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Photoemission Studies of Silver with Low-Energy (3 to 5 eV), Obliquely Incident Light
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By use of the photoemission-into-electrolyte technique, the photoyields of silver have
been measured for p- and s-polarized light in the energy range 3 to 5 eV with a wide
range of incident angles. Pronounced structure, providing striking evidence for the va-
lidity of the nonlocal theory of the surface photoeffect, is obtained.

Vacuum photoemission experiments are limit-
ed to photon energies above the work function.
The usual scheme for reducing the low-energy
limit is to overlay the surface with cesium, the
reduction of the work function resulting from the
high polarizability of the cesium atoms. How-
ever, the extent to which the resulting photoemis-
sion is distorted by the cesium and thus no long-
er representative of the metal is unknown. An
alternative is to study photoemission into an elec-
trolyte', the reduction of the work function occurs
through the presence of an electrical double layer
at the metal-electrolyte interface. The possibil-
ity that the electrolyte will affect the photocur-
rents sufficiently that they will be of limited util-
ity for drawing conclusions about the metal must
be faced. There is now evidence that such is not
the case, ' and we will present strong evidence
to substantiate this view below. Indeed, the prin-
cipal purpose of this note is to point up the effec-
tiveness of this technique in solid-state investi-
gations.

The low-energy limit on vacuum photoemission
is unfortunate for silver. The occurrence of the
sharply defined plasmon for energies above about
3.8 eV and suppression of the plasmon effects at
about 4.0 eV due to transitions from the d bands
take place below the work function. We have
studied the photoemission into an electrolyte in
the energy range from 3 to 5 eV. To include the
possibility of observing manifestations of the
surface photoeffect, ' ' we have used polarized

light with the apparatus of Ref. 2. The samples
were thick (2500 A) single-crystal films with

(111)surfaces prepared by evaporation onto mica.
What would we then expect for the photoyields

resulting from photons of energy h~ incident at
angle 0 in the electrolyte~ The simplest theo-
retical expressions for the yields, F~ and F, ,
for p- and s-polarized light result from the iso-
tropic-volume-excitation model. ' In this case
the yields for p and s light are given by

where a is the optical absorption coefficient, (
the electron escape length (taken here for sim-
plicity to be a function of &o), As (A, ) the absorp-
tance for p (s) light, and P a function describing
the escape of excited electrons through the sur-
face.

The use of this model cannot be justified for
the low energies of interest here. However, we
can easily modify the expression for the p yield
to improve significantly the physical content.
Since the surface is (111), the normal passes
through the I point of reciprocal space, in the
neighborhood of which the threshold for inter-
band transitions occurs at 8~-3.8 eV.' This
threshold involves transitions from the Fermi
surface. Since the work function here is about
3 eV, those electrons excited at that L point as-
sociated with the surface will have energy and
momentum sufficient to contribute to the photo-
current. Thus, it is the electric field component
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normal to the surface which is primarily respon-
sible for the photocurrent. With the surface nor-
mal the z direction and the light incident in the
z-z plane, we can extract from Eil. (1) the part
associated with excitations in the z direction by
multiplying by G(8, a1) = lE, I'/(IE, P+ IE„P)= e0 sin'II/
(e0sin'8+le —e0sin'Ol), where E„and E, are the
usus. local electric field components within the
photoemitter of dielectric constant E' = &, + i~2 and

+p is the optical diel ectric constant of water. F~'
=6K~ should then represent the yield far better
than F~. The quantity S~=A~Ge is shown in Fig.
1 for silver in water. ' (We assume throughout
that n( &1, the normal situation. ) The refrac-
tive peak associated with the zero in ~, at S~
=3.78 eV appears. Also in Fig. 1 is a sketch of
the joint density of states for conduction-band
transitions near I-.' The association of the strong
increase in S~ with the onset of these transitions
appears reasonable. To attempt here a more de-
tailed association of band effects with the antic-
ipated yield involves a number of complications.
For example, transitions from the d bands to the
Fermi surface set in at about 4.0 eV. Such tran-
sitions cannot contribute directly to the photo-
yield but will increase the optical absorptance,
suggesting that the expected yield should be re-
duced for S~ & 4.0 eV. An additional effect tends

to compensate for this drop. As the energy in-
creases, the yield from scattered electrons and
from higher-order direct effects due to the elec-
tric field component parallel to the surface will
increase. The former effect will also contribute
to the yield a low-energy tail below k(d =3.8 eV,
perhaps not unlike that of S~. Since the yield is
1'~'=-Ss $P, and $P, which probably increases
slowly as ~ increases and includes a cutoff of
the yield at the work function ( 3 eV), should
not have dramatic effects, we conclude that the
shape of the P yield should be roughly like S~.

