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SURFACE EFFECTS IN PHOTOEMISSION
FROM SODIUM

I. INTRODUCTION

The work which is to be discussed concerns a portion of the

general problem of photoelectron emission from metals and the

effect of surface adsorbates on such emission. In the case of the

alkali metals, surface adsorbates have in many instances been report-

ed as producing large and unexplained reductions in the threshold for

photoelectric emission. The particular problem studied is the effect

of sulfur, deposited on a clean sodium surface, upon the photoelectric

emission from that surface.

The study of photoelectric emission has a long history and

great use is made of photoemitting surfaces in technological applica-

tions. Even so, the basic processes involved in the excitation and

emission of photoelectrons are not well understood. Much of the

recently reported work on photoemission (8, 28, 64) has been insti-

gated in attempts to use photoemissive data to study the excitation

process and to obtain information about the band structure of the

metal. In many instances surface modification of the work function

by the deposition of a small quantity of cesium on the surface has been

used as a tool to lower the barrier for emission at the surface. In

these studies analysis has been carried out considering that the
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photoelectrons are excited from initial states characteristic of the

volume which are unmodified by the presence of the surface. The

photoelectrons which are observed when emitted from the metal are

then considered to be the result of a multistep process--

Excitation Transport to the Surface Transmission at the Surface.

It should be emphasized that not any of the individual processes in-

volved are adequately understood or can be rigorously formulated in

a simple manner. Even the question of involvement or noninvolve-

ment of the surface in the excitation process is not adequately

resolved (3, 74).

The theory of photoelectric emission which has enjoyed the

greatest success is that due to Fowler (24). It is currently being

used by many authors to determine the work functions of materials

by plotting the photoelectric yield near the threshold and fitting this

plot with a Fowler curve. Assumptions of the Fowler theory are:

a. The energy distribution of the unexcited electrons in the

metal is the Fermi-Dirac distribution.

b. All electrons have an equal probability of being excited.

c. The emission is proportional to the number of electrons

per unit volume whose kinetic energy associated with vel-

ocities normal to the surface augmented by the energy of

a photon is greater than the barrier at the surface.

The reason for the success and continued use of the Fowler theory
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was that the photoemissive yields at various temperatures for transi-

tion metals and the noble metals were found to fit Fowler plots. The

extrapolated work functions obtained were in general agreement with

those obtained by contact potential measurements. The theory's con-

tinued use has been based on its utility and the absence of a more so-

phisticated theory. In general, it has been found that for the transition

metals the photoelectric emission fits a Fowler plot for the clean met-

al and for metal surfaces whose work function has been increased by a

surface adsorbate. For a metal surface which has been "sensitized"

(sensitization or activation is some procedure which lowers the work

function of the surface being treated) the emission typically no longer

fits a Fowler plot. One use which has been made of the theory in stud-

ies of the oxidation of nickel by oxygen is to plot the photoemissive

yield during the oxidation process and interpret the results in terms of

the nature of the adsorption and surface structure (19, 49). When the

yield can no longer be fitted by a Fowler plot the interpretation is

made that at this stage in the process a nickel oxide layer has been

produced on the surface. This interpretation is justified on the basis

that emission from known ionic compounds does not fit a Fowler plot.

Experimental work reported on photoemission in many in-

stances has had as its instigation the development of photoemitting

surfaces useful to device application. The utility of such photoemit-

ting surfaces depends upon their work functions and upon their
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quantum efficiencies. The work function determines the spectral

range of emission and the quantum efficiency the intensities required

to generate useable signals. Of the pure metals only the alkalies

exhibit work functions sufficiently low that emission is available for

visible light. This fact has lead to a considerable amount of investi-

gation of the "sensitization" of the alkali metals and other complex

low work function alkali containing photoemitting materials. Cesium,

which has the lowest work function of the alkalies, has typically

figured most prominently in the recipes for "complex" photocathode

surfaces. The production of the complex photocathodes which are

extensively employed is generally dominated by the use of recipes

which are known to produce good results. The development of im-

proved photocathodes primarily seems to be an experimental pro-

cedure.

The work on sensitization which is of the most direct relation

to this study is a study due to A. R. Olpin (47). It is the effects

reported by Olpin which largely instigated the present experimental

program. The best survey of this work is provided by the first

sentence of the abstract which follows:

A technique is described for sensitizing alkali metal
photoelectric cells to light by introducing onto the
metal surface small amounts of dielectrics, as oxygen,
water vapor, sulfur vapor, sulfur dioxide, hydrogen
sulfide, air, sodium bisulfate, carbon bisulfide, etc., or
some organic compound as methyl alcohol, acetic acid,
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benzene, nitrobenzene, acetone, etc. , or some
organic dye as tropaeolin, rosaniline, base eosin,
cyanine, kryptocyanine, dicyanine, neocyanine, etc..

Olpin's results can be further summarized by saying that almost any

material produced a "sensitization, " provided that the amount used

was limited.

The effect of sulfur on sodium was found to produce perhaps

the largest effect. While sulfur produced sensitization of all alkali

metals, Olpin found that the best experimental control was achieved

using sodium, and so performed most of the sulfur studies using so-

dium. It was found that sulfur on sodium produced a longer wave-

length threshold than did sulfur on potassium, and that by vaporizing

some sodium in the tube after a sulfur treatment an even greater

increase in the red response was obtained. If air was admitted after

sulfur treatment until the photoelectric emission disappeared, after

again pumping the air out a subsequent sodium distillation produced a
0

surface which had response extending to 10, 000 A. Examination of

the clean sodium response curves presented in Olpin's paper indicate
0

an initial threshold near 5500 A.

Further evidence of the type of behavior as observed by

Olpin was reported on cesium by other investigators (6). Evapor-

ated films of cesium were activated by treatment with oxygen,

sulfur, selenium and tellurium. No control was reported of the

contamination layer thickness. The reported threshold for Cs -S of
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about 9000 A agreed with Olpin's data for cesium. The effect of

oxygen in producing an additional reduction of the work function

obtained when a surface layer of cesium is used to lower the work

function of a cathode has also been reported in studies of cesium

plasma diodes (42) and in photoelectric studies (58). In the photo-

electric study the reported surface work function obtained was about

1.24 ev as compared to the usually reported values for the work

function of cesium of about 1.87 ev.

The experimental requirements in order to obtain definitive

data regarding the surface "sensitization" of sodium are extreme.

One must have high purity sodium and ultra-high vacuum conditions.

Typically, devices employing alkali metals in complex photocathodes

obtain the alkali by a reaction contained in a small metal pouch in the

tube itself during manufacture. An example of one procedure recent-

ly reported (72) is the firing of a mixture of potassium chromate,

aluminum and tungsten in a nickel pouch to produce potassium films.

While such procedures have been found to be adequate to produce

reasonably consistent results for complex photocathodes, such pro-

cedures were not thought adequate for a careful investigation. The

procedure adopted was to procure purified sodium in glass ampoules

under vacuum and then to transfer this sodium to a suitable evapor-

ation source.
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The vacuum requirements are also extreme. The alkali metals

are quite reactive. If one wishes to study metal surfaces which have

not been contaminated it is necessary that the contamination due to

1residual gases in the vacuum be held to minimum levels. At 2 x 10 0

Torr a number of atoms equivalent to a monolayer will impact the

surface in about 10, 000 seconds or 2. 8 hours . At 2 x 10-8 Torr

this time is approximately 100 seconds, and is a time which would

typically be exceeded many times before measurements could be

carried out. For simplicity in representation, a monolayer is arbi-

trarily defined thoughout this work as being a number of atoms/unit

area equal to the number of surface atoms/unit area of a perfect (100)

sodium surface.

Another requirement is that the surfaces be stable. Potassium

films have been reported to change their appearance upon standing at

room temperature from a diffuse frosty appearance to a specularly

reflecting smooth surface (17). As this indicated gross surface reor-

ganization might take place, the use of low temperature was indicated

if stability was to be obtained. Quantitative study required that once

stable clean sodium deposits had been obtained that the effect of added

sulfur be studied in a controlled manner. In order to obtain this con-

trol the amount of surface contamination must be sensed in some

manner. In this experiment the amount of sulfur added to the surface

was determined utilizing a quartz crystal oscillator microbalance
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technique (58). This technique allowed the actual mass of sulfur

deposited on the sodium to be determined.

In summary, the technique employed in obtaining suitable

sodium films and contamination control was to deposit films of

sodium in ultra high vacuum at the temperature of liquid nitrogen

onto a quartz crystal oscillator microbalance electrode as a sub-

strate. The relative photoelectric quantum yield was then measured

from the sodium surfaces as the amount of sulfur deposited onto that

surface was varied.
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II. THE VACUUM SYSTEM

The vacuum system used for the experiment consisted pri-

marily of two separately pumped chambers interconnected by a

straight through valve. The system is depicted in Figure 1. The con-

struction was largely of stainless steel using copper gasketed flanges

and copper gasketed ultra high vacuum valves on the sample chamber.

Viton sealed valves were used on the lower chamber. Optical access

to the upper chamber was obtained through a sapphire window. The

sample chamber contained the vacuum microbalance and the lower

chamber the evaporation sources. The purpose of this configuration

was to allow depositions to be made at pressures in the low 10 10

Torr range. Inevitably the sources used for vacuum evaporation

cause heating of adjacent surfaces in vacuum systems and increase

the pressure in the vacuum chamber. The pressure increases so

induced then increase the number of impurity atoms impinging on the

deposition substrate during the deposition. Typically these pressure

increases also persist after the cessation of a deposition and then in-

crease the number of atoms impinging on the deposited surface. By

using two interconnected vacuum chambers the sources of the pres-

sure increases during the evaporation could be isolated from the

sample chamber at the end of the deposition. As the deposition beam

was highly directed it was possible to discriminate against the
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passage of background gas present in the lower chamber as compared

to the deposition beam.

Pressure measurement in the upper chamber was made using

a nude Bayard Alpert Ionization gauge. The gauge was mounted in a

short 1-1/2" diameter tubulation in the wall of the chamber. This

higher conductance configuration was chosen so as to assure that the

pressure indicated by the gauge would represent the pressure in the

sample chamber. The lowest pressures indicated by the gauge have

been 3. 0 + 0.5 x 10-11 Torr. This pressure indication is approximate-_

ly equal to the expected residual x-ray current of the gauge and hence

gives only an estimate of the upper limit of the pressure in the sys-

tem. During sodium depositions the pressure in the sample chamber

would rise but typically did not exceed an indicated 2. 6 x 10 10 Torr,

and after cessation of the deposition quickly fell into the 10-11 Torr

range. A plot of pressure vs. time for a typical sodium deposition is

shown in Figure 2.

