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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
2w, w;+w,, and 2w,— w, are generatedwhere w; and w, correspond laser beam frequengiels 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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[. INTRODUCTION tance from the surfacédirection ofz axis in Fig. 1. How-
ever, in the direction along the surfa@a the planeOxy of
The Surface Electromagnetic WaySEW) on metal- Fig. 1) plasmons are relatively free to travel, and hence, they
surface plasmon is a resonant coherent oscillation of corare truly propagating surface wavésoncentrating the en-
ducting electrons at a surfat A simple way to initiate a  €rgy in a submicron layer near the surfaceith a broad
plasmon on a surface is to diffract laser beam on it. Undegpectrum of eigen frequencies fram=0 to w=w,/+/2. For
well-defined experimental conditions the reflection curve ofmetals the plasma frequeney, is in the range of 10 eV.
the surface presents a minimum that correspond to the tranSEW selectively absorbs only a definite component of light
fer of energy from the incoming beam to the plasmon. Thes@olarization. In the case of a grating coupler, only the pro-
remarkable minima are the well-established Wood anomaliel§ction of light electric field on the reciprocal lattice vectpr
of the diffraction grating. Wood first observed them in 1902Can interact with _SEW- ,
(Ref. 3 and since then they have been the subject of exten- 1€ SEW excitation leads to strong increase of the local
sive research. These anomalies have undoubtedly resonaGHFCtromagnet'cf'eld hear the su_rfa?déorthe certain sets Of.
nature, because for a fixed experimental geometry thgarameters of the surface profile, the local-field intensity

anomalv mav be observed onlv at specific frequencyand gain may reach several orders of magnitude. As a local-field
omaly may ) y P C Irequeacyy gain we understand the ratio of the amplitude of the electro-
reciprocally, for a fixed frequency of the incident light, the

: . \ o magnetic field on the surface to the amplitude of the incident
reflection anomaly is present at a defined angle of |nC|den0ﬁght electromagnetic field. The giant local-field gain in-

6 or a defined azimuth angle. In this paper we denote the ¢ eases essentially the efficiency of the nonlinear optical pro-
anglee as the angle between the grating grooves orientatioRegses that occur on the surféce.

norma)l (reciprocal-lattice vectgrand to the incidence plane  The term “nonlinear optical phenomena” entered scien-
(Fig. 1.

According to the dispersion relatiohs K&z,
=w/c\ e e(w)l €1+ €,(w), Wheree; ande,(w) are dielec-
tric permittivity of the environment and of the metal, respec-
tively, the value of the SEW's wave vector always exceeds
the magnitude of the projection on the surface of the light
wave vector at the same frequency. Hence, SEW'’s cannot
interact with light on a flat surfacéo-called nonradiating
SEW) since there should be matching of the wave vectors to
couple the light into SEW. For a light-SEW coupler such as
a diffraction grating or prism the mismatching of SEW and
light wave vectors is compensaté@®n the grating SEW's
can be excited by laser radiation, can absorb and reemit light,
and thus, the result of SEW excitatiominimum in reflected
light intensity) can be detected by optical methods.

The basic SEW properties are derived from the solution of FIG. 1. Spatial wave vectors arrangement for SEW excitation
Maxwell's equations. The electromagnetic field of a plas- and drawing of the experimental geometry in a reflection experi-
mon decreases exponentially with the increase of the disnent on a grating for the SHG in arbitrary noncollinear scheme.
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tific literature and became its integral part in the 1960s. It
was understood as “the effects with their history, character-
istics and behaviors depending on the intensity of
radiation.””® In the course of the development of nonlinear
optics the term has got new additional meaning. The research k*sin(0)
of vector interaction of travelifg'® and localized

plasmon$’ have formed recently the “plasmon nonlinear op-

tics” when the interacting plasmon waves operate and gov- g 2. vectorial diagram of SEW excitations in the plane of

ermn nonlinear optlca_l response O.f the syst_em. At the Sa_mgrating surfaceKSEW—SEW wave vectork—incident light wave
time the role of the field intensity is not denied. However, in - . . . .
vector, g—reciprocal-lattice vector of gratingj,—second spatial