For s light, the electric field is parallel to the
surface, md the character of the yield is more
subtle. We expect a small yieM associated with
second-order direct transitions starting at the
edge at 3.8 eV', and increasing roughly like the
density of states of Fig. 1. This yield should be
superimposed upon a background yield of scat-
tered electrons extending to lower energy. S,
=A, o. , which appears in Eil. (1), is shown in Fig.
1 and includes just these features; the shape of
this curve should roughly represent the s yield.
Taking I' to be independent of polarization, the
shape of the yield ratio F~ /F, is shown in Fig. 1.

Experimental results for the P and s yields are
shown in Fig. 2. These results correspond rea-
sonably well to those suggested by the simple
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FIG. 1. Anticipated frequency dependence of the P
yield S&, the s yield S~, and the yield ratio Y& /Y, .
CB is a sketch of the joint density of states for direct
transitions from the conduction band in the vicinity of
the I- point; the threshold for transitions from the &

band is denoted d.
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FIG. 2. The experimental results for the P yield Y&,
the s yield Y~, and the yield ratio Y~/Y~. The work
function is 3.2 eV.
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arguments above. However, there is structure
for frequencies below 3.8 eV. Plotting Y~/Y,
gives the results shown in Fig. 2; the expected
peak at k~-3.8 eV drops off very sharply on the
low-energy side and is accompanied, for the
larger angles of incidence, by a peak of compa-
rable size at h~- 3.6 eV. Could this lower-en-
ergy peak be due to surface plasmons~ In vacu-
um, the surface plasmon energy for silver is
LJ0

p
3 64 eV. In the electrolyte, this fre-

quency is reduced to hen, &"~ = 3.49 eV, well be-
low the low-energy peak. Surface plasmons coup-
le effectively to light, s and p polarized, via sur-
face roughness, even on surfaces which are only
slightly rough. ' In the frequency region of the
surface plasmon, yield ratios tend to be small,
Y~/Y, &2 'It. is possible here that for h&o &3.6
eV, the surface plasmon, by contributing rela-
tively more strongly to the small s yield, reduc-
es a yield ratio which would remain high for oth-
er reasons if surface-plasmon effects could be
eliminated. We will return to this point below.

Another possibility which can be ruled out as
the source of the 3.6-eV peak in Y~/Y, is a sur-
face state. ' To establish this, we prepared two
samples simultaneously, evaporated onto one a
monolayer of gold, and then measured T~ and 7,
for both. If the low-energy structure is due to a
surface state, we would expect the monolayer to
obliterate it. The result is that the monolayer
affects the p yield only near the peak (where it
drops by ™25%) and increases the s yield by a
factor of about 2. Although the ratio Y~/Y, is
now considerably smaller, the peaks at &co- 3.8
and 3.6 eV remain.

