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PLASMA RADIATION FROM METAL GRATING SURFACES*f
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Surface plasma oscillations at optical frequencies have been detected by their radia-
tion from an optical grating surface permitting a measurement of their dispersion rela-
tion.

A type of surface-plasma oscillation (SPO)
in thin metal films which radiates electromag-
netic waves at the bulk plasma frequency was
first predicted by Ferrell, ' and subsequently
was experimentally verified. ' However, there
are other SPQ which do not normally couple
to the radiating electromagnetic field but are
guided along the film surface. Wavelengths
of the order of 10 A of these types of SPO,
which occur on metal films of all thicknesses,
are responsible for some of the discrete ener-
gy losses suffered by electrons interacting
with metal films. ' At these short wavelengths
the frequency of the SPO are practically inde-
pendent of wavelength. However, at longer
wavelengths the frequency starts decreasing
in such a way that the phase velocity of the
SPO along the surface remains slightly less
than that of light. Such SPO are not detected
in electron-energy-loss measurements since
they do not produce any discrete losses. The
expression for the dispersion relation for these
SPO traveling along a plane boundary between
a semi-infinite metal and free space is

where co is the angular frequency of the SPO,
k is its wave number, c is the velocity of light
in vacuum, and e, (ur) is the real part of the
dielectric function of the metal. In order for
the SPO to exist, s, (~) & -1. This type of SPO
was first studied theoretically by Sommerfeld'
in regard to radio-wave propagation along the
earth's surface and is also called the Sommer-
feld surface wave. It's presence has been re-
quired to explain some of the Wood's anoma-
lies on optical gratings. ' There therefore ex-
ists much theoretical and indirect experimen-
tal evidence to support the existence of these
SPO at optical frequencies, but no direct ex-

perimental evidence. In this Letter such di-
rect experimental evidence is presented which
gives a rather detailed description of their
properties.

On a flat surface the SPO does not radiate
because its phase velocity is less than that
of light. However, any surface roughness per-
mits the surface to impart some additional
momentum to the SPO so that it can couple
to the radiating electromagnetic field. ' Then
the SPO can be detected by observing this ra-
diation. In order to obtain any quantitative
results, that surface roughness must be known.
We were therefore led to perform the exper-
iment on a grating surface. The experiment
consisted of bombarding an optical grating of
1200 lines/mm with normally incident 10-keP
electrons, and observing the emitted light.
The stainless-steel grating surface is usual-
ly coated by vacuum evaporation with alumi-
num metal, though a silver coating was also
used. The results were similar for both coat-
ings. The coating thickness varied between
about 0.35 and 1.5 p, . Even though such coatings
are much thicker than the depth of the grating
grooves, the profile of the grating surface should
not be much changed. The coating adds thick-
ness uniformly to all parts of the grating pro-
file, to the peaks and to the valleys. A typi-
cal result is shown in Fig. 1(a.) where the in-
tensity of 5400-A light is plotted as a function
of emission angle from the grating normal.
The plane of emission of the light determined
by the normal to the grating and the direction
of observation makes an angle y of 6'with the
grating rulings. The intensities of the two po-
larizations are plotted separately, where ))

and & mean parallel and perpendicular to the
emission plane, respectively. Two peaks ap-
pear in the & polarization and no appreciable
peaks are discernable in the )) polarization.
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The angular position of both peaks shifts to
the normal of the grating as the wavelength
of the radiation increases. As the angle y be-
tween the grating rulings and the emission plane
is increased, the splitting between the peaks
increases: One peak shifts toward, while the
other shifts away from the normal of the grat-
ing. As the angle between the rulings and the
emission plane reaches 90', i.e., the ruling
of the grating is perpendicular to the incident
plane, the peaks in the & polarization have
disappeared and reappeared in the II polariza-
tion. Further study indicates that the radia-
tion is always polarized with its plane perpen-
dicular to the grating rulings. The line shape
of the peak is influenced by the surface condi-
tion of the metal grating and by the place on
the grating surface' where the electron beam
bombards. The metal grating surface deter-

