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ABSTRACT

Measurements of the transmittance and reflectance of Al films as
a function of wavelength, polarization, angle of incidence, and film
thickness have been carried out using synchrotron radiatién together
with a normal-incidence monochromator for the vacuum ultraviolet
spectral‘region. & pronounced difference in the measurements for gt
and "p" polarized light was found near the Al plasma wavelength
(Ap = 835 %). We measured a dip in thin film transmittance for '"p"

light at Ap which is due to the excitation of plasmons. The



"p!' peflectance exhibits a Brewster minimum below AP. For ''s" light
there is no structure for very thin films, With films thicker than
about 500 & interference effects appear, especially in reflection,
for both 'p'" and “s"‘light at wavelengths less than Ap where Al
becomes transparent. The transmittance and reflectance of Al films

of various thicknesses, both with and without substrate materials

and oxide layers, have been computed assuming optical constants based
upon previous experiments. The calculations explain the structure ex-
hibited in the experimental curves. Our measurements show that the
vacuum ultraviolet synchrotron radiation is highly polarized even

after passing through our monochromator.

I. Introduction

The interaction between the electromagnetic field and an elecfron
gas can be described by a complex dielectric constant.1 At the plasma
frequency where the dielectric constant vanishes we expect a singular
behavior giving rise to special effects. First discrete plasmon peaks
in electron energy loss spectra 2 and associated radiation from thin
films 3-5 wepre observed. The presence of a maximum at the plasma
frequency for reflection of "p" light (electric vector parallel to the
plane of incidence) due to the radiative decay of optically excited
plasmons in thin metal films was later predicted by Ferrell and Stern 6.
This prediction was soon expanded to include structure in transmission
and absorption 7_10. The predicted dip in transmittance at the plasma
wavelength was first found experimentally for Ag 7’10. More recently

transmission experiments have been performed which exhibit plasma
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resonance absorption in Al 1 ana x 12 1n adaition a peak in scattered

13,14 and X 15‘

p! light at Ap has been observed in Ag
In the présent work we have studied Al which is particularly
interesting since it behaves, to a good approximation, like a free-
electpron metal with little damping in the ﬁeighborhood of the plasma
frequency.16’17 Synchrotron radiation with its unique continuum and
polarization properties is particularly suited for the stﬁdy of Al near
its plasma wavelength Ap (835 R), since lp iies in the technically
troublesome extreme vacuum ultraviclet below the LiF transmission limit

of 1050 R,

In section II we discuss the predictions of electrodynamics for idéal
thin films, The forﬁulation is used in section IV to explain our measure-
ments and in the following paper (B, Polarization Dependent Photoeffect).
Section III presents a description of our experimental apparatus and some
comments on using synchrotron radiation. Section IV contains the measured

and calculated transmittance and reflectance of thin Al films.

‘I1. Theory
Consider an ideal thin film of known complex scalar dielectric
constant, Tw) = ei(w) - i'eQ(w), and thickness d.18 The complex
: ~
transmission and reflection coefficients, t and T respectively, may
be obtained by application of Maxwell's équations. The film transmittance

i~ ~
T and reflectance R are given by |t]2 and {r]2. For "p" light



incident upon a film we get:
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where 3 = £.cos¢, b = (F - sin2¢)1/2, o = iwb/c, w is the frequency

and ¢ the velocity of light, and ¢ is the angle of incidence, It
is difficult to see imﬁediately from these equations that they exhibit
structure neér the plasma frequency wp (or plasma waveleﬁgthv

Ap = 2nc/mp) which may be defined as that freguency where the reail
part ¢, of the dielectrié constant is zero with the imaginary part

€, << 1. In the neighborhood of the plasma frequency for angles of

incidence which are "not too small", i. e,
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where R = wd/c. A free electron model yields in the neighborhood
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with e, approximately constant. The transmittance and reflectance
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become in this model
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For films which are "not too thick", i. e. B sin¢ << 1, Egs. (7) and
(8) exhibit a Lorentzian minimum and a maximum respectively at the

plasma frequency as has been pointed out, 010

The structure is a
manifestation of the excitation of plasma oscillations by photons.

It should be emphasized that the validity of formulas (4)y - (8) is
restricted by condition (3), If we put, for example ¢ = 300; |§| for

Al remains less than sin230° for wavelengths between 730 R and 930 8

so that the formulas (4) - (8) are valid in a wavelength region narrower

than 200 ® wide. For angles much smaller than SOo,approximation (3) is

invalid for Al,.