The time available in which to carry out an experiment on a

clean surface is limited by the residual pressure in the sample vacuum

system, the composition of the residual gases and the sticking coeffi-

cient of those gases. At 2 x 10 Torr the time required for a num-

ber of residual gas atoms equivalent to an ideal monolayer to impact

the surface is about 10, 000 seconds (2.78 hours). The amount of sur-

face contamination this actually produces in any specific time interval is
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difficult to estimate. One important parameter which is not known is

the actual composition of the residual gases present. If a constant

sticking coefficient of 1/10 is assumed, one would expect an amount of

contamination equivalent to a monolayer to be reached in about 27.8

hours. The actual shift in threshold of a sodium film having an initial

threshold of 2.75 ev was monitored at an indicated pressure of approx-

imatelyimately 2 x 10 Torr. The maximum long wavelength shift in the

threshold of observed emission was found to occur in approximately

60 hours. Thereafter the threshold slowly increased over the next

five days along with a decrease in total emission. As the threshold

shifts obtained from sulfur depositions exhibit a maximum threshold

shift at a coverage of about one monolayer, one is able to infer an

effective sticking coefficient of about 0.03. Further investigation of

the short term stability of sodium films at indicated pressures of

3 x 1011 Torr indicate that at these pressures no change in threshold

can be detected in 100 hours. This is consistent with the other obser-

vation as the expected time to obtain a monolayer shift should exceed

600 hours. The time interval typically involved in the completion of

a sequence of depositions and measurements was less than 24 hours.

As a consequence of this and the above estimates of the sticking

coefficient, the results obtained are considered to be essentially free

of contamination effects due to residual gases in the sample chamber.
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The lower vacuum chamber contained the evaporation sources.

The sodium evaporation source was mounted on a large copper gasket-

ed flange which bolted to the source vacuum chamber. The sodium

source consisted of a stainless steel well which was closed by a viton

gasketed stainless steel plug valve. When mounted to the vacuum

system the exterior of the sodium well was heated by a resistance

heater assembly clamped around it. The plug valve was then inside

the source vacuum chamber and was opened by an arm mounted on

a stainless steel bellows. The motion was actuated by a screw exter-

nal to the vacuum. The valve provided a 7/16" diameter maximum

opening for passage of the evaporated sodium. Typically the sodium

temperature during evaporation was 310o - 320°C. Control of this

temperature was obtained by use of thermocouple temperature con-

troller. The temperature was sensed by an Iron-Constantan thermo-

couple attached to the external heating assembly. The sodium source

flange was cooled by water circulation through a copper plate fastened

to the flange during the evaporation. This was done to limit the

temperature rise of the flange, and hence its outgassing.

The other evaporation source, the sulfur evaporation source,

was mounted with a bellows as shown in the top view of the lower

chamber. The motion of the sulfur source was lever actuated and

permitted the sulfur source to be positioned directly above the

sodium well. The sulfur source when retracted seated an o-ring in
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a grove on the top of the source against a plate, sealing the top of

the source. The sulfur reservoir was mounted at the end of a long

stainless tube through which water was circulated. During the sulfur

depositions hot water from the building supply was circulated past

two immersion heaters in the water line and then through the sulfur

source. This permitted temperatures of 68°-70°C to be attained. At

all other times cold tap water was circulated through the sulfur

source so as to reduce the vapor pressure of the sulfur remaining in

the source.

In order to successfully perform depositions it was necessary

that the sodium source and the sulfur source be aligned so as to allow

the deposition beam to strike the oscillator crystal. The adjustment

of the relative positions and angular inclinations of the two vacuum

chambers was allowed by a bellows in the line connecting the two

chambers. Two techniques were used. One was to visually sight

along the axis of the upper chamber as defined by a peep hole in a

flange on the upper chamber and a cross hair set in the tube of the

straight through valve. It was required that one be able to see into

the sodium source and the sulfur source. The second procedure

sent a beam of light through a prism beam splitter and then down the

axis of the upper chamber where it was reflected by a mirror set on

top of the Na source or on top of a holder normal to the axis of the

sulfur source. It was required that the reflected beam be returned
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to a hole centered in the top flange of the upper chamber. Once it

had been determined by both methods that the alignment was adequate

the positions of the lower chamber and of the sulfur source were

locked down. The alignment is not thought to be as critical as the

above procedure might indicate. No realignment was found necessary

over the course of the experiments. In the sample chamber the

diameter of the deposition beam was first reduced by a 1/4" diameter

aperture in the radiation shield and then by another smaller aperture

at the plane of the deflecting prism holder. The portion of the oscil-

lator microbalance crystal on which the depositions were made was

defined by the . 156" diameter aperture at the entrance to the crystal

holder. That the beam was in fact well aligned was indicated by the

observation of a deposit ringing the entrance aperture of the crystal

holder. The presence of this deposit indicated that uniformity should

be high. Oxidized sodium deposits remaining on the crystals when

they were removed appeared circular and well centered.

To perform a deposition the required source was first heated

to the required operation temperature. The valve between the two

chambers was then opened. The opening and closing of the valve

between the chambers was done in most cases by a motor driven

mechanism. During the actuation time the deposition path was shut-

tered by a flag. When the valve was open the flag was moved from

the deposition path and the deposition performed. At the end of the
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deposition the flag was again used to shutter the deposition path and

the valve closed. During the valve closure the source was cooled.

In the case of the sodium this was done by a distilled water spray on

the heating assembly. For the sulfur cold water was circulated, and

the sulfur source retracted to its closed position.
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III. PREPARATION OF THE
DEPOSITION SOURCES

The deposition sources used required preparation and filling

prior to their utilization for depositions. In the case of sodium its

highly reactive nature made the procedure rather complicated. The

sodium was procured under vacuum in sealed glass ampoules which

contained a mass of about five grams of sodium. Sodium was trans-

ferred from these ampoules to the evaporation source. When sodium

was exposed to the atmosphere an oxide layer formed which was

sufficient to prevent vacuum evaporation. As a consequence, filling

of the sodium evaporation source was performed under high vacuum.

This procedure had the additional advantage of providing outgassing

of the sodium during the transfer operation.

The transfer was performed in a 18" Bell jar system pumped

by titanium sublimation gettering and a 25 liters/sec. Ion pump. Oil

contamination was avoided by roughing the system with a sequence of

three sorption type roughing pumps. These pumps reduce the pres-

sure utilizing adsorption of the gas by alumina pellets cooled to the

temperature of liquid nitrogen. The general procedure used was to

flow the sodium under vacuum from the ampoule through a funnel into

the sodium evaporation source. A sketch of a transfer assembly made

of OHFC copper is shown in Figure 3. The sodium ampoule fitted

into a tubular section which positioned the ampoule tip over the funnel
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Figure 3. Copper transfer assembly.
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portion of the transfer assembly. The entire transfer assembly in

turn was positioned over the valve opening of the sodium evaporation

source shown in Figure 4. The procedure was to preheat the entire

assembly in air to about 250o
C. This temperature was monitored by

a copper constantan thermocouple attached to the transfer assembly.

After the preheating, the Bell jar was closed and pumped down.

During this pump down the sodium and the transfer funnel were kept

hot by a tungsten filament in a glass tube held to the transfer assem-

bly by a copper clamp. This allowed the temperature to be maintain-

ed near 200oC. When a pressure of less than 2 x 10-7 Torr had been

obtained, a stainless steel hammer on a bellows sealed swing arm

was used to break the ampoule tip off and the tip was pushed out of

the transfer assembly. The sodium then poured through the funnel

into the sodium evaporation source well. During the pump down the

sodium well itself was situated near the titanium sublimation fila-

ments used in pumping the Bell jar and consequently had been heated.

After the sodium had been transfered and cooled overnight, the plug

valve at the opening of the sodium evaporation source well was closed

by a bellows sealed lever arm. The Bell jar was then backfilled with

prepurified grade nitrogen so that any leakage of the plug valve which

might occur would not produce oxidation of the sodium. The transfer

was completed by opening the Bell jar, removing the sodium evapor-

ation assembly, and bolting it onto the evaporation source chamber
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Figure 4. Sodium evaporation source.
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of the experimental system. This system was then pumped down.

After a pressure of less than 1 x 106 Torr was reached the plug

valve was opened to vent any leakage gas.

During the transfers of the sodium there was a pressure rise

in the vacuum system when the sodium ampoule was opened. The

pressure rises in the cases of the transfers of sodium used in the

experiment have typically been into the 105 Torr range. This has

been interpreted as indication of large quantities of gas present in

the sodium. Similarly, it has been found that extensive outgassing of

the sodium after the transfer was required before the base pressure

of the evaporation source chamber could be obtained. The initial

pressures obtained during this final outgassing sometimes rose into

the low 106 Torr range. The base pressure of the evaporation

source chamber was approximately 2 x 109 Torr. Outgassing of the

sodium was carried out until the base pressure of that chamber was

attained. The gas evolved during the transfer of the sodium and sub-

sequent outgassing is thought to be argon. Even though the sodium

was obtained in ampoules under vacuum the previous purification

processing of the sodium and the filling of ampoules by the vendor

had been performed in an argon atmosphere. After the ampoule had

been filled the vacuum was obtained by pumping out the argon in the

ampoule. In some ampoules bubbles were visible in the sodium.
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Sodium transfers were carried out using funnels made of

OHFC copper and 6061 alloy aluminum. Copper is wet by sodium

and the copper funnel after the transfer was covered with a shiny

layer of sodium. The same threshold dependence for the photoemis-

sive yield distributions were obtained from well outgassed sodium

transferred using a funnel of either material.

Preparation of the sodium evaporation source well prior to

filling was done using multiple rinses of distilled water followed by

several rinsings with distilled water, during which the water was

brought to a boil in the well prior to being poured out. After the

rinses the source well was drained and the assembly heated for

several hours at 220oC on a hot plate to evaporate any residual water.

The assembly was then attached to the evaporation source vacuum

chamber and outgassed under fore vacuum while being heated. After

this the plug valve was closed and the sodium source well transferred

to the Bell jar for filling. Prior to the sodium transfer the copper

funnel was cleaned in dilute nitric acid and rinsed in distilled water

and then dried on the hot plate at 220°C. After assembly the funnel

was further heated in vacuum during the transfer process itself.

