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The spectral, polarization, and angular characteristics of the radiation emitted by a silver-film 
island bombarded by slow electrons is investigated. The substantial role played by the 
substrate in the formation of the directivity pattern of the radiation produced by the radiative 
decay of surface plasmons in the small particles is demonstrated. It is shown that the angular 
dependence of the dipole-mode radiation intensity of surface plasma oscillations with vertically 
oriented dipole moment is nonmonotonic, in contrast to the case of radiation in a 
homogeneous medium. 

1. INTRODUCTION 

Interest in the electrodynamic properties of systems 
containing small metallic particles has greatly increased 
lately. The main reason is the observation of surface-en- 
hanced Raman scattering of light' and surface second-har- 
monic In addition, research aimed at under- 
standing the nature of the anomalous properties of "island" 
metallic films is being diligently pursued. The existence of 
the noted effects is attributed to excitation of natural surface 
oscillations of an electron gas in small metallic particles- 
surface plasma oscillations (SPO) . 

One of the basic still unanswered questions394 is the role 
played by the substrate in the formation of the directivity 
pattern of the radiation due to radiative damping of the SPO 
in small metallic particles. We attack this question in this 
paper by using the electron-photon spectroscopy method?g6 
which has been intensively developed in the last few years 
and has already yielded a number of important results. The 

FIG. 1 .  Micrograms of the structure of a silver film with weight thickness 
50 A. Horizontal scale-300 A/cm. 

investigated objects were silver island films, to which most 
studies in this field are devoted. 

2. MEASUREMENTS PROCEDURE AND RESULTS 

The measurement of the spectral, polarization, and an- 
gular characteristics of plasma radiation of thin silver films 
was carried out with the electron-photon spectrometer de- 
scribed in detail in Ref. 7. The silver films were sputtered in 
the spectrometer chamber, at residual-gas pressure 5 .  lop6 
Pa, on glass substrates coated with conducting carbon film 
200 A thick. The sputtering rate was about 1 A/sec on a 
substrate heated to 350-400°C, using an electron-beam 
heater placed on the back side of the substrate. The thickness 
of the sputtered silver layer was monitored with a quartz 
resonator. The film structure was investigated by a transmis- 
sion electron microscopy; a film of weight thickness 50 A is 
shown in Fig. 1. Histograms of the island distribution in size, 
constructed for a quantitative description of the structure, 
are shown in Fig. 2. 

It can be concluded from electron-microscopy investi- 
gation of silver films, shaded by a chromium film, that is- 
lands up to 150-200 A in size are close to spherical (for 

Size, A 

FIG. 2. Island distribution in size: a )  for an island film with weight thick- 
ness 50 A; b) for an island subsystem with distance L>4a to the center of 
the nearest neighbor of the same size. 
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FIG. 3. Emission spectra ofs-polarized light (solid lines) at various obser- 
vation angles (electron incidence angle40", energy-500 eV). The 
dash-dot lines show the Lorentz components. 

particles measuring about 200 A the oblateness of the sphere 
does not exceed 10% ) . 

The working pressure in the experimental chamber was - Pa. The design of the electron-photon spectrometer 
permitted independent measurement of the electron inci- 
dence angle a and of the observation angle 8. The energy E of 
the bombarding electrons was 100-500 eV. Further increase 
of the electron energy increased the substrate contribution to 
the recorded radiation, and the substrate contribution be- 
came predominant at EN> 1000 eV. The current density did 
,not exceed 1.7. lo-' A/cm2, so that the bombardment did 
not lead to a noticeable heating of the investigated film. 

Careful allowance for the photon-gathering geometry 
and for the spectral sensitivity of the spectrometer have per- 
mitted measurements of the absolute yield of the radiation. 
It was calculated by normalizing the measured number of 
photons to the value of the current passing through the tar- 
get; this current depended on the electron incidence angles. 

Figures 3 and 4 show by way of example the obtained 
light emission spectra for thes- andp-components at a = 40" 
and various observation angles. Similar plots were obtained 
at a = 0 and 70". No corrections were introduced for the 
change of the light-source area with change of the observa- 
tion angle, since the size of the glowing spot on the target was 
smaller than the optical image of the slit in the target plane. 

