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A new ac bridge technique allows detailed photoelectric studies on very small particles
suspended in gases. The photoelectric yield F near threshold 4 still follows the Fowler-
Nordheim law F=c{h&-4); yet. c is generally much larger compared to surfaces of2.

0
extended solids. For Ag particles of radius 20 A in an airlike mixture of N2 and 02, c
~ 100cp where co applies to a macroscopic Ag surface in the same environment.

PACS numbers: 79.60.-i, 82.70.Rr, 92.60.Mt, 94.10.Nh

The purpose of this Letter is to report on a
large enhancement of the yield F of photoelec-
trons per incident photon if ultrafine particles
with radii 3 - 50 A are chosen as photoemitters.
The results were obtained with Ag and %Q, by
use of a novel technique in which the density Z
of the particles does not have to be known.

The particles are suspended in an N, -Q, mix-
ture similar to air. The photoelectric size effect
to be reported here has wide implications includ-
ing photoemission fr om inter stellar dust gr ains
by starlight, ' atmospheric electricity, ' nucleation, '
and smog photochemistry, "simply because pho-
toemission from small particles has been under-
estimated so far. It also may become the physi-
cal basis for characterizing and measuring very
small particles suspended in gases.

For the determination of I' and the particle
radius R, the aerosol is illuminated with mono-
chromatic light from a Xe high-pressure arc and
the conductivity arising from photoelectron emis-
sion by the particles is measured. For this photo-

conductivity measurement an alternating electric
field (amplitude, 30 V/cm; frequency, 90 s ') is
applied to the aerosol in two cylindrical condens-
ers, one of which is exposed to uv light. Here,
an in-phase current component is caused by the
oscillatory motions of the charge carriers pro-
duced by photoemission. ' The differential con-
ductivity in the two condensers is measured in
an ac bridge circuit by means of a phase-sensi-
tive amplifier. In this way, the capacitive com-
ponent, typically 10' times higher than the photo-
conductivity, can be suppressed and the aerosol
conductivity arising from ionization by cosmic
rays and natural radioactivity is eliminated.

Aerosol photoconductivity Z arises from the
negative small ions formed by the photoelectrons'
and the particles left behind with a positive charge.
With ultrafine particles (A ~ 30 A), small ion re-
attachment is negligible. ' Multiple photoelectric
particle charging can also be neglected with the
low photon energies applied here, because of the
strong Coulomb attraction between a doubly
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charged particle and the second photoelectron. A

typical time dependence of Z in an aerosol ex-
posed to ultraviolet light at t ~ 0 is shown in Fig.
l(a). The interpretation is simplest when the
radiation is removed at t, where Z reaches a
DlaxlmUDl.

Z is governed mainly by the negative small ions
formed out of the photoelectrons (concentration n)
due to their larger mobility compared to the
charged particles. Therefore, 2 reaches the
maximum when dn/dt= 0, i.e. , when the photo-
electric emission rate equals the rate of small
ion loss to the electrode. The left-hand side of
the following equation represents the emission
rate at t and the right-hand side represents the
loss rate at t . The latter is the initial slope of
n when the light is removed. One obtains

0

) x(t) (10 "Q, 'cm ')

5 ~

o is the geometrical particle cross section (ttft')
and Z the concentration of neutral particles.
The reduction rate of neutral particles by photo-
electrical charging is equal to the photoemission
rate:

-dZ /dt =j oYZ'(t ) .
This results in an exponential decay for Zo(t).

Substituting Zo in (1) and considering that

q o1 Z'(O) = dn(O)/dt

leads to
) dn(t„) da(0)) '

df, ~
—

p

where

de(t. ) dn(D) ' dZ(t ) dZ(0)) '

~
—p dt dt ~ p

(2)

(3)

and t are taken from the measured Z(t), an ex-
ample of which is shown in Fig. 1(a).