The structure of Rp obtained from Eq. (2) without approximations

deviates from the ideal resonance form of (8)., For small angles a



pronounced minimum which is not included in (8) occurs just below Ap.
It is the Brewster minimum for reflection of "p" light. Consider the
numerator of (2). For films of arbitrary thickness a minimum in Rp will

oceuy when the first factor of the numerator is a minimum. If

(Emng) - (E-sin’¢) = O S
Rp would be zero. With ¢, = 0 Eq. (9) yields

\r&:f: n ='l'om.<}; (10)

which is the familiar Brewster condition. In the free-electron model
without absorption the wavelength of the "Brewster minimum" Ap is

given by

o= 0, (1-tart)

This equation is valid for ¢ < 45°, The Brewster minimum is shifted

to lower wavelengths with increasing angle of incidence.

The plasma resonance maximum in Rp for thin films is thus
accompanied by a Brewster minimum below AP (see Fig. 3). The
transmittance and reflectance of thin films for '"s" light (electric
vector perpendicular to the plane of incidence} show no structure

near Ap' There is neither a plasma excitation nor a Brewster minimum,



We digress here.to peint out the unusual properties of a metal ..
near the plasma frequency. The condition for total reflection from

bulk material (with. .e, =.0) .

gives in a free-electron model total reflection for

-t L Ty —

while for A< AT the electron gas becomes transparent as shown long

Vago by Wood's experlments 1?. From Eqs. (11) and (13) we see that

[P

AByi.%T;S_%p,_énd taatAfor small angles of 1n01aence. }B, and AT“

[

are nearly the same.
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-isterference effects can produce structure in the transmittance ano
reflaotance of thln fllms as arfunctlon of wavelength,:ln additlon to:
that resultlng from plasma resonances; the Brewster minimum, ano‘the

transition‘from total reflection to transparency. Interfereaoe maxima

of mth order in the reflect1v1ty of fllms w1thout absorptlon occur

at wavelengths lm glven by
‘ T . T - ;
\'84 d,m'a(t) _=(h).+%_-)'hm Y .m=412!""7”: | -(Tw)_

where ¢' 1is the angle of refraction in the medium. Equation (14) is

LR

well known as the condition for constructive two-beam interferepce

and follows directly from the exponential term of (2). Equation (14),



together with Snell's law and the €4 of a free-electron metal
predicts interference maxima (minima) in the reflectance (transmittance)

at wavelengths Am (Am < AP where the metal becomes transparent) given by:

A= 2d.cnd [(zd.]o@ﬂ (m+-’-’2—)1]_‘/1 (15)

Until now we have discussed only the ideal case of the optical
behavior of a free-electron gas near its plasma frequency., Film substrates,
surface oxide layers, and impurities will cause the transmittance and
peflectance of a real metallic film to be different from those predicted
above, We would expect the absolute values to be modified much more than
the spectral dependence if there is no marked structure in the optical
constants of the added layers near the Al plasma frequency. That this is
at least approximately true has been shown by computer calculations of
the transmittance and reflectance of films on substrates and with surface
layers, For this purpose a computer program was developed to calculate
the optical properties of an arbitrary multilayer 20 hen the optical

constants and thickness of the different layers are known.

In the calculations the two parameter Drude model was used for Al.
The plasma wafelength and damping constant were assumed to be 835 g
and 1.35x10!% sec” ! respectively., This model gives good agreement
with the measured optical constants of Ditchburn and Freeman 21 in
the neighborhood of lp. We have used Freeman's Al,0, optical
constants 22 and for our microscope glass substrates we have used
n=1.17 and k = 0.61 as average values in the region of 600 to

1000 & 23,



III. Apparatus

a. Monochromator

Since Tomﬁoglian and Hartman 24 investigated synchrotron radiation
and found agreement with the theory of Schwinger 28 the advantages of
using synchrotron radiation as a source for spectroscopy in the vacuum
ultraviolet (vuv) have been recognized. Even though the theoretical
treatment of synchrotron radiation already appears in textbooks the
experimental study and utilization of synichrotron radiation has been

26,27

limited, The unique polarization properties of synchrotron

radiation in the vuv have not been exploited at all.

In the present work a grating monochromator with near-normal
incidence has been Qtilized in conjunction with the synchrotron
radiation from the 6 GeV Deutsches Elektronen-Synchrotron (DESY).

