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Photo yield was measured as a function of incident angle for polarized light incident through a MgF,
semicylinder onto thin (- 200-A) films of Al. Photon energies «om threshold at 4.8 up to 10.2 eV were
used. For p-polarized light near threshold, a surface-plasmon resonance peak was observed at about 50
from normal incidence with yields more than 100 times those at normal incidence. If the yield at
normal incidence is assumed to result from pure volume photoemission, the angular yield ratio

Y(0)/Y(0) can be calculated for the volume process. Only (35 ~ 10)% of the yield observed at the
plasmon peak could be accounted for by the volume process. The remaining yield was attributed to the
surface emission process. The ratios of yields from Al with light normally incident from vacuum and

through the MgF, substrate were analyzed to obtain values of the escape depths for the volume
0 0

process. Escape lengths were determined ranging from 45 ~ 15 A for 5-eV electrons to 20 ~ 10 A for
8.2- eV electrons.

INTRODUCTION

Light of P polarization obliquely incident on a
thin metal film through a transparent substrate of
higher index of refraction may be used to gen-
erate a surface-plasma oscillation on the vacuum
surface of the film. The presence of the reso-
nance strongly affects both the optical and photo-
emissive properties of the film. As the angle of
photon incidence is varied, there is a strong dip
in the reflectance and a large increase in the
photoemission. Studies of the optical generation
of surface plasmons have been reported by Otto'
and Kretschmann. ' Arakawa et al. ' have used the
angular position of the dip in reflectance to map
out the frequency versus wave vector curve of the
surface-plasma resonance of Ag. Braundmeier
and Arakawa4 have discussed the effect of surface
roughness on resonance absorption in Ag. Macek
et al.' have reported both optical and photoemis-
sion measurements on Al for light of 5-eV photon
energy.

In this paper we report photoemission measure-
ments on films of aluminum for angles of 0 to 80'
with light incident both from vacuum and through
the substrate. Data were obtained for photon en-
ergies between 4.8 and 5.8 eV, near the threshold
for photoemission, and at higher energies between
7.7 and 10.2 eV. The photoemission yield at the
plasmon resonance was analyzed to obtain an
estimate of the relative strength of surface and
volume photoemission processes in the energy
region near threshold. The ratio of photoyield
with light incident from vacuum and through-the
substrate was analyzed to determine the escape

depth for electrons produced by the volume pro-
cess.

The plasmon resonance may be understood qual-
itatively as follows. On a smooth surface, light
will couple to the surface resonance only when it
contains transverse field components at the sur-
face with the same wave vector (or wavelength)
and frequency as the surface-plasmon fields. Thus
a light wave propagating outside a metallic sur-
face does not couple to the surface plasmon be-
cause its wave vector is always smaller than the
plasmon wave vector of equal energy. In other
language, the ~-vs-k dispersion curve of the sur-
face plasmon always lies to the right of the vac-
uum light line, as illustrated in Fig. 1 for a free-
electron gas with the carrier density of Al. However,
the wave vector of light propagating in a trans-
parent medium of index of refraction n, has a
wave vector given by k„=nk„where k, is the wave
vector in vacuum. For most optical materials
n= 1.5 and k„ is greater than the plasmon wave
vector in the retarding region of the plasmon dis-
persion curve. In our experiment, light is in-
cident through a semicylinder of MgF, as in Fig.
2. At a particular angle 0~, the tangential com-
ponent of k„given by k~ =nk, sin6~ just matches
the plasmon wave vector on the vacuum interface
of the metal film. When the metal film is suf-
ficiently thin (& 250 A), optical fields penetrating
the film resonate with the surface-plasmon fields.
Coupling occurs only for P-polarized light which,
for nonzero angles of incidence, contains a com-
ponent of electric field perpendicular to the film
surface.

o

Except in a region of 1 or 2 A at the surface,
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FIG. 1. Plasmon dispersion curve for a free-electron

gas with the electron density of aluminum.

the electric fields associated with the resonance
are correctly described by Fresnel's equations
for a smooth-surfaced thin film bounded by vac-
uum and MgF, . In our analysis, Fresnel's equa-
tions are used to calculate the electric fields
generating volume photoemission in the samples.