3. DISCUSSION OF RESULTS 

3.1. Spectrum of natural oscillations 

To estimate the quantum yield of the radiation as a re- 
sult of radiative damping of various SPO, we must know 
their frequencies and damping. From the historgram of Fig. 
2 (curve a )  it follows that, in the system investigated, the 
radii of particles a lie in in the range 10-7-10-6 cm. The 
frequencies of solitary single silver particles of this size in 
vacuum, at not too high SPO mode numbers 1. can be deter- 
mined from the dispersion equation (see, e.g., Ref. 8 )  

where E is the dielectric constant of silver. In fact, the char- 

FIG. 4. Emission spectra ofp-polarized light (solid lines) at various ob- 
servation angles (electron incidence angle--4O0, energy-500 eV). The 
dash-dot lines show the Lorentz components. 

acteristic inhomogeneity of the I th SPO mode is of the order 
of 1 /a ,  so that in the range of parameters where the condi- 
tions 

are satisfied (u, is the Fermi velocity and c is the speed of 
light) one can neglect in the SPO spectrum the nonlocality 
of the electromagnetic response of the electron gas and the 
time delay of the interaction. The SPO spectrum can conse- 
quently be determined in the local potential approximation 
to which Eq. ( 1 ) corresponds. In this approximation, using 
the data of Ref. 9 on the dielectric constant of silver, we 
obtain the energies h, of the first three SPO modes for a 
solitary particle in vacuum, viz., 3.5, 3.58, and 3.61 eV. 

In the system investigated, the silver particles are on a 
substrate whose presence can alter substantially the SPO fre- 
quencies compared with the case of a particle in a homogen- 
eous medium.'' the position of the maxima in the experi- 
mental emission spectra corresponds to an energy h - 3.5 
eV, which is close to the SPO frequency values cited above. It 
can be concluded therefore that under our experimental con- 
ditions the substrate does not affect significantly the SPO 
frequencies, a fact noted also earlier, e.g., in Ref. 4. 

It must also be noted that for the film considered the 
average distance between particles of approximately the 
same dimension is comparable with this dimension. One can 
expect in this case a noticeably influence of a neighboring 
particle on the SPO spectrum. In Ref. 11 was calculated the 
spectrum of surface oscillations of a system consisting of two 

identical spheres, as a function of the distance between the 
particles. According to Ref. 11, with decreasing distance, 
the frequency of the coupled dipole oscillations decreases 
monotonically (in the case of a plasmalike dielectric con- 
stant of the sphere material) from the value corresponding 
to the frequency of the SPO dipole mode of a solitary sphere. 
Obviously, if the frequency shift due to the interaction with 
the neighboring particle does not exceed the half-width of 
the line corresponding to SPO dipole mode of a solitary par- 
ticles, the coupled dipole oscillations emit in the same fre- 
quency interval as the solitary particle. According to Refs. 9 
and 12, the damping of the SPO dipole mode of silver parti- 
cles located in vacuum and having radii in the interval low6- 
4-  lo-' cm is I m ( h ,  ) -0.1 eV. so that the interaction does 
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not influence substantially the observed emission frequency 
if the distance between the particle centers exceeds triple the 
radius." We used this attribute to separate a subsystem of 
"noninteracting" particles, for which the distance L to the 
center of the nearest particle of comparable size is not less 
than three, four, and six radii. Note that if the presence of a 
considerably smaller particle in the localization region of the 
SPO field of a given particle should not influence substan- 
tially the SPO frequency, since it alters the structure of the 
SPO field only in a region of the order of its own size. The 
particle distribution in size for the case L>4a is shown by 
curve b of Fig. 2 (the distributions for other cases are similar 
in form. 

3.2 Yield of radiation due to electron bombardment 

The radiation intensity produced when a spherical me- 
tallic particle is bombarded by electrons was calculated in 
Refs. 3 and 4. In Ref. 13 were determined the probabilities of 
exciting various SPO modes and the quantum yield due to 
their radiative decay. No account was taken in the calcula- 
tions of Refs. 13 and 14 of external-electron scattering not 
associated with SPO excitation. Obviously, this approxima- 
tion is satisfactory for electrons that are fast enough and 
have a momentum mean free path exceeding the particle 
size. In the case of electrons of energy on the order of hun- 
dreds of electron volts, this path amounts in typical metals to 
several angstroms, so that scattering must be taken into ac- 
count in the calculation of the SPO excitation. To our knowl- 
edge, however, this problem has not yet been solved. 

Note that since the degree of localization of the SPO 
field is practically the same on both sides of the particle 
boundary, the probability of their excitation by electrons 
that pass through the particle (without a scattering that does 
not involve SPO excitation) and alongside the particle 
(within the confines of the SPO field) should be comparable. 
There is no short-range interaction for electrons passing 
alongside a particle and interacting with the SPO field. For 
these electrons, the conditions for a small change of the state 
upon excitation of the SPO, conditions assumed in the calcu- 
lations of Refs. 13 and 14, should therefore be E ) h , ,  
P)fil /a (P is the momentum of the exciting electron). 