The monochromator has been described-by Skibowski and Steinmann 28’29.
An eccentric mounting allows the grating to be rotated in order to
vary the wavelength incident on the fixed exit slit. The monochromator
yields a broad spectrum with a maximum near 700 R, Measurements of
gas absorption edges have shown the wavelength calibration to be
accurate and reproducible totl R. The resolution has not been
accurately checked in the vuv but is better than 3 R at 800 R. This
resolution is adequate for the experiments described here. It is
limited by the width, 0.5 mm, of the exit slit used. With a smaller
slit it appears that the inaccurately known size and motion of the
electron beam in thelaccelerator may liﬁit the resolution, Since

our gold coated Bausch & Lomb grating (blazed for 80O 8) reflects
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light with reasonable intensity only above 400 %, we have only a
first order spectrum from 400 to 800 R. The second order peak at
1400 8 of our maximum near 700 % has approximately 10% of the first
order intensity. (Technical note: Our Au grating has darkled both in
the bulk and on the surface from exposure t6é the x-ray component of
the synchrotron radiation, but no noticeable degradation in mono-

chromator performance has resulted,)

Calculations using the theory of synchrotron radiation, our
experimental geometry, and DESY operating conditions of 10 mA at
6 GeV indicate that we have 6x10!0 photons sec 1871 incident on
our grating at a wavelength of 700 %, The calculated degfee of
polarization (Ip - IS)/(Ip + Is) of the light incident on our grating
is shown in Fig. 1. Ip and I_ are the intensities of the "p" and "s"
components of the light. The light is polarized with the electric
vector in the synchrotron plane, Since our grating is used at near-
normal incidence (for wavelengths under 1500 ® the angle of incidence
is always less than 100), we assume that the degree of polarization is
nearly unchanged by our monochromator. The measurements reported in
this and the following paper show that the light coming from our

monochromator is, indeed, highly polarized.

The monochromator grating chamber is directly coupled to the

synchrotron vacuum system and has a pressure of about 10" 7 torr.
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b, Reflectometer

A reflectometer located behind the monochromator exit slit allﬁws
measurement of film transmittance or reflectance és a function of
angle of incidence and polarization without opening the vacuum system.
In transmission measurements the angle of incidence éan be varied from
0° in steps of 7.5°, while in reflection it can be increased from 15°
in steps of 7.5°. The upper angle attainable depends upon the geometry
of the sample being investigated, but is typically about 45° in
transmission measurements and 75° in reflection measurements, With
the plane of incidence of the sahple in tﬁe synchrotron plane we havé
almost pure "p'" polarized light. By a 90° rotation of the sample and
" detector about the axis of the incident light we obtain '"s" 1ight.

The reflectometer chamber can be isclated from the monochromator vacuum

system for sample changes, It reaches a pressure on the order of 107 torr.

We have used an open electron multiplier (Bendix M 306 with W cathode)
as detector. This multiplier is insensitive to stray light of the visible
and near uv., A motor drive moves our grating to scan a wavelength
spectrum, (Health physics dictates that experiments must be remotely
controlled,) A potential proportional to the instantaneous:wavelength
is applied to the X axis of an X-Y¥ plotter and the wavelength is
simultaneously displayed oﬁ a digital voltmeter. The signa; of our
detector 1s divided by a reference signal and digplayed on the plotter
Y axis. The reference signal which is prbportional to the instantaneous
electrﬁn current of thé synchrotron is necessary because the accelerator

current varies erratically and is rarely stable to better than 5%.
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(This behavior is not troublesome in elementary-particle physics
experiments, so no determined efforts towards current stability
seem likely. Storage rings should be free of this difficulty.) The
reference signal is provided by a photomultiplier sensitive to the

visible portion of synchrotron radiation.30

¢, Film Preparation

The Al films were evaporated from W filmamenfs in a vacuum of 10 3
to 1078 torr at a deposition rate of about 30 %/sec, Film thicknesses
were monitored during deposition with a quartz crystal oscillator and
later measured with‘a Tolansky interferometer. The errors in quoted
thicknesses are-less than #40. %, In order to prepare unbacked films,
Al was evaporated onto (ﬂaPOS)6 covered glass., The Al films were then
carefully floated free with water and caught on fine Cu grids, This

technique yielded nearly hole free films with thicknesses as low

as 200 &.
IV, Results

a, Transmission

Equation (7) indicates there should be a plasma resonance minimum_ in
the transmittance of 'p'" light at the plésma wavelength, Measurements
of the transmittance of an unbacked 280 R thick Al foil are shown in
Fig. 2. Our results obtained with synchrotron radiation confirm those

reported earlier by Ejiri and Sasaki 11. They used a line source and
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the partial pelarization produced by a Seya-Namioka monochromator.

We have calculated the transmittance of a 250 R thick Ai foil with 40 R
of oxide on each surface and found a curve which nearly reproduced
(except for a minor scale change) the measured curves of Fig. 2.