In early studies of metals, photoemission was
interpreted as a surface process in which elec-
trons were excited directly from initial states in
the metal to final states in vacuum, with momen-
tum normal to the surface being conserved by
interaction with the surface potential barrier.
More recently, photoemission has usually been
interpreted as a volume effect in which optical
excitation in the bulk is followed by transport to
and escape throught the surface. Very recently
Endriz and Spicer' have published data and Endriz'
has published calculations which suggest that, for
electric-field components normal to the surface,
the surface effect is dominant in aluminum for
photon energies below about 10 eV, with the vol-
ume effect being dominant at higher energies.

The relative importance of the two processes
cannot be investigated by comparing experimental
and theoretical values of absolute photoyield be-
cause of uncertainties in the calculations. The
most promising method of differentiating surface
and volume effects is to exploit the fact that the
surface effect can only be generated on a smooth
surface by electric-field components normal to
the surface, while the volume effect may be ex-
cited by transverse components as well. Thus
photoemission with photons incident normally on
the surface should produce only volume photo-
emission while photons incident at oblique angles
may excite both processes. The situation is more
complicated for photon energies near the high-k
plasmon energies (-10.5 eV in Al) where surface
roughness couples even normally incident photons

to the surface plasmon. ""However, this cou-
pling is inefficient in the retarding region com-
pared with the direct optical coupling used in these
experiments.

A rigorous test may be made using the fields
associated with surface plasmons, which Endriz
showed to be uniquely effective in generating the
surface photoeffect. In a later section of this
paper, we evaluate parameters of the volume
theory from the photoyield produced from Al by
photons normally incident through the substrate,
and use these parameters to calculate the photo-
yield at all angles including the plasmon-resonance
angle. The result is that only about 35% of the
observed yield at the plasmon resonance peak
may be attributed to an isotropic volume photo-
effect, the remainder being due to a surface ef-
fect. The only alternative explanation of the data
is that components of the electric field normal
to the surface are many times more effective in
generating volume photoemission than are the
transverse fields. This explanation does not seem
likely.

One of the important parameters in models of
the volume photoemission process is the escape
depth L for photoexcited electrons. At photon
energies near threshold L, as it appears in ex-
pressions for the photoyield, is essentially a di-
rect measure of the scattering length for hot elec-
trons. At higher energies, the scattering length

A
p sinQ

FIG. 2. Matching conditions on wave1ength and wave
vector for generation of surface plasmons.
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may be determined from L, if the theory is applied
only to the partial yield of the most energetic
electrons. By measuring the ratio of measure-
ments of yield with photons incident from the front
and from the back of a thin film, we may elim-
inate uncertainties from poorly known excitation
an d escape probabilities and calculate L in terms
of the relative yields and the optical constants o
the system. Using this method we have calculated
scattering lengths for hot electrons with energies
between 5 and 10 eV.

EXPERIMENTAL METHODS

All experiments were performed in an ion-
pumped ultrahigh-vacuum system. Samples were
prerepared as thin films evaporated onto the l-in.
&&2-in. surface of a semicylinder of MgF, . Before
pumpdown the substrate was cleaned with KOH
to remove Al, rinsed in distilled water and prop-
anol, and vapor cleaned in freon. After outgass-
ing with a shutter in place, 99.999% aluminum
was evaporated from a tungsten filament. Pres-
sure, as measured by an ion gauge in the exper-
imental chamber, was (1—5)X 10 ' Torr during
evaporation and (1-3)X10 9 Torr during measure-
ments. Film thickness was determined by mea-
suring the normal incidence transmission at ~
=5480 A using a photomultiplier mounted opposite
the light source. Thickness was read off trans-
mlission-versus-thickness curves previously mea-

10sured at Oak Ridge National Laboratory (ORNL).
In experiments where the film thickness was an
important parameter, the thickness determination
was checked with an optical interference micro-
scope after the film was removed from the cham-
ber .

