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Experimental Evidence for the Surface Photoelectric Effect in Aluminum
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Experimental evidence is presented for the existence of both the volume and surface
photoelectric effects in aluminum. Good agreement is obtained between the observed
strengths of the surface effect and the predictions of the Mitchell-Makinson theories
when the photoemission due to surface plasmon decay is divided into surface and volume
photoeffect components.

The controversy over the applicability of vol-
ume versus surface theories of photoemission
from nearly free-electron metals dates back
nearly 40 years and, yet, it has not been re-
solved. In this Letter we report what we believe
to be the best experimental evidence to date for
the surface effect. We give a measure of the rel-
ative strength of surface and volume photoeffects
in aluminum for specific modes of excitation and
show that the Mitchell-Makinson surface-effect
theory' is in reasonably accurate agreement with
our results. This paper applies to Al in particu-
lar and the nearly free-electron metals in gener-
al. Great care should be taken in extrapolating
it to other solids.

The surface-effect theories of the 1930's' and
associated experiments' on the alkali metals
have given way to volume-effect theories'4 and
volume-effect interpretations of more recent ex-
periments on the alkalis. ' Unfortunately, order-
of-magnitude differences exist between the re-
sults of these experiments. Additional uncer-
tainty has been introduced by a recent interpre-
tation of the volume-effect data' in terms of a
strong surface effect. ' The unsettled nature of
this controversy takes on additional importance
with the recent theoretical interest in photoemis-
sion from nearly free-electron metals. '

In principle it should be possible to experimen-
tally resolve the surface and volume photoeffects
by recognizing that the surface effect can only be
excited by oblique incidence p-polarized light
when the surface is sufficiently smooth. ' The
reality that experiments to date have not re-
solved this question may be due to the extreme
reactivity of the alkali metals, ' and to the lack of
recognition of the importance of surface' and
volume" plasmon effects. In the present work„
great care was taken to protect against contam-

ination of the Al samples, with measurements
made at pressures below 10 "Torr. The effects
due to optical excitation of surface plasmons
(surface waves) were systematically studied by
utilizing the surface-wave excitation theories of
Ritchie" and his co-workers and by recognizing
that such surface waves are analytically identical
to p-polarized light waves at complex angles of
incidence. " These surface waves thus provide
the field configuration and mechanism necessary
for surface-effect excitation. The photoyield
from these waves should in principle include both
a surface and volume effect component.

Surface waves were excited with normal inci-
dence light upon relatively smooth and roughened
surfaces of Al. By measuring reflectance and
photoyield from the rougher surfaces upon which
surface-wave excitation was strong, the photo-
yield per decaying surface wave could be deter-
mined; and by measuring reflectance and photo-
yield from smoother surfaces, the Al, ideally
smooth-surface (volume-effect) photoyield per
absorbed photon could be estimated.

Theoretical" and experimental" "details of
roughness aided excitation and photoemissive de-
cay of surface oscillations are available else-
where. It is sufficient for the present discussion
to state that such oscillations exist and may be
excited via surface roughness" coupling at any
energy below Scu~/v2 for nearly free-electron
metals (10.55 eV for Al). " The fields of these
surface waves are very similar to grazing-inci-
dence optical excitations at low-k, low surface-
oscillation energies, but become very concentra-
ted near the surface for high-k energies near
Kcu~/K2. It is in this high-energy range that the
surface photoeffect can become particularly
strong.

An example of one of several films used to ex-
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FIG. 1. ReQectance and photoyie1d measurements on
Al. Solid curves, measurements taken on one of the
slightly roughened films with coupling to surface waves
appreciable; dot-dashed 1ines, reflectance and photo-
yield measurements on the smoothest A1 films that we
made. The dashed line is the scattered-light-induced
reflectance drop in the rougher film (Ref. 17). The
double-dot-dashed curve is our estimate of the ideally
smooth-surface photoyield, i.e., no surface-wave con-
tribution.

perimentally determine the photoyield per excit-
ed (decaying) surface wave in Al is shown in Fig.
1. The deviation in reflectance from smooth-sur-
face values may be corrected for scattered
light"'" (shown as a dashed line), and used to es-
timate the number of surface waves excited,
while the deviation in photoyield from smooth-
surface values may be used to directly determine
the yield per excited (decaying) surface wave.
At high surface-wave energies (&10 eV), where
the density of surface-wave states is great, "
lifetime broadening prevents direct determina-
tion of photoyield per surface wave, and only the
mean photoyield of surface waves within a sur-
face-wave linewidth may be directly determined
(exceeding 0.2 electrons per surface wave in sev-
eral films). We have, however, assumed physi-
cally reasonable roughness spectra for our films
studied" which allowed estimation of the photo-
yield per decaying surface wave to even the high-
est frequencies. This result, which represents
an average over all films studied, is plotted ver-
sus surface-wave energy in Fig. 2. ' The esti-
mated accuracy is a20'L

The experimental smooth-surface Al reflec-
tance and photoyield shown in Fig. 1 were ob-
tained from two different but very smooth Al
films. The reflectance data show no coupling to
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surface waves and agree well with previous Al
reflectance data, "while the photoyield shows ap-
preciable residual coupling'to surface waves
necessitating an estimation of the ideally smooth-
surface (volume-effect) photoyield as indicated
in Fig. 1."

