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art and Wooten® and those of Pong.* A possible
reason for this disagreement has been given by
Endriz!” who suggested that the results of Stuart
and Wooten may be substantially in error because
of surface-plasmon-one-electron transitions that
were not considered by the authors. Pong’s re-
sults may have been similarly influenced.

In conclusion, we have demonstrated the appli-
cability of Pepper’s calculations to the determina-
tion of experimental attenuation lengths and de-
termined the attenuation length for photoemitted
electrons in an energy range heretofore unmea-
sured. We suggest that future measurements
might be refined by including energy analysis of
the photoelectrons as well as variation of the pho-
ton energy.

The authors wish to thank B. L. McGill and
R. N. Hamm for coding the equations and T. A.
Callcott and R. H. Ritchie for a critical reading
of the manuscript.
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New Value for Work Function of Sodium and the Observation of Surface-Plasmon Effects

R. J. Whitefield* and J. J. Brady
Oregon State University, Covvallis, Ovegon 97331
(Received 28 December 1970)

Clean vacuum~-deposited films of sodium were found to exhibit a work function of ap-
proximately 2.75 eV. Modification of the surface-plasmon frequency due to sulfur sur-
face contamination was observed. The new value of the work function was shown to be

due to a lack of surface contamination.

The properties of the alkali metals in the op-
tical region have become the subject of consid-
erable interest.'"® In the case of the optical con-
stants this interest has been occasioned by a
persisting lack of agreement between theoretical
computations and the experimental results for
the optical conductivities. Recently experimental
and theoretical attention has also been directed
towards photoemission from the alkali metals.
Some characteristics of the reported experimen-
tal photoemissive energy distributions have been
interpreted variously in terms of surface-plas-
mon excitation of photoelectrons* and in terms
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of surface plasmarons,® and have been related
tentatively to models of the excitation of the pho-
toelectrons. The most recent theoretical compu-
tations of the work function to be expected for
sodium have resulted in values much higher than
the results usually obtained experimentally.®”’
The results of these presumably improved com-
putations are in poorer agreement with the re-
ported experimental values of the work function
for sodium than was the earlier computation by
Bardeen.® As a consequence of the foregoing,

the experimental results which are reported
here are thought to have immediate relevance for
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those who may be anticipating either further ex-
perimental or theoretical work relating to the
optical characteristics of the alkali metals.

The study which has been carried out was di-
rected towards elucidation of the principal mech-
anisms of the effect of sulfur on photoemission
from sodium.® Such effects, which were referred
to in the early literature as “sensitization” have,
in general, received only slight attention in re-
cent years.'°"? Yet, it may very well be that a
large portion of the available values of work
functions and the results of photoemission stud-
ies include such effects. As an initial require-
ment for a study of photoelectric “sensitization”
one must first produce clean, uncontaminated
sodium surfaces. The sodium surfaces produced
for this reason were found to exhibit a photoelec-
tric work function of approximately 2.75 eV,

Due to the highly reactive nature of the alkali
metals, most studies of photoemission and the
optical properties have been performed on films
produced by vacuum evaporation. This proce-
dure was also followed in this investigation, but
the preparation of the films was carried out
under more rigorous vacuum conditions than is
usually considered necessary, which is an es-
sential factor in obtaining the higher work-func-
tion sodium surfaces.

In order to maintain the requisite ultrahigh-
vacuum conditions, the depositions were car-
ried out using a two-chamber technique. The de-
position sources were located in one ion-pumped
chamber which was connected to another ion-
pumped chamber by a straight-through valve. In
the sample chamber the films were deposited
onto the electrode of a quartz oscillator-micro-
balance crystal, which was at the temperature
of liquid nitrogen. The two-chamber technique
permitted pressures in the sample chamber dur-
ing depositions to be maintained typically below
2.6 X107 Torr as indicated by a nude Bayard-
Alpert ionization gauge. Subsequent to the depo-
sition, indicated pressures in the 107! Torr
range were quickly attained.