The results in Fig. 2 can be understood by use
of the nonlocal theory of the surface photoef-
fect.' ' To employ this theory, we need a longi-
tudinal dielectric function s, (q, &v). (It is suffi-
ciently accurate to use the optical value for the
transverse dielectric function. ) An approximate
expression, based upon experimental data, has
been obtained. " The basic idea is that the di-
electric function can be written as s, (q, &o) =s„(~)
+e, ~(q, ~), where the local function e, repre-
sents the effects of the rather Qat, low-lying d
bands, and ~, M, the free-electron function of
Mermin, "describes the properties of the s elec-
trons. In. &, M, parameters such as the Fermi
velocity and the effective mass are obtained from
a combination of band calculations and experiment
and s, (0,~) is obtained from optical data. The
resulting expression describes the plasmon prop-
erties very well. "
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FIG. 3. Calculated values of 2Y& /P and the yield
ratio Y& /Y~ for 6=67.5'. full lines, local; dashed
lines, nonlocal. Y~ is calculated locally.
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We calculated, with the procedure of Ref. 3,
the nonlocal P yields (actually 2Y~'/P so that the
escape function is not included), shown with their
local counterparts in Fig. 3." For reasons dis-
cussed above, we included only the yield contri-
bution associated with E, . Below the peak, the
nonlocal curves drop off far more rapidly than
the local. This is apparent in Fig. 3 where the
ratios F~'/Y, are shown. The nonlocal curves do
have the structure of the experimental results
with the exception of the low-energy drop. Thus
we can identify the physical effects involved.

The 3.8-eV peak in Y~'/Y, involves both re-
fraction and plasmon excitation. Plasmons can
contribute to the yield only insofar as they decay
into single-particle excitations. Near the I point
interband excitations occur having the right en-
ergy and momentum to permit such decay. ' Thus
plasmons moving in the [111]direction (as they
are here) should contribute to the yield. The gold-
monolayer results suggest that plasmon effects
are important as it is difficult to imagine a mono-
layer affecting the essentially macroscopic re-
fraction behavior to the extent observed.

Below the large peak, the sharp drop in the
nonlocal Y~'/Y, ratio is due to the fact that e,
is approximately 0 but negative; that is, we are
below the plasmon edge. When this occurs the
normal component of the electric fieM in the sur-
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face region is small because of a cancelation be-
tween the transverse and longitudinal fields. ' '
As a result, the P yield is reduced considerably
below the local value as is clear in Fig. 3. This
region of small field extends in about 24 A for
S~ =3.78 eV but decreases sharply as (d decreas-
es. With decreasing co then, the P yield tends to
increase again with the result that Y~'/Y, in-
creases. The increase is associated physically
with intraband transitions with the momentum
transfer, supplied by the longitudinal field, per-
pendicular to the surface. In the experimental
results, this increase extends only to 3.6 eV;
in the calculation the increase continues to low-
er energies. This result suggests that the sin-
gle-particle intraband effects do act to keep the
yield ratio high and it is surface plasmons, not
in the calculation, which cause the sharp drop at
3.6 eV. There remains the possibility that the
proper joint density of states for intraband tran-
sitions has significant structure in this energy
range.

We conclude with some comments concerning
the efficacy of studying solids by use of the photo-
emission-into-electrolytes technique. The high
values of Y&/Y, obtained in our experiments are
striking evidence that the electrolyte does not
modify the surface character to any appreciable
extent. An additional point in this connection is

the sharpness of the structure obtained here, as
is the fact that the effects of a monolayer on the
surface were so apparent.
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We have conducted the first experiment on two-photon excitation of the F center and ob-
tain new and conclusive information about the structure of the relaxed excited states, the
strength of electron-phonon interaction, and the amount of vibronic mixing of ~2s) snd ]2p)
states, allowing the exact solution of the dynamic problem. A new resonance arising from
an additional vibronic mixing (3s-3p) has been found. The values of the 2s-2p splitting and
of the fluorescence lifetime from (2p') have been measured for the first time.

We report the first investigation on the relaxed
excited states (RES) of the F center in an alkali-
halide crystal by a two-photon excitation tech-
nique. ' The structure of the I"* center (Ii center
in RES) in KCl is of particular interest because
of the rather complex processes that are found
to take place during the crystal relaxation. The
experiments of Chiarotti and Grassano, Kuhnert, '
and Bogan and Fichten4 have shown evidence that

in KCl the 2s state, which in absorption lies 0.1
eV above the 2P state, crosses the 2P state dur-
ing crystal relaxation 3.nd ends up lower in ener-
gy. ' This model is consistent with Hogan and
Fiehten's assumption that the RES structure con-
sists of nearly degenerate states ~2s') and ~2P ')
which result from an admixture of the 2s and 2P
states, with ~2s') lower in energy. The exact na-
ture and the strength of the mixing as well as the
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