV. Since the actual potential surfaces
are not necessarily those of even the best ab initio values, the calculated effective binding energies
must be used only as a qualitative guide. For Cu(110), the work function is 4.46 eV and the free-
electron Fermi energy is 7.00 eV, which gives Vo ~ 11.5 eV, which is smaller than for Al(111).

From Fig. 3 of Ref. 40, the estimated binding energy is then expected to be less than 0.50
eV. Again this rough estimate is smaller than the effective binding energy measured in our

experiment. Note, however, that most surfaces of fcc metals have V, smaller than 20 eV, which
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precludes this approach from giving an effective binding energy of greater than ~ 0.55 €V, a result
clearly at odds with the inverse-photoemission (IPE) experiments cited above. We note that other
more exact but surface-specific treatments of image resonances (specifically the treatment of

38,42

Jurczyszyn™**) show clearly that higher effective binding energies can be obtained. Specifically,

%42 predicts binding energies of up to 0.85 eV for the density-of-

the treatment of Jurczyszyn
states peak of n =1 resonance, which is in the range of what we observed.

Finally, we reemphasize that the above are very rough estimates of the values of the
effective binding energies which we would expect to see from our surface..A more precise
treatment awaits a development of a rigorous theory of image resonances suitable for (110) fcc
surfaces.

Our measurements have also determined that the image resonance of Cu( 110) exhibits a
broad linewidth, which implies a short mean lifetime of this level. Previous theoretical work on
image resonances of generic (111) and (100) faces predicted an energy width of n = 1 resonance

V, %6 where measurements of the Al(111) image resonance observed a linewidth of

ofuptole
~0.6 eV,* and those on Au(111) a linewidth of ~0.4 eV [as determined by us from the fits to the
data of Refs. 44 and 45].*’ Similarly broadened linewidths are expected for image resonances of
(110) metal surfaces, specifically Cu(110) in our case. Considering that consecutive members of
Rydberg-like image-state series are at most a fraction of an eV apart, we conclude that broad

image resonances would overlap and blend into each other, producing a single, very broad

feature, as observed in our data.

3. Work Function Measurement

An interesting result of the work presented here is that the 2PPE EDC curve provides a
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useful method of in situ measurement of the work function ¢, when hv < ¢. In particular,
numerical fits to the data in Fig. 6 fixed with the energy position of the Er + hv line relative to the
vacuum level, E; (Fig. 5). Using the value of E; the work function can be expressed as ¢ = E; +
hv = 2hv - E, and for our data ¢ = 4.46 = 0.04 eV, a value which is in agreement with other data
in the literature.”” It is important to realize that the breadth of the IP resonance enabled us to
observe clearly the Er + hv level. Thus, such a 2PPE work function measurement is not possible
for surface systems with narrow, intermediate states. For the electron-detector resolution used in
Fig. 6, the cutoff corresponding to the transposed Fermi function is sufficiently abrupt to give an
accurate (up to 0.1 eV) determination of the work function even without the employment of
numerical fits. As mentioned earlier, our work function measurement was sufficiently precise that
it could be used for monitoring the surface quality throughout the experiment. For example, a
sample that had been exposed to 8 x 10 Torr of air for ~ 8 hours exhibited a work function
difference of about 0.1 €V, and also a reduced image peak, as compared to that seen on a freshly

sputtered/annealed sample.

In summary, we have observed a broad EDC feature that corresponded to the n = 1 image
potential resonance on Cu(110). Instrumental broadening of the Rydberg-like IP resonance series
resulted in an overlap of high members of the series which merged into a single. With the
measurement of the binding energy of n=1 IP resonance (Eg = 0.68 + 0.1 eV) and its linewidth

(AE= 0.66 £ 0.06 eV), we have demonstrated that the observation of energy-broadened surface

resonances is possible with 2PPE technique using ~10%s pulses despite the short lifetimes of the
resonant states. This is a significant step in the evolution of the 2PPE spectroscopy as a surface

resonance probe. Finally, we note that the 2PPE spectroscopy on broadened IP states also
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presented a useful and simple method of measuring the work function without recourse to a

second hard-UV photoemission source in certain circumstances.

B. On Jellium-like Metal Al

Here we describe the measurement of an image resonance on Al(111) using two-photon
photoemission, a resonance system which is particularly important because it has been examined
with such care by a series of theoreticians. It provides an excellent model system for comparison
of experiments and theory. Thus we compare our experimental value of the binding energy to
that obtained by the theoretical treatment of Papadia ez al.,*' who predict the image resonance
formation for a jellium-like solid with lattice-induced corrugation, and by Jurczyszyn,*® who
utilized a Green's function approach for the treatment of image resonances on (111) fcc metal
surfaces.

The measured 2PPE signal originating from Al(111) IP-induced level is expected to be
very weak due to the surface and bulk band structure of aluminum. First, as in the case of
Cu(110), as there is no surface state to provide a strongly overlapping initial state for the 2PPE
process, the population of the IP resonance relies on excitation from the evanescent tails of bulk
bands to the surface resonance. The result of a much stronger overlap between a surface state
and an image level is shown clearly in the case of Cu(111),>"* for example. Second, for Al(111)
the IP system is fully mixed with a larger density of states in the bulk continuum. This provides,
in effect, rapid "relaxation" path into the bulk for electrons excited to the IP resonance level.
Because the IP-induced level is matched against the middle of a wide aluminum bulk band, surface
electron reflectivity in this case is smaller than in our previous measurement of the Cu(110) IP

resonance, which lies only 0.8 eV from the bulk gap*’ and, therefore, in a region with a smaller
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density of states. Thus one would anticipate a shorter effective lifetime for an electron trapped in
the IP resonance of Al(111) than for the case of the IP resonance on Cu(110); therefore, the
2PPE signal corresponding to the Al(111) IP resonance should be smaller than the already weak
2PPE signal of Cu(110) IP resonance. Despite these considerations we have measured a very
weak, but real, 2PPE signal corresponding to Al(111) IP resonance and have determined its
energy position.