Distilled water used in the laboratory exceeded 1 ppm in purity. The

water quality requirements were not demanding, as the sodium purity

as procured was approximately 500 parts/million. The amount of

water remaining in the evaporation well after the final rinse was
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estimated as being no greater than several cc. When the source

well was dried the residual impurities in this water remain in the

source and contribute additional impurities to the sodium. Using a

net sodium fill of approximately 4 cc. the addition to the sodium

impurities would be less than 1 ppm. Monitoring of the water resis-

tivity during simulated rinse handling indicated resitivities of greater

than 1 meg-ohm-cm were being maintained.

Preparation of the sulfur evaporation source was considerably

less complicated. The sulfur used was ASARCO' spectroscopically

pure grade sulfur of 99. 999 +% purity. The filling of the sulfur

evaporation source was done using a glass tube drawn so as to pro-

duce a tapered portion. After cleaning and drying on the hot plate

the glass was thrust into the sulfur until sulfur was worked up into

the tube. The sulfur was then pushed out of the tube into the sulfur

source which had previously been mounted and aligned. , The sulfur

source assembly had been under vacuum for several days prior to

being filled.

1

Jersey.
American Smelting & Refining Co. , South Plainfield, New
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IV. THE WEIGHING SYSTEM

In order to study the effect of surface contamination of sodium

by sulfur in a quantitative way it was necessary that some measure of

the contamination be obtained. It was decided to determine the amount

of contamination by weighing. The required weighing sensitivity was,

to be sure, extremely demanding. In order to speak quantitatively we

shall arbitrarily define a monolayer coverage as being a number of

adsorbate atoms per unit area equal to the number of sodium atoms

per unit area presented by a (100) sodium surface. As the lattice con
8stant (5) of sodium is 4.24 x 10 cm the number of atoms per cm2 is

N = (4. 24 x 108) 2 = 5. 56 x 1014 atoms/cm2. As the mass of a sulfur

atom is 5. 32 x 10 23
gm, one obtains for the mass of a monolayer of

sulfur atoms 2.96 x 10 8 gm/cm2.
The deposits studied had an area of

0.123 cm2,
so the actual mass being sensed for a monolayer coverage

was 3. 65 x 109gram. The actual requirements on the weighing sen-

sitivity were more extreme, as in order to study fractional coverages

the sensitivity had to be such as to allow determination of about 1/20th

of the foregoing amounts. This meant an actual required sensitivity of
-1. 5 x 109gm/cm2 or 1.83 x 10 1 °gm. as deposited.

The weighing technique which enabled weighing with adequate

sensitivity to perform the study, and which was consistent with the
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vacuum and temperature requirements, was that of the quartz oscilla-

tor microbalance (58, 73). The basis of its operation is the lowering

of the resonance frequency of oscillation of a quartz oscillator crystal

by mass deposited on the surface of the oscillator crystal. As the

masses involved were small the induced fractional frequency shifts
Af

fo

be determined accurately. For AT cut crystals the usually quoted

weighing sensitivity is determined by differentiation of the empirical

thickness frequency relationship, f= Nk/t where N is the mode of

operation, k = 167 kc-cm and t is the crystal thickness. The density

of quartz is used to relate the mass per unit area to the thickness,

yielding for the weighing sensitivity -Amm = -Nkp /f2 . If this is evaluated

using p = 2. 65 gm/cm 3 and a nominal 15 MHz third over tone mode

were also small and required that the change in resonant frequency

crystal oscillation, the mass sensitivity obtained is
Am

=
1

5. 9 x 10 9 grn/cm. [ cycle/sec] . The number of cycles/sec
of

change in the oscillation frequency for a monolayer of sulfur at 15 MHz

is 5. 02 cycles or 3. 3 parts in 107. In order to have useful weighing

for studying fractional monolayer coverages one must measure

frequency changes with an error of about 1/4 of a cycle per sec or

to about 1. 5 parts in 108. Actual attainment of this sensitivity is

dependent upon the extent to which it is possible to reduce spurious

frequency shifts due to variations of the crystal temperature or due

to oscillator instabilities arising from circuit parameter variations.
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At the temperature of liquid nitrogen the two most important

parameters affecting frequency stability and consequently weighing

accuracy are temperature variations and Q reduction due to damping

by the mounting. The operating temperature of the crystal was set

by thermal contact with a reservoir of liquid nitrogen. This reser-

voir was not pressure regulated and so was subject to atmospheric

pressure induced temperature fluctuations. During the depositions

the crystal received heat by radiation from the evaporation source

and from the condensation of the deposit. In addition, thermal room

temperature radiation was received through the aperture permitting

light to be directed onto the deposit. Both the deposition aperture and

the light entrance aperture were limited by the radiation shield shown

in Figure 5 to subtend less than 0. 05 steradian. The other direct

room temperature thermal radiation paths were blocked by the radi-

ation shield, the interior of which was blackened with a mixture of

colloidal graphite containing a small percentage sodium silicate as

a binder. The primary method of dissipation of this heat was by

conduction through the contact of the crystal with its holder. The

thermal contact resistance is inversely proportional to the contact

pressure between the crystal and the holder. The mechanical Q

damping, however, increases with the contact pressure. The

amount of clamping force which produced adequate stability was

determined experimentally for a crystal supported near its edge in
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Figure 5. Radiation shield.
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the holder shown in Figure 6. The force was applied by clamping

the crystal over the annular region near its edge between the cup

shaped aluminum part and the ledge. The cup shaped part contacted

the crystal only near those portions supported by the ledge. The

clamping force was obtained using a spring which was compressed

against the bottom of the liquid nitrogen reservoir when the radiation

shield was mounted to it. The radiation shield was mounted with

spring washers and screws which screwed into holes tapped in the

copper bottom of the liquid nitrogen reservoir. The cutouts provided

clearance for the electrode contacts to the crystal electrode leads.

Contact was made using ordinary commercial stainless steel spring

clips, which were pushed on.

The oscillator crystals which have been used were 1.27 cm

diameter, 5 MHz fundamental plates cut at 39°44' + 1', giving a zero

temperature coefficient of frequency at approximately 78. 2 °K (50).

The temperature coefficient of frequency increases above and below

this temperature which is called the turnover point. This angle of

cut was specified as the temperature deviations encountered were

generally expected to be positive, and hence initially in the direction

of decreasing temperature coefficient of the crystal frequency. At

15 MHz a one degree centigrade shift in temperature from the turn-

over point will introduce a shift in frequency of about 0.67 Hz.
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Figure 6. Crystal holder.
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For weighing the crystal was operated near 15 MHz in the

third oventone mode as an element of a Pierce oscillator. The

oscillator portion of the circuit is shown in Figure 7. The oscillator,

AGC and buffer amplifier circuit used has been extensively discussed

(22). The Pierce oscillator configuration was chosen as it allows

high stability and permits the crystal to be operated at the end of

long interconnecting leads leading from the oscillator tube. Each of

the capcitances C were primarily composed of approximately 25.4

cm of solid copper jacketed coaxial cable in series with about 20 cm

of two wire line inside the vacuum system. The purpose of L
1

was

to prevent the crystal from oscillating in the fundamental mode.

In order to measure the frequency accurately to fractions of

a cycle, it is necessary either to count for an extended period of

time or to multiply the frequency to a sufficiently high frequency that

an acceptable number of counts is available in shorter counting

periods. The technique which was successfully used was to double the

basic 15 MHz frequency to 30 MHz and then to count this frequency

using a 10 second or a one second counting interval as circumstances

dictated. The advantage which accrued from the frequency doubling

was increased resolution in the control of deposition quantities and

rates using a one second gate for the counting interval.

A block diagram of the frequency measuring system is shown

in Figure 8. The doubler used was a balanced triode type which
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Figure 7. Microbalance oscillator circuit.

permits cancellation of odd order harmonics of the fundamental (68).

The general procedure used for sulfur depositions was to

monitor the frequency of oscillation before starting the deposition

for a time interval which was longer than the expected time of deposi-

tion. During this initial counting a ten secound gate time was used

on the counter allowing a maximum counting accuracy of + 3. 3 3

parts in 109 which is equivalent to 1% of a nominal sulfur monolayer.

This accuracy was sufficient to allow determination of the frequency

stability and observation of variations in the oscillation frequency

due to extraneous causes. After a sufficiently long initial monitoring

period the counter was switched to a one second gate and the deposition
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performed. When using a one second gate a count is obtained every

two seconds. When the change in the indicated count attained that

desired for any particular sulfur deposition the deposition was stopped.

As soon as possible after ending the deposition the frequency counting

gate time was again switched to a 10 second gate time and the frequen-

cy monitored for a time at least as long as the interval between the

final 10 second gate time count of the initial frequency monitoring and

the first 10 second gate time count of final monitoring. The actual

amount of sulfur deposited was then determined by plotting the counts

obtained using the ten second gate before and after the deposition.

Representative plots are shown in Figures 9 and 10. As can be seen,

good frequency stability was obtained on both sides of the deposition

interval. The amount of sulfur coverage in arbitrary ideal monolayers

was then determined by using the mass weighing sensitivity and the

geometry of the deposit and the stated definition of a monolayer. The

theoretical weighing sensitivity has been verified as being correct to

within + 1% for deposits covering the entire active area of the oscilla-

tor crystal (46, 58). For deposits which cover only a portion of the

active area of the crystal the appropriate sensitivity is not as well

known. It depends on the actual spatial variation of the amplitude of

vibration of the crystal, which is influenced by the mounting, the

shape of the crystal and the electrodes.
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Two electrode configurations have been used for data obtained

in this study. Both utilized electrodes of the "keyhole" shape which

restricts the active region to the area defined by the diameter of the

central spot of the electrode. One configuration was an aluminum

electrode with a 0. 159" diameter central spot. These electrodes

were deposited in the laboratory using 99. 99% pure aluminum on

oscillator crystals from which the original electrodes had been

removed. The other configuration was a 1/4" central spot diameter

electrode of gold on chromium as supplied by the vendor of the

crystals. Published data (45, 52, 58) indicates that the sensitivity

appropriate for 0. 156" diameter deposits on 1/4" electrodes is

0.90 + 0.10 of the sensitivity for entire coverage. A factor of 0.90

has been used as this provided a good correspondence between the

data obtained using 1/4" diameter electrodes and that obtained using

0. 159" diameter electrodes. This value is also in good agreement

with the value obtained experimentally in the laboratory. For one

crystal with a 1/4" electrode the appropriate sensitivity correction

factor was determined experimentally as being 0.90 + 0. 05 of that

for full coverage.
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V. PHOTOELECTRIC YIELD MEASUREMENT

In order to determine the photoelectric yield it is necessary

that the surface being studied be illuminated by a narrow spectral band

of light whose intensity can be determined and that the total photo-

emission produced by the light be measured. A curve of the quantum

yield over a wide spectral range can then be obtained from deter-

minations of these two parameters as the center wave length of the

narrow spectral band is varied over the entire spectral range of

interest.