FIG. 1. (a) Angular distribution of the emitted radi-
ation of 5400 A in the electron-beam experiment. The
ruling of the grating makes an angle of 6 with respect
to the emission plane. II and & mean that the polariza-
tion of the radiations are parallel and perpendicular to
the emission plane, respectively. The emission plane
is the plane determined by the normal to the grating
surface and the direction of emitted radiation. There
are two peaks in the & polarization. (b) Angular dis-
tribution of the reflected light of 5400 A in the spec-
ular-reflectance experiment. The ruling of the grat-
ing makes an angle of 5' with respect to the incident
plane. There are two dips in the & polarization.

iorates after an extended electron bombard-
ment. However, the angular positions of the
peaks are still the same despite the deterio-
ration of the grating surface or exposure to
the atmosphere. The position of the peaks al-
so did not change as the bombarding electron
energy was varied from 7 to 12 Keg. There
was no attempt to monitor intensity changes
as the electron energy varied.

It is suggested that the cause for this anom-
alous radiation from the metal grating is the
SPO. A verifying experiment suggests itself.
If the bombarding electrons excite the SPQ
which subsequently radiate, then the inverse
process of exciting the SPO should be present.
Electromagnetic radiation incident at the emis-
sion angle of the anomalous radiation of the
same frequency should be anomalously absorbed
as it excites the SPO. Such is the case. One
of the results from the specular-reflectance
experiment for 5400-A incident light is shown
in Fig. 1(b). The ruling of the grating is at
5' with respect to the incident plane, which
is defined by the incident direction and the nor-
mal of the grating. The x axis of the graph
is the angular position of the reflected light
with respect to the normal of the grating. The

y axis represents the intensity of the reflect-
ed light in arbitrary units. There are also
two dips in the angular distribution curve for
the reflected light of one polarization. The
anguLar positions of the dips are practically
the same as the emission peaks in the electron
beam experiment for the same wavelength of
radiation and the same orientation of the grat-
ing. Moreover, the dips occur only when the
light has an electric field component normal
to the rulings, in agreement with the polari-
zation of the emitted light. The line shape
of the dips is also greatly influenced by the
grating-surface condition and by the places
on the grating surface where the incident light
falls.

From the data of these experiments we were
able to determine the wave number k

~~

of the
SPO responsible for the emitted radiation by
calculating the component of the wave number
of the emitted radiation parallel to the surface.
A SPO with a wave vector k on a flat surface
would, on a grating surface, consist of some
linear combination of wave vectors k+ng, where
n can have any positive or negative integer
value including 0 and g= 2w/d with the ruling
spacing equal to d. g is directed normal to
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the grating rulings. When I k+n, g I
~ (u/c for

some no, the SPO can radiate in a direction
0 from the grating surface normally given by

0 II

lk+n gl
sin0 =

(d/C (d/C

In Fig. 2(a) the data are analyzed in this man-
ner. The dashed curve is obtained directly
from k

I~

= (v/c) sine for light of 5000-A wave-
length. (The direction and magnitude of k

II

is given by the tangential component of the wave
vector of the emitted or absorbed radiation. )
The k of the SPO plotted as the solid curve
is determined by either adding or subtracting
g to kII, whichever is more appropriate. The
observed double peaks in the emitted and ab-
sorbed radiation can be understood from Fig.
2(a). Based on the experimental data the fig-
ure illustrates the k of the SPO versus its an-
gle with the ruling direction for constant fre-
quency. Also illustrated are the correspond-
ing curves for k+ g. The dotted lines are those
parts of the curves which were not seen direct-
ly experimentally but are reasonable extrap-
olations. Radiation is emitted along a given
direction of the grating if the intersection of
a line in that direction with the curves occurs
at a magnitude of wave number less than e/c.
For p = 0 this occurs for only one angle in the
range of observations. (The apparatus was
not able to observe angles 8 less than 35 from
the grating normal or greater than about 87'. )
For a range of yt 0 this occurs at two angles.
Such an analysis can explain all of the observed
data.