this case the |ntenS|t_y of the resulting f'el.d can be of a SecParmonic of the grating reliefp—angle of grooves orientation,
ondary Char.aCter’ bemg. the result of multiple I.nt.erference.00—incidence angle(a) General noncollinear casfy) special case
f_reely travelmg,_spreadmg_ plasmon_ waves. Similar descripgs 4o symmetrical scheme when=90°.
tion and behavior of nonlinear optical phenomena are ob-
served in photonic crystals when the nonlinear optical rethe sinusoidal relief was studied and maiplpolarization of
sponse of the medium can be described as secondatlie incoming beam was considered and it is supposed in the
phenomena based on coherent interference of vector electrmodel that the grating might be described as a small pertur-
magnetic field$3-16 bation parameter. The general case of SHG on the metallic
The simplest case of a nonlinear process—second opticglrating (the grating is not supposed to be a small perturba-
harmonic generatiofSHG) (Fig. 1) is a convenient tool to tion parameterfor the p-polarized incoming beam was pre-
study the local-field enhancement. Following the history, insented in Ref. 30. The Raman-Nat diffraction on the gratings
the general case the process of second optical harmonic gewith the small groove period and depth, for three- and four-
eration from the surface was first described in the pioneeringvave mixing processes has also been discu¥sed.
publication of Bloemberget, later in Ref. 6 it was extended The absence of complete theory leads to the formation of
for the cases of multiphoton second- and third-order nonlinthe stable opinion that for an efficient SHG one should use
ear optical processes. Coutaz and co-worférs and the surface with the sinusoidal profile. It is quite reasonable,
Simorf® carried out successful experiments on the observaif one takes into account that the sinusoidal relief is optimal
tion of the SHG efficiency on the silver sinusoidal gratingsfor the achievement of the total suppression of the specular
and compared the results with a flat metallic surface. A maxireflection at the fundamental frequency. However, in publi-
mal second harmoni¢SH) enhancement in four orders of cations(Ref. 24 the authors supposed, that the harmonics of
magnitude has been achieved. In addition in Ref. 18 the authe relief might selectively enhance the nonlinear optical
thors demonstrated an important result: there exists an optprocess in various diffraction orders. For instance, the second
mal value of the groove depth for which the SHG enhanceharmonics of the spatial relief have strong influence on the
ment is maximal. The experimental data were analyzed oefficiency of the SHG in the specular reflection, but it
the basis of a theoretical mod&f? that gives good qualita-  slightly modifies the SHG intensity irt 1 diffraction orders.
tive agreement with the experiments. In 1994 Reinisch andn earlier work¥? we already studied the dependence of the
co-worker$® developed a useful simplified theoretical ap- SHG efficiency on the amplitude of the spatial harmonics of
proach based on the coupled-mode formalismodes of the the relief. The overwhelming majority of the experimental
fundamental and SH frequencjeshere the SHG problem is and theoretical works on SEW excitation and interaction
solved in the framework of the linear diffraction theory. In were carried out using the sinusoidal profile and collinear
the case of nonsinusoidal profile the modeling is complicatedjeometry. For the nonlinear surface plasmon optics and spec-
enough because it becomes important to take into accountteoscopy the use of nonsinusoidal grating profile together
large number of various spatial harmonics of the surface rewith the noncollinear geometry of SEW excitation-
lief. This was realized in publication®efs. 24,25 by intro-  interaction(see below are more preferable. The SEW exci-
ducing into the SHG description the spatial harmonics of theation bys-polarized laser lighit—>°leads to the excitation of
grating relief and their influence on the SHG efficiency intwo noncollinear SEW'’s and their coupling through diffrac-
various diffraction orders. Among a variety of the theoreticaltion [Fig. 2(b)].
works in this field we would like to note the publications of = The paper is organized as follows: In Sec. Il different
Kondratenk8®?” who studied analytically SHG for an arbi- geometries of SEW excitation and their interaction on the
trary polarization and grooves orientation in the case of sinugrating are presented. The advantages of symmetrical non-

a)