The illumination system used for the determination of the

photoelectric yield between 2900 A and 6000 A is shown in block dia-

gram form in Figure 11, and the arrangements made for measuring

and recording the photoemission from the surface being studied in

Figure 12. A sequence of several measurements over the spectral

range was used in obtaining the data required to determine the photo-

electric yield. The first was a measurement of the output of the

monochromator using the 935 phototube as the spectrum was scanned
0

from 2500 A to beyond the experimental threshold. Then the light

from the monochromator was directed to the surface being studied

and the saturated photocurrent produced measured during a second

scan through the spectrum. Measurements using filters were then

performed, followed by a final measurement of the monochromator
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output as done initially to provide a check of the constancy of the

light output. The scans through the spectrum were accomplished

by motor driving the wavelength drum of the monochromator. A

commutator attached to the wavelength drum allowed recording of an
O

event marker pulse on the chart records of the data every 50 A.

The data was read at these marks, providing a closely spaced series

of points for the determination and plotting of photoelectric yield

curves. In order to determine the intensity of the incident light

producing the photoemission from the surface being studied, the use

of a calibration curve relating the measured 9 35 phototube output to

intensity was required. As a consequence the photoelectric yield

per incident photon of a spectral band centered at X
o is determined

by the relation

Y (X
o) [ 9 35 phototube response at X0][E9 35(X0)][ X0]

where E9
35(X o) is the response to energy conversion factor for the

[ sample photocurrent measured at X0] [constant factors]

9 35 phototube at X
o

. In this formulation the number of quanta is

adjusted for the wavelength of the spectral band by use of the center

wavelength X
o

. To be adequate this requires that the width of the

band be sufficiently small that the error involved in assuming a con-

stant wavelength can be neglected. For the measurements of the

photoelectric emission from sodium the total width of the band was
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typically less than 55 A , making such an approximation acceptable.

The response to energy conversion factor used for the phototube

was determined on a relative basis, the proportionality constant

relating it to the absolute energy being absorbed into the term con-

taining the constant factors. As only the comparisons of the photo-

electric quantum yields were desired, the term containing the con-

stant factors which would relate the determined values to the abso-

lute quantum yield in electrons per incident photon was set equal to

unity. The results so obtained for the photoelectric quantum yield

can be compared as to magnitude even though the absolute value of

the quantum yield is not accurately known. A discussion of the

determination of the 935 phototube calibration can be found in the

appendix.

The input to the monochromater was obtained from a General

Electric tungsten filament lamp. Two types of lamps were used, a

Q4 -6. 6A/200 W and TQ 4/400 W. Both lamp types have a quartz

envelope which permits use of the lamp as a source in the near ultra

violet and have the same type filament° They differ in length of this

filament and in wattage, Lamps of this type, using the same

type filament, are currently used by the National Bureau of Standards

as standards of spectral irradiance. The reported stability is such

that if operated suitably derated the relative spectral output at con-

stant current will vary by less than 1% in a hundred hours (65). The
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high stability of the lamp output is of advantage in extended experi-

mental data runs. The circuit used for the lamp supply is shown in

Figure 13 and is essentially that recommended by the National Bureau

of Standards for operation of standard lamps. The typical procedure

used for measurements was to warm the lamp up for an hour or more

prior to the measurements. The lamp current setting was then

adjusted to be at the chosen operating point and was not disturbed

during the measurement. Constancy of the monochromater output

was assured by measurement of the monochromater output before

and after the photocurrent measurement.

The monochromater used was a Baush and Lomb 250 mm

monochromater. This is a grating type instrument and so requires

the use of filters to remove second order light when it is present in

sufficient quantity to produce an effect. Due to the characteristics

of the source there typically was insufficient light in first order to

produce a detectable photocurrent for wave lengths shorter than

2500 A. As the light of a wavelength in second order measured

approximately 1% of that present in first order, the functional free

spectral range extended beyond 5000 A.

The input to the monochromater had provision for the insertion

of a filter between the two elements of the condenser used to image

the lamp filament onto the plane of the entrance slit. Data obtained

for the yield curves presented in this report included, for wavelengths
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greater than 4000 A, data obtained using a 0.12 mm thick cover slip

as a filter in this location. The cover slip has a sharp onset of trans-

mission for longer wavelengths of light starting at about 3000 A. For
O

wavelengths less than 3000 A the transmission was less than 0. 2 %.

Analysis of the results obtained with and without the cover slip indi-

cated that to 6000 A the effect of second order light could not be detected

in the results. An additional filter position was located in the optical

system after the monochromater. Filters which have been used in this

position were Corning types CS 7-54, CS 0-52, and CS 3-72. Trans-

mission curves for the coverslip and the CS 7-54 filter normalized to

the maximum transmission in the range of interest are shown in

Figure 14.

The output of the monochromater was imaged at the surface of

the deposit by a five element achromatic lens. The magnification of

the image at the distance of the deposit was approximately 7-1/2. As

the exit slit was set for a 0.12 mm width and a 0.254 mm height, the

image was approximately 0. 9 mm x 1. 9 mm at the deposit. The imag-

ing was adjusted so that this image lay near the center of the deposit.

Alignment of the optical path was done visually. The image was first

adjusted for an image at the surface of the deposit. The positioning

of the beam direction was then performed while visually monitoring

the reflection from the crystal surface. The entrance aperture of

the crystal holder acted as a stop and limited the area of the crystal

electrode on which the monochromater output could be imaged. The
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adjustments of the beam direction were made using fine lead screws,

which with the visual monitoring of the stopping action of the crystal

holder permitted the position of the image to be adjusted to lie near

the center of the deposit. When in final adjustment the light beam

entered and was reflected back out of the crystal holder without being

scattered or reflected by the crystal holder. The geometry of the

beam path was also such that light from the single glass vacuum

surface reflections on the deflecting prism did not enter the crystal

holder. The measured angular deviation of the centers of the inci-

dent and reflected beams indicated the angle of incidence of the light

beam axis was less than 3/4o from the normal. The angle of beam

convergence added less than another 3/40 , yielding a maximum angle

of incidence at the crystal of less than 1-1/2° from normal. The

electrodes on which the deposits were performed were investigated

by multiple beam interferometry and found to have an overall flatness

of better than a 1/4 wavelength for the region bounded by R < 0. 9

of the electrode radius. Roughness on the microscopic scale, how-

ever, was not detectable by this method.

The light intensity used in most of the photocurrent measure-

ments was monitored by a 9 35 phototube. Mounted on the vacuum

system was a welded aluminum box containing a heavy brass dovetail

slide. The slide allowed a quartz prism to be moved so as to inter-

cept the light beam directed at the deposit and deflect it to the 9 35
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phototube. The prism was aluminized on the hypotenuse. The 935

phototube was itself mounted rigidly in a blackened aluminum housing

having a small input aperture. The input aperture served to define

the area of the photocathode which was used to monitor the light

intensity. The aperture was slightly larger than the light beam at

the plane of the aperture and hence allowed all of the the light to be

directed onto the photocathode. The relative spectral response of the

portion of the 935 photocathode used in the measurement is shown in

Figure 15.

The photocurrent of the 935 phototube was measured by a

Keith ley 600 A Electrometer. The supply voltage of 255 V was

supplied by a Fluke regulated H. V. power supply. The 600 A Elec-

trometer has a nominal accuracy of + 1% and the power supply stabil-

ity is specified at + 0. 01%. In order to record the signal from the

electrometer using the buckout system it was found expedient to re-

duce the output for full scale of the electrometer from 1 volt to

approximately 100 my by using the manufacturers recommended

procedure of shunting the output. A nominal 2kQ, 1% resistor was

used whose resistance measured by a Wheatstone bridge was 1980

+ 1C2. This effectively reduced the normal output and the output

impedance as the output is normally taken across a 16.7 kO resistor

in series with 95. 2 kO resistance. The electrometer was generally

used on the 10-9 ampere range due to response time considerations.



1 . 00

.90

d

.i. .80
x
al

t.,.70
o

4.:

..60

,
m.50
0

cn

.40

M
d0.30
o

.,..,

It) .20

a)

.10

.00

T 1-......T
T.1. -2- .
. . .

.1.. .

. .

I I I 1 i 1 1 1 1 1 1 J I 1 1 I , 1 1 1 1 1 I I I I I I I I I 1 I

3000 4000
.

Wavelength (A)
5000

Figure 15. 935 Phototube relative quantum sensitivity.

6000



50

The range of the signals encountered was accommodated by using the

range multiplier switch. Measurement of the actual multiplier ratios

showed the multipliers to be accurate within + 0. 66% and between the

two most commonly used ranges the nominal ratio was accurate

within 0. 1%.

The optical path to the deposit being studied included two

additional optical elements, a sapphire window and a quartz deflect-

ing prism. With respect to the photoelectric yield the parameter of

interest is the variation of the transmission over the spectral range.

The prism used was made of a high grade fused quartz which has

essentially constant transmission over the spectral range of the

measurements. The quartz surface reflection loss varies over the

spectral range of interest by about 1%. The effect of this one the

computed quantum yield is largely compensated for by the presence

of a quartz window on the thermopile used in the phototube calibra-

tion. The hypotenuse of the prism was aluminized using 99. 999 %

pure aluminum deposited at pressures of less than 1 x 10 7 Torr.

Aluminum also does not have a constant reflectance throughout
.

the spectral range. Between 5000 A and 2600 A the variation of

the reflectance of an aluminum surface prepared under ultra high

vacuum is reported to be within 0. 3% of the mean value for this

range (32, 33). The appropriate correction factor is uncertain to

about the extent of the expected variation as the reflectance
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variation depends upon the purity of the aluminum and the conditions

of the deposition. Consequently no attempt was made to correct for

the spectral variation of the reflectance of the aluminum. The larg-

est variation in the spectral range for which data was taken occurs
0 0

between 5000 A and 5850 A where the decline in reflectance may be

as much as 1%. In this region the measured quantum yield declined

by orders of magnitude so neglect of the effect is of little consequence.