A prism monochromator with a high-pressure
Hg-xenon lamp as source was used for excitation
at photon energies below 5.2 eV. A 0.5-m Seya
monochromator with a hydrogen discharge lamp
as source was used for excitation for photon en-
ergies between 7.7 and 10.2 eV.

Both yields and energy distributions of emitted
electrons were measured. Energy dl. strlbutlons
were measured using the standard retarding-po-
tential method in which the energy distribution is
plotted directly after electronic differentiation of
the current-versus-retarding-voltage curves.
The energy resolution varied between 0.2 and 0.4

leV in the experiments. The retarding potentia
can was slotted so that light specularly reflected
from the sample passed out of the can without
exciting significant back emission. This was
particularly important when measuring partial
yields due to the most energetic electrons excited
by the higher photon energies. Partial-yield mea-

COMPARISON OF ANGULAR YIELDS TO

VOLUME - PHOTOEMISSION CALCULATIONS

Angular-yield measurements Y'(0) made with
light incident through the substrate are shown in
Figs. 3 and 4. The data for photon energies near
threshold (Fig. 3) were measured using P-polar-
ized light incident on a 235+ 15-A film. In these
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FIG. 3. Total photoyield vs incident angle of p-polar-
ized hotons for energies near thresho d. Solid curvesxze p o
are traces from original data. Some portionions of each
curve were taken at x10 magnification. Curves are
labeled with photon energies.

surements were made to determine values of the
escape depth appropriate to the most energetic
electrons.

In some experiments, the yields were mea-
sured as the semicylinder was continuously ro-
tated so that its value was determined for all
angles with photons incident both from vacuum and
through the substrate, except for angles between
80' and 90 from the normals where the semi-
cylinder support blocked the beam. Absolute angle
assignments are accurate to at least —,". The use
of a semicylinder as substrate assures that the
interfaces and path lengths are the same for all
angles of incidence when the light enters and is
reflected through the substrate. Using continuous
rotation of the sample, angular photoyields could
be obtained with photocurrent down to about 5
~ 10 "A. For lower total photocurrents, ex-
cessive noise due to vibration of the sample mount
and leads made it necessary to take point-by-point
measurements.
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FIG. 4. Total photoyield vs incident angle of partially
polarized photons of energies between 7.7 and 10.2 eV.
Curves normalized to yield at normal incidence.

curves the plasma-resonance peak is located near
50 and the yield at the resonance angle is about
100 times greater than the normal-incidence yield.
Some portions of each yield curve were made
with && 10 amplification. For 5 eV, the entire
curve up to the plasmon peak was repeated with
x 10 amplification. Similar &(6) curves made
with s-polarized light showed a small peak of
about two times normal incidence yield at the
plasmon resonance, presumably due to a 1/o ad-
mixture of P-polarized light in the incident beam.

The higher energy data of Fig. 4 show the ang-
ular yields produced by partially polarized light
from the Seya monochromator incident on a 120-
A film. The light is predominantly s-polarized
at 10.2 eV, "and the film is thinner so that a far
less spectacular resonance peak is produced. We
did not find it possible to obtain polarized light
of sufficient intensity with our sources. Con-
sequently, most of our analysis has been applied
to the low-energy data of Fig. 3.

We wish to determine what portion of the photo-
emission excited by obliquely incident photons
may be attributed to the volume process, assum-
ing that all photoemission by normally incident
photons is volume emission. Several authors
have developed theories which give the volume
photoyield from a thin film with optical constants
n, and k, (or dielectric constants e, and e, ) bound-
ed by a transparent dielectric (n, & 1, k, =0) and
by vacuum no=1, k, =0)." '4 In these calcula-

tions, the energy density of the exciting field,
q(y), is calculated as a function of the distance y
from the vacuum interface. The density g de-
pends on the optical constants of the film and sub-
strate (n„k„n,), on the polarization and incident
angle of the photons and on the film thickness d.
The optical constants are of course functions of
photon energy. Excitation is assumed to be iso-
tropic, as would be the case for a free-electron
metal, and to be independent of the direction of
the electric field vector of the incident photons.
The parameters of the theory are illustrated in
Fig. 5.