The fit obtained with our assumed Drude parameters for Al is good.

With thicker films the plasma minimum becomes less pronounced. It is
still detectable with films as thick as 500 R. With a 100 R thick Al
film deposited upon a Zapon backing we have measured an angle and
polarization dependence of the transmittance similar to that measured

with the unbacked 280 2 foil,

The results shown in Fig., 2 were obtained by the procedure described
in IIIb. They are not corrected for the fact that the monochromator
radiation is not tofally polarized, but the high degree of polarization
is clearly demonstrated. Estimations based upon our measurements show
that the polarization of the radiation at the exit slit is certainly
near the calculated polarization of the synchrotron radiation (Fig, 1).

Direct measurements of polarization at the exit slit are planned.

In both "s" and "p" light we observe interference effects (similar

21’31) for films thicker than about 500 R

to those reported earlier
at wavelengths less than AP. Thé position and the separation of maxima
and minima are predicted approximately by Eq. (15). They are naturally
the same for "s" and "p" light. With increasing angle of incidence the

maxima are shifted to smaller wavelength and the oscillatory interference

structure gradually disappears with the onset of total reflection.
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For a given angle of incidence the '"p" interferences are damped more
than the "s" interferences, Calculations of the transmittance alsc

exhibit this-effect,

L, Reflection

Dquations(8) and (11) and the discussion accompanying them indicate
that the peflectance of "p" light at oblique incidénce ﬁay exhibit‘
1nterest1ng structure as a functlon of angle and wavelength near Ap'
A computer calculation of the reflectance of an unbacked 100 % Al -
£ilm (unattainable in practice) for various angles of incldence ylelds
the curves shown in Fig. 3. In calculations for thicker films the
structure is less prbnounced}'Figure 4 éhows the meaéufed.reflécfance
of a 100 R thick Al film evaporated on a glass microscope slide. For
éompérison Fig. 5 is thelcalcﬁléted reflectance of a film cémpoéed
of 80 R A1203-~1OO it Al-——semi-infinite.glass. In ﬁbth”the measﬁféd
curves and those calculated fér a composite fiim the Brewster minimum
is very pronouncéd but the plésma peak.seen in:tﬁe calculations of
the unrealistic unbacked unoxidized Al film'ﬁas disapﬁeaﬁed.'THe'
reflectance minimum is enhanced and shifted more in the direction
of ‘Ap compared with the unbacked and uﬁogidized foil. Curves
similar to Figs. 4 and 5 have been fbuna for film thicknesses up to

about 500 ﬂ,

As in the case of transmission measurements interference effects

appear with films thicker than about 500 % at wavelengths less than
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the plasma wavelength. The. interference effects are_much more pronounced
in reflection than transmission and can be seen in films-with a glass
substrate as well as with unbacked films. Figure 6 shows the reflectance
versus wavelength spectrum of a 3080 % Al film for ¢ = 15°. The spacing
between maxima is given with reasonable accuracy by Eq. (15}, For a
thickness 3040 ﬁ, for instance, we calculate an average spacing of about
45 R, for a 1000 | thickness 100 R spacing both of which are in good
agreement with the measurements. For the angle dependence and damping
of "p" and "s" interferences we found the features reported above in
transmission, Computer calculations indicate that thin oxide layers
amplify the interference effects considerably and shift the position

of the maxima but not their separation.

Our transmission énd reflection measurements were reproducible to
better than five percent., Systematic errors in our measurements can be
somewhat larger.A significant error may enter through the inhomogeneity
of both the synchrotron radiation intensity and the sensitivity of our
detector photocathode. This makes absolute and accurate measurements,
particulafly of reflectance, difficult, For more exact comparison of
the theoretical and measured curves we should take into account the
possible influence of higher order and stray light and that our light
is less than 100% polarized.- The agreement of the curves calculated
assuming the light was 100% polarized and the measured curves show
conclusively, however, that the light emerging from our monochromator

is highly polarized,
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c. Summary

The experiments on thin Al films described here have not been
carried out with the intent of making precise absolute reflection
and transmission measurements. Rather we were interested in the
relative behavior of these quantities under variation of the wavelength,
polarization, and angle of incidence, as well as for various film
thicknesses., Measuring these quantities allows the study of the
excitation of plasmons by photons, the Brewster minimum, and inter-
ference effects. The properties found in the experiments are closely
related to the singular behavior of the complex dielectric constant of

a free-dlectron metal in the neighborhood of the plasma frequency.