The computed sapphire surface reflectance also varies over the

range of interest by about + 0. 4% from the mean. The greatest part
0

of this variation occurs at wavelengths shorter than 3400 A where

uncertainties in the yield due to other parameters are more predom-

inant.

The photocurrent from the surface being studied was measured

by a Cary model 30 vibrating reed electrometer. The measuring

system used is shown in block diagram form in Figure 12. In order

to use the electrometer as a current sensing device a 5 x 1010 C2

shunt resistance was used across the input head of the electrometer.

The value of this resistance was determined by comparison with a

newly delivered 1% 2 x 10100 Victoreen resistor. The noise at the

output of the electrometer was found to be about + 0.1 my operated on

the 30 millivolt full scale range. The output of the electrometer, to

facilitate recording, was connected for 25 millivolts output at full

scale deflection. The noise at the output then was equivalent to a
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current variation at the input of + 2.4 x 1015 ampere. The typical

maximum signals encountered were of the order of 2. 4 x 1012 am-

pere. The measured range of the variation of the relative quantum

yield from the maximum to the threshold typically exceeded the ratio

of peak signal to noise. This was possible because the available light

intensity increased as the measurement wavelength was varied from

the shorter to the longer wavelengths.

The lead to the vacuum feedthrough from the electrometer

head was RG 58/AU coaxial cable whose outer shield had been re-

placed by a solid copper tube. BNC connections were used on the

ends. The use of the solid copper tube as the shield conductor de-

creased the noise associated with input capacitance variations. Inside

the vacuum the same leads were used as were used for the oscillator.

The vacuum feedthrough was capped with a brass cover having BNC

adapters for connection of the feedthrough leads to the external leads.

The purpose of the cap was to prohibit condensation of water on the

vacuum feedthrough. In the absence of the cap the temperature of

the feedthrough was sufficiently lowered due to its proximity to the

nitrogen reservoir to produce condensation on the feedthrough and

as a consequence a decrease in the isolation from ground. The

typical value of the measured leakage resistance to ground using the

cap was greater than 1. 1 x 10-130. This is more than 100 times

greater than the value of the shunt resistance.
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The procedure used for the collection of the photoelectrons

was to collect the electrons by applying a collection potential between

the electrodes of the oscillator crystal upon which the sample deposit

was performed and the remainder of the vacuum system. As the re-

mainder of the vacuum system was at ground potential this approach

required that the electrometer be operated above ground by a potential

approximately equal to the potential used to collect the electrons.

Stable operation required that the electrometer and the recorder be

contained in grounded shield boxes and be isolated from AC ground by

the use of an isolation transformer in the AC line. Measurements of

the saturated photocurrent was made using the crystal holder of

Figure 6, with and without the insert shown, at collection potentials

as high as 90 volts. The photocurrent from clean sodium when using

the insert exhibited saturation at about 1-1/2 volts with no variation

being noted for applied potentials as high as 90 volts. The results of

measurements made in both geometries were consistent, which is

interpreted as indicating the absence of any significant voltage or

geometry dependent effects in the saturated photocurrents measured.
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VI. MEASUREMENT RESULTS

There were three distinct types of data obtained from the

system used. The first of these was the emission from sodium films

which had not been contaminated on their surface. For these measure-

ments, and as the starting point for other measurements, the proced-

ure followed was to deposit a fresh sodium layer. For these initial

depositions the weighing served to assure that the layer was sufficient-

ly thick that appreciable light penetration to the surface on to which it

was deposited would not occur. The thickness of this layer was typic-
O

ally about 1200 A. Measurements reported of the optical constants

of sodium at 78°K K ndicate that over the spectral range considered

here the penetration depth was no greater than 220 A (34). The light

intensity at a depth equal to the thickness of the fresh layer then would

be less than 0. 006 of the incident intensity.

The remaining two types of data were made possible on a

quantitative basis by the utilization of the microbalance technique.

One type was the study of the variation in emission observed with

increasing sulfur coverage deposited onto an uncontaminated sodium

surface. The other was the study of the variation in observed emis-

sion as additional sodium was deposited on top of a sulfur contaminated

sodium surface. For these measurements the microbalance technique
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permitted the amount of sulfur or sodium deposited to be incremented

in a controlled manner.

The data is presented with the amount of sulfur deposited indicat-
O

ed in terms of "ideal" monolayers and the sodium thickness in A.

The values indicated were determined using the mass weighing sensi-

tivity, the area of the deposit, and the mass defined for a uniform
O

monolayer of sulfur or one A depth of sodium. Uniform coverage was

assumed. It should be clearly recognized that the quantities indicated

can not be strictly interpreted. This mode of representation was

chosen as it allows systematic labeling of the curves so as to indicate

the variation in the photoemission with the amount of sodium or sulfur

deposited and at the same time clearly brings into view the order of

magnitude of the deposits producing the effects. This leads, however,

to specification of sodium thicknesses of fractions of a lattice spacing.

Consequently the reader must interpret these values taking into con-

sideration the crystal structure and the method by which the indicated

values were determined. The plus or minus factors indicated for the

coverage and thicknesses represent only the estimated limits of

inaccuracy due to the accumulated frequency shift determination during

weighing and do not take into account absolute weighing accuracy or

other factors. The initial sodium deposits have no indicated measure-

ment uncertainties as the accuracy is limited primarily by the other

factors.
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Emission from Clean Sodium Surfaces

For sodium the thresholds which had been reported previously

by other investigators (17, 35) were between 2.25 ev and 2.5 + 0. 1 ev.

The initial expectation in the experimental program was that a thres-

hold near the most commonly observed value of 2.25 ev would be ob-

served with the films which were to be deposited, and that studies

made would be of sulfur caused threshold shifts from this starting

point. This expectation was not realized. The photoelectric yield

obtained from uncontaminated sodium surfaces exhibited several

prominent features. These were a maximum in the yield at about

4.0 ev and a threshold higher than previously reported. Another

feature was that the observed variation of the yield near the threshold

did not agree with the Fowler theory. At the temperature of liquid

nitrogen the Fowler theory indicates an expected approximate varia-

tion near the threshold of the form

I(hv - 4) =

where 6 =
hv -

kT

2 2

A(.76 +
2

A curve illustrating the difference between the dependence of the

experimental yield and that given by the Fowler theory fitted near the

threshold is shown in Figure 16. The same curve also appears in the

sequence of curves plotted in Figure 17 and Figure 18. The emission
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above the threshold rises more rapidly than predicted by the Fowler

theory. For comparison, an additional yield curve for an uncontamin-

ated sodium surface is plotted in Figure 19. The peak in the yield

near 4. 0 ev is most clearly seen in the normalized linear plots of

Figure 18. The peak in emission is found at essentially the same val-

ue of energy as the surface plasmon energy observed in characteristic

energy loss experiments. More will be said later of the connection

with the surface plasmon.

In this study the only experimental procedures required to con-

sistently produce sodium surfaces of the higher threshold was to

thoroughly outgas the sodium prior to performing the depositions and

to perform the depositions under ultra-high vacuum conditions. The

outgassing was necessitated by the apparent presence of argon

trapped in the sodium, and was carried out until the base pressure

of the evaporation source chamber could be attained with the sodium

at approximately 220°C. An analysis of the sodium as provided by

the supplier is shown in Table 1. The analysis does not include

nitrogen or argon.

Sulfur Contaminated Sodium Surfaces

The general effect of sulfur contamination was to alter the

spectral variation of the photoelectric emission in the threshold

region, to alter the threshold for emission and to alter the location
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Figure 16. The photoelectric yield from an initial sodium deposition
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monolayers. The indicated uncertainty of the sulfur deposi-
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Table 1. Vendors analysis of lot from which sodium supplied

MSA RESEARCH CORPORATION
Callery, Pennsylvania

MSA RESEARCH CORPORATION ANALYTICAL REPORT

Type of Material

Grade of Material

Sodium Lot No. D4-857-1

High Purity Container No.

Element ppm Element ppm Element ppm

Fe 3 Cr - 1 Sr - 1

B -5 Si 15 Ba - 3

Co -5 Ti - 5 Ca 5

Mn -1 Ni - 1 Li - 1

Al 2 Mo - 5 Na

Mg 1 V - 1 K 40

Sn -5 Be - 1 Rb -10

Cu 2 Ag - 1 Cs

Pb -5 Zr -10 02 -10

Y -5 Bi 5 C 22

Reference: Emission Spec Analysis - NUMEC Plate No. 15806-819-827

Oxygen Analysis - Notebook No. 1171

Carbon Analysis - Notebook No. 1195
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of the peak in the yield curves. The effect is best summarized by the

series of curves shown in Figure 17 and 19 in semilogrithmic plots,

and in Figure 18 in a linear plot. As can be seen most readily on the

semilogrithmic plots, the addition of a small amount of sulfur (approx-

imately 8/10 of a nominal monolayer) shifted the threshold to a

significantly lower energy and changed the spectral dependence of the

photoelectric yield near the threshold.

For a sulfur contaminated sodium surface a Fowler plot can be

fitted with some degree of success over the first two decades of the

logrithmic plots near the threshold. This is consistent with published

results of the photoemission from sodium due to Dickey (17). A

much improved fit to the emission can be obtained using the function

2 52 3Z(hv - (I)) -= A ( 16L +
2

+ C )

This function consists of the leading terms of the ordinary Fowler

function plus an additional 63 term. The interpretation of the 63

term will be discussed later. Plots showing the graphical fit of both

the Fowler function and the above function with C = 0. 01 are shown

in Figure 16. The addition of the 53 term provides an improved fit

and leads to a threshold lower by about 0. 05 ev than that obtained by

fitting the Fowler funtion. This formulation is successful in providing

an improved fit in the threshold region over the range of sulfur cover-

ages studied here. In order to determine a good estimate of the
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required value of the coefficient C a straight forward procedure was

followed. By graphical means C = 0. 01 was found to fit well and

was used to obtain estimates of A and the threshold. A computer

program was then written which allowed Z to be computed for each

of the wavelength settings X. at which the experimental data was

obtained. As a measure of the fit

b

1

i=a

b

LJ
i=a

I(hv.) - Z(hv.
1 1

I(hv i)

was computed over a range of values extending typically from the

experimentally observed threshold to about 3.1 ev. The program

allowed the values of C, A and the assumed threshold to be incre-

mented in small steps about the values determined graphically. The

value of the coefficient C which lead to the minimum sum was deter-

minable from the output. Several curves fitted in this manner yielded

0. 0075 < C < 0. 011 in good agreement with the values determined

graphically for those curves.