Following earlier workers is. i6 Coquet et al
and Pepper" described the transport process as
a one-dimensional problem characterized by an
escape length I. The .number of electrons reach-
ing the surface without scattering is e ', and a
fixed fraction of these electrons escape. Gesell"
refined the calculation by describing three-di-
mensional transport in terms of a scattering
length / for travel along any direction from the
point of excitation. All electrons escape which
reach the surface within the classical escape
cone defined by cos8„, = (E„/E)'~', where 8„, is
the maximum angle electrons may make with the
surface normal and escape. E is the excited elec-
tron's energy and E„ the energy of the surface
barrier, both measured with respect to the bottom
of the conduction band. In both theories, the
initial distribution of electron momenta is as-
sumed to be isotropic, and the escape parameter
is assumed to depend only on electron energy.
Both theories are most logically applied to partial
yields of electrons with a narrow range of ener-
gies. If the contribution of the scattered elec-
trons to the yields are subtracted, and the analy-
sis applied to such partial yields, both / and I-
give measures of the scattering length for hot
electrons of a particular energy.

Near threshold, the theories may be applied to

Vacuum
(no=1

Film
(n, , k, )

Substrate
(n2, k2 =0)

FEG. 5. Parameters used in model of the volume photo-
emission process.
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the total yield since only electrons with a narrow
range of energies escape, and few electrons re-
tain enough energy to surmount the surface bar-
rier after an electron-electron scattering event.
The one-dimensional parametex I. and the three-
dimensional parameter l are related by I
= l(cos8), where (cos8) is averaged over angles
within the escape cone." For electrons near
threshold 8, ,&&

& n and X = k and both the three
and one-dimensional theories take the same form.
For very large energies where 6I„,= —,'m, I = ~ l."
Our data apply to electrons reasonably near
threshold (cos8„, = 0.98 for a 6-eV electron, cos8.„
= 0.87 for 10-eV electrons in Al). Consequently,
we will use Pepper" s somewhat simpler formal-
ism. The yield with photons incident from the
vacuum ls
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FIG. 6. Comparison of experimental values of the
angular yield ratio to values calculated from the volume
photoemission model. No possible choice of fQm thick-
ness (d) and escape depth (I ) can account for the yield
observed at the resonance peak.

y C e-(d.-y)/I
q y d C~I L ~-a/I

0

The excitation and escape factors are contained
in the constant C and are the same for excitation
from either side of the film. The function I de-
pends on the same parameters as q(n„n„k„n„8,
polarization, d) as well as on the escape depth I
E' differs from & only in the interchange of n0 and
n, to account for the different incident media for
the photons. Complete expressions for E are
available in the literature. " '~

Using Pepper's equations, we analyzed the ratio
of the yield at some angle 8, Y', (8), to the yield
at normal incidence through the substrate, Y,(0).
The excitation and escape factors cancel in the
ratio Y,(8)/Y, (0), leaving only the dependence on
the optical constants, d, and I . Experimental
values of 1'(8)/Y'(0) excited by 4,68-eV P-polar-
ized light are plotted as a solid line in Fig. 6.
The ratio calculated from Eq. (2) with indepen-
dently determined values of n» 0» n„ I, and d
are shown as dotted lines. Values of n, and k,
were taken from the literature" and of n, for the
MgF, semicylinder from ORNL data. " %e de-
termined I to have a value of 45 A+ 15 A by the
method described below, and d was measured
using methods described above. At the plasma
peak, using values of d=235 A, X=40 A, the
calculated ratio is 40 or about 35% of the exper-
imental ratio. A study was made of the sensitivity
of the calculated ratio at the peak to errors in
L and d. Taking the extreme values of I to be
30 A and 60 A and d to be 235 + 15 A, the yield

ratio at the plasmon peak was found to vary from
21 to 46/0 of the experimental ratio. The max-

0
imum ratio is obtained in the limit I. 0 A,
where the yield ratio is equal to the energy den-
sity ratio q(8)/q(0) at the vacuum interface. Even
in this limit the volume theory only accounts for
about 60% of the total emission observed in the
resonance peak.