A second aim of this research program was to test the feasibility
of the application of synchrotron radiation and its unique pr0pefties,
particularly its intense continuum and its high degree of polarization,

to solid state physies studies.
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FIGURE CAPTIONS

Fig., 1 Polarization of the light incident on the monochromator
grating

Fig. 2 Measured transmittance of an unbacked 280 X thick Al foil

Fig. 3 Calculated reflectance of a 100 ® thick unbacked Al film

for '"p" light

Fig, u Measured reflectance of an oxidized 100 ® thick Al film on

a glass substrate for '"p' light

o]
Fig, § Calculated reflectance of a composite film 40 A A1203—100 R

Al-glass for 'p' light

Fig. 6 Measured reflectance of a 3040 & thick unbacked Al foil for

"s' light, angle of incidence 15°
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Investigations of Aluminum Films with Synchrotron Radiation

of Wavelengths 500 to 1000 %

B. Polarization Dependent Photoeffect¥

M, Skibowski, B. FPeuerbacher, and ¥. Steinmann+

Sektion Physik der Universitdt Miinchen, Minchen, Germany

R.P. Godwin++

Deutsches Elektronen-Synchrotron, Hamburg, Germany

ABSTRACT

Measurements of the photocurrent from thin Al cathodes in a windowless
electron multiplier as a funetion of wavelength, polarization, angle of
incidence, and film thickness have been carried ocut in the extreme vacuum
ultraviolet. A normal incidence monochromator utilizing synchrotron
radiation provided highly polarized light. A marked difference is found
between the photocurrent measured during irradiation of thin films with
s and "p'" polarized light at wavelengths near the Al plasma wavelength
(835 %), For films thicker than about 500 R pronounced interference
effects are found in both 'p" and "s" light at wavelengths less than
the plasma wavelength., The observétions can be explained by assuming the
photocurrent is related to the photon density (electromagnetic energy
density) in the photocathode. Calculations of the enérgy density in films
irradiated with light give the structure found in the measured photo-
current. The measurements indicate our monochromator yields light with
a degree of polarization consistent with the calculated polarization of

the synchrotron radiation incident upon our grating (about 85%).



I. Introduction

The influence of polarization on the photoéffectlhas been recognized
for a long time, In thin alkali metal foils there is a maximum in the
photocurrent at the plasma wavelength Ap in the near ultraviolet for
foils irradiated with "p" light at an oblique angle of incidence 1’2.
For incident "s" light there is no structure near AP. Steinmann and
Skibowski 3 recently preported a similar effect for Al near its plasma
wavelength 835 R. In this work we have utilized thin Al photocathodes
in an open electron multiplier to investigate more extensively the

polarization dependent photoeffect with the unique polarization properties

of synchrotron radiation in the extreme vacuum ultraviolet.

In section II we point out the connections between electrodynamic
quantities and the photoeffect used to explain our measurements.
Section IIT contains the results of our measurements as well as comparisons
with the predictions of calculations. Little mention is made of experimental
techniques since they are nearly identical to those discussed in the

previous paper (A). Throughout this paper we use the notation of A.

II. Theory

The volume photoeffect “-6 i< believed to be predominant in the
extreme vacuum ultraviolet., We thus weite the number of electrons N'
excited per unit volume and time at a depth 2z > 0 under the surface of

the photocathode and contributing to the photocurrent

Nl(w,cb,oa\‘i)—.:g(w‘z)-l E(w‘¢‘¢,"2)|l ()



where |§(w, ¢s o, z)]2 indicates the energy density (photon density) in
the £ilm which is a function of the light frequency « incident on the
cathode, the angle of incidence ¢, the polarization a (a = p or s for
“p" or "s" light respectively), as well as the depth z. The factor

o{w, z) 1is related to the cross section for photoexcitation and the
scattering of the electrons on their way to the surface. It contains
matrix elements depending upon the detailed electronic properties of

the metal. (For a rigorous treatment see Fan u.) N' is linearly related
to the absorption per unit volume which is proportional to 521E|2.

With isotropic absorption, excitation, and scattering of the electrons
o(w, 2z) will be independent of polarization and angle of incidence,
Integration of Eq. (1) over the irradiated volume of the cathode gives

the total number N of photoelectrons per unit time

N(w,¢,) = Ssecd 'TN‘(LU,¢’0L}2) dz (2)

where S is the fixed cross section of the incident beam. It is believed

that photoelectrons have mean free paths & of magnitude 10 - 100 R 7’8.
N'(w, ¢, a, 3) is appreciably different from zerc only for z < 2. If the
wavelength X >> £ the energy density will not vary noticeably in a

depth & from the value at the surface so that we can approximate

nS NS .