The particle cross section 0= &R' is obtained in
two independent ways through the particle diffu-
sion loss to the electrodes and the contribution
Z~ of the particles to conductivity. After ex-
posure (t &t,„), the conductivity decays according
to the diffusion losses of the charge carriers
[ Fig. 1(b)], and is therefore a superposition of
two exponential decays, the decay rates P, and
J3~ being proportional to the diffusion constants of
small ions and particles, respectively. Since p,
»P~, the contributions of small ions and par-
ticles are well separable and P, and P~ as well
as the conductivity Z~(t) produced by the particles
alone can be determined. Since P, and P~ are
proportional to the corresponding diffusion con-
stants' or mobilities b, and b~,
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FIG. 1. Time dependence of aerosol photoconductivity
Z. Light is applied at t =0. (a) Typical curve. Light
removed at t . Dashed line: Z (t ), as expected for con-
tinuous illumination. (b) Example of a measurement

0
with Ag particles of radius R =20 A. Light removed at
t„.

where 1 (b, ( 2 cm'/P ~ sec in an airlike gas mix-
ture. ' Furthermore,

Z~= eZ'bp.

This also yields b~ since the concentration of
charged particles, Z', can be calculated from
the photoemission rate.

Ultrafine Ag particles were prepared by heating
a Ag wire in a N, flow at normal pressure. 0,
was continuously mixed to the aerosol to form a
4:1 N, -O, mixture. The gases were dried by cool-
ing to -80'C. The aerosol was neutralized by
means of a "Kr radioactive source. The particle
size was varied with the wire temperature. A
commercial electrical aerosol analyzer con-
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firmed the absence of particles with radii larger
than 40 A.

The steady-state photoconductivity in a flowing
aerosol is proportional to 1'. This allows a con-
venient relative determination of the yield. The
absolute calibration is done from Z(t) according
to (4).

The Fowler-Nordheim law, "
r(hv) =c(hv —y)', (7)

TABLE I. Radius R, photoelectric threshold g, and
photoemission constant c [Eq. (7) l of Ag particles and
macroscopic surface.

R (A) V (e~)

Particle

Macroscopic
surface

30
27
20

4.55
4.57
4.65

4.90

1.8 x 10
3.9&& 10
8.9x 10

7.3 & 10

as valid for macroscopic metal surfaces, was
found to apply in the photon energy range hv —y
~1.5 eV for particles of Ag, Au, Mo03 and WO3
with various particle sizes.

Table I shows the results obtained with Ag par-
ticles and the comparison to the yield F from a
semi-infinite plane, which is the wire from which
the particles were produced by evaporation. After
heating the wire in N„ it was exposed to the same
N, -O, mixture as the particles. For the particle-
radius determination, the diffusion loss method

[Eq. (5)] seemed more reliable and was therefore
applied. The particle conductivity measurement,
however, yielded identical results with b, =1.3
cm'/V. sec. in Eq. (6).

A drastic increase of c with decreasing particle
radius and an enhancement as large as 110 for the
20-A particles in comparison with the macroscop-
ic surface demonstrate a pronounced size effect.
An even greater yield enhancement has been ob-
served for an aerosol of particles with a mean
radius of 50 A produced from a heated WO, sur-
face. Measurements on various other aerosols
w'ith various size spectra also point to high photo-
electric yields. The increase of the photothresh-
old rp in Table I with decreasing R is a result of
the Coulomb attraction between particle and photo-
electron. Subtracting the Coulomb enhancement
e'/4m&+ of the photothreshold from y, leads to
y, =4 eV for the Ag aerosols. The fact that the
wire threshold is considerably higher indicates
that the crystal orientations at the surface and/or

the adsorbate situation of particles and wire are
different. This can, however, not explain the
yield enhancement, since a dipole layer caused
by surface adsorbates basically has the effect of
a y change only. The influence of an adsorbate
on the particles was demonstrated qualitatively
by adding small amounts of H,O vapor to the
aerosol. A y increase for Ag particles and a y
decrease for WO, particles both in the order of
0.1 eV resulted, while c in (7) remained constant.