Sodium for the deposition was procurred in
ampoules sealed under vacuum. Use of such
ampoules as sources of highly reactive metals
has become a quite-common experimental pro-
cedure. As has been reported by other investi-
gators,'®' a burst of gas was observed when the
sodium ampoule was cracked in vacuum. For
the investigation carried out, the ampoule itself
was not used as an evaporation source, but the
sodium was transferred under high vacuum into

another valved evaporation source. The sodium
in this source was then outgassed until the base
pressure of the evaporation-source chamber
could be obtained with the sodium at about 220°C,
The gas evolved was thought to be largely argon.
The manufacturer of the ampoule indicated that
the sodium had been processed under argon; and
that after filling, the ampoule was then evacuated
before sealing.

The curve shown in Fig. 1 for a sodium deposit
of thickness 1207 A is typical of the photoemis-
sive yield obtained from uncontaminated sodium
surfaces. This thickness represents a fresh de-
position onto an already existing, much thicker,
sodium film in order to obtain a fresh, uncon-
taminated sodium surface. The light inducing
the photoemission was at near normal incidence
(6 <13°) onto what appeared to be good mirror
surfaces of sodium. As is shown in Fig. 1, the
yield in the threshold region indicates a work
function of approximately 2.75 eV, which is
much higher than the usually reported value of
approximately 2.25 eV, Typically, the work
function for metals is obtained by fitting a Fow-
ler' curve to the photoemissive yield near the
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FIG. 1. The photoelectric yield per incident photon
from an initial sodium deposition and from one of a sub-
sequent sequence of sulfur depositions. The indicated
uncertainty of the sulfur deposition represents the esti-
mated accumulated microbalance-frequency-determina-
tion error limit. Z(hv-¢) is the ordinary Fowler func-
tion plus 0.01(kv—¢)3. Crosses, 1207 A initial sodium
deposit; open circles, (6.45+0.39)%x1078 g/cm?.
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threshold. This procedure was not completely
suitable in this instance as the Fowler function
did not provide a good fit to the emission ob-
tained. As a consequence, the value adopted for
the work function is somewhat arbitrary. The
value found by using the Fowler curve (plotted

in Fig. 1) and the adopted value agree within 0.05
eV.

Another feature which is quite prominent in the
results obtained for clean sodium is the peak in
the yield near 4.0 eV. The location of this peak
is in accord with the energy at which the surface-
plasmon oscillation is expected to occur for an
uncontaminated surface, and is interpreted as
being due to additional photoelectron excitation
near this energy due to the surface plasmon,
This is also essentially the experimental value
of the surface-plasmon loss reported by Kunz'®
in experimental studies of the characteristic en-
ergy losses of sodium.

The results which have been obtained by dif-
ferent investigators of the properties of the alka-
1i metals in the optical region have been at least
as noteworthy for their differences as for their
agreements. Indication that the results reported
here for clean sodium surfaces are not anoma-
lous is shown in the behavior of the photoemis-
sive yields (Figs. 1 and 2) for an uncontaminated
sodium surface which has had small amounts of
sulfur deposited onto its surface in a sequence
of separate depositions. Measurements of the
amount of sulfur deposited in each deposition
were obtained from the frequency shift of the
quartz oscillator microbalance used as a sub-
strate for the depositions. As a result of the
deposition of the sulfur, the threshold for emis-
sion was initially reduced and the location in the
peak in the photoemissive-yield curve shifted to
lower energies. Particular attention is called
to the ability of extremely small amounts of sul-
fur deposited onto the surface to produce sub-
stantial alterations in the photoemission. De-
posited amounts of sulfur of the order of a nomi-
nal “ideal”-monolayer coverage are sufficient to
reduce the observed emission threshold by more
than 0.5 eV, and amounts equivalent to several
“ideal” monolayers are sufficient to produce a
well-defined emission peak at the lowered ener-
gy.

