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Noncollinear excitation of surface electromagnetic waves: Enhancement of nonlinear optical
surface response
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We excite several independent surface electromagnetic waves on a metallic surface by use of femtosecond
laser pulses of different frequencies. Due to nonlinear plasmon interaction, optical radiations at frequencies
2v, v11v2, and 2v22v1 are generated~where v1 and v2 correspond laser beam frequencies!. In the
present paper we report experimental results and theoretical modeling of these multiphoton nonlinear optical
effects from a metallic film sputtered onto a grating surface. The theoretical approach we use describes the
multiphoton nonlinear optical effects in the presence of noncollinear interacting surface electromagnetic waves.
In the experiments a sufficient enhancement of the nonlinear optical signals is achieved in the case where the
incidence plane of light is parallel to the grating grooves.
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I. INTRODUCTION

The Surface Electromagnetic Wave~SEW! on metal-
surface plasmon is a resonant coherent oscillation of c
ducting electrons at a surface.1,2 A simple way to initiate a
plasmon on a surface is to diffract laser beam on it. Un
well-defined experimental conditions the reflection curve
the surface presents a minimum that correspond to the tr
fer of energy from the incoming beam to the plasmon. Th
remarkable minima are the well-established Wood anoma
of the diffraction grating. Wood first observed them in 19
~Ref. 3! and since then they have been the subject of ex
sive research. These anomalies have undoubtedly reso
nature, because for a fixed experimental geometry
anomaly may be observed only at specific frequencyv, and
reciprocally, for a fixed frequency of the incident light, th
reflection anomaly is present at a defined angle of incide
u or a defined azimuth anglew. In this paper we denote th
anglew as the angle between the grating grooves orienta
normal ~reciprocal-lattice vector! and to the incidence plan
~Fig. 1!.

According to the dispersion relations1 KSEW
v

5v/cAe1e2(v)/e11e2(v), wheree1 ande2(v) are dielec-
tric permittivity of the environment and of the metal, respe
tively, the value of the SEW’s wave vector always excee
the magnitude of the projection on the surface of the li
wave vector at the same frequency. Hence, SEW’s can
interact with light on a flat surface~so-called nonradiating
SEW! since there should be matching of the wave vector
couple the light into SEW. For a light-SEW coupler such
a diffraction grating or prism the mismatching of SEW a
light wave vectors is compensated.4 On the grating SEW’s
can be excited by laser radiation, can absorb and reemit l
and thus, the result of SEW excitation~minimum in reflected
light intensity! can be detected by optical methods.

The basic SEW properties are derived from the solution
Maxwell’s equations.1 The electromagnetic field of a plas
mon decreases exponentially with the increase of the
0163-1829/2004/69~3!/035403~14!/$22.50 69 0354
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tance from the surface~direction ofz axis in Fig. 1!. How-
ever, in the direction along the surface~in the planeOxy of
Fig. 1! plasmons are relatively free to travel, and hence, th
are truly propagating surface waves~concentrating the en
ergy in a submicron layer near the surface! with a broad
spectrum of eigen frequencies fromv50 to v5vp /A2. For
metals the plasma frequencyvp is in the range of 10 eV.
SEW selectively absorbs only a definite component of lig
polarization. In the case of a grating coupler, only the p
jection of light electric field on the reciprocal lattice vectorq
can interact with SEW.5

The SEW excitation leads to strong increase of the lo
electromagnetic field near the surface.6 For the certain sets o
parameters of the surface profile, the local-field intens
gain may reach several orders of magnitude. As a local-fi
gain we understand the ratio of the amplitude of the elec
magnetic field on the surface to the amplitude of the incid
light electromagnetic field. The giant local-field gain in
creases essentially the efficiency of the nonlinear optical p
cesses that occur on the surface.6

The term ‘‘nonlinear optical phenomena’’ entered scie

FIG. 1. Spatial wave vectors arrangement for SEW excitat
and drawing of the experimental geometry in a reflection exp
ment on a grating for the SHG in arbitrary noncollinear scheme
©2004 The American Physical Society03-1
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tific literature and became its integral part in the 1960s
was understood as ‘‘the effects with their history, charac
istics and behaviors depending on the intensity
radiation.’’7,8 In the course of the development of nonline
optics the term has got new additional meaning. The rese
of vector interaction of traveling9–11 and localized
plasmons12 have formed recently the ‘‘plasmon nonlinear o
tics’’ when the interacting plasmon waves operate and g
ern nonlinear optical response of the system. At the sa
time the role of the field intensity is not denied. However,
this case the intensity of the resulting field can be of a s
ondary character, being the result of multiple interference
freely traveling, spreading plasmon waves. Similar desc
tion and behavior of nonlinear optical phenomena are
served in photonic crystals when the nonlinear optical
sponse of the medium can be described as secon
phenomena based on coherent interference of vector ele
magnetic fields.13–16

The simplest case of a nonlinear process—second op
harmonic generation~SHG! ~Fig. 1! is a convenient tool to
study the local-field enhancement. Following the history,
the general case the process of second optical harmonic
eration from the surface was first described in the pionee
publication of Bloembergen,17 later in Ref. 6 it was extended
for the cases of multiphoton second- and third-order non
ear optical processes. Coutaz and co-workers18,19 and
Simon20 carried out successful experiments on the obse
tion of the SHG efficiency on the silver sinusoidal gratin
and compared the results with a flat metallic surface. A ma
mal second harmonic~SH! enhancement in four orders o
magnitude has been achieved. In addition in Ref. 18 the
thors demonstrated an important result: there exists an o
mal value of the groove depth for which the SHG enhan
ment is maximal. The experimental data were analyzed
the basis of a theoretical model21,22 that gives good qualita
tive agreement with the experiments. In 1994 Reinisch
co-workers23 developed a useful simplified theoretical a
proach based on the coupled-mode formalism~modes of the
fundamental and SH frequencies! where the SHG problem is
solved in the framework of the linear diffraction theory.
the case of nonsinusoidal profile the modeling is complica
enough because it becomes important to take into accou
large number of various spatial harmonics of the surface
lief. This was realized in publications~Refs. 24,25! by intro-
ducing into the SHG description the spatial harmonics of
grating relief and their influence on the SHG efficiency
various diffraction orders. Among a variety of the theoretic
works in this field we would like to note the publications
Kondratenko26,27 who studied analytically SHG for an arb
trary polarization and grooves orientation in the case of si
soidal grating.