|E(w, ¢, a, 2)]? by |E(w, ¢, o, 0})|? the energy density just under the

surface. With these assumptions we obtain from Eq. (2):

| £
N (w)cbch) ~ S‘SQCC!)"E(w,ti),d)O)lz-JG(wmdz (3)
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In Al interband transitions lie far from the plasma frequency. 1
Thus e2(w) and also ofw, z) will be smoothly varying functions of

w, so that the spectral dependence of the photoyield may be essentially

that of the energy density. The reduced photocurrent

~ 2
i= N (w, $, &) ~ |E(w,$,2,0)] -Sw# (4)
T N(w,o,a) |E(w,0’u,0)"—

is independent of the poorly known (but interesting) o(w, z) and the

electronic mean free path which are removed by normalization to 0°

angle of incidence,

A straightforward calculation of the energy density just under the
surface using the electromagnetic boundary conditions yields for "p"

Light
[Ew,d, p, O S [E Job sy | B2} o
and fon s" Light

[y, 0l [E 10T

o
where Einc is the electric vector of the incident light, ?; and ?;

are the complex angle and frequency dependent reflection coefficients
-t ol 4 g > - : * 11912

for "p" and "s" light, and e(w) is the complex dielectric constant.

Equations (5) and (6) are quite general. They are valid not only for a

semi-infinite medium or a thin film, but also for an arbitrary multi-

layer. They include as a special case the equations given for a semi-



infinite medium by Juenker et al. 13 in their analysis of the vectorial
photoeffect of molybdenum. The cosine squared term in (5) corresponds

to the éomponent of the electric field parallel to the surface and the
sine squared term to the normal component., It follows that the absorption
of '"p" light just below the surface (which is proportiocnal to 92|E|2)
has two terms. The first is proportional to €y and the second to
Im{1/%) which is known as the energy loss function and which peaks at

the plasma frequency. Both terms are modulated by factors including the
complex reflection coefficients, If the thickness d of the film is very

small oompared to the wavelength of the incident radiation we can neglect

the modulating factors,

In the special case of a free electron gas in the neighborhood of the
plasma frequency for angles of incidence and thicknesses such that

]21 << sin?¢ and 2nd/A << 1

= 240 2, 2 w;
\E(\U,¢)P,O)‘ =|Eilwc' sunv¢ lf(w*w"jz“!_%w%(ﬁm(b tm¢+2€z)r (7)

where we have utilized Eq. (5) and also Eq. (5) of A, (We drop the

first term of (5) since itlis small compared to the second,) Thus

according to Egs. (5) and (7) a resonance maximum of the photocurrent

at the plasma frequency is expected., This is due to the maximum in the
absorption occurring in conjunction with the excitation of plasmons for

"p" light under oblique incidence. In '"s'" light we have no normal component
and thus no maximum at the plasma frequency. Figure 1 shows the result of a
computer calculation of the electromagnetic energy density for "p'" light

just under the surface of a 100 % thick Al film. Here the exact Eq. (5) was



used together with the Drude-model parameters given in A II. The direct
caleulation of the absorption (Ab)p =1 - (Tp + Rp) of a thin film

with the same approximations used in deriving Eq. (7) yields the same
resonance behavior as that given in Eq., (7). See also Egs. A(7) and A (8).
Cquations (5) and (6) show that the energy density at the surface is
closely related to the reflectance., According to the discussion in A

it should thus be possible to find in addition to the plasma effect just
described structure in the photoyield near the plasma wavelength which is
due to the Brewster minimum for '"p'" light and also interference effects,

Some influence of total reflection on the photoyield is also expected,

Aluminum films which have been exposed to air (as ours were) have an
oxide layer some tens of xngstroms thick 14. Since photoelectrons may have
mean free paths of the order of 10 - 100 R, most of the photoelectrons
will originate in the oxide rather than Al. Thus the analysis above cannot
be expected to predict accurately the behavior of our measurements. The
energy density in the oxide layer determined by the optical constants of
the oxide and those of the Al film under it has to be taken into account.
Therefore, rigorous calculations of the energy density in a multilayer
have been carried out assuming optical constants and thicknesses of the
different layers. Some results of computer calculations for realistic

situations will be presented together with experimental results,

I1I. Measurements of the Photocurrent

fle have investigated the polarization dependent photoeffect for wave-

lengths between 500 and 1000 ® and film thicknesses from 100 to 4000 R,



The films were prepared as‘described‘in A, A square microscope cover glass
18 x 18 mm in area and 0.2 mm thick served as the substfate. The cover
glass was installed as the cathode of an open photomultiplier (Bendix
M 306) mounted in the reflectometer described in A. The angle of incidence
could be varied between 0° and 45° in steps of 7.5°. Rotating the detector
90° about the axis of the incident radiation varied the radiation from "s"

to '"p" just as in A.