In view of the foregoing, we believe that it is possible to 
estimate the probability of SPO excitation by a flux of elec- 
trons of energy on the order of lo2 eV, on the basis of calcula- 
tions in which scattering is disregarded. 

Comparison, on the basis of the calculation of Ref. 13, 
shows that the yield of photons due to radiative damping of 
the modes of a solitary particle in the vicinity of lo, a/ V I 5: 5 
( V  is the exciting-electron velocity) of our experimental 
conditions ( VZ 1.3. lo9 cm/sec, a 5: cm is smaller for 
themodes with I = 2 and I = 3 by about and times 
than the yield of the dipole mode 1 = 1. 

For this mode, the average number of photons emitted 
per incident electron is 

where 
L08ne2ao. ( Re; ) ' 4 Re yoia ) 

W =  
AV 

is the average number of dipole-mode plasmons excited by 
one incident electron, and is obtained by integrating I, ( 0 )  
(Eq. (21) of Ref. 13) with respect to frequency under the 
condition IImwl/Rewll(l, yR =2 / , (Rew, )4a3~-3 i~  the 
probability of radiative decay per unit time,14 
y,  = 2 Im w, .+ yR is the total dipole-mode decay probabil- 
ity per unit time, 

j ( z l = f  ji2(xlx-'h, 
I 

j, (x) is a spherical Bessel function, e is the electron charge, 
and w, is the plasma frequency. 

To compare the calculated yield of the radiation at the 
dipole-mode frequency of a solitary particle with the mea- 
surements, account need be taken only of the particles that 
enter in "isolated" subsystems. The average number of pho- 
tons due to radiative damping of the SPO dipole mode per 
electron is therefore of the order of 

where a is the coverage of the film by particles having radii in 
the interval (a, a + da),  N is given by Eq. (2) ,  and the inte- 
gration is over the subsystem of "noninteracting" particles. 
The quantities N calculated for distributions for which 
L)3a, L>4a, L>6a have respective values of the order of 
5. 5. 

The experimental quantum yield in the wavelength in- 
terval AA = 15 nm, corresponding to the damping of the 
SPO dipole mode in solitary silver particles for which 
a -4. lo-' cm to cm nearA = 350 nm, is of the order of 

photons per electron. 
The order-of-magnitude agreement between the ob- 

served quantum yield and the calculated one (case L>6a) 
gives grounds for assuming that the observed radiation with 
maximum intensity at R. z 350 nm is due to radiative decay 
of the SPO dipole mode. 

3.3. Directivity pattern 

The spectrum of the radiation due to radiative damping 
of various natural weakly damped electromagnetic oscilla- 
tions of the system in the vicinity of the intensity- maximum 
can be fitted to a symmetric Lorentz curve. To separate the 
contribution made to the radiation by different natural 
modes we have therefore represented the experimental spec- 
tra as superpositions of symmetric Lorentz curves whose 
parameters were chosen to obtain best agreement with the 
experimental curve. Examples of the initial curve and of its 
"Lorentz spectrum" for the case when two Lorentz profiles 
are used for the approximation are shown in Figs. 3 and 4. 
Note that the parameters (maximum value, half-width, po- 
sition of maximum) of the component whose center is close 
to R. ~ 3 5 0  nm are practically independent of the number of 
components into which the initial curve is resolved. 

Figure 5 shows the directivity pattern of a horizontal 
electric dipole located on a plane interface between vacuum 
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FIG. 5. Directivity pattern of horizontal electron plane on the plane vacu- 
um-carbon interface in a plane perpendicular to the dipole moment. Solid 
curve--calculation, circles-experiment: k = 0, 0-4 = 40". The 
dashed line shows the directivity pattern in a homogeneous medium. 

and a semi-infinite dielectric medium, when observed in a 
plane perpendicular to the dipole moment (the dashed line is 
the directivity pattern in a homogeneous medium). The di- 
electric constant of the medium is taken to be E, = 3 + 3.6i, 
the value for amorphous carbon at a frequency fio = 3.5 eV 
(Ref. IS).'' The curve is based on the calculations of Ref. 3 
(the coefficients of electromagnetic-wave reflection from 
opaque dielectrics were taken from Ref. 17). The circles in 
this figure represent the maximum values of the Lorentz 
component with center at R zz 350 nm, obtained by resolving 
the s-polarization radiation spectra. It can be seen that the 
radiation intensity depends noticeably on the observation 
angle. We note also that the maximum radiation intensity, 
taken directly from the measured spectra without resolution 
into components, has a qualitatively similar angular depen- 
dence. 