soidal grating. collinear scheme of SEW excitation Isypolarized light are
The existing simplified theories of SHG by reflection outlined. Several types of multiplasmon surface nonlinear
from the metal surfaces with the modulated réfiéf*°fail  processes are considered. In Sec. IIl theoretical formalism

to describe quantitatively the dependences observed experithich can describe arbitrary experimental geometry and sur-
mentally even for second harmonic generation in reflectiorface profile is presented. The brief description of the experi-
of metal film on nonsinusoidal substrate. We have to notenental setup used in the experiments and the samples prepa-
that until now there is no analytical theory for the descriptionration routine are described in Sec. IV. Measurements of the
of even the SHG on the periodic metallic surface of the arefficiency and optimal geometry of various nonlinear pro-
bitrary profile and grooves orientation. In Ref. 29 the case otesses such as SHG, sum-frequency generéd#66®), four-
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wave mixing(FWM) are presented in Sec. V. The validity of
the theory is shown on the example of comparison with the
experimental measurements of specular reflection and SH(
efficiency for several values a@f as a function of incidence
angle 6. In Sec. VI the main conclusions of the paper are
presented.

II. NONCOLLINEAR SURFACE ELECTROMAGNETIC a) k2m
WAVES EXCITATION AND THEIR INTERACTIONS Sln(®)

In this section we describe the basic terms of the plasmor
optics that will be used in the paper. Two stages should be
distinguished: excitation of on@r several SEW's (Fig. 2
and their interactior{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 non-
collinear. In the widely used collinear geometry = 0,7)
light wave vector is parallel to the reciprocical-lattice vector
g. The p-polarized optical wave incoming on the grating
transfers into the SEW and the SEW runs in the plane of
incidence. All other geometries are noncollinggigs. 1 and  b)
2).

Let us assume that in the casepopolarization, the elec-
tric field E is in the plane of incidence, thug,=0, H,
=H,=0. The cartesian unit vector directions are defined in
Fig. 1. For an arbitrary geometry phase matching condition

for SEW excitation on the grating ik”+nq=KZ2g, [Fig.
2(a)] wheren is an integer. The real part ngEWparticipates
in phase matching. In cartesian coordinate system it is

Kixt dx=Ksewx; dy=Ksewy, 1

where  q,=(27/d)cos(p), qy=(2m/d)sin(e), Kt
=(w/c)sin(®), q,=k; =k y=Ksegw,=0. Here the coordi-

nate systemxz plane is linked to the incidence plane of )
light, zis normal to the averaged surfageis normal to the
incidence plangFig. 1), d is a grating periodn is the order FIG. 3. Drawing of the vectorial diagram presented in the plane

of diffraction. For the definite gratind is a fixed value and  of grating surface for degenerated SEW interaction for SHG.
there are three variable parameters to achieve SEWe_ . Sew wave vector, P2°—nonlinear polarization,

resonance-4, ¢, o. k?>—wave vector of second optical harmoni@—angle of light

If in noncollinear geometry the grating grooves are I:""‘r""l'radiated from the surfacg,—second spatial harmonic of the grat-

lel to the incidence plane, that ig~90° (Ref. 10 [Fig.  ng surface relief.(a) A general case of collinear interactioth)
2(b)] the experimental configuration has mirror symmetrycombined collinear or noncollinear interaction in symmetrical

with respect to the incidence plane. This configuration isscheme wherp=90°, (c) separate collinear or noncollinear inter-
further referred to as “symmetrical scheme.” However, somegction.

authors call this configurations*polarization case” because
s polarization of the incoming beam transfers into theapplied to various nonlinear optical effects, during the recent
p-polarized plasmon wave. Note that the collinear schemgears we studied experimentally several schemes of SEW
(¢=l, wherel is an integer valueis also symmetrical. All  excitation and their further interaction. For the first time, we
interactions occur here in one direction but in general it doesised the noncollinear scheme for the excitation of surface
not give any advantages in comparison with the arbitraryelectromagnetic waves on the grating in Ref. 32. In this work
scheme. we give emphasis to the studies of various nonlinear effects
Here we assume that in the case sopolarization, the associated with their local-field enhancement in the presence
electric field is normal to the incident plan&,f), i.e., E,  of running and interacting SEW'’s excited in the symmetrical
=E,=0, and the magnetic field is in this planel(=0). In  scheme. The characteristic minima in specular reflection
this case vectoq is directed alongy directiongq=gq,. As  from the grating fors-polarized incoming light was first ob-
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served in 1967Ref. 36 and later was comprehensively de- ®2 ®2
scribed in theory in Refs. 26,33—-35. In symmetrical geom- EW EW
etry of SEW excitation the amplitude of tipecomponent of
the SEW electric field is determined only by the amplitude of
the s component of the incoming electric field The phase
matching conditions for the SEW excitation are fulfilled both
for positive and negative values of the reciprocal lattice vec-