The theory should certainly give correct values
of the yield ratio for the component of the electric
field vector E parallel to the sample surface. Ex-
citation, transport, and escape should be identical
for this component with normal incidence photons
and at an angle 8. The component of E normal to
the surface is properly described in the theory if
it produces electrons isotropically with the same
efficiency as the parallel component of E. A pos-
sible explanation of our result is that the normal
component is many times more efficient at pro-
ducing volume photoemission than is the parallel
component. Vfe know no reason to expect such
strong vectorial effects for volume emission from
polycrystalline films of a nearly free electron
metal like Al. Hence we conclude that the excess
photoemission at large angles, and particularly
at the plasmon peak, may be attributed to the sur-
face photoeffect, to which only the normal com-
ponent of the exciting field contributes.

This result is in qualitative agreement with the
calculations of Endriz which indicated that the
surface emission is about five times the volume
emission for surface plasmon fields in the re-
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tarding region. ' Even though we find a smaller
ratio, the agreement seems satisfactory in view
of the uncertainties in Endriz's calculation and
in our determination of the yield ratio.

The same analysis was applied to the other
curves of Fig. 3 with essentially the same result.
A similar analysis applied to the higher-energy
curves of Fig. 4 was inconclusive due to a large
and somewhat uncertain percentage of s-polarized
light in the exciting beam.

Some additional evidence for surface emission
may be obtained from an examination of the ener-
gy distribution curves (EDCs) of photoenntted
electrons. We can examine the curves for ev-
idence of scattered electrons which should be
produced by the volume process, but not by the
surface process. In Fig. 7 we display EDCs made
at three photon energies with photons normally
incident from vacuum, and with photons incident
through the substrate both normally and at the
resonance angle. For each energy the curves
are normalized at the high-energy shoulder of
the distributions. Energy distributions for photon
energies just above threshold are not included
because a scattered electron peak cannot be re-
solved. The energy resolution of the 5.2-eV curve
is =0.2 and of the 7.7- and 9.7-eV curves is
—0.4 eV.

The relative amount of scattering expected from
the volume process for each angle of excitation
may be estimated from plots of energy density
'g(y) vs y such as those plotted in Fig. 8 using
parameters appropriate to 5.2-eV photons incident
on a 160-A film. Profiles calculated for other
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FIG. 7. Energy distributions measured vrith pho)ons
incident at the plasmon angle (solid line), normaQg
through the substrate (dot-dash line), and normally from
vacuum (dashed line). Each set of curves is labeled rvitb,

the incident photon energy.
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FIG. 8. Normalized energy densities in a 160-A
aluminum film for different angles of incident light.
0' labels curve for photons incident normally through the
substrate. 50.5' is the plasmon-resonance angle.

photon energies have the same characteristic
features. EDCs were taken with somewhat thinner
Al films than those of Fj.g. 3 in order to obtain
sufficiently large yields for energy analysis with
photons normally incident through the substrate.

For normal incidence, the energy density de-
creases nearly exponentially away from the sur-
face of incidence. At the plasmon resonance, it
is reversed and has a profile very similar to that
produced by photons incident from vacuum. At
angles -5 below the peak, the theory predicts a
minimum in the photoemission which we have not
observed experimentally. Clearly, relatively
more electrons are produced away from the
emission surface for photons normally incident
through the substrate, and such excitation should
produce the strongest scattering peak. The vol-
ume process should produce comparable scatter-
ing for the other two angles of excitation. In all
cases, the scattering peak is largest for photons
normally incident through the substrate as ex-
pected. The experimental curves indicate that
there are significantly fewer scattered electrons
in the plasmon-resonance photoemission than in
free-surface photoemission. Though by no means
conclusive, the EDCs are at least consistent with
the existence of a strong surface emission at the
resonance angle.