The fact that the radiation intensity depends on angle is 
evidence that the system containing the emitter has a pre- 
ferred direction in the plane in which this dependence is 
measured. In our case this direction is the normal to the 
substrate surface (note that this is the only preferred direc- 
tion in the system, since the substrate is isotropic in the inter- 
face plane, and the particles are randomly distributed). 

The dependences of the intensity of s-polarized radi- 
ation on the observation angle is thus a consequence of the 
inhomogeneity of the medium in which the emitter is con- 
tained. The qualitative correspondence of the electric dipole 
on the interface (Fig. 5)  to the directivity pattern confirms 
this conclusion. 

The difference between calculation and experiment, 
which is particularly noticeable at oblique observation an- 
gles, is most likely due to reflection of the wave field from the 
carbon-glass interface or to the presence of other metallic 
particles in the near zone of the radiating dipole. 

Figure 6 shows the directivity pattern of a vertical di- 
pole located on the plane interface, for the same parameters 
as in Fig. 5 (the dashed curve is the directivity pattern in a 
homogeneous medium). The circles on this figure mark the 
values of the function 

where I, (8) is the maximum value of the Lorentz compo- 
nent with center at R ~ 3 5 0  nm, obtained by resolving thep- 

FIG. 6.  Directivity pattern of vertical electric dipole on the plane vacuum- 
carbon interface in a plane containing the dipole moment. Solid curve- 
calculation, circles-values of Y ( 0 ) :  @-a = 0,O-a = 40". The dashed 
line shows the directivity pattern in a homogeneous medium. 

polarized radiation spectra, and F, (8) is the radiation inten- 
sity, calculated in Ref. 3, of the horizontal dipole located on 
the boundary of the media and observed in the plane contain- 
ing the normal to the interface and the dipole moment. The 
scale factor for Y(8) was chosen such that the point Y(50") 
was located on the curve. 

Obviously, the function Y(8) describes the directivity 
pattern of the vertical dipoles in a system of incoherently 
emitting vertical and horizontal dipoles. This should be pre- 
cisely the situation under our experimental conditions, inas- 
much as during the time A t - y ,  -' R 3. 10-l4 sec of emis- 
sion of the SPO mode for this system of particles the electron 
that excites these oscillations is scattered and reverses direc- 
tion repeatedly (mean path time - 10-l6 sec). The orienta- 
tion of the dipole moment of the excited oscillations is simul- 
taneously reversed. It is therefore natural to expect the 
radiation observed at the frequency of the SPO dipole mode, 
which is the result of the averaging of the radiation of ran- 
domly oriented dipole moments, to be noncoherent. From 
this standpoint, it is also natural for the intensities of the 
dipole emission along the normal ( a  = 40") to be equal in 
polarizations parallel and perpendicular to the incidence 
plane, since the system is isotropic in the substrate plane, and 
the exciting electron "forgets" rapidly its initial direction. 

It can be concluded from the results shown in Fig. 6 that 
that part ofp-polarized radiation which corresponds to ver- 
tically oriented dipoles has an angular dependence (assum- 
ing that the horizontally oriented dipoles are described by 
the appropriate relation3) that corresponds qualitatively to 
the directivity pattern of a vertical dipole located on the 
plane interface of the media. 

4. CONCLUSION 

Our analysis leads to the following conslusions: 1) Ra- 
diation with maximum intensity at /l zz 350 nm in both polar- 
ization is due to radiative decay of the SPO of a nearly 
spherical particle. 2) The substrate influences substantially 
the angular dependence of the dipole-radiation intensity. 

The second conclusion agrees with the results of Ref. 3 
and contradicts the statement4 that the substrate does not 
influence significantly the directivity pattern of the radiation 
due to radiative damping of the SPO. We note, however, that 
Ref. 4 does not contain enough information on the radiation 
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intensity at 8 R 60", where the role of the substrate should 
become most pronounced. 

"A noticeably different value 6, =: 1.6 + 4.2i was obtained in Ref. 16 for 
the dielectric constant of amorphous carbon at the same frequency. 
However, the difference (larger for oblique observation angles) between 
the directivity patterns of Figs. 5 and 6 for these two values of E, does not 
exceed 10% in amplitude at angles up to 80'. 
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