A typical energy distribution curve for normal emission and for hv = 4.00eV is presented
in Fig. 7. The position of the vacuum level is indicated by zero kinetic enérgy. The strong
emission feature at 0 eV is the result of low-energy electrons from one- and two-photon
photoemission processes as described in Section I.  The low-energy side of this peak abruptly

terminates at the position of the vacuum level, indicating the photoemission threshold.
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Figure 7. Two-photon-photoemission EDC for Al(111) at normal emission. The inset shows the bulk energy
bands of AL*

An expansion of the intensity scale of the EDC in Fig. 7 reveals a small peak at 3.5 eV.

Note that despite the small intensity of this 3.5-eV signal, it was clearly observed for numerous
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EDC scans. Furthermore, the 3.5-eV feature was only observed on well prepared surfaces which
identifies its surface, rather than bulk character. The high kinetic energy of this peak indicated
that this feature is due to a two-photon process. The nearly constant slope in the bulk energy
bands for the Al(111) (I'-L) direction would suggest that a significant increase in the density of
bulk states would not be expected for the energy range corresponding to one-photon excitation
leading to the 3.5-eV feature. Similarly, no significant bulk density of states feature was observed
at energies below the 3.5-eV peak for two-photon excitation,”® further suggesting that the
observed photoemission signal does not represent a bulk feature. Since previous studies have not
reported Shockley or Tamm-like surface states in this energy range, we conclude that the 3.5-eV
feature is the IP resonance expected for this surface. EDC scans at several different incident
photon energies further confirmed that within the uncertainty of the experiment the observed 3.5-
eV feature is a fixed intermediate level. We note, however, that since the observed feature is
weak in intensity and located very close to the vacuum level, photon energies which are big
enough to populate this level and still small enough to avoid space charge effects, are limited in
span to about 0.2 eV. While this tuning range is comparable to the uncertainty in our
measurement (0.1 eV) the apparent lack of change in the binding energy is at least consistent with
our assignment of the feature as Al(111) image-potential-induced resonance. The low intensity of
the 3.5-eV peak did not allow for an accurate measurement of the image resonance linewidth. As
a result it was not possible to deduce the work function from the high-energy side of the
resonance as was possible in the case of the 2PPE EDC spectra of Cu(110). Instead it was
necessary to assume the accepted value of the Al(111) work function of 4.24 eV (Ref. 50) in our
binding energy estimates.

Theoretical treatments of both image states and image resonances indicate that the binding
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energy of n=2 IP-induced level can be at most 0.21 eV.** Thus given the work function of 4.24
eV for Al(111) surface and the incident photon energy of 4.00 eV in our experiment it is not
possible to populate significantly the broadened n=2 IP resonance. As a result the observed signal
is dominantly composed of the n=1 resonance contribution. A least-square fit to the data was
performed by approximating the observed signal as an exponential decay due to the tail of the O-
eV peak with a Lorentzian superimposed on top (Fig. 7). Consistent fits on data sets of several
different measurements established the binding energy of the observed feature as 0.46 + 0.1 eV,
with the energy referred to the vacuum level. Despite the noise in the weak photoemission signal
we could repeatedly attain a least-square fit with an uncertainty of 0.1 eV in the measured value
of the binding energy for our various data sets.

Most of the available theories of IP resonances do not treat different surfaces for the
metals considered; however, surface-specific calculations have been performed by Jurczyszyn®®
for the (111) surfaces of fcc metals. Using a Green's function approach Jurczyszyn studied the
influence of the crystal-band structure on the energy spectrum and broadening of image
resonances. In this treatment, resonances on (111) surfaces of fcc crystals were investigated by
varying the matrix element of the crystal potential, Vyy,, while always keeping the vacuum level
above the upper edge of the energy gap L;. This variation in Vyy; influenced the energy spacing
between the vacuum level and the upper edge of the energy gap; thus its variation provided a
method of changing the coupling between the bulk bands and the IP level. Applying the crystal
parameter value appropriate for Al(111) surface in Jurczyszyn's treatment yields the binding
energy of 0.464 eV for the peak of n=1 density of states features.*” This binding energy value
agrees with our experimental observations.

Another approach for estimating the effective binding energy is given by Papadia et al*!
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Their computation assumes a jellium model solid (ry/a, = 2.07, appropriate for Al) with lattice
corrugation described by pseudopotentials, which is not surface-orientation specific. In this
treatment, the IP resonances are formed as the electron wave undergoes multiple reflection
between the crystal potential reference plane and the surface-barrier reference plane, both of
which are situated at the jellium edge. Formation of the IP resonance was shown to strongly
depend on the crystal reflectivity r.. Adjusting the pseudopotential parameters to the measured
phonon dispersion curves of aluminum resulted in a binding energy of 0.47 eV for the peak of n=1
density of states feature.

In summary, we have observed a weak EDC feature that corresponds to the n=1 image
potential resonance on Al(111). The increased accuracy of our 2PPE measurement allows a more
accurate comparison with the presently available theoretical treatments of IP resonances on
Al(111). Excellent agreement between our measured binding energy and Jurczyszyn’s theory is
obtained. Finally, our measurement provides further confirmation for the existence of image

potential resonances on Al(111).

IL. Image-State Electron Dynamics on Cu(111)

A. Relaxation Channels

Although there have been several studies of the image-state lifetime by means of linewidth

28,51-54

measurement as well as femtosecond time-resolved measurement,”>* image-state relaxation

dynamics are far from well-understood in 