tor ﬁ and accordingly two SEW'’s are excited in different
directions simultaneoushFig. 2(b)]. Moreover, one SEW is

diffracted to the other oneIZg’EWlJqu:Kg’EW,l. The

phase matching condition for this process is fulfilled auto-

matically in the symmetrical scheme. The presence of the

second spatial harmonics of relief makes this noncollinear 3

SEW coupling more efficierftFig. 2b)]. e
a)

B. Schemes of multiple surface electromagnetic
waves interaction

The term SEW interaction concerns the description of the
geometries of interaction of several SEW'’s. It can also be
collinear or noncollinear. For the experiments that use one
beam interacting SEW wave vectors are collingag. 3a)],
except for the symmetrical schenfisee Fig. &)], where
KSEwr interacts withK g%, . In most of the experiments
with several beams/frequencies as shown in Fig. 4, noncol-
linear interaction is added. For the realization of noncollinear kz“’z_‘”lsin(@ )

SEW'’s interaction, at least one of the interacting SEW’s 4

must be excited using noncollinear geometpA 7). And

vice versa, SEW's excited in collinear geometry interactonly g, 4. vectorial diagram of nondegenerated SEW interaction in
collinearly. As SEW propagation length at optical frequen-
cies is restricted by several hundreds of micr&hshich is
comparable with the focused laser beam spot on the grati
surface, the noncollinear scheme of SEW interaction do
not redupe the interaction Ienth cons!dergbly. ) second-order nonlinear processes, SHEHG,, and SFG, radiated

The simplest res_ult of SEW interaction is SHG This Pro-ynder different angle®,;, (b) resulting wave on the four-wave
cess has the following scheme: two SEW's originate the pOpixing frequency 2»,— w, can also be a surface type one.

larization at doubled frequendg e+ K2euw= P2 due to

. e (2) p2o- (2 eV2 Thi o .
nonlinear surface susceptibility™, P~ (xs"1°)% This . o (aycant the case= 1) and SHG direction does not lie

: H 2w W\ — 18 ) A A . .
process  is rather weak(typically ~ (I7)/(1*)~10 in the incidence plane so we will not discuss such processes
—10 2. In centrosymmetric media it is allowed only at the in this paper.

surface and it requirgs high local-field intens!tie_s. Thus, SHG  1pe presence of sufficient second harmonics of spatial
from metal surfac:a is well observable only if light is trans- qjief peculiar to the nonsinusoidal grating proflean con-
formed into SEWP2* cannot straightforwardly radiate into siderably increase nonlinear processes efficiency in the case
the environment because of phase mismatching, but diffracf noncollinearly excited SEW's. In both the experiment and
tion orders ofP2® can be radiated on the grating. the theory we consider shallow gratings and second order of
Let us assume that th® indicates the angle of direction diffraction is much less efficient than the first one. As it was
of emission out of the grating surface relative to the surfacséhown above, in the general case of SEW enhanced SHG on
normal,® indicates azimuth angle of emission. It is easy tothe grating, SHG wave is reradiated through the second order
show that the directio® of the second diffraction order of of diffraction on the reciprocal-lattice vectm}. Thus, the
polarization at doubled frequend?® coincides with specu- appearance of the second spatial harmogici the Fourier
lar reflection directiory of the wave at the fundamental fre- spectrum of the grating groove profile leads to a nonlinear
quency: |32w_2(i:|2t2w, 0 =arcsini”)/(2wlc)=06, ®=¢  polarization radiation through the first diffraction order and
(Figs. 1 and 2 First order of diffraction ofP?*, radiated at t0 @ considerable enhancement of Skiad SFG as well
angles®,,®, is also observed both in experiment and in efficiency in all geometri¢d(Fig. 3. In symmetrical scheme,
theory and it can be even more intensive than the secong, plays one more important rofsee Fig. 2b)]. Two origi-
order, but it is less convenient for application becadse nated noncollinear SEW’s become coupled through scatter-