The existing simplified theories of SHG by reflectio
from the metal surfaces with the modulated relief26,27,29fail
to describe quantitatively the dependences observed ex
mentally even for second harmonic generation in reflect
of metal film on nonsinusoidal substrate. We have to n
that until now there is no analytical theory for the descripti
of even the SHG on the periodic metallic surface of the
bitrary profile and grooves orientation. In Ref. 29 the case
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the sinusoidal relief was studied and mainlyp polarization of
the incoming beam was considered and it is supposed in
model that the grating might be described as a small per
bation parameter. The general case of SHG on the met
grating ~the grating is not supposed to be a small pertur
tion parameter! for the p-polarized incoming beam was pre
sented in Ref. 30. The Raman-Nat diffraction on the gratin
with the small groove period and depth, for three- and fo
wave mixing processes has also been discussed.31

The absence of complete theory leads to the formation
the stable opinion that for an efficient SHG one should u
the surface with the sinusoidal profile. It is quite reasonab
if one takes into account that the sinusoidal relief is optim
for the achievement of the total suppression of the spec
reflection at the fundamental frequency. However, in pub
cations~Ref. 24! the authors supposed, that the harmonics
the relief might selectively enhance the nonlinear opti
process in various diffraction orders. For instance, the sec
harmonics of the spatial relief have strong influence on
efficiency of the SHG in the specular reflection, but
slightly modifies the SHG intensity in61 diffraction orders.
In earlier work32 we already studied the dependence of t
SHG efficiency on the amplitude of the spatial harmonics
the relief. The overwhelming majority of the experiment
and theoretical works on SEW excitation and interact
were carried out using the sinusoidal profile and colline
geometry. For the nonlinear surface plasmon optics and s
troscopy the use of nonsinusoidal grating profile toget
with the noncollinear geometry of SEW excitation
interaction~see below! are more preferable. The SEW exc
tation bys-polarized laser light33–35leads to the excitation o
two noncollinear SEW’s and their coupling through diffra
tion @Fig. 2~b!#.

The paper is organized as follows: In Sec. II differe
geometries of SEW excitation and their interaction on
grating are presented. The advantages of symmetrical n
collinear scheme of SEW excitation bys-polarized light are
outlined. Several types of multiplasmon surface nonlin
processes are considered. In Sec. III theoretical formal
which can describe arbitrary experimental geometry and
face profile is presented. The brief description of the exp
mental setup used in the experiments and the samples p
ration routine are described in Sec. IV. Measurements of
efficiency and optimal geometry of various nonlinear pr
cesses such as SHG, sum-frequency generation~SFG!, four-

FIG. 2. Vectorial diagram of SEW excitations in the plane

grating surface.KW SEW—SEW wave vector,kW—incident light wave

vector, qW —reciprocal-lattice vector of grating,q2—second spatial
harmonic of the grating relief,w—angle of grooves orientation
u—incidence angle.~a! General noncollinear case,~b! special case
of the symmetrical scheme whenw590°.
3-2
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NONCOLLINEAR EXCITATION OF SURFACE . . . PHYSICAL REVIEW B 69, 035403 ~2004!
wave mixing~FWM! are presented in Sec. V. The validity o
the theory is shown on the example of comparison with
experimental measurements of specular reflection and S
efficiency for several values ofw as a function of incidence
angleu. In Sec. VI the main conclusions of the paper a
presented.

II. NONCOLLINEAR SURFACE ELECTROMAGNETIC
WAVES EXCITATION AND THEIR INTERACTIONS

In this section we describe the basic terms of the plasm
optics that will be used in the paper. Two stages should
distinguished: excitation of one~or several! SEW’s ~Fig. 2!
and their interaction~Fig. 3!. The geometries of these pro
cesses may be different.

A. Different schemes of surface electromagnetic wave
excitation on the grating

The scheme of SEW excitation may be collinear and n
collinear. In the widely used collinear geometry (w50,p)
light wave vector is parallel to the reciprocical-lattice vec
q. The p-polarized optical wave incoming on the gratin
transfers into the SEW and the SEW runs in the plane
incidence. All other geometries are noncollinear~Figs. 1 and
2!.

Let us assume that in the case ofp polarization, the elec-
tric field E is in the plane of incidence, thusEy50, Hx
5Hz50. The cartesian unit vector directions are defined
Fig. 1. For an arbitrary geometry phase matching condit
for SEW excitation on the grating iskW t

v1nqW 5KW SEW
v @Fig.

2~a!# wheren is an integer. The real part ofKW SEW
v participates

in phase matching. In cartesian coordinate system it is

kt,x1qx5KSEW,x ; qy5KSEW,y , ~1!

where qx5(2p/d)cos(w), qy5(2p/d)sin(w), kt,x
5(v/c)sin(u), qz5kt,z5kt,y5KSEW,z50. Here the coordi-
nate system (xz plane! is linked to the incidence plane o
light, z is normal to the averaged surface,y is normal to the
incidence plane~Fig. 1!, d is a grating period,n is the order
of diffraction. For the definite gratingd is a fixed value and
there are three variable parameters to achieve S
resonance—u,w,v.

If in noncollinear geometry the grating grooves are par
lel to the incidence plane, that is,w'90° ~Ref. 10! @Fig.
2~b!# the experimental configuration has mirror symme
with respect to the incidence plane. This configuration
further referred to as ‘‘symmetrical scheme.’’ However, so
authors call this configuration ‘‘s-polarization case’’ becaus
s polarization of the incoming beam transfers into t
p-polarized plasmon wave. Note that the collinear sche
(w5p l , wherel is an integer value! is also symmetrical. All
interactions occur here in one direction but in general it d
not give any advantages in comparison with the arbitr
scheme.