The results of a measurement on a 100 X thick Al cathode deposited on
glass are shown in Fig, 2. The photocurrent is displayed as a function of
wavelength and angle of incidence for "p" polarized light. The curves
measured with "s" light show no structure and vary less then 5% from the
curve obtained at 0°. The structure of Fig, 2 between 700 and %00 R is
due to Al, The fall in photocurrent at less than 700 and greater than 900 R
is due to the combined characteristics of our monochromator and the synchro~-
tron radiation together with the quantum efficiency of our Al cathode. A
similar angle and polarization dependence has been measured for Al films
up to 300 ® thickness. We cannot expect to find the ideal resonance at
the plasma wavelength predicted by Eq. (7) in experiments since we have
no unbacked Al photocathode, but rather an Al film deposited on a glass
substrate and oxide coated, If we calculate the energy density for the
composite film 40 & A1,0,--100 R Al--semi-infinite glass with the
optical constants used in A we find at the surface (i. e, just inside the
oxide layer) the behavior ghown in Fig. 3 for incident "p" light, In "s"
light we find no marked difference in the photocurrent upon varying the
angle of incidence. A comparison of Figs.2 and 3 shows the qualitative

agreement between the measured photocurrent and that predicted from the



energy density calculation, The minimum just below the plasma wavelength
is related to the Brewster minimum found in reflection through Eq. (5).
(see also A.,) With increasing angle of incidence the structure gradually
disappears due to the onset of total reflection. The maximum at the
plasma wavelength is very weak, but the ideal resonance form may be

observable under ultra-high vacuum conditions.

Figure 4 shows both the experimental and theoretical photocurrent
curves for a 100 & thiék Al film on glass normalized to the 0°-curve
as in Eq. (4). The difference between the experimental and theoretical
curves is less than 10 per cent, Our calculated curve was made for 100%
polarized light, In reality the radiation falling upon the grating of
our monochromator is about 85 per cent polarized, A reduction in the
polarization brings the theoretical and experimental curves into better

agreement,

With films of thickness greater than.about 600 R the photocurrent
versus wavelength curves are different from those of thinner foils.
Figures 5 and 6 show the photocurrent as a function of wavelength and
angle for a 970 R Al film in "s" and "p" polarization respectively. For
wavelengths less than 800 it periodic maxima appear with a spacing of
about 100 %, while above 850 % the photocurrent has no structure.
Cairns and Samson 1 have observed similar effects with unpolarized -
light. Our observations can be simply explained as optical interference
by realizing that according to Eqs.r(S) and (6) interference effects in

the peflectance are assoclated with those in the energy density at the
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surface, The periodic maxima occur a{ wavelengths less than the plasma
wavelength where the metal becomes transparent. Haxima.and minima for the
"s" and "p" curves lie at the same position. With increasing angle of
incidence they are shifted to smaller wavelengths and finally vanish

when total reflection begins. At a given angle of incidence the inter-
ference effects are more pronounced in "s" than "p" light. A special
difference between the "s" and "p'" measurements appears in the 15° curve
near 800 &, For "s" polarization the 16° curve lies above the 0° curve,
while for "p'" polarization it lies below the 0° curve., In addition, the
15° "p" curve shows a saddle at 790 % which does not appear in the "s"
polarization measurement. This pronounced difference is a manifestation
of the Brewster minimum in reflection of "p" light, In films of increasing
thickness the interference maxima become closer together. For a 30HO R
film we have measured a spacing of about 40 % in agreement with Eq. A (15).
The same sample was also used in an optical reflection measurement of the
type described in A. Identical spacing was found in the photoemission and
reflectance interferences. The polarization and angular dependence of
measurements on 3000 to 4000 & thick films were the same as those found
with the 970 & films. The ratio of the photocurrent on a maximum to that
at a minimum becomes smaller with larger film thicknesses. Calculations
of the energy density at the surface of an oxide-Al film-glass multilayer
give not only the polarization dependent properties of the photoemission
but also the observed damping of the interference effects with increasing

angle of incidence or thickness.

We have performed a similar experiment with In. Interferences can be

seen in the In window between 750 R (the Nq,5 edge) and1100 8 (the
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plasma wavelength). Figure 7 shows the photoemission measured with In

films 1200 and 2010 & thick.

