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We report the first experimental and theoretical investigation of the coupling of second-
harmonic generation of light to surface plasmons in thin silver films. A model of sec-
ond-harmonic generation due to polarization sources at the silver-air interface correct-
ly predicts the observed harmonic enhancement of one and a half orders of magnitude

because of excitation of the surface plasmon.

This Letter reports the first experimental and
theoretical investigation of the coupling of second-
harmonic generation (SHG) of light to a collective
normal mode of the electrons in the nonlinear me-
dium, namely the surface-plasmon mode in a sil-
ver film. Reflected second-harmonic generation
from media with inversion symmetry was first
observed in silver films' and has been extensive-
ly investigated both experimentally and theoreti-
cally.? Earlier efforts to observe enhanced har-
monic generation through interaction with the
bulk-plasmon mode in silver were unsuccessful
because of the equal importance of the contribu-
tion of the valence or d-band electrons and the
conduction electrons to the optical nonlinear sus-
ceptibility.® Although nonradiative surface plas-
ma waves have been known as solutions of Max-
well’s equations since Sommerfeld,* the excita-
tion of this mode was first accomplished by the
method of frustrated total reflection.® The effect
of damping on surface-plasmon dispersion has
been studied and the backbending in these disper-
sion curves has been explained by use of Fres-
nel’s equations.®

In this experiment, a nonopaque silver film was
evaporated at 5X107* Torr on the hypotenuse face
of a right crown-glass prism. A @-switched ruby
laser (A =6943 A), p-polarized, was incident in
total internal reflection on the silver film in air.
The incident laser intensity was strongly filtered
since power levels in excess of 1 MW damaged
the thin silver films because of the enhanced
plasmon absorption. The reflected second-har-
monic light from the film passed through a CuSO,
solution and a narrow-band-pass interference fil-
ter at the second-harmonic wavelength and was
detected by a photomultiplier whose pulse output
was amplified and digitized by an analog-to-digi-
tal converter. On each laser shot this signal was
compared with the second-harmonic signal gen-
erated in a quartz crystal. The observed signal
was tested to have the harmonic wavelength and

cos*p dependence on laser polarization angle, ¢;
in addition, the harmonic light was observed to
be noncollinear by 1.5° with respect to the re-
flected fundamental laser light as a result of the
dispersion of the glass prism.

Collective oscillations in electron density at
the surface of a metal may be described in terms
of surface-plasmon waves.” These normal modes
may also be described as surface polaritons, cor-
responding to those solutions of Maxwell’s equa-
tions which are subject to the Ewald-Oseen ex-
tinction theorem with no incident field.® Such
waves are evanescent since the momentum along
the surface, 7k, of a nonradiative surface plas-
mon of wave vector k& is greater than that of an
electromagnetic wave in vacuum of the same an-
gular frequency w. The dispersion of surface
plasmons on a semi-infinite dielectric bounded
by vacuum is given by

ko= (w/c)e/(e+1)] V2, (1)

where €=¢€,(w)+ iez(w) is the complex dielectric
function of the medium. The coupling of the elec-
tromagnetic wave to the surface plasmon is ac-
complished by the technique of attenuated total
reflection (ATR).° The component of the photon
wave vector parallel to the silver-vacuum inter-
face, k,,=(w/c)rnsind, is matched to the surface
plasmon at the plasmon angle 6, given by

nsinb,=[e/(e+1)]/2, 2)

where 7 is the index of refraction of the glass
prism and 6 is the angle of incidence.

Since at present there is no first-principles
calculation of the nonlinear optical susceptibility
of a silver film due to the contribution of the va-
lence-band electrons!® we use a phenomenologi-
cal model for the nonlinear polarization.'* At the
boundary between an isotropic medium and vacu-
um, the nonlinear polarization source for SHG
may be written as due only to surface contribu-
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tions in the following form:

Yeff

p2E0)=H (€7 = DaeE @)+ 3
t

E*(w),

(3)
px.yS(Zw) = (es_ 1)Befsz(w)Ex,y(w)-

Here z is the surface normal direction, x is par-
allel to the surface in the plane of incidence, €

is the complex dielectric constant of the silver
with the subscripts s and ¢ referring to the funda-
mental and harmonic frequencies, respectively,
and a.¢;, Berr, and Y ¢s are nonlinear coefficients
which are determined experimentally. Em,z(w)
are the components of the fundamental electric
field inside the metal film at the surface. Sym-
metry considerations show that the nonlinear sur-
face polarization is spatially reversed between
the glass-silver interface and the silver-air in-
terface.