Here we assume that in the case ofs polarization, the
electric field is normal to the incident plane (x,z), i.e., Ex
5Ez50, and the magnetic field is in this plane (Hy50). In
this case vectorq is directed alongy direction q5qy . As
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applied to various nonlinear optical effects, during the rec
years we studied experimentally several schemes of S
excitation and their further interaction. For the first time, w
used the noncollinear scheme for the excitation of surf
electromagnetic waves on the grating in Ref. 32. In this w
we give emphasis to the studies of various nonlinear effe
associated with their local-field enhancement in the prese
of running and interacting SEW’s excited in the symmetric
scheme. The characteristic minima in specular reflect
from the grating fors-polarized incoming light was first ob

FIG. 3. Drawing of the vectorial diagram presented in the pla
of grating surface for degenerated SEW interaction for SH

KW SEW
v —SEW wave vector, PW 2v—nonlinear polarization,

kW2v—wave vector of second optical harmonic,Q—angle of light
radiated from the surface,q2—second spatial harmonic of the gra
ing surface relief.~a! A general case of collinear interaction,~b!
combined collinear or noncollinear interaction in symmetric
scheme whenw590°, ~c! separate collinear or noncollinear inte
action.
3-3
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A. V. ANDREEV et al. PHYSICAL REVIEW B 69, 035403 ~2004!
served in 1967~Ref. 36! and later was comprehensively d
scribed in theory in Refs. 26,33–35. In symmetrical geo
etry of SEW excitation the amplitude of thep component of
the SEW electric field is determined only by the amplitude
the s component of the incoming electric field.27 The phase
matching conditions for the SEW excitation are fulfilled bo
for positive and negative values of the reciprocal lattice v

tor qW , and accordingly two SEW’s are excited in differe
directions simultaneously@Fig. 2~b!#. Moreover, one SEW is

diffracted to the other one:KW SEW,1
v 12q5KW SEW,21

v . The
phase matching condition for this process is fulfilled au
matically in the symmetrical scheme. The presence of
second spatial harmonics of relief makes this noncollin
SEW coupling more efficient@Fig. 2~b!#.

B. Schemes of multiple surface electromagnetic
waves interaction

The term SEW interaction concerns the description of
geometries of interaction of several SEW’s. It can also
collinear or noncollinear. For the experiments that use
beam interacting SEW wave vectors are collinear@Fig. 3~a!#,
except for the symmetrical scheme@see Fig. 3~b!#, where
KSEW,1

omega interacts withKSEW,21
omega . In most of the experiments

with several beams/frequencies as shown in Fig. 4, non
linear interaction is added. For the realization of noncollin
SEW’s interaction, at least one of the interacting SEW
must be excited using noncollinear geometry (wÞp l ). And
vice versa, SEW’s excited in collinear geometry interact o
collinearly. As SEW propagation length at optical freque
cies is restricted by several hundreds of microns,28 which is
comparable with the focused laser beam spot on the gra
surface, the noncollinear scheme of SEW interaction d
not reduce the interaction length considerably.

The simplest result of SEW interaction is SHG. This pr
cess has the following scheme: two SEW’s originate the
larization at doubled frequencyKW SEW

v 1KW SEW
v 5PW 2v due to

nonlinear surface susceptibilityxs
(2) , P2v;(xs

(2)I v)2. This
process is rather weak~typically (I 2v)/(I v)'10218

210212). In centrosymmetric media it is allowed only at th
surface and it requires high local-field intensities. Thus, S
from metal surface is well observable only if light is tran
formed into SEW.PW 2v cannot straightforwardly radiate int
the environment because of phase mismatching, but diff
tion orders ofPW 2v can be radiated on the grating.

Let us assume that theQ indicates the angle of directio
of emission out of the grating surface relative to the surf
normal,F indicates azimuth angle of emission. It is easy
show that the directionQ of the second diffraction order o
polarization at doubled frequencyPW 2v coincides with specu-
lar reflection directionu of the wave at the fundamental fre
quency: PW 2v22qW 5kW t

2v , Q5arcsin(kt
2v)/(2v/c)5u, F5w

~Figs. 1 and 2!. First order of diffraction ofP2v, radiated at
anglesQ1 ,F1 is also observed both in experiment and
theory and it can be even more intensive than the sec
order, but it is less convenient for application becauseF1
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Þw ~except the casew5p l ) and SHG direction does not lie
in the incidence plane so we will not discuss such proces
in this paper.

The presence of sufficient second harmonics of spa
relief peculiar to the nonsinusoidal grating profile35 can con-
siderably increase nonlinear processes efficiency in the
of noncollinearly excited SEW’s. In both the experiment a
the theory we consider shallow gratings and second orde
diffraction is much less efficient than the first one. As it w
shown above, in the general case of SEW enhanced SHG
the grating, SHG wave is reradiated through the second o
of diffraction on the reciprocal-lattice vectorqW . Thus, the
appearance of the second spatial harmonicsqW 2 in the Fourier
spectrum of the grating groove profile leads to a nonlin
polarization radiation through the first diffraction order a
to a considerable enhancement of SHG~and SFG as well!
efficiency in all geometries37~Fig. 3!. In symmetrical scheme
qW 2 plays one more important role@see Fig. 2~b!#. Two origi-
nated noncollinear SEW’s become coupled through sca

FIG. 4. Vectorial diagram of nondegenerated SEW interaction

symmetrical scheme.KW SEW
v i —SEW wave vector at correspondin

frequency,kWv j—wave vector of resulting wave,Q—angle of light
radiation corresponding frequency, mirror symmetrical lower pa
of diagram are not presented on the drawing.~a! Three different
second-order nonlinear processes, SHG1 ,SHG2, and SFG, radiated
under different anglesQ i , ~b! resulting wave on the four-wave
mixing frequency 2v22v1 can also be a surface type one.
3-4
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NONCOLLINEAR EXCITATION OF SURFACE . . . PHYSICAL REVIEW B 69, 035403 ~2004!
ing on qW 2 ~in other words Bragg reflection condition from
grating grooves is fulfilled for both SEW’s! and a standing
wave may be formed iny direction. Hence, for the grating
with an optimized spatial profile of the surface in the sy
metrical scheme one can achieve much higher local elec
magnetic field then in other schemes.

To separate the contribution of noncollinear SEW inter
tion in SHG, we carried out the experiment on degenera
SFG, from two laser beams9 @see Fig. 3~c!#. Two SEW’s
were independently excited in one point of the grating s
face but they run in different directions. Experimentally w
were able to separate spatially SHG waves originated f
collinear (Q1 and Q2) and noncollinear (Q3) interacting
SEW’s @Fig. 3~c!# and we have shown that noncolline
channel can be more efficient, than the collinear one. Fur
on we performed our experiments in the symmetri
scheme—the most efficient for nonlinear signal enhan
ment.

As this paper is mainly devoted to the discussion of n
linear optical effects resulting from the interaction of t
noncollinear SEW’s we present the drawings related to
general case of multiphoton and multibeam interactio
such as SHG@Fig. 3~b!#, SFG @Fig. 4~a!#, and FWM @Fig.
4~b!#. In the example of SFG and FWM experiments w
demonstrate the efficiency of the noncollinear SEW inter
tions in the nondegenerated frequency cases~see Fig. 4!.