Theoretical calculations of the photoyield per
decaying surface oscillation have been carried
out in both the volume and surface photoelectric
theories. One may reasonably assume that the
polycrystalline form of our films, possible elas-
tic scattering processes, and the more compli-
cated band structure of Al all combine to make
the volume-theory directionality effects des-
cribed by Mahan for the alkalis' of lesser impor-
tance in Al. If we thus assume isotropic photo-
excitation, the commonly accepted volume pho-
toeffect theories4 can be used to calculate photo-
yield per decaying surface oscillation in the vol-
ume theory. '4 The photoyield in this theory is
given by the ideally smooth-surface yield per ab-
sorbed photon modified by an enhancement factor
depending on the easily determined surface-
wave-field penetration depth and the electron es-
cape depth l. Values available for l range from
70 A calculated by Wooten" from our ideally
smooth Al photoyield (Fig. 1) for electrons 10 eV
above the Fermi level (E F) to 50 A measured by
Kanter" for energies 5 eV above EF.

The results of calculations for volume-photo-
effect surface-oscillation decay are shown for

FIG. 2. Experimentally determined and calculated
electrons per decaying surface plasmon (surface wave)
in Al. Solid curve, experiment; dashed curve, surface-
wave decay in the volume photoeffect theory; dot-dashed
curve, surface-wave decay in the surface theory;
double-dot-dashed curve, the sum of the volume and
surface theories.
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several values of l in Fig. 2. It is quite clear
0

from these curves that neither the value l = 70 A

determined from our experimental data nor the
value l = 50 A determined by Kanter gives at all
good agreement with experiment. Photoyields of
over 0.2 electrons per excited plasmon have been
observed on several of our films near the high-k
surface plasma frequency. It is peculiar to the
volume-effect decay theory that once the high-k
plasmon field depth becomes less than l, enhance-
ment saturates to a finite value (shown as hori-
zontal bars in the calculations of Fig. 2), and
none of these values even approaches 0.2 elec-
trons per plasmon. Failure of the volume-effect
theory at lower surface-oscillation energies is
even more acute since there is no possibility for
the descrepancy to be explained in terms of elec-
tron-escape-depth effects. It is extremely doubt-
ful that these disagreements between theory and
experiment can be due to theoretical uncertain-
ties in this volume theory.

Photoyield in the surface-effect theory was
calculated from the model of Mitchel. ' Surface-
wave excitation fields were obtained from the
theory of Crowell and Ritchie, "' "'"and their
magnitudes specified by making the reasonable
assumption" that volume electronic excitation
dominates the surface-oscillation decay mech-
anism. The corrections to the Mitchell theory
first suggested by Makinson' were included, an
image-charge potential was assumed, and a mod-
ification of Makinson's treatment of the fields at
the surface was used which we believe repres-
ents a definite improvement. " This model is
believed to be as accurate as any used to date
for surface-photoeffect calculations. The result
of this calculation is shown in Fig. 2. It should
be emphasized that the model used has no adjust-
able parameters, but surface-field configura-
tions and the surface potential were intentionally
varied" in order to check the reliability of our
result. Resultant variations in calculated yield
were found to be less than +20/0.

It has recently been noted' that when both the
surface and volume photoeffects are appreciable,
they may coherently interfere at specific emis-
sion energies and angles; but since the present
photoyield is taken over all emission angles and
energies, we have chosen to combine these two
effects by simply adding them as indicated in
Fig. 2. The exceptional agreement between this
theoretical curve and experiment at high ener-
gies must be considered somewhat fortuitous.
The discrepancy occurring at lower energies is
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FIG. 3. Electron distribution curves for excitation
energies just above and just below the Al surface plas-
ma frequency (10.55 eV). Dashed curves are theoreti-
cal EDC's calculated in the surface photoeffect theory
(Refs. 1, 11). EDC's were plotted for comparison of
shapes and are not normalized to photoyield.

believed to be associated with a possible break-
down of our volume-effect decay-mechanism as-
sumption" at these energies. Despite this short-
coming, the curves of Fig. 2 clearly indicate the
inability of the conventional volume-effect theory
to adequately explain surface-wave decay, while
presenting very strong evidence for the need to
invoke the surface photoeffect. The calculations
represent the first quantitative agreement ob-
tained between experiment and the Mitchell-Mak-
inson surface-effect theory.

The tendency in the past to invoke either a pure
surface or a pure volume interpretation for near-
ly free-electron metals makes it important that
we emphasize the evidence for both of these ef-
fects in the present result. The combined sur-
face-volume nature of the photoemission is fur-
ther illustrated by Fig. 3 which shows measured
and calculated energy distribution curves (EDC's)
from one of our smoother surfaces. At energies
below or equal to fur~/v'2 (10.55 eV), the surface
effect should dominate. Here we find good agree-
ment with shapes predicted in the surface effect
theory. ' ' ' Smith and Koyama obtain sj,m-
ilar agreement with a volume theory. For Su
& 10.55 eV, the surface effect should diminish
and the volume effect become dominant. The low-
energy shoulder which appears for 11.2 and 11.5
eV is characteristic of scattered electrons, and
these would be expected in a volume-effect ex-
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