The effect of the amount of sulfur deposited in altering the thres-

hold is summarized in Figure 20 for a large number of sulfur cover-

ages. There is plotted the value of the threshold determined by fitting

the data with Z using C = 0. 01 versus the coverage in monolayers

as defined. The horizontal bars on the data points represent the

estimated possible range of uncertainty of the coverage due to the
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accumulated inaccuracy in the determination of the frequency shift.

From this curve it is evident that the threshold decline was largely

complete by a nominal monolayer coverage, and relatively constant

between one and two nominal monolayer coverages. For higher cover-

ages the threshold again increased. Use of the best fit of the Fowler

function to determine the threshold results in a similar curve, but

with extrapolated threshold values several tenths of an ev higher in

each instance. A comparison of the thresholds obtained by the two

extrapolation procedures can be seen in Figure 16.

The alteration in the emission from a clean sodium surface, to

be consistent with other previously reported data, indicates it is

reasonable to assume that the previously reported data was taken on

contaminated surfaces. As vacuum conditions which were considered

of high order a few years ago were in the 10-8 Torr pressure range,

this is not surprising. A monolayer impact time (the time for the

number of impacts per cm2 to be equal to the nominal number of

atoms in a monolayer) at 5 x 108 Torr is approximately 40 seconds,

a time which typically would be exceeded many times before measure-

ments would be started.

The data in Figures 17, 18 and 19 also bring in view a number

of systematic variations of the emission. The emission peak shifted

with increasing sulfur coverage to lower photon energies and then

remained essentially fixed with further surface coverage, but the



67

peak became narrower. As is discussed more extensively later, the

behavior of the variation of the photon energy at which this peak

occurred with sulfur coverage permits identifying its connection with

the surface plasmon. The threshold in emission initially shifted to

lower energies and then reversed and shifted to higher energy values

as additional surface coverage was added. The absolute value of the

maximum yield declined continuously as sulfur coverage was increas-

ed. Previous investigators have noted declines in the emission from

alkali metal films with time and have attributed this to contamination

of the films by the residual gases in the vacuum. The decline in the

emission of the sodium surfaces of this study with higher sulfur

coverages is consistent with this interpretation, if we assume that

previous investigators started with already contaminated surfaces.

The remaining type of data which was obtained in the experi-

ment was the variation in emission as a sulfur contaminated sodium

surface was buried under a successively thicker deposit of sodium.

Data obtained in two different sequences is shown in Figures 22 and

23. The data was obtained by first depositing sulfur onto a thick

sodium film. Then additional sodium depositions were performed so

as to increase the total sodium thickness over the sulfur deposit in

known increments.

Of particular interest is the effect on the emission due to the
0

initial sodium deposition of 8 A of Figure 21. The location of the
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mated accumulated counting error limits. The indicated thick-
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peak in the emission was not significantly altered by this additional

sodium deposition but the threshold was shifted to longer wavelengths

by about 0.4 ev. This effect was repeatable for heavily sulfur con-

taminated sodium surfaces. A similar set of curves is shown in

Figure 22. The initial sodium deposit in this case was 6.4 A, which

increased the total emission and shifted the observed threshold from

about 2.9 ev to 2.45 ev. As shown in Figure 23, the effect of lower-

ing of the threshold in emission did not occur for sodium surfaces

which were already near the minimum threshold for emission.

The effect of thicker sodium layers deposited over the sulfur

was to cause a decrease in the emission peak observed at the lowered

surface plasmon energy and an increase in the threshold energy.

After a sufficient thickness of sodium had been added, the reappear-

ance of the peak in emission found for clean sodium films was observ-

ed. The two burial sequences, Figure 22 and 23, illustrate that the

sequence of threshold shifts were similar with additional sodium

thickness after the initial sodium deposition. In both cases emission

characteristic of that obtained from thick sodium deposits had been

regained when the thickness of the additional sodium deposit had
0

reached about 100 A . Further deposition caused an increase in the

emission at the peak, but only minor changes in the emission near

the threshold. The results also offer some evidence of a complicated

dependence on depth. For the data plotted in Figure 23 the alteration
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0 0

obtained by increasing the burial depth from 6.4 A to 12. 9 A produc-

ed a threshold increase much smaller than that obtained from the

initial sodium deposition. The increase was also smaller than that

obtained when the total burial depth was increased by an additional
0

14 A.
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VII. DISCUSSION OF THE RESULTS

The data presented has been described in terms of ideal mono-

layers and ideal surfaces. While this approach has utility in constant-

ly bringing into view the orders of magnitudes of the quantities involv-

ed, it should continually be kept in mind that any conclusions which

would require conditions close to ideal can not be considered tenable.

The coverage determined represents a mean mass coverage of assum-

ed uniformity. The surfaces prepared by vacuum deposition are

expected to be polycrystaline. The surface may be far from ideal.

The roughness to be associated with the deposits and the orientation

of the crystal structure could not be determined. Defects in the sur-

faces can introduce differing adsorption sites, the number and effects

of which can not be quantitatively estimated. Theoretical treatments

of the surface characteristics of the electron gas are at the present

time in their infancy and do not provide easily correlatable models

for the evaluation of experimental data. None the less, the data ob-

tained does provide experimental evidence of effects of the surface on

the photoemission which have not been recognized before, and pro-

vides evidence that for the alkali metals the work functions previously

observed have been unsuspectedly modified by the presence of surface

impurities.
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The first result of the work on sodium is that the apparent thres-

hold for emission and work function were higher than previously re-

ported. A nominal value of 2. 75 ev has been adopted for the work

function. Extrapolations using the Fowler function and modified

Fowler formulation agree with this value to within 0. 05 ev. The

threshold dependence is not fit well by either the Fowler function or

the modified Fowler formulation. As a consequence, a truly reliable

value can not be obtained by extrapolation. The value adopted for the

work function is at variance with earlier reported results and with

Bardeen's calculations (4). A more recent theoretical computation,

however, has obtained a value of 2. 93 ev for the work function (60).

The value obtained in this calculation depends sensitively upon the

value used for the correlation energy of the homogeneous electron

gas. A value of 2. 74 ev was obtained when the correlation value used

by Bardeen was employed. The two calculations further differ in that

the surface dipole term obtained was 0. 794 ev, which is about twice

the 0. 4 ev obtained by Bardeen, and accounts for a major portion of

the difference between the results of the two computations.

Another prominent feature of the experimental results is the

peak in the emission and its variation with the amount of deposited

sulfur. The factor which can be identified in the variation of the

emission is that the shift is in accordance with the behavior expected

of the surface plasma oscillation. The surface plasma oscillation is



75

a collective oscillation of the conduction electrons near the surface

whose amplitude diminishes with depth below the surface (23, 55, 67).

Due to the boundary condition imposed by the surface it occurs at a

frequency lower than that of the volume plasma oscillation. A particu-

larly simple explanation of the effect expected at a boundary with a

dielectric of dielectric constant E has been given by Stern and

Ferrell (66, 67). Their approach makes use of the dielectric constant

of the free electron gas, E (0) = 1 - 2/W2
. Applying the condition

D = 0 for the normal component of the displacement D at a plane

boundary, they find the requirement that E (CO ) -E . This is satis-m

fied for w = w + E . For a free plane boundary with vacuum one

obtains w = w / NIT as the surface plasma oscillation frequency. If E

is not equal to unity this frequency is further lowered. That analysis

based upon a classical calculation is adequate to elucidate the general

features of the phenomena is evidenced by the success of such calcula-

tions in explaining the origin of losses observed in the characteristic

energy loss (stopping power) spectra of metal films. The surface

plasmon loss was first theoretically discovered in a classical hydro-

dynamical computation. Various features of the radiation from plas-

ma oscillations have also been treated in this model (23, 66).

An improved theoretical treatment of the surface plasma oscilla-

tion for comparison with the experimental results of this study would need

to deal with the effect of surface roughness and surface adsorbates. Also
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to be accounted for are the effects of the alteration of electron charge

density near the surface by the adsorbate. Computations considering

surface roughness have been performed (20, 21, 56), but they are

difficult to calculate in a manner suitable to allow detailed comparison

with the experiment. The classical hydrodynamical model is not

thought completely adequate for accurately estimating the effects of

surface layers on the order of a monolayer. However, calculations

reported in this model do result in predictions that extremely thin

layers of contaminants can cause a shift in the surface plasmon energy

loss to a lowered value and a decrease in its amplitude (67).

For an uncontaminated sodium surface the photon energy at

which a yield maximum occurs is to be compared with the experiment-

al observations of the surface plasmon energy and with the values for

this energy inferred from the volume plasmon energy using -hco KT.

Experimental observation of the surface plasmon loss in characteristic

energy loss experiments has yielded values for the surface plasmon

energy of 3. 87 ev (40) and 4. 01 ev (57). These experimental values

lie about 0.15 ev lower than the values inferred from the correspond-

ing values measured for the volume plasmon loss. The volume

plasmon energy has also been estimated from measurements of the

optical constants (69). The value inferred from these results for the

surface plasmon energy is 4. 04 + 0. 042 ev. The free electron value

for L) when corrected for the effect of ion core polarizability yields
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3.95 ev for the surface plasmon energy (14). The agreement between

the value at which the peak in the yield for an uncontaminated sodium

surface occurred and the above values for the surface plasmon energy

is considered adequate.

The connection of the emission peak with the surface plasmon

is further indicated by the behavior evidenced in the shift in this peak

when the surface was contaminated with sulfur. Phenomenologically

one expects that the surface plasma oscillation frequency should be

shifted by the presence of a surface dielectric to a lowered value, and

that after a sufficient thickness is obtained should not be appreciably

further shifted by additional thickness of the surface layer. This ex-

pectation, of the effect of increasing sulfur coverage on the surface

plasma oscillation frequency, is in agreement with the observed data.

In the normalized linear plots of Figure 18, one can see most clearly

the rapid shift in the photon energy at which the peak in emission

occurred, and then the near constancy of its location with additional

sulfur coverage.

The variation of the surface plasma oscillation observed in

characteristic energy loss spectra with surface oxidation is that the

loss observed for a clean surface rapidly weakens and is replaced by

a well defined loss at a lowered energy whose detectable amplitude

subsequently decreases with time (51). The decrease in amplitude

of the lowered loss is often attributed to broadening of the resonance
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as the thickness of the oxidation layer increases. The magnitude of

the yield maximum and the total yield obtained in this study decrease

at high sulfur coverage, although the observed decline in yield is not

to be correlated with broadening of the surface plasma oscillation

resonance.