For multibeam configuration, the SEW’s are excited
laser beams according to the phase matching conditionkW t,i

v

1niqW 5KW SEW,i
v , wherei 51,2, . . . denote beam numbers,ni

is the diffraction order.KW SEW,i
v is the corresponding SEW’

wave vector@Figs. 3~c! and 4#. Only qW direction is fixed for
all i values, sov i ,w i ,u i can be varied in order to optimiz
the properties of the process of under study.

The generated SEW’s radiate the electromagnetic wa
at combinational optical frequencies if the correspond
phase matching condition is fulfilled and SEW’s at fund
mental frequenciesv1 and v2 are overlapped in space an
time. The directions of the generated wavesQ j ,F j ~for our
case j 51 is 2v1 , j 52 is 2v2 , j 53 is v11v2 , j 54 is
2v22v1) are determined by the following relations betwe
interacting SEW wave vectors:

KW SEW,1
v1 1KW SEW,2

v2 1n3qW 5kW t,3
v11v2 for nondegenerated SFG,

2KW SEW,2
v2 2KW SEW,1

v1 2qW 5kW t,4
2v22v1 for FWM process.

Figure 4 shows the vectorial layout for nondegenerate n
collinear SFG@Fig. 4~a!# and FWM@Fig. 4~b!#. The angle of
radiation is calculated asQ j5arcsin(kt,j /vj /c). For the sake
of simplicity all beams in our configuration are in one pla
of incidence, soF j5w i5w. The proper choice of anglesw i
andu i leads to the simultaneous fulfillment of phase mat
ing conditions for SEW’s at all frequencies of interactin
waves~Fig. 13!.

In any nonlinear optical process on the grating the sy
metrical scheme is advantageous from the point of view
increasing the number of channels of local-field enhan
ment of a definite process. For instance, for FWM instead
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one channel in collinear geometry, we obtained eight para
channels, when SEW’s with two different frequencies we
excited simultaneously both in symmetrical schemes. Ana
gously, SEW on the grating may be applied for five and m
wave mixing nonlinear processes. Finally, we would like
note that the excitation of SEW at the resulting nonline
frequency is possible only in noncollinear geometry of SE
interaction~because of nonlinear SEW dispersion relatio!.
When the resulting frequency lies in visible or IR range
spectrum, the excitation of SEW at the resulting frequen
may considerably enhance the efficiency of the nonlin
process. In our experiment such situation took place only
FWM process.

III. THEORY

In this section we outline the derivation of the numeric
technique that allows us to compute the field that is localiz
and scattered out of a grating surface. For the quantita
description of the scattering of the incoming laser beam
the periodic surface relief we use a recurrence method. T
approach was first developed by Darwin in his pioneer
publication38 devoted to the theory of dynamic x-ray diffrac
tion in crystals. Figure 5 shows the layout of the syste
under study, some of the notations, and the coordinate
tem. Let us assume that the arbitrary periodic relief inz
coordinate direction is a superposition of the sandwichedN
layers that are parallel to thez50 plane and of thicknessd
for each~Fig. 5!. The total height of the relief isH5Nd . We
suppose that all the layers are separated by the vacuum
cracks with the thickness ofD, andD→0. At the beginning,
we would like to solve the problem of scattering of a mon
chromatic vectorial field on the single individual inhomog
neous layer. Let us find the solution of the wave equation
the electric field presented in the integrated form39

EW ~rW,t !52
1

4pc2

]2

]t2E x~rW8!

EW S rW8,t2
R

c D
R

drW8

1
1

4pE x~rW8!grad divrW

EW S rW8,t2
R

c D
R

drW81EW i~rW,t !

~2!

FIG. 5. Geometry analyzed in the present paper and fragme
tion on layers for the model. The metal film has a sin2 profile with
period T, amplitudeH85H2h, and the ‘‘thickness’’ of the gold
layer h.
3-5
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whereR5urW2rW8u andEW i(rW,t) is the incoming field directed
from vacuum (z,0) to the layer,x(rW) polarizability of the
inhomogeneous layer. Integration in Eq.~2! is carried out
over the whole layer2`,x8,`, 2`,y8,`, 0<z8<d.
Equation~2! may be obtained as a result of the solution
Maxwell equations with the use of the retarded poten
technique.40 The polarizabilityx(rW) and the field incoming
on the layer may be represented in the form

x~rW !5(
n

xnexp~ iqny!,

EW i~rW ,z,t !5(
m

EW m
i exp~ ikW i

0
•rW 1 iqmy1 ikz

mz2 ivt, ~3!

where rW 5(x,y), kW i
05(kx

0 ,ky
0), kz

m5Ak0
22(ky

m)22(kx
0)2,

ky
m5ky

01mq, k052p/l, q[qy52p/T reciprocal-lattice
vector. Here we assume, for the sake of definiteness, tha
reciprocal-lattice vectorq is always aligned with theY axis,
q5qy ~see Fig. 5!. In the mean time, the wave vector of th
incoming wavek0 is directed both at arbitrary incidence an
azimuth angles. Let us suppose that the thickness of the l
is small enough in order to make the following assumptio

~1! The amplitude of the scattered to the vacuum fi
(z,0) is much less than the amplitude of the incoming o
It means that the boundary conditions on the surface of
layer (z50) may be presented in the following form:

Ex,y~rW ,0,t !5Ex,y
i ~rW ,0,t !

@11x~rW !#Ez~rW ,0,t !5Ez
i ~rW ,0,t !.

~2! The field inside the layer depends weakly on thez

coordinate:EW (rW ,z,t)'EW (rW ,0,t).
Taking into account both these assumptions the field s

tered into vacuum has the following presentation:

EW s~rW ,z<0,t !5(
p

EW p
sexp~ ikW i

0rW 1 iqpy2 ikz
pz2 ivt !,

~4!

where

~EW p
s!x5

id

2kz
p (

m
$@ko

22~kx
0!2#xp2m~EW m

i !x

2ky
pkx

0xp2m~EW m
i !y1kz

pkx
0jp2m~EW m

i !z%,

~EW p
s!y5

id

2kz
p (

m
$2ky

pkx
0xp2m~EW m

i !x

1@ko
22~ky

p!2#xp2m~EW m
i !y1kz

pky
pjp2m~EW m

i !z%,
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~EW p
s!z5

id

2kz
p (

m
$kz

pkx
0xp2m~EW m

i !x1kz
pky

pxp2m~EW m
i !y

1@ko
22~kz

p!2#jp2m~EW m
i !z%,

x~rW !/@11x~rW !#5(
n

jnexp~ iqny!.