To explain the photoelectric yield enhancement
it is first considered that the phase space for
escape of photoexcited electrons is larger ln a
spherical photoemitter compared to a plane if R
is comparable to the elastic mean free path A., of
excited electrons. A calculation of the escape
probability of photoelectrons from a sphere rela-
tive to a semi-infinite solid" shows that enhance-
ment factors up to 4 are possible under the as-
sumptions of a. homogeneous source strength/
volume for excited electrons with hv close to y
and an inelastic collision attenuation according
to exp(-x/A, ). The phase-space enhancement was
found to be independent of hv —y, so that the va-
lidity of the Fowler-Nordheim law is retained for
small particles in agreement with the present
observations. Yet this type of enhancement is de-
finitely not large enough to understand the present
data. . We conclude that it must have to do with
the special ways in which radiation is absorbed
in small particles.

The particle dimension is much smaller than
the uncertainty field of the photon (A. = 2300 A).
This fact must cause a difference in the absorp-
tion of radiation. A similar observation has been
made in the Raman scattering from molecules ad-
sorbed on Ag surfaces. Enhancement factors of
up to 10' have been reported when the Ag surface
was microscopically rough. " The present ob-
servation of an enhanced photoemission may fa-
cilitate the explanation of the surface enhanced
Raman effect. If the radiation is absorbed closer
to the surface in a small particle which is con-
sistent with the model of Bur stein, Chen, and
Lundquist, " then the enhanced photoemission can
be understood readily. Levinson, Plummer, and
Feibelman" have shown that photoionization cross
sections are enhanced drastically in the region of
spatially varying photon fields near a metal sur-
face.

At present, we use the large photoelectric yield
to obtain new information on ultrafine particles
and their surfaces in the atmosphere. " An appa-
ratus employing photoelectric charging of atmos-
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pheric aerosols with subsequent analysis of the
electrical mobility of the charged particles is
being developed. Of special interest to studies
on artificial weather modification seems to be
the fact that layers of water adsorbed on the sur-
face of the particles can be detected by the in-
duced change in photoelectric work function.

We are very much indebted to P. M. Marcus
for communicating his calculations of the escape
enhancement of photoelectrons from a small
sphere. We also wish to acknowledge helpful dis-
cussions with Bruno Federer, Felix Meier, and
Jay Kopp.
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A major part of the giant Raman scattering by adsorbed molecules on a Ag-island film
is shown to be due to the large increase in the electric field at the molecules and to
the large electric dipole moment of the molecule-metal-island complex that result from
the excitation of the transverse collective electron resonance of the film.

PACS numbers: 78.30.E r, 68.48.+ f

It is now well established that surface rough-
ness on a submicroscopic scale plays a crucial
role in the giant enhancement of the Raman-scat-
tering (RS) molecules adsorbed on an Ag elec-
trode. " Creighton, Blatchford, and Albrecht'
have suggested, og the basis of their studies of
the enhanced RS by pyridine adsorbed on Ag and
Au aqueous sol particles, that the enhancement
was due to the excitation of "localized" surface
plasmons. They proposed that the molecular vi-
brations modulate the very large polarizability
of the metal particles. A similar interpretation
was proposed independently by Moskovits, 4 who

suggested that the enhancement and the wave-
length dependence of the RS by pyridine adsorbed
on a Ag electrode is due to the excitation of the
collective electron resonance of submicroscopic
bumps on the Ag surface. However, apart from
an analogy to the resonance enhancement of the
RS by ligands attached to metal atoms, he gave
no explanation of the magnitude of the enhance-
ment. Chen and co-workers" have also focused
on the role played by the collective electron res-
onances of the rough Ag surface. They suggested
that the excitation of the transverse collective
resonance enhances the incident field at the mo1. —
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