Some practical implications of the very striking
resonance photoemission results deserve com-
ment. First, we note that resonance excitation
produces yields an order of magnitude greater
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than vacuum surface excitation. It occurs through
a substrate and thus in the geometry most useful
in an evacuated phototube. Since the resonance
peak occurs at very nearly the same angle for all
photon energies below 5 eV, a fixed angle prism
would serve as a very satisfactory substrate for
films to be used in detector applications. We note
also that the plasma-resonance generation ex-
tends to all lower photon energies and will en-
hance photoemission to much lower energies if
the surface work function is lowered. Finally, a
detector using such resonance enhancement would
have a very narrow light-acceptance angle (-5 Vo)

and would be sensitive to photons of only one polar-
ization. Sensitivity to photons outside the ac-
ceptance angle and/or of the opposite polarization
is down by a factor of about 100.
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Previous attempts have been made to use Pep-
per's theory to determine the escape depth L.
Gesell and Arakawa analyzed curves of the ratio
Y(8)/Y(0) vs 8 for photons incident from vacuum
on thin films to obtain values of L." In most
cases, however, even though the absolute yield is
a strong function of L, this ratio is not." As we
have seen above, surface emission may also be
important at oblique angles.

Similar measurements have been used by
Vernier et al. to measure L in a variety of mate-
rials using photons incident at oblique angles. "
Several other authors have used the yield ratio to
determine L„but have used an erroneous anal-
ysis which assumes that internal reflection may
be neglected. Even for films whose thicknesses
are several times the absorption depth, this as-
sumption is incorrect. With photons incident
through the substrate, the first internal reflection
occurs at the vacuum interface. For a highly re-
flecting interface such as that between Al and vac-
uum, the first internally reflected beam always
makes an important contribution to the back yield,
and hence to the yield ratio.

In Fig. 9, we plot the theoretical yield ratio
[Y,(8=0)/1;(8=0)],„„„versus escape depth for film
thicknesses between 75 and 250 A. The excitation
and escape factors contained in C of Eqs. (1) and

(2) are the same for both front and back so that

[Y,(0)/Yo(0)]„...=+'( &)e '~'/&(1. ) . -
We previously noted that F' and F differ only in

the interchange of the indices of refraction of vac-
uum and the substrate wherever they appear in the
equations. The importance of the internal reflec-
tion is illustrated in Fig. 9 by the fact that the
ratios exceed 1 for thin films; in the absence of

FIG. 9. Calculated ratio of photoyield with photons
incident through the substrate to yield with photons inci-
dent from vacuum vs escape depth for films of thick-
nesses between 75 and 225 A.

internal reflection this ratio is always less than 1.
Additional light losses associated with illumina-

tion through the substrate must be accounted for
before (3) can be compared to experiment. We
include a factor (1 —RO2) to account for reflection
losses at the curved surface of the semicylinder
and a factor (T,) to account for transmission
losses in the MgF„which becomes significant
for wavelengths below about 2000 A. Our analysis
then uses an equation of the form

[ Y,(0)/Y.(0)],.„=T,(1 —R.,) +'(- ~)e ' '/+(I )

(4)

Using measured values of 1;/Y, for a 120-A-
thick film, independently determined values of the
optical constants of Al and MgF„and values of
T,(1 —R») determined from transmission mea-
surements on an uncoated semicylinder, we found

the values of L listed in Table I for several val-
ues of incident photon energy. The electron en-
ergies listed are mean values for the electrons
contributing to the partial yields measured. The
table also gives values of the other parameters
used in the calculation. The major contribution
to the rather large limits of error indicated for
L come from the uncertainty in the determination
of the film thickness.

From measurements on thicker films (-250 A),
we have obtained less satisfactory results, in

that the yield ratios observed at the higher en-
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TABLE I. Parameters used in the calculations of escape depth from the front to back yield
ratio.

Electron
energy

(eV)

5.2
7.8
9.8

5.0+ 0,2

6.8 + 1.0
8.2+ 1.0

120+ 10
120+ 10
120~10

0.966
0.545
0.275

1.06
0.43
0.22

0.158
0.080
0.060

2.59
1.80
1.20

1.41 45 + 15
1.47 25+ 10
1.59 20+ 10
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FIG. 10. Attenuation lengths for electrons in a alumin-
um as a function of energy above the Fermi level.
Solid circle, our data; diamond with dot, Pong et al .
(Hef. 26); dashed line, Wooten et al. (Hef. 27); open
square, Kanter (Hef. 24): open circle, Gesell (Ref. 14)

from total yield' solid square Gesell fron1 F(e)/Y(0) '

solid line, theory of Ritchie and Ashley vrith exchange
correction. Bars through solid and open circles indicate
estimated limits of error due to experimental uncer-
tainties.