Herejn is a Fourier coefficient. A similar expression can al
be obtained for the field, transmitted through the layer
vacuum,EW t(rW ,z>d,t). With the use of Eq.~4! the relations
between scatteredEW s(rW ,z50,t), transmittedEW t(rW ,z5d,t),
and incomingEW i(rW ,z50,t) fields can be written in the matrix
form:

Ĉs5 ŝĈ i

Ĉ t5 t̂Ĉ i , ~5!

where

Ĉ5S A

Ĉ1

Ĉ0

Ĉ21

A

D
column matrix consists of the amplitudes of the Bloch wav
for the fields

Ĉm5S ~EW m!x

~EW m!y

~EW m!z

D .

Formulas~4! and~5! describe the process of scattering
the monochromatic vectorial field~3! with any arbitrary po-
larization for an arbitrary angle of incidenceu. It also per-
mits us to introduce the variation of the azimuth anglew. Let
us consider an arbitrary layerj inside the relief~Fig. 5!. We
suppose that the enumeration of the layers begins fromz
50 plane and for the first layerj 51. We will express the
fields inside the vacuum gap just in front of thej th layer as
Ĉ j

s,t . Thus, according to Darwin’s procedure we may obta
the general recurrence relations for the fields:

Ĉ j
t5 t̂ j 21Ĉ j 21

t 1 ŝ̄j 21Ĉ j
s, ~6a!

Ĉ j
s5 ŝjĈ j

t1 t̂̄ jC j 11
ŝ , ~6b!

where ŝ̄j , t̂̄ j matrix elements may be obtained in the sam
way asŝj , t̂ j , but for the case when the field impinges o
the reverse side of the layer. In Eq.~6! the combination
t̂ j 21Ĉ j 21

t describes the field transmitted by the (j 21)th

layer, the combinations̄j 21Ĉ j
s—rescattering of the field al-

ready scattered on the (j 21)th layer, ŝjĈ j
t determines the
3-6
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NONCOLLINEAR EXCITATION OF SURFACE . . . PHYSICAL REVIEW B 69, 035403 ~2004!
scattering of the transmitted field on thej th layer and, finally,
t̄ jĈ j 11

s is the value of the scattered field transmitted by
j th layer. Equations~6! deliver the complete solution to th
problem of the linear reflection of the vectorial electroma
netic wave field from the surface grating for both arbitra
azimuth angles and incidence angles. To demonstrate
we introduce the following matrixR̂j : Ĉ j

s5R̂jĈ j
t , that de-

scribes the scattering process for the periodic relief of he
H j5d(N112 j ), which is a lower part of the entire relie
Equations~6! allow one to obtain the following recurrenc
formula41 for the calculation of theR̂j values:

R̂j5 ŝj1 t̂̄ j R̂j 11~ 1̂2 ŝ̄j R̂j 11!21t̂ j . ~7!

Recurrence relations~7! allow one to determine the matri
R̂1 that describes scattering from the whole grating of hei
H. First, with the use of the common Fresnel formula
should calculate the matrixR̂N11 that determines reflection
from the homogeneous semi-infinite half-spacez.H ~Fig.
5!. Then, on the basis of the recurrence formula~7! we ob-
tain theR̂1 values. We would like to point out that the de
composition of the periodic relief on the separate layers w
also used by Barabenkovet al.42 that resulted in the first-
order differential Rikatti equation for the field amplitude
Compared with their approach, the recurrence relations
proach~6! is a general one, because it is not limited by t
consideration of the field derivative of the first order on
The above-described algorithm may also be used for the
culation of the local intensity of the total wave fieldI (rW ,z)
inside the surface relief. Moreover, the algorithm can be e
ily generalized for the description of the nonlinear scatter
effects in the periodic inhomogeneous media. It may
achieved by the addition into the right side of Eq.~6a! of the
wave field f̂ j 21

t originated as a result of the nonlinear sc
tering inside the (j 21)th layer and then incoming on thej th
layer. Simultaneously, into the right side of Eq.~6b! one
should add the field of the nonlinear optical responsef̂ j

s ap-

pearing in thej th layer. The sourcesf̂ j
t,s should be calculated

in the given pump field approximation and supposed to
known. Thus, the problem comes to the resolution of
inhomogeneous system of the recurrence equations in o
to find the field of the nonlinear responseĈ1

s under the con-

dition Ĉ1
t [0̂. Here we should take into account a speci

distribution of the sources of nonlinear response insid
sample.

IV. EXPERIMENTAL SETUP
AND THE SAMPLE PREPARATION

A. Experimental details

Figure 6 presents a schematic drawing of the experime
setup. The laser sources~not shown here! are described in
detail in our previous publications, e.g., Refs. 13,14. We u
a laser system consisting of a femtosecond mode-loc
Ti:sapphire laser to seed a regenerative amplifier~RegA! and
an optical parametrical amplifier~OPA!. A part of RegA laser
03540
e

-

is,

ht

t

s

p-

.
l-

s-
g
e

-

e
e
er

a

al

d
d

radiation is seeded into OPA to produce tunable light tha
used asv2 beam in SFG (vSF5v11v2) and FWM
(vFWM52v22v1) processes. Our OPA produces tunab
light in the range of 500–750 nm. Another part of the Re
output forms the beamv1, necessary for the SFG and FWM
signals generation. The central wavelength of the spect
of the v1 pulse is variable in the range of 780–825 nm.

The temporal overlapping ofv1 and v2 pulses is
achieved by the use of a delay line. A double Fresnel rho
bus ~DFR! provides the possibility to rotate the angle
polarization plane of bothv1 andv2 beams. We use linearly
polarized beams with the fraction of residual~orthogonal!
component as less as 1023. Typically, for both beams aver
aged power was 10 mW, repetition rate 200 kHz, pulse
ration 300 fs, spectral width 12 nm~chirped pulses!.

The sample~grating! was mounted on one rotary part o
the goniometer in order to vary and align the incident ang
The registration system is held on another rotary part of
goniometer. The incident angleu1 is counted from the posi-
tion of normal incidence ofv1 beam on the sample. Addi
tionally to a collimating lens~L! the registration system con
sists of a diaphragm~D!, and a set of shortpass glass filte
~GF! to reject scattered light at frequenciesv1 andv2. The
signal registration is realized with Hamamatsu R 4220P p
tomultiplier tube ~PMT! connected to a lock-in-amplifie
EEG-5110 ~EG&G! for synchronous selective detectio
There is a chopper in both beam path. It chopsv1 and v2
beams at frequenciesf 1;628 Hz andf 2;383 Hz, respec-
tively. The frequency of detection is chosen asf 1 , f 2, or
f 11 f 251011 Hz, depending on what kind of signal~SHG1,
SHG2, SFG, or FWM! is measured.