Another factor implicit in the details of the involvement of the

surface plasma oscillation in photoemission is that of the mechanism

of the coupling to the excitation of the photoelectrons. The surface

plasma oscillation is a longitudinal oscillation which in an idealized

hydrodynamical free electron model does not couple directly with light.

Treatments have been reported in a less idealized model of the coup-

ling introduced by surface roughness, impurities near the surface and

inhomogenities in the electron density (20, 21, 56, 71). Ritchie (54)

has reported results which indicated an appreciable optical excitation

of surface plasmons through the intermediary of an interband transi-

tion. That the surface plasma oscillation can decay radiatively has

been evidenced by observations of emission at the surface plasma os-

cillation frequency from silver films and from aluminum films excited

by electron beams (9, 10, 12). Optical excitation of surface plasma

oscillations in gratings (7) and reflectance variations at the surface

plasmon energy for rough metal surfaces (37) have been reported.

Whether direct excitation of surface plasmons by light would lead to

the increased photoelectric emission observed depends on the decay
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mechanism of the surface plasmon and the strength of the absorption.

The recent considerable theoretical attention given to the prob-

lem of the optical properties of the alkali metals suggest another pos-

sible mechanism for the production of a peak in the photoemission at

the surface plasmon energy. The attempts to obtain agreement be-

tween theoretically computed values of the optical conductivity of the

alkali metals and the much larger experimental values has increasing-

ly lead to the introduction of many-body effects into the calculations (1,

2, 18, 48). In general terms, the method of introduction of these

effects is through use of the screening due to E (k, co) , the frequency

and wave vector dependent dielectric constant of the metal. In compu-

tations of E , the imaginary part of the frequency dependent dielectric

constant, the factor which is introduced due to screening has been ob-
1tained as Im[ 041 Using the volume dielectric constant Hopfield

(36) has predicted an enhancement near the plasma oscillation frequen-

cy and a favoring of excitation from states near the fermi level.

Near the surface the dielectric response of the electron gas can

be expected to be modified by the presence of the surface. Gadzuk (25,

26) has treated the screening effects near the surface and suggested

that the effect is equivalent to the introduction of a depth dependent di-

electric constant which at the surface has a zero at the surface plasma

oscillation frequency. As the depth below the surface increases the

surface plasma oscillation term contribution to E (k, CO) is expected to
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diminish and the volume plasma oscillation contribution increase. At

sufficient depth E (k, w) becomes that expected for the volume. This

suggestion is in general agreement with the results for characteristic

energy losses computed in the hydrodynamic model where the sur-

face leads to an expression for the surface plasmon excitation contain-
1ing a term Im and at the same time a reduction in the

1 E (k,w )
excitation of volume plasmons. The pertinence of the possible methods

of enhanced or additional light adsorption near the surface plasma os-

cillation frequency is in the interpretation to be given to the origin of

the peak in the yield observed at the surface plasmon energy. The

foregoing comments have indicated that several mechanisms exist by

which additional adsorption leading to emission could occur.

The origin of the peak in emission as being due to increased

excitation near the surface plasma oscillation frequency is experiment-

ally supported by the observation of increased emission at the sur-

face plasmon energy seen in the burial depositions of Figures 22 and

23. After sufficient sodium had been deposited to regain the threshold

characteristic of uncontaminated sodium deposits, the emission at the

surface plasmon energy continued to increase as additional sodium was

deposited, The emission in the threshold region was little altered by

the additional sodium. The threshold dependencies of the photoelectric

yields obtained from uncontaminated sodium surfaces and sulfur con-

taminated surfaces are also consistent with this interpretation. One

of the assumptions of the Fowler theory is that the probability of
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excitation of the electrons does not vary significantly over the thres-

hold region. Additional adsorption due to the surface plasma oscilla-

tion would add additional energy dependent terms to the threshold de-

pendence. The yield would then be expected to rise more rapidly than

predicted by the Fowler theory as is represented by an additional 63

term found to improve the fit to the experimental threshold depend-

ence. The different threshold dependencies obtained for uncontamin-

ated sodium and for sulfur contaminated sodium suggests that account-

ing for the threshold dependency may involve consideration of factors

in addition to the surface plasma oscillation.

One parameter which is known to vary over the spectral range

involved in this study is the optical absorption of sodium as obtained

from ellipsometric measurements of the optical constants (43, 61).

Since the skin depth of sodium is large, the absorption found in these

measurements should predominantly represent frequency dependent

absorption not governed by the surface plasma oscillation.

Since the origin of the peak in emission can clearly be connect-

ed with the surface plasmon, another explanation for the origin of the

peak may also be considered. This is the possibility that photoelect-

rons of energy E, such that ET < E < ET + hu) , may excite sur-sp

face plasmons and consequently be lost from the emission (53, 62,

63). The decline in yield for photon energies greater than the yield

maximum is quite rapid. If such a decline in emission above the
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surface plasmon energy were to be produced by surface plasmon ex-

citation, the energy distribution of the emitted photoelectrons obtained

for photon energies greater than "hco should show a definite absencesp

of high energy electrons. The energy distributions which are avail-

able do not exhibit this behavior. One factor which acts to limit the

excitation of surface plasmons is their diminished amplitude with

depth. For electrons in the energy range involved here the wave
0_1

vector change in exciting a surface plasmon is about 0. 45 A . The

depth dependence generally obtained for the amplitude of the surface

plasma oscillation is governed by e-kz . As a consequence, the

appropriate surface plasmons are effectively restricted to lie within
0

several A of the surface.

The other effects of sulfur contamination were the shift in the

threshold first to lower energies and then to higher energies, and the

decline in emission as coverage increased. As previously pointed

out, the threshold shift, first to lower energies and then to higher

energies with increasing sulfur coverage, was largely independent of

the effect on the location of the peak in the photemissive yield once a

lowered yield peak had been established. When sufficient coverage

had been obtained to start to increase the observed threshold for

emission the location of the peak had already shifted to its lower-

ed energy. It remained essentially fixed while the threshold was be-

ing increased by additional sulfur coverage. Further evidence of the
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independence of the two effects is given in Figures 21 and 22. The

data shown in these curves illustrates the effect of an additional thin

surface layer of sodium added to a high threshold surface obtained

with a thick sulfur deposit. The added sodium increased the quantum

yield and lowered the threshold for emission but did not significantly

alter the location of the yield peak. The emission increase obtained

also indicates that the decline in emission of the surfaces at high sul-

fur coverages was not predominantly due to a decrease in the excita-

tion of photoelectrons, but to a decrease in the number of electrons

emitted. The indicated separability of the yield peak and the thres-

hold effect makes possible an understanding of the threshold effect

based on the model of adsorbed ionic species which has traditionally

been utilized to explain the work function changes produced by the

adsorption of surface layers on metals (11, 15, 31, 39).

In this model the modification of the surface barrier is due to

an electrostatic surface dipole field aiding or retarding emission.

The dipole field results from the presence on the surface of adsorbed

atoms having a net effective ionic charge and the screening charge

density interior to the substrate metal. The orientation of this dipole

layer is to aid electron emission if the adsorbed ionic species is

positive. In the case of the alkalies one would ordinarily expect

electronegative surface adsorbates to exist on the surface with a net

negative charge. This explanation, with suitable modification to
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account for the more subtle details, is quite successful in accounting

for the effects of alkali metal adsorbtion on many transition metals

(27, 29). The surface ion approach has, in general, been successful

for simple adsorption on metals where the size of the surface adsorp-

tion sites are small as compared to the ionic radii of the adsorbate.

In the rigid atom model the center of the atom or ion adsorbed on such

a site is exterior to the plane of the surface atoms of the substrate.

For the adsorption of electronegative materials on substrates where

the sites are not small with respect to the ionic radii of the adsorbed

species, or where the adsorption is not simple and perhaps involves

complex surface structures or place interchange, this approach is

not adequate.

In the absence of other relevant data on the alkali metals let us

consider nickel as an example of a more complex problem of the sur-

face adsorption of electronegative materials. A considerable amount

of work on nickel is available due to interest in the thermionic acti-

vation of nickel by oxygen. In the case of nickel the adsorption of

oxygen has been found to give both an increase in work function or a

decrease in work function depending on the adsorption. The interpre-

tation given is that an increase in work function is found for oxygen

adsorbed exterior to the plane of the Ni surface atoms and a decrease

for oxygen adsorbed into a site below the surface. Data supporting

this interpretation has been offered from electron diffraction studies
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(49) and chemical kinetic studies (16). The kinetic studies have been

interpreted as indicating that the rate of incorporation is governed by

the probability that thermal motion of the surface atoms will separ-

ate the surface nickel atoms sufficiently that the space between them

has a diameter larger than the atomic diameter of adsorbed oxygen.

This allows the oxygen to adsorb in a site below the surface. It is

considered that the model of adsorption below the surface can also be

utilized in understanding the present phenomena of sulfur on sodium.

In order to account for the initial decline in work function of

sodium with sulfur coverage in the ionic adsorption model, it is not

sufficient to simply suppose that the sulfur is adsorbed on the surface

as an ionic species. Such adsorption would lead to an increase in the

work function. However, if one considers the sodium lattice in the

rigid atom model employing either ionic or convalent radii, one finds

that the sodium crystal structure is quite open as compared to the

rigid atom size of the adsorbed sulfur. The openness of the lattice

structure produces deep surface adsorption sites and comparatively

large subsurface interstitial sites. The site which would probably

be preferred in surface adsorption on a (100) surface is of sufficient

size that surface adsorbed sulfur atoms in the rigid atom model

would have their centers near or below the plane of the surface sodi-

um atoms. For sulfur atoms which might initially adsorb on such a

site in the plane of the sodium surface atoms there is an adjacent
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interstitial site below the surface. A crude estimate of the relative

size of the interstitial site as compared with the size of the sulfur

atom can be obtained in the rigid atom model using ionic radii. Using
O

0. 97 A as the radius of sodium, the minimum radius found for the
O

interstitial site is 1.47 A, which is to be compared with an ionic
O

radius for S of 1. 74 A. This takes no account of the possibility of

an increased atomic separation or structure variation in the lattice

near the surface, the effects of which may be substantial. To the

degree that the sulfur atom is ionized, the presence of the screening

charge density interior to the sodium is expected to add an electro-

static term lowering the barrier which must be surmounted by the

sulfur atom in jumping from a surface site into a subsurface inter-

stitial site (13, 44). Once a sulfur atom is in a subsurface position

the electrostatic term aiding further diffusion should be reduced. The

sulfur in such a site would, as a consequence, be more stable with re-

spect to further diffusion into the interior. Sufficient data is not

available to determine the mechanisms governing initial sulfide forma-

tion on sodium. Other sites are possible. Defects in the surface due

to the absence of a sodium atom would produce very deep adsorption

sites which potentially could contain several sulfur atoms such that in

the rigid atom model their centers would be below the nominal sur-

face.