The reduced photocurrent was determined with an accuracy of better
than five per cent. Since the incident intensity and the amplification
factor of our multiplier were only approximately known we could not
quote an exact photoefficiency, It seems to be 0.1 to 0.2 electrons per
photon in our spectral region as it is with the W cathode, (The radiation
at the exit slit of width 0.5 mm corresponding to 3,5 R was so intense
that we obtained with Al cathodes an anode current of the order 10 A
at 800 ® with only 1100 V applied to the dynode strip of the Bendix

multiplier while the accelerator operated with 5 mA at 6 GeV,)

IV, Summary

Measurements of the photocurrent of thin Al films in the vuv under
variation of wavelength, polarization, and angle of incidence, as well
as of thickness give results which can be closely related to the
electromagnetic energy density in the film. The spectral and polarization
dependence of the photocurrent reflects the dielectric behavior typical

for a free electron gas near its plasma wavelength,

In addition the measurements, together with those of the previous
paper (A}, give conclusive evidence that the synchrotron radiation in
the vacuum ultraviolet is polarized as predicted by electrodynamics

and that our near-normal incidence monochromator preserves this polarization.
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The‘expériments described show it may be possible to utilize open
multipliers with thin metal cathodes as simple polarization analysers

in a limited spectral region,
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FIGURE CAPTIONS

Fig. 1 Calculated energy density under the surface of a 100 it

thick Al film.

Fig, 2 Measured photocurrent of a glass backed 100 R thick
Al film.
Fig. 3 Calculated energy density multiplied by sec ¢ at the

surface of an oxidized Al film deposited on glass

(40 R A1,0,--100 R Al--glass).

Fig, 4 Experimental and theoretical reduced photocurrents:

experimental

~~~~~~~~ theoretical assuming 100% light polarization.

Fig, 5 Measured photocurrent of a 970 ® thick Al f£ilm in "s" light.
Fig. 6 Measured photocurrent of a 970 ® thick Al film in "p" light.
Fig., 7 Interference effects in the photocurrent of In films,

(The photocurrent scale is different for each thickness.)



- 15 =~

- REFERENCES

10.

H,E., Ives and H,B, Briggs, J.Opt.Soc.Am. 26, 247 (1936);

J.0pt.Soc.Am. 28, 330 (1938).

H. Ma&er and H, Thomas, Z.Physik 147, 419 {1957).

W. Steinmann and M, Skibowski, Phys. Rev. Letters 16, 989 (1966).
H.Y.-Pan, Phys, Rev. 68, 43 (1945),

€.N, Berglund and W.E, Spicer, Phys. Rev, 136, A 1030 (1964),

E. Coquet and P. Vernier, Compt. Rend, 262, 114; (1968),

J.J. Quinn, Phys. Rev, 126, 1453 (1962),

C.R. Crowell, W.G, Spitzer, L.E, Howarth and E.E. LaBate,

Phys, Rev. 127, 2006 (1962),

H. Ehrenreich, H.R, Philipp and B. Segall, Phys. Rev. 133,

1918 (1963),

w.R.‘Hunter, J. Physique 25, 154 (13964),



11,

13.

14,

D, Vernier, M, Pauty and J.F. Berthelemy, Optical Properties and

Electronic Structure of Metals and Alloys, (Ed.F, Abelés, North

Holland Publ. Comp., Amsterdam, 1966) p. 324,

M. Skibowski, thesis, Universitdt Minchen, 1967,

D., Juenker, J.P. Waldron and R.J., Jaccodine, J.0pt.Soc.Am, 54,

er—

216 (1964),

R,P, Madden, L.R, Canfield and 6. Hass, J.0pt.Soc.Am, 53,

620 (1963),

R.B,Cairns and J.A.R. Samson, J.Opt.Soc.Am. 57, 433 (1967),



Energy Density {Arbitrary Units )

(& )

—
o
t

AL 100 A
THICK

0 . 700

Fig. B1

800 300

Wavelength [A]

1000



Photocurrent [arbit rary units]

.

o
1
i

500

Fig.B2

700

B0 900
Wavelength [A]

1000

v



071

700 300 300 1000

| Wavelength [A]
Fig. B3



1000

4

120+

1001

Jualinacloy4 padnpay

080+

300 950

850
o

750 0
Wavelength [A]

700

650

Fig.Bk



Photocurrent [arbitrary units ]

Y

600

70

800

Wavelength [ Al

900

1000

1100



1100

1000

!

[siun Kiedjiqle ] jualinaojoyd

50

a0
Wavelength [ A ]

700

500

500

Fig.B6



In Photocurrent[arbitrary units]

500

Fig.B7

600

70

a0 900
Wavelength [ A

1000