The emission obtained for an amount of sulfur
deposited on the surface sufficient to provide a
threshold reduction to about 2.25 eV is quite sim-
ilar to that reported by other investigators.'™®
In this case the emission is reasonably well fit
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FIG. 2. The photoelectric yieia per incident photon
from an initial sodium deposition and from a subsequent
sequence of sulfur depositions. The indicated uncertain-
ties of the sulfur depositions represent the estimated
accumulated microbalance-frequency-determination er-
ror limits, Crosses, 1207 A initial sodium deposit;
open circles, (2.49+0.15)x10"% g/ecm?; open triangles,
(4.47+0.27) x10~8 g/cm?; open squares, (6.45=0.39)
x10~8 g/cm?; closed circles, (8.52%0.50)x10~8 g/cm?;
closed triangles, (10.54+0.62)x10"% g/cm?,

by the Fowler theory for several decades near
the threshold. A much improved fit can, how-
ever, be obtained by the addition of a small cub-
ic term to the usual Fowler function, The thresh-
old shift is interpretable in terms of the surface-
potential contributions of the surface contami-
nant, More extensive data were obtained regard-
ing the surface-potential contributions and are
intended to be discussed in greater detail else-
where.

The identification, made previously, of the
origin of the emission peak with the surface
plasmon is further indicated by the shift of its
energy location as the amount of sulfur deposit-
ed on the surface was increased. A similar
emission-peak shift was found to occur spontane-
ously on surfaces held for extended periods of
time under somewhat poorer vacuum conditions.

Although this is the first observation of con-
taminate modification of the surface plasmon in
an optical experiment, such modification has
been observed in characteristic energy-loss
experiments.!®?° An explanation of the modifica-
tions of the surface-plasmon frequency Wsp ob-
served in these characteristic energy-loss ex-
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periments has been given in a classical model
by Stern and Ferrell.?*? In the case that the
surface is bounded by a semi-infinite medium of
dielectric constant €, this treatment yields a
particularly simple result for the surface-plas-
mon frequency: w,,=w,/(1+ €)'/2, The shift in
the emission peak found when adding sulfur to
the surface is consistent with this prediction.
Strict applicability of the classical approach to
coverages on the order of several monolayers
is, however, not to be expected.

The two aspects of the photoemission from
sodium which have been dealt with here are rel-
evant to results recently reported by others.
The theoretical treatment of the work function of
sodium was first rendered by Bardeen and yield-
ed a value of 2.35 eV which was in good agree-
ment with the then-known experimental values.
Recently two separate calculations have been
reported, yielding values of 2.75%% and 2.95 eV.?*
These calculations were both rendered in a mod -
el which used the electron density as the basic
variable, and with an approximate accounting
being taken of the variation in the electron den-
sity at the surface. The experimental results
reported here lend support to the interpretation
that the more recent calculations do represent
an improvement over the earlier theoretical
treatment. One feature of the Smith calculation
is that the difference in work function from that
obtained by Bardeen was primarily due to a
larger surface-potential contribution of as much
as 0.74 eV. The work-function reduction ob-
served with sulfur contamination is phenomeno-
logically consistent with surface-potential con-
tributions of this order of magnitude as work-
function variations of the order of 0.6 eV were
obtained as a result of surface contamination.

One significant factor suggested by the study
reported here is that it is extremely likely that
all previously reported experimental data re-
garding the photoemission of the alkali metals
have been unsuspectedly influenced by surface
contaminants. Such a case is not without prece-
dent since recent investigators have found that
the previously determined values for the work
function of gold have been incorrect because of
Hg contamination of the surfaces.?®* Additional
evidence for surface-contaminate effects have
been reported for Al?” and Be.?®

The surface-plasmon contribution as repre-
sented by the peak in the photoemissive yield
has also been recently reported by other investi-

gators’® though the nature of its origin was not
attributed to the surface plasmon. The interpre-
tation rendered in that case was partially based
on the use of optical-constant data obtained at a
sodium-quartz interface. While the reported
alterations of the optical constants of metals due

to surface-plasmon absorption have been small,?%%

the demonstrated connection of the peak in emis-
sion with the surface plasmon and its sensitivity
on boundary conditions suggests that the use of
optical-constant data to explain features of the
photoemissive yield will need to be restricted to
optical-constant data measured on free surfaces.
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