symmetrical schemeK 4L, —SEW wave vector at corresponding

r]frequency,IZ“’i—wave vector of resulting wave&)—angle of light
r%diation corresponding frequency, mirror symmetrical lower parts

€5 diagram are not presented on the drawita). Three different
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ing on 62 (in other words Bragg reflection condition from Y

grating grooves is fulfilled for both SEW'sand a standing dl LN i 7 J=1

wave may be formed iy direction. Hence, for the grating 2 A / AN
with an optimized spatial profile of the surface in the sym- / H /%\/ \/@7/\\\
metrical scheme one can achieve much higher local electro- h X N X
magnetic field then in other schemes.

To separate the contribution of noncollinear SEW interac-
tion in SHG, we carried out the experiment on degenerated )
SFG, from two laser bear‘ﬁ{see Fig. &)]. Two SEW's _ FIG. 5. Geometry analyzed in the pre_sent paper'an(_j fragmenta-
were independently excited in one point of the grating surdion on layers for the ,”lOdel' The metal f‘"m. has az’;qmoﬂle with
face but they run in different directions. Experimentally we f;eré?iT’ amplitudeH”=H—h, and the “thickness” of the gold
were able to separate spatially SHG waves originated from yern.
collinear (®; and ®,) and noncollinear @3) interacting i i i )
SEW's [Fig. 3c)] and we have shown that noncollinear ©"€ channel in collme?r geometry, we obtained elght parallel
channel can be more efficient, than the collinear one. Furthéfnannels, when SEW's with two different frequencies were
on we performed our experiments in the symmetricalexc'ted simultaneously poth in symmetrllcal schgmes. Analo-
scheme—the most efficient for nonlinear signal enhanced0Usly, SEW on the grating may be applied for five and more
ment. wave mixing nonlinear processes. Finally, we would like to

As this paper is mainly devoted to the discussion of noniote that the excitation of SEW at the resulting nonlinear

linear optical effects resulting from the interaction of the fféquency is possible only in noncollinear geometry of SEW

noncollinear SEW’s we present the drawings related to thélteraction(because of nonlinear SEW dispersion relation

general case of multiphoton and multibeam interactions/Nen the resulting frequency lies in visible or IR range of

such as SHGFig. 3b)], SFG[Fig. 4@)], and FWM[Fig. spectrum,_the excitation of SEW at the resulting frequ_ency
4(b)]. In the example of SFG and FWM experiments we MY considerably enhance the efﬂmgncy of the nonlinear
demonstrate the efficiency of the noncollinear SEW interacProcess. In our experiment such situation took place only for
tions in the nondegenerated frequency cdses Fig. 4. FWM process.

For multibeam configuration, the SEW's are excited by

substrate 7

laser beams according to the phase matching condﬁﬁpn . THEORY

+ng=K&gy; , wherei=1,2, . .. denote beam numbers,

is the diffraction order}zg’EW- is the corresponding SEW’s In this section we outline the derivation of the numerical
|

technique that allows us to compute the field that is localized
i val p b ied i der t imi and scattered out of a grating surface. For the quantitative
all I values, Sow;,¢;,0; can be varied in order to oplimiz€ - yaseription of the scattering of the incoming laser beam on

theTﬁropertles tOf dthSeEF\)/I;/(')CGS(Sj'OI utn;ier f,tu?y. i the periodic surface relief we use a recurrence method. This
€ generate Vs radiate the electromagnetic Wave&pproach was first developed by Darwin in his pioneering
at combinational optical frequencies if the corresponden

phase matching condition is fulfilled and SEW’s at funda bublicatior?s devoted to the theory of dynamic x-ray diffrac-