The reflected SHG due to the coupling to the
surface-plasmon mode is calculated by using the
glass-silver-air geometry shown in the inset in
Fig. 1. The incident fundamental field is p-polar-
ized (polarized in the plane of incidence). First
the linear boundary value problem is solved to
calculate the electric field amplitudes in the met-
al at the two surfaces. Second the nonlinear
boundary value problem is solved separately for
each of the contributions to the nonlinear surface
polarization in Eq. (3). Since it has been shown
that the dominant contribution to the SHG in sil-
ver is due to the B.¢; component of the nonlinear
polarization, we give our results here for only
this component. A more complete calculation
has shown that the angular dependence of the SHG
in the vicinity of the plasmon angle is identical
for each nonlinear component. The results of the
combined linear and nonlinear calculations may ]

FNP= (149 ,7,0e %) 2(1+ R, Ryge " ¥9) ™1

X{[(1 =7,5%e2%)(1 = Ryge ™ ¥9)] = [(e, = 1)(e,

The »’s refer to linear Fresnel reflection ampli-
tude coefficients'? evaluated at the fundamental
frequency, while the R’s refer to the same quan-
tities evaluated at the harmonic frequency; sub-
scripts 12 and 23 refer to the glass-silver and
silver-air interfaces, respectively; # and K are
the absorption coefficients at non-normal inci-
dence of the silver at the fundamental and har-
monic frequencies; d is the thickness of the film;
n, and n, are the indices of refraction of the glass
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FIG. 1. Reflected second-harmonic intensity versus
angle of incidence in vicinity of plasmon angle for 560
A of Ag on a glass prism. Smooth curve calculated
from theory in text and normalized to experimental
peak,

be written as

IR (2w) = (cn,/8m)| E gRFNLP|2, (4)

where I®(2w) is the total reflected harmonic in-
tensity. E gF is the reflected harmonic electric
field amplitude due to the contribution of P *(2w)
evaluated for an infinitely thick silver film in the
ATR geometry, and is similar to previous calcu-
lations for SHG from front air-silver interfaces.
The contribution due to the surface plasmon is
contained in the nonlinear plasmon Fresnel factor
F NP which is given by

_n12)-1(1 _rzsz)e-kde-m/za +R28)€t1/2]} .

()

|

prism at the fundamental and harmonic frequen-
cies, respectively.

In Fig. 1 we show both the experimental points
and the theoretical curve for the reflected second-
harmonic intensity as a function of the angle of
incidence in the region beyond the critical angle
for total internal reflection. At the plasmon an-
gle defined by Eq. (2) where the fundamental re-
flected light is at a minimum because of plasmon-
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enhanced absorption, the reflected SHG is reso-
nantly enhanced. The theoretical curve which is
calculated from Eqs. (4) and (5) with use of pub-
lished values for the linear!?® and nonlinear'! op-
tical constants of the silver film, and averaged
over the angular divergence of the ruby laser
beam, is normalized to the experimental peak
value of SHG. The thickness of the film is deter-
mined to be 560 A from a best fit to the linear
reflectivity minimum and from transmission mea-
surements on a microscope slide adjacent to the
prism face in the evaporator. The observed
sharp angular dependence of the SHG is well de-
scribed by the theory.

We now compare the enhancement of the SHG
with plasmon coupling to the standard SHG from
a front-surface reflection of a thick silver film.
Examination of FBNLP at the plasmon angle shows
that the SHG at the silver-air interface, described
by the second term in Eq. (5), is much greater
than the SHG at the glass-silver interface de-
scribed by the first term, because of the excita-
tion of the plasmon mode. The enchancement of
the reflected SHG near the plasmon angle may
then be approximately rewritten from Eqs. (4)
and (5) as

IR (2w)
I.EQ2w)

where I.X(2w) is the reflected second-harmonic
intensity from the front-surface reflection of an
infinitely thick silver film at 45° angle of inci-
dence and the numerical factor includes all the
factors which remain constant throughout this an-
gular range. This ratio is experimentally ob-
served to be approximately 30 while the theoreti-
cal value is a factor of 5 larger. Since at the
plasmon angle it can be shown that 7,q ~2i€ (w)/
€,(w) and since the peak SHG is proportional to
this factor raised to the fourth power, the ob-
served peak is very sensitive to the ratio of the
real to imaginary parts of the optical constants
of the silver film; e.g., an alternative choice of
published linear optical constants reduces the
theoretical SHG enhancement by a factor of 2.
Since we are presently unable to perform this ex-
periment in vacuum, growth of a silver sulfide
layer on the silver film in air is unavoidable.
The effect of the silver sulfide dielectric layer™
will be to diminish the amplitude of the surface-
plasmon mode and hence the SHG. The SHG en-
hancement ratio should be remeasured in high
vacuum. The significant feature here is not just
the agreement between the theory and the results

1_1,2 2

=3.6x107° = 6
(1“'7127’336 kd)2 ’ ( )

of this particular experiment, but the sensitivity
of the SHG enhancement to both the bulk and sur-
face optical properties of the silver film.