A part of the experiments concerning SHG and specu
reflection ~R! measurements were done on a similar set9

with one~also Ti:sapphire! laser source. In that case typical
averaged power was 100 mW, repetition rate 100 MHz, pu
duration 100 fs, tuning range 730–850 nm, spectral width

FIG. 6. Optical scheme of the experimental setup with two f
quenciesv1 andv2. DFR1, 2 double Fresnel rhombus; L—lense
GF—glass filter; PMT—photomultiplier; D—diaphragm;u—angle
of incidence;Q—angle of radiation;w—angle of groove orienta-
tion, f 1 and f 2 are the frequencies of the modulation of the first a
the second optical channels.
3-7
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TABLE I. Diffraction gratings parameters.

Sample Ha He f b Tc hd f 1
e w1

f f 2 w2 f 3 w3

B2 120 48 1140 50~Ag! 18 22,4 5,4 2,2 2,6 23,8
M9 130 100 1150 30~Au! 31 3 20 1,6 8 0
T6 135 100 1120 35~Au! 61 5 17 2,4 0 0

aH ~nm!—total amplitude of the grating.
bHe f ~nm!—efficient amplitude of the grating.
cT(nm)—period of the grating.
dh(nm)—thickness of the metal layers.
ef 1 , f 2 , f 3(nm)—amplitudes of the first, second, and third harmonics of the spatial relief.
fw1 ,w2 ,w3(rad)—phases of the first, second, and third harmonics of the spatial relief.
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T6
nm ~transform-limited pulses!. Reflection and SHG were
measured simultaneously using dichroic mirror and two
tectors for fundamental and doubled frequencies. To mea
R in (u,w) space@Fig. 10~a!# we used highly divergen
(Du5150) monochromatic laser beam and charge coup
device camera as a detector.

B. Diffraction grating preparation

The holographic methods for fabrication of grating stru
tures with periodic surface profiles by Fourier synthesis
low controlled superposition of spacial harmonics. In o
work the gratings on the quartz substrates were fabrica
using the standard holographic procedure. First, the exp
tion of photoresist layer as performed by He-Cd laser. Af
the development of photoresist the grating mask was form
Then the grating pattern is transferred into glass by ion e
ing process. The groove profile of the grating after this p
cedure is usually close to trapezoidal which was confirm
by observation of the groove profile by an electron mic
scope. After the ion etching process the glass samples w
annealed in a furnace at the temperature near glass softe
temperature. This procedure allows us to obtain the grat
with profiles close to sinusoidal. Then gold or silver me
film with the thickness of 30–50 nm was deposited on
grating surface.

C. Diffraction grating characterization

We would like to comment that in this paper we keep t
names of the grating samples~e.g., B2, M9, T6! as they were
given by technologists and we believe it would be con
nient for the comparison of the results in the papers p
lished earlier or later. For the sample characterization
used two alternative mutually additive methods:

~1! In the first method, the profiles of the gratings we
investigated with the scanning tunneling~STM! and atomic
force ~AFM! microscopes. The parameters of the diffracti
grating samples used in the experiments are presente
Table I. In Fig. 7 we show the profiles of the sample T6.
Table I we indicated also the relative amplitudes and pha
of the harmonics of the spatial relief.
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H5He f1h. ~8!

~2! The other characterization method used was the fi
the R(u,w) dependencies by numerical calculations~Figs. 8
and 9! using the above-described theory. In the numeri
calculations amplitude and depth of SEW resonance c
cally depends on film thickness, groove height, and shap

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Linear and nonlinear reflectivity angular dependencies

We display in Figs. 8 and 9 the experimental and rela
to them computer simulation results on specular reflect
R(u), ~a! at the fundamental frequency and the reflec
SHG I SHG(u), ~b! Fig. 8 describes the angular behavior

FIG. 7. 3D image of metal grating surface for the sample
obtained with the atomic force microscope.
3-8
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NONCOLLINEAR EXCITATION OF SURFACE . . . PHYSICAL REVIEW B 69, 035403 ~2004!
these values for the symmetrical scheme of the SEW exc
tion whenw590° while Fig. 9 describes the nonsymmetric
scheme whenwÞ90°.

The appearance of the well recognizable minimum in
angular dependencyR is a criterion of SEW excitation when
the phase matching condition at the fundamental freque
is fulfilled. The existence of such a dip in specular reflect
is the evidence of a resonant character of SEW excitat
and for the symmetrical scheme it has double resonant c
acter, because SEW resonance may be achieved sim
neously for two anglesw5p/2 and w52p/2 as we dis-
cussed in Sec. II A.

In general, the width of the SEW resonance in the angu
or frequency scale is determined by the SEW damping
the resonance amplitude is proportional to the efficiency
the surface wave launching. The angularu positions of SEW
resonance depend on frequency of lightv and the angle of
the grooves orientationw as it is shown in Fig. 10~a!. Taking
into account both angles the phase matching conditions
be expressed in the scalar form

KSEW
2 5k2 sin~u!21n2q222k q nsin~u! cos~w!,

where k5v/c and n is the diffraction order. Thus, for a
given frequencyv and diffraction ordern, w, and u are
coupled.

FIG. 8. Linear reflection coefficientR ~a! and SHG powerPSHG

~b! versus the angle of incidenceu of the radiation with the wave-
length l5780 nm in symmetrical (w590°) scheme~sample T6!.
The solid line presents the results of the theoretical simulation;
dots are the experimental data. The SHG power is normalize
maximum in symmetrical scheme. Vertical dotted lines on Figs
and 9 are guide for eyes for better comparison of the position
the reflection minima obtained in the experiments.
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For specular reflection in (u,w) coordinate space we ex
perimentally observed two crossed dark streaks represen
the reflection minima, that indicate the SEW excitation in11
and21 diffraction orders. For each pair ofu andw param-
eters lying on these streaks the phase matching conditio
fulfilled. The crossing point of the streaksusym'50° is the
region of double resonant SEW excitation specific for t
symmetrical scheme w5p/2, where usym

5arcsinAKSEW
2 2q2/k. If we scan one of the angles in th

vicinity of the symmetrical scheme, we should observe c
secutively two SEW resonances in61 diffraction orders
~Figs. 9 and 10!.