The polarization of the emitted and absorbed
radiation indicates that the electric field of
the observed SPO is in the plane determined
by the normal to the grating surface and g.
On a flat surface'&' the electric field for the
SPO is in the plane determined by the surface
normal and k, and is thus modified by the grat-
ing surface. Yet, the plot of k versus angle
shown in Fig. 2(a) is surprisingly circular,
indicating that the effect of the grating rulings
on that property is small. For example, no

gaps at the Brillouin zone boundaries were
detected. In Fig. 2(b) the m-vs-k character-
istics of the SPO at 40' to the rulings are plot-
ted. On the same curve the corresponding
curves for light and SPO on a flat aluminum
surface calculated from Eq. (1) are also plot-
ted. The measured curves indicate that the
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grating slightly slows up the SPO compared
with a flat surface, but again confirms that
the ~-vs-k characteristics of the SPO are not
much affected by the grating rulings.

In conclusion, it is important to distinguish
this experiment from one performed by Smith
and Purcell. In their experiment light radi-
tion was observed when a grating was bombard-
ed by an electron beam traveling at a glancing
angle (almost 90' to the grating normal) and
at right angles to the rulings. In that case,

FIG. 2. (a) Plot of the wave number k of the surface
plasma oscillation that propagates along the grating
surface versus its direction with respect to the rulings.
Zero degrees is defined for k parallel to the ruling.
Shown are the curves for constant frequency corre-
sponding to the wavelength of light of 5000 A. The
curves are three circles. One is centered about k =0
and the others are centered at k =+g. (b} A plot of the
k of surface plasma oscillations determined by this ex-
periment versus their angular frequency ~ on a grat-
ing surface. The points are for k directed at 40'.
Curve A is the corresponding plot for light in free
space and the Curve B is the theoretical expression
for surface-plasma oscillations on the flat surface of
aluminum.
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the radiation is produced by the induced image
charges of the electrons oscillating normal
to the surface as the electron beam passes
by the rulings. In our experiment, the bom-
barding electrons are directed normally to the
grating surfaces exciting SPO which then ra-
diate. The dispersion relations of these SPO
can be obtained in this fashion as illustrated
in Fig. 2.
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The dispersion of plasma-wave propagation in the alkali metals sodium and potassium
has been observed to deviate significantly from that expected for a noninteracting elec-
tron gas. Modifications of the dispersion have been calculated using the I.andau Fermi-
liquid theory and a quantitative evaluation of the first two moments of the interaction func-
tion has been made for the case of potassium.

Recently we reported the observation of a
new class of wavelike excitations in potassium
which propagate perpendicular to a magnetic
field near the Azbel'-Kaner cyclotron resonanc-
es nxz =v. ' The clearest data were obtained
with microwave surface currents J flowing
parallel to H (J ll H, "ordinary mode" ) at field
values above the fundamental resonance. The
measured dispersion relation (wavelength ver-
sus H) for these waves proved to be in quite
good agreement with that calculated for a de-
generate free-electron gas having an effective
mass appropriate to potassium. Later exper-
iments have revealed similar propagation "win-
dows" at each of the first few subharmonics
in both the J'

1~ H and the J&H ("extraordinary
mode" ) polarizations. ' While the free-electron
model is generally successful in accounting
for the qualitative existence of all the waves

near resonances, ' it has become apparent that
it fails to account quantitatively for the exper-
imental data. The discrepancy is particular-
ly severe for J&B near ~=~~. In this Letter
we show that the discrepancy is removed if
electron correlations are included in the model.

Using the Landau Fermi-liquid theory, we
account for the experimental dispersion rela-
tion and directly evaluate the first two moments
of the Landau interaction function. In princi-
ple, precise measurements of the dispersion
relation of all the modes would provide a com-
plete quantitative evaluation of all moments
of the spin-independent interaction function.
The latter is independent of and complemen-
tary to the spin-dependent interaction which
gives rise to the spin waves recently observed
in sodium and potassium. '&'

The experimental details remain essential-
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