The significance of SHG as a probe for evanes-
cent fields in total reflection has been demon-
strated previously.'® When the fundamental plas-
mon mode is created at the silver-to-air inter-
face, the internal evanescent fundamental elec-
tric field is resonantly enhanced and thus pro-
duces a large nonlinear polarization at this sur-
face which in turn radiates the second-harmonic
wave. For an ideal surface-plasmon mode with-
out any damping, the Fresnel reflection ampli-
tude factor, 7,4, diverges'® at the plasmon angle
and the SHG increases exponentially with the
thickness of the film. The behavior of the SHG
is distinctly different from that of the linear re-
flectivity which under these ideal plasmon condi-
tions remains unity at the plasmon angle since
no linear resonance phenomenon is observed with-
out damping. If the nonlinearity of the silver
film is calculated from a recently corrected ver-
sion of the free-electron model, it can be shown
that the surface terms in the second-harmonic
polarization are directly proportional to the num-
ber density of the propagating electrons at the
silver-vacuum interface'’; i.e., the surface plas-
mon. Independent of the details of the nonlinear
model it is clear that the surface contribution of
the harmonic polarization should be closely re-
lated to the surface-plasmon collective electron
oscillation. Observation of the SHG created by
the internal optical fields in the metal film allows
direct study of the surface-plasmon wave in con-
trast to all previous observations of surface-
plasmon excitation which are derived from en-
hanced absorption of the mode.

In conclusion we have demonstrated the first
experimental observation and theoretical calcu-
lation of the coupling of surface-plasmon waves
in a silver film to the SHG of light., The resonant-
ly enhanced SHG is directly related to the sur-
face-plasmon excitation and is also very sensi-
tive to the linear absorption of the thin film. It
is anticipated that this technique may be useful
both for studying surface-plasmon phenomena,
and for measuring the linear and nonlinear opti-
cal response functions of metal films.
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The interaction between charged particles and sharply localized fields is investigated.
The random particle scattering is described by a Fokker-Planck equation whose time-
dependent solution exhibits the formation of a highly populated superthermal tail.

Recent theoretical,*? experimental,® and com-
puter simulation? studies have demonstrated that
sharply localized electric fields of high intensity
can be nonlinearly generated in a plasma by an
external pump field whose frequency is close to
the electron plasma frequency, w,. The under-
lying physical process which gives rise to these
localized fields can be traced to the formation of
density cavities by the ponderomotive force ex-
erted by the total rf field in the plasma. Inside
these cavities the field amplitude can build up to
large levels as a result of both cavity-resonance
and wave-trapping effects. These localized fields
can be formed in nonuniform?”* as well as in uni-
form! plasmas, and can attain energy densities
comparable with the mean particle kinetic ener-
gy density over a localized region of the order of
a few Debye wavelengths (e.g., ~10Arp). Such
narrow and intense fields can accelerate certain
electrons to very high velocities; hence they pro-
vide an efficient method of transforming external
energy into plasma kinetic energy.

In this Letter we investigate the interaction be-
tween electrons and intense localized fields. In
particular, we calculate the time evolution of the
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distribution function of a model plasma which is
envisioned to be in a turbulent state consisting of
random localized fields whose nature has been
described above. Such turbulence is assumed to
be driven and maintained by external agents (e.g.,
rf sources, lasers, relativistic beams). The
formation and evolution of the turbulence itself
is not investigated in the present work. This
simplification permits the isolation of the funda-
mental particle-acceleration effects which should
be contained in a more complete future theory of
spiky turbulence.

The equation of motion for an electron subject-
ed to a localized field of frequency w, phase 6,
and amplitude E is

d?x(t)/dt? = (e /m)E, g(x (t)) cos(wt + ), (1)

in which e and m are the charge and mass of the
electron, and x is its position at time ¢{. Equa-
tion (1) is difficult to solve analytically because
the shape function g must be evaluated at the par-
ticle trajectory, which is not known a priovi.
However, there are two limiting cases in which
Eq. (1) becomes manageable. For small veloci-
ties one can extract the ponderomotive-force ef-