In the experiments we observed that the SHG is one o
of magnitude more effective in the case ofu5usym6du and
w5p/26dw ~‘‘symmetrical scheme’’ and ‘‘double reso
nance’’! compared to the otherw values lying over the broad

FIG. 9. Same as in Fig. 8 for nonsymmetrical (w596°) scheme.

FIG. 10. 2D images of SEW and SHG resonances in (w,u)
space in the vicinity of symmetrical scheme crossing of11 and
21 orders of diffraction~sample T6!. Black color indicates the
minimum intensity fors polarization. Gray lines indicate scan d
rection forw andu dependencies, shown on 1D graphs.~a! Specu-
lar reflection, (l5780 nm). ~b! SHG power (l5376 nm).
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A. V. ANDREEV et al. PHYSICAL REVIEW B 69, 035403 ~2004!
range of angle 0,w,p/22dw @Fig. 10~b!#. However, the
efficiency of the SEW excitation in nonsymmetrical sche
is approximately the same for anyw values lying on the dark
streaks that show the reflection minimumRmin @Fig. 10~a!#.
The polarization direction can be optimized at each po
along the curve in (u,w) space, corresponding to resonan
SEW excitation. The width of the SH double resonance is
the range ofdu52° anddw53° for our gratings.

The enhancement of the reflected signal at the SH
quency in the case of symmetrical scheme is also conce
with the specificity of the SEW excitation geometry. Figu
3~b! shows that two simultaneously excited noncolline
SEW’s produce polarization at the SH frequencyPSH with a
‘‘short’’ wave vector k2v sin(Qsym) which can radiate
straightforwardly into the bulk~air, in our case! in the specu-
lar reflection direction. In comparison with the SHG in a
other geometry of SEW excitation whenwÞ(p/2)n, the ex-
istence of this additional channel of SEW interaction sho
lead to the sufficient enhancement of nonlinear opti
response.

The advantage of the used experimental arrangeme
the possibility of simultaneous measurement of the inten
of the waves on thev and 2v frequencies versus the ang
of incidenceu. It allows us to compare the properties a
angular positions of the resonances at both frequencies
carried out the comparison of angular dependencies of lin
reflection R(u,w) with nonlinear emission intensity
I SHG(u,w) for both, symmetrical and nonsymmetrical SE
excitation geometries~Figs. 8 and 9!. We paid particular at-
tention on the analysis of mutual angular positions, the re
tive shapes of SEW and SHG resonances.

In the experiments SH from gold and silver gratings w
observed over a broad range of angles of incidence.
range of angles of incidence varied from approximatelyw
50°,u519° andw5110°,u565° so that the SHG would
reach maximum values within this interval for the wid
range ofw angles. The shape of the SHG curves versus
angle of incidence and particularly the ratio of SHG ma
mum to the minimum value of R are sensitive to the set
anglew. Under the conditions of nonsymmetrical SEW e
citation (w596°) we observed two dips in the linear refle
tion curves that have different relative intensities~Fig. 9!.
This difference does not correlate with the difference in
efficiency of SEW excitation.

Using the above-developed theoretical approach we m
describe the results presented in the experimental chapt
the paper. In all the calculations and theoretical modeling
choose a gold metallic film deposited on the semi-infin
glass substrate with the shape of a grating as the model o
periodic medium~Fig. 5!. Upper and lower boundaries of th
metallic film are described by the functions:zu(y)
5H8sin2(py/T); zl(y)5H8sin2(py/T)1h. The theoretical and
experimental curves shown on Figs. 8 and 9 are made for
specular reflection ofs-polarized incoming electric field an
reflected SHG hasp polarization. In the simulation we use
the following settings~sample T6!: H85He f f580 nm, h
535 nm, T51.12mm and the wavelength of the laser lig
is l5780 nm,e52211 i1.4. In the calculations of the non
linear response of the gold film we used the model of
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anharmonism of the free-electron gas.6 We state the reason
able agreement of the theory with the experiment.

The above-mentioned theoretical approach may also
used for the description of various nonlinear optical effe
that take place on a surface in the presence of SEW. First
would like to describe the increase of the intensity of S
reflected from the metallic surface with the periodic relief
the exact SEW resonance is achieved. We studied num
cally the spatial distribution of the intensity of the total ele
tric field at the fundamental frequency near the surface of
grating. Similar results are presented in oth
publications,43,44 but for different grating parameters and g
ometries.

In Fig. 11 we present the common logarithm of the to
electric-field intensity for the azimuth anglew590° and dif-

FIG. 11. Electric-field intensity distribution~decimal logarithm
of the intensity! around the grating groove, in the air, metal, a
substrate for ‘‘symmetrical’’ schemew590°. Black color corre-
sponds to maximum field.~a! Left edge of the SEW resonance (u
547°), ~b! SEW resonance (u549.20°),~c! right edge of the SEW
resonance (u553°).
3-10
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NONCOLLINEAR EXCITATION OF SURFACE . . . PHYSICAL REVIEW B 69, 035403 ~2004!
ferent incidence angles of the pump bea
usym549.25°—exact SEW resonance@Fig. 11~b!# and for
two angles on the edge of SEW resonanceu547° andu
553° @Figs. 11~a! and 11~c!, respectively#. Under the exact
resonance conditions the intensity of the total electric fi
increases approximately five times and the electric field
mainly localized on the side flanks of the grating groov
Figure 12 shows the spatial distribution of the total electr
field intensity for the fundamental frequency that is assign
to SEW resonance in nonsymmetrical schemew'96°. How-
ever, in the case ofw'90° the total electric-field intensity is
approximately two times larger. The numerical calculatio
describe well the following intensity and polarization pec
liarities: ~i! p polarization of SHG is originated by thes
polarization of the pump wave near the main resonance m
mum forw590°; ~ii ! SHG in symmetrical scheme is sever
times more intensive than in nonsymmetrical schemew
596°); ~iii ! in nonsymmetrical scheme SHG resonance
shifted to the left slope of SEW resonance.