. ergies are anomalously small, so that the escape
depths determined from (4) are well below those
listed in the table. In some cases the measured
yields are even smaller than would be expected
with zero escape depth.

We attribute the anomalously low values of the
yield with back illumination to the presence of sig-
nificant emission via the roughness-coupled sur-
face photoeffect. This may reduce the yield ratio
in two ways. Surface emission depends on the
magnitude and gradient of the electric field in a
very thin surface layer, (-1 A). If it were pro-
portional to the magnitude alone, it would con-
tribute to the yield ratio in the same way as a
volume theory with a -I-A escape depth. In ad-
dition, it is known that within about 2 eV of the

surface plasmon energy (10.5 eV in Al), surface
roughness may absorb sufficient energy to reduce
the reflectance of the surface. The reduced in-
ternal reflection would reduce the yield ratio even
for purely volume emission.

Two factors give us some confidence that the I.
values quoted are representative of true volume
emission. Experience has shown that the rough-
ness-coupled plasmon excitation increases with
increasing film thickness, presumably because
thick filIQ8 ax'8 rougher ~

' Of gx'eatex' 1mppx'
tance, roughness effects are greatest near the
high-k surface-plasmon energy and thus should
be much stronger at 1.0 eV than at 5 eV. This is
precisely the effect we have observed in some of
the thicker films but not in the films from which
the values of Table I are taken.

In Fig. 10, we compare our values of the attenua-
tion lengths with those measured by other workers
and with the electron-electron scattering lengths
calculated by Ashley and Ritchie for a free-elec-
tron gas with the density of aluminum. Our value
of the attenuation length at 5.0 eV is in good agree-
ment with the value obtained by Kanter'~ from di-
rect measurements of the attenuation of electron
beams by thin foils. They are, however, lower
than values obtained by Feuerbacher et a/. ,

"Pong
et a/. ,

"and Wooten et a/."from analysis of photo-
emission data for photon energies between 5 and
10 eV. These analyses were made using assump-
tions appropriate to the volume emission process
and neglect surface emission. It se.ms probable
to us that surface emission contributes in an im-
portant way to their yields and that their values
are consequently too high. We have noted above
that the presence of emission via the roughness-
coupled surface photoeffect would affect our de-
termination of yield in the opposite way and lead
to erroneously small values.

Gesell has determined attenuation lengths in the
immediately higher photon energy range by the
analysis of total yield using I. as an adjustable
parameter. "' '9 Thus any unaccounted-for process
which increases (or decreases) yield increases
(or decreases) the value of L determined. The
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value of L he determines at the surface plasmon
energy is significantly higher than the other values
he obtained, presumably due to enhanced yield
produced by the roughness-coupled surface-plas-
mon excitation. Above 15 eV, his values are
thought to be too low; here the yield is depressed
by the introduction of a new energy-loss process
in which electrons lose energy by exciting sur-
face plasmons as they approach the sample sur-
face. Our values of I join satisfactorily to the
values Gesell found in the intermediate region
between 11 and 14 eV, where neither of the above
processes are important, and to the single value
he obtained at 16 eV from an analysis of the angu-
lar yield ratio F(e)/F(0) at this energy.

Several theorists have calculated attenuation
lengths for electron-electron scattering in a free-
electron gas at metallic densities. The early
calculation of Quinn" neglected certain exchange

corrections. Ashley and Bitchie" obtained -40/g
higher values from calculations in which these
corrections are included. Kleinman' evaluated
the effect of making certain corrections to the
energy-dependent dielectric constant and found
values intermediate between those of the previous
workers. Our results are in reasonable agree-
ment with the calculations of Quinn and of Klein-
man, but are significantly lower than those cal-
culated by Ashley and Ritchie. The results of
Ashley and Bitchie are plotted in Fig. 10. We
note that all of these calculations are for free-
electron gases and neglect any lattice effects.
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