87

It is clear from the foregoing discussion that there are several

possible ways in which the initially adsorbed sulfur may occupy sites

near or below the plane of the surface atoms. What must be consider-

ed is the net effect of the presence of the charged ion and the effect the

adsorption has upon the electrostatic surface dipole term of a free

surface. This term for a free sodium surface is such as to add an

electrostatic surface potential term increasing the barrier for emis-

sion. Bardeen.'s calculations of the work function of sodium ( a self-

consistent Hartree-Fock calculation) indicated that this term is of

the order of 0. 4 volt. Smith's (60) calculation for sodium yielded

0. 794 ev. The latter value is more consistent with the magnitude of

the variation in the surface potential observed in this study. The

physical origin of the term is due to the extension of the electron

density at the surface into the boundary space for a distance greater

than would be found for equivalent unit cells interior to the metal.

This extension produces a net surface dipole moment. If an adsorbate

is adsorbed into a surface site as described for the alkali metals, the

general tendency would be for the additional (average) electronic

charge which is associated with the adsorbate to alter the spatial

distribution of the charge at the surface, as well as the net amount of

charge. If initially the electronegative adsorbates generally reside

near or below the plane of the surface atoms, this alteration in the

electron density distribution associated with the surface will reduce
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the surface dipole moment below that of a free surface. Understand-

ing of the nature of surface adsorbate bonding and initial oxidation of

surfaces is not sufficiently developed to allow accurate statements

concerning the electron distributions resulting from the above adsorp-

tion to be made. Computations of the effect on the electron density of

a single atom adsorbed on metals have suggested that the effects are

anisotropic and have an oscillatory long range dependence in the

metal (26, 29, 30).

The data plotted in Figure 20 for the variation of the extrapolat-

ed threshold with coverage is interpretable in terms of both subsur-

face and surface adsorption. The sequence which is suggested is for

the work function decline to be due to subsurface adsorption for

coverages up to about a monolayer. For additional coverage between

one and two monolayers the adsorption is into less effective sites.

Whether this should be attributed to the effects of surface roughness

or to other causes is not clear. As the sulfur deposited on the sur-

face is further increased the subsequent adsorption is such that added

sulfur atoms sit exterior to the nominal plane of the sodium surface

and cause an increase in the surface potential contribution to the

barrier at the surface.

Experimental support for this interpretation is evident in the

effect on the threshold produced by the initial sodium burial deposi-

tions of Figures 21 and 22. Here, by actual deposition, there was
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produced a rough equivalent to subsurface adsorption. A shift in

threshold to lower values was obtained. In both instances the surface

onto which the sodium deposition was made was one which exhibited a

high threshold of emission produced by sulfur deposition. In the pro-

posed model the effect of the initial sodium burial deposition would be

to move sulfur ions residing exterior to the surface to a position below

the surface. The effective alteration in the position of the sulfur ions

with respect to the surface would lead to a decline in the threshold for

emission as was observed experimentally. A reduction of the thres-

hold by the initial sodium burial deposition is not seen in the data of

Figure 23. The initial threshold in this case was near the minimum

observed in this study. This is also consistent with the interpretation

of the decline in threshold being due to subsurface sulfur adsorption.

The effect of an additional sodium deposit would be to effectively place

the sulfur at a greater depth below the surface. The effect expected

would be a lessening in the work function reduction produced by the

sulfur.

For sulfur adsorbed near the surface, the surface potential

alteration has been interpreted in terms of an adsorbate possessing a

net ionic charge and its effect in altering the electron distribution at

the surface. The distance over which the layer of sulfur ions can pro-

duce such an alteration is limited by screening. In order to consider

the relationship of the experimental results of the burial depositions
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and the screening, let us suppose that the alteration of the surface

potential and the effect on the surface plasmons can, in the first

approximation, be treated separately. Considered on this basis, the

experimental results indicate a range which is clearly not consistent

with the predictions of the Thomas-Fermi approximation for static

screening of the sulfur layer. In the Thomas-Fermi approximation

the screening would be so effective as to reduce the charge density

variation below that sufficient to exhibit an effect in a distance of

several lattice parameters. Longer range components of the screen-

ing charge density have been found theoretically and may possibly

provide a basis for accounting for the range of the effect observed

experimentally. At metallic densities a theoretical treatment of the

static screening for the infinite electron gas has been given by Langer

and Vosko (41) using many-body theory. At long distance the results

obtained for the induced potential and charge density about a point

charge exhibits a predominant variation proportional to

Cos(2kfR)/[ kfft] 3
, where kf is the magnitude of the wave vector at

the Fermi surface. Treatments of the screening of an impurity at

the surface in an idealized model also yield a long range variation as

1/[ kfR] 3
, but with additional oscillatory and anisotropic dependencies

(25, 26). Unfortunately the surface potential alteration involves those

characteristics of the surface which are usually avoided in idealized

models.
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APPENDIX

The spectral variation of the product of 1/X and the 935 photo-

tube response per unit energy is shown in Figure 15. The response

per unit energy for a spectral band centered at X.
o

was determined by

comparison between the response of the phototube and its associated

optics to the output of the monochromator and the response of a ther-

mopile to the monochromator output. The comparison was carried

out by first measuring the spectral response of the phototube to the

monochromator output during a scan of the spectral range being in-

vestigated. The scan was performed in the same manner as during

actual data runs, the event marker being used to locate wavelengths

referenced by the commutator on the monochromator wavelength drive.

During the calibration the light was allowed to diverge freely from

the exit slit of the monochromator. A portion of this diverging beam

was intercepted by the deflecting prism and deflected to the entrance

aperture of the phototube housing. Light reaching the phototube hous-

ing was found to pass through the same general portion of the deflecting

prism as did the light from the achromatic lens used during measure-

ments of experimental data. Additional apertures inserted along the

optical path assured that light did not reach the phototube along other

paths. After the initial phototube spectral response was measured,

the thermopile was mounted at the exit slit and its response to the
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monochromator output was measured by manually setting the wave-

length drum at the same wavelengths referenced by the wavelength

commutator during the measurement using the phototube. To provide

a suitable signal and zero reference, the light was mechanically inter-

rupted at the entrance slit at 1/6 cycle/second. A suitable number of

cycles were recorded, depending on the drift rate of the zero and the

noise level. The effect of noise and DC drift limitations varied

throughout the spectrum, being greatest at the shorter wavelengths,

as the signal was lowest in that region of the spectrum. The range of

output signals obtained was accomodated by range switching of the

nanovoltmeter used to measure the thermopile output.

Subsequent to the measurement of the spectral output using the

thermopile, the thermopile was removed and the spectral output again

measured using the phototube. Typically this second measurement

and the initial measurement have been found to differ by less than

1/4%. To provide a monitoring of the constancy of the lamp output

during the thermopile measurements, the output of the thermopile at

a selected wavelength setting was recorded several times during the

calibration. Monitoring of the lamp current itself was of sufficient

sensitivity to permit declines in lamp output of about 1% to be detected.

The thermopile used was a Reeder thermopile blackened for use in

the visible and near ultraviolet. The spectral response of a Reeder

thermopile similarly blackened has been studied by the National
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Bureau of Standards (65) and reported to be suitable for use in the near

ultraviolet when calibrated in the visible. The thermopile had a quartz

window of 7090 quartz whose spectral transmission over the region of

the calibration was considered constant. This assumption is not valid
O

for wavelengths shorter than 3000 A but the other calibration limitat-

tions so greatly exceeded the effect of window transmission in this

region that no correction was made.

Additional factors which affect the calibration accuracy are the

signal recording accuracy and the accuracy of the nanovoltmeter

range switchings. The recording accuracy of the nanovoltmeter out-

put and of the phototube response was assured by using the buckout

and the G 11-A recorder system discussed in the text. The range

switching accuracy of the nanovoltmeter measured using the voltage

output jack was found to differ by less than + 1/2% from the nominal

value.

Determination of the photoelectric yield per incident photon

required that the values obtained in the calibration procedure be

appropriate for the center wavelength used, and that the effects of the

spectral variation of the phototube sensitivity across the band pass be

suitably small. Estimates made from the measured values of the

signals indicated that the effects of these variations were neglectable.
0

For wavelengths between 2800 A and 3700 A calibration data was also

obtained with a CS 7-54 filter mounted at the exit slit. The use of a
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filter in the short wavelength region was useful as the thermopile

responded to infrared scattered light present in the monochromator

output as well as the desired spectral band. In the absence of this
0

filter at 2800 A the scattered light signal of the thermopile was of

approximately the same magnitude as the desired true "spectral" sig-

nal. Use of the filter reduced the correction factor and hence improv-

ed the calibration accuracy.

The calibration curve of Figure 15 is the composite of results

obtained using no filter at the exit slit and results obtained using the
0 0

CS 7-54 filter. The points in the region from 2800 A through 3450 A

are the average of two separate determinations over that spectral
0

range using the CS 7-54 filter. The points extending from 3500 A

through 6000 A are the average of four determinations obtained using
0 0

no filter at the exit slit. From 3500 A to 3700 A data obtained in both

procedures was used to join the separate determinations smoothly to

obtain a composite calibration curve. As an indication of the reliabil-
0 0

ity of the results, error bars are shown for the 2800 A to 3200 A

region representing the average deviation of the separate determina-

tions from the value adopted. For the longer wavelength region the

average deviation was typically less than 1. 5% of the value plotted.

The calibration as performed is actually a calibration of the

entire light intensity measuring system as the variations in the rela-

tive transmission of the deflecting prism and its aluminum reflecting
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layer are included. The prism was made of of optical grade fused

quartz and the aluminum layer deposited in ultra-high vacuum using

99. 999% pure aluminum. As a consequence, the relative response

curves obtained should closely represent the relative spectral re-

sponse of the portion of the photocathode utilized.