B. Sum-frequency generation

Later on in Secs. V B and V C we describe the expe
mental configurations for which it is essential to consider
interaction on the surface of several independently exc
SEW’s. The configurations of SEW excitation and their
teraction were described and discussed in detail in Sec.
of the paper. In this part of the paper we start the discuss
of the nonlinear optical experiments on the generation
signals at the following frequencies 2v1 , v11v2, and 2v2.
We would like to note that in our experiments the outp
optical signals at these frequencies had comparable inte
ties, but according to the phase matching conditions they
a different radiation directions~Figs. 4 and 13!. Figures 14
and 15 represent the dependence of the coefficient of
specular reflectionR versus the angle of incidenceu for a
fundamental wavelengthl15812 nm and two different val-
ues ofl2: 670 nm in Fig. 14 and 690 nm in Fig. 15. Th
position of SEW resonance onu axis in symmetric scheme i

FIG. 12. Same as in Fig. 11 for nonsymmetrical schemew
596°. SEW resonance (u543°).
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determined by the frequency of the incoming wave acco
ing to the following expression usym(v)
5arcsin@c/vAKSEW

2 1q2)]. The angle between beamsDu
5usym(v2)2usym(v1) was chosen in such a way to exci
SEW at both frequencies at one grating position. SFG po
was measured by scanning incidence anglesu1 andu2 while
keepingu22u15const. The detector position is optimize s
multaneously.

From Fig. 14 we can conclude that SF intensity is ma
mal when the density of local fields due to both SEW
SEW1 and SEW2 is the largest. The width of SF resonance
close to the convolutions of widths of SEW1 and SEW2 reso-
nances. Angular position of the maximum and the radiat
direction of the SF signal are determined by phase match
condition: Q35arcsin„@sin(usym,1)1sin(usym,2)#/2…'(usym,1
1usym,2)/2. For a higher fundamental beam frequen
(v2 ,l25690 nm), SEW resonance is wider and less eff
tive then for lower frequency (v1 ,l15812 nm). This differ-
ence is concerned with the higher SEW absorption rate
the metal at high frequencies. At optimal overlapping of
eas where SEW’s were excited in space and time, nonlin
response at sum frequencyj5(I v11v2)/I v13I v251.5
•10220 cm2/W has the same order of magnitude that for S
j5I 2v1/(I v1)252.4310220 cm2/W. The efficiency of con-
version to nonlinear signal ish5(I v11v2)/(I v11I v2)52
310211. In this case peak intensity of both fundamen
beams was roughly 5 GW/cm2 ~beam waist diameter was i
the order of 70mm! and their average power was 10 mW
We can also estimate the averaged power of the SF wav
0.3 pW.

C. Four-wave mixing

Finally, we study the effects concerned with the enhan
ment of the coherent signal at the FWM frequencyv4
52v22v1 by the local fields of different SEW’s on th
grating surface. For the wavelengths used in the experim
l15812 nm, l25690 nm the resulting wave at the FWM
frequency was located aroundl45600 nm. The resulting
wavelength and the angular location of the signal maxi
are determined by the phase matching conditions as one
see from Figs. 4~b! and 15. Unlike previously discussed pro
cesses, FWM is nonlinear process of third order by field,
nevertheless according to our observations the intensity
the resulting wave at the FWM frequency exceeded the

FIG. 13. Directions of the emission of the nonlinear optic
signals shown in incidence plane for various two-frequency mix
experiments.
3-11
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A. V. ANDREEV et al. PHYSICAL REVIEW B 69, 035403 ~2004!
tensity of SHG and SFG~Fig. 16!. The efficiency of the
conversion into the FWM intensityh5(I 2v22v1)/(I v1

1I v2)55310211 and nonlinear response wasj
5(I 2v22v1)/I v1(I v2)251.8310230 cm4/W2.

VI. CONCLUSIONS

To draw a conclusion, we would like to note several sp
cific properties of the nonlinear optical signals that we o
served in the experiment and described theoretically:

~1! The first remark is concerned with the polarizati
properties of different interacting waves depicted in Figs
and 4. As we described in Secs. II and III of this paper
SEW’s are alwaysp polarized for all incoming laser beam
on the fundamental frequencies. However because we
noncollinear interacting SEW’s, all the incoming fundame
tal beams haves polarization. In our symmetric scheme th
output nonlinear optical signals may have different polari
tions. For instance, both SH and SF waves havep output
polarization~see also Ref. 45! , whereas the FWM wave ha
at the same times output polarization. We didn’t especiall
investigate the effects concerned with the polarization s
actions and their participation of the SEW’s, but in literatu
such effects were already described theoretically.5 However,
in spite of the fact that we didn’t observe clearly the pol
ization conversion and self-action effects we understand w
that along with the spatial and temporal pulse overlappi
the set of proper wave polarizations is also essential for
nonlinear optical conversion efficiency optimization.

~2! For the two-frequency experiments under the differ
emission angles one may observe simultaneous generati

FIG. 14. Angular dependences of the reflectivityR and the SFG
intensity in the presence of SEW resonance. Angle between be
v1 and v2 is fixed at u12u25Du, l15812 nm, l25670 nm,
Du511°, w590°. The signal on the SF is detected at the direct
Q11DQSFG: ~a! experiment~sample B2!, ~b! theory~sample B2!.
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four nonlinear optical signals as it is shown in Fig. 13. F
instance, in Fig. 4~a! it is shown that there are two equa
possibilities determined by the phase matching conditions
the SHG atv1 and v2 frequencies. However, at the sam
time SHG2 signal is weaker than SHG1 in Fig. 16. Closer
effects have already been described in Refs. 9,10 and
believe that they are concerned with the decrease of the l
electromagnetic field because of a weaker SEW resona
for the higher frequency of electromagnetic field of the la
light. However, we would like to note that the intensity
different nonlinear signals increases for longer waveleng
Experiments for SHG, SFG, and FWM were held for diffe

ms

n
FIG. 15. Mutual position of SEW resonances and nonlinear s

nal maxima. Angle between beamsv1 and v2 is constantu1

2u2 . l15812 nm, l25690 nm, Du514°, w590°. Nonlinear
signal is detected in another directionQ11DQSFG, Q1

1DQFWM . ~a! Experiment~sample M9!, ~b! theory ~sample T6!.

FIG. 16. Spectra of all interacting waves. Incidence angles
u1552°, u2566°, w15w2590°. Filled areas indicate waves a
fundamental frequencies. Signals are measured in dirrections
cated in Fig. 13~sample M9!.
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ent materials of gratings, for gold~sample M9, T6! and for
silver ~sample B2!, for different wavelengths (l5670
2830 nm), pulse durations (t5602400 fs) and gave quali
tatively similar results. The presented experimental sche
also allows us to study temporal and spatial properties
SEW interaction.10

~3! One of the aims of the work was to demonstrate t
the theoretical model described above is also applicable
the qualitative description of various nonlinear optical p
cesses. We demonstrated it on the example of SHG, S
and FWM process. As an example, we simulated these
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