. . “tion in crystals. Figure 5 shows the layout of the system
mental frequencies, and w, are overlapped in space and

. he directi £ th d wavs ®. (7 under study, some of the notations, and the coordinate sys-
tlme._T € |rect|on_s 0 t. € gene_rate waves,@; (_ Orour  tem. Let us assume that the arbitrary periodic reliefzin
casej=1is 2wy, |=2 IS 2w,, |=3 ISwt wy, |=4 IS

) : : coordinate direction is a superposition of the sandwicNed
2w2— w'l) are determined by the following relations between|ayers that are parallel to the=0 plane and of thickness
interacting SEW wave vectors: for each(Fig. 5). The total height of the relief isl=Nd . We

w1+ 0y suppose that all the layers are separated by the vacuum line
13  fornondegenerated SFG,  (4cks with the thickness af, andA—0. At the beginning,

. . oL we would like to solve the problem of scattering of a mono-
2Kg2EW2—K’§1EWl—q=kt2'2’2*‘”1 for FWM process. chromatic vectorial field on the single individual inhomoge-
neous layer. Let us find the solution of the wave equation for

Figure 4 shows the vectorial layout for nondegenerate nong,q glectric field presented in the integrated f&tm
collinear SFGFig. 4a)] and FWM[Fig. 4b)]. The angle of

radiation is calculated a®;=arcsink;;/w;j/c). For the sake R
of simplicity all beams in our configuration are in one plane ) E( ot )
of incidence, sab;= ¢;=¢. The proper choice of angles 2 - - -,
and 6, leads to the simultaneous fulfillment of phase match- E(r.t)= x(r’) R dr
ing conditions for SEW’s at all frequencies of interacting
waves(Fig. 13. - -, R
In any nonlinear optical process on the grating the sym- 1 . E(r = E)
metrical scheme is advantageous from the point of view of + —f x(r")grad diy
. . . 4 R
increasing the number of channels of local-field enhance-
ment of a definite process. For instance, for FWM instead of (2)

wave vectof[Figs. 3c) and 4. Only q direction is fixed for

S0y Sy - -
KSEW1+ KSEW2+ n;q=k

47rc? gt?

dr' +E(r,t)
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whereR=|r—r'| andE'(r,t) is the incoming field directed L. id - . - .
from vacuum £<0) to the layer,y(r) polarizability of the (Ep)zzﬁ §m: {KG X p-m(Em)x T K7 kyXp-m(Em)y
inhomogeneous layer. Integration in E@) is carried out z

over the whole layer-o<x <o, —o<y <w, 0<z' <d. +[ 2= (kD)21ép-m(El) ),

Equation(2) may be obtained as a result of the solution of
Maxwell equations with the use of the retarded potential
technique® The polarizability y(r) and the field incoming
on the layer may be represented in the form

x<F>/[1+x<F>]=§ Enexpligny).

Here¢, is a Fourier coefficient. A similar expression can also
be obtained for the field, transmitted through the layer to

x(N =2, xaexp(igny), vacuum,E'(p,z=d,t). With the use of Eq(4) the relations
" between scattere@%(p,z=0¢), transmittedE'(p,z=d,t),

and incoming?(ﬁ,z:o,t) fields can be written in the matrix

E'(;:Z,t)ZE élmequ ;‘(‘)5+Iqmy+|KanZ_|a)t, (3) form:
m

where p=(x.y), «|=(xy.Ky), 7= 5= (ky)?= ()7, Pi=7, ®)

Ky'=KkJ+maq, ko=2m/\, q=0,=27/T reciprocal-lattice

vector. Here we assume, for the sake of definiteness, that tH¥ere

reciprocal-lattice vectoq is always aligned with the’ axis,

q=dqy (see Fig. % In the mean time, the wave vector of the .

incoming wavek, is directed both at arbitrary incidence and v,

azimuth angles. Let us suppose that the thickness of the layer

is small enough in order to make the following assumptions:
(1) The amplitude of the scattered to the vacuum field ¥

(z<0) is much less than the amplitude of the incoming one.

It means that the boundary conditions on the surface of the

layer (z=0) may be presented in the following form: column matrix consists of the amplitudes of the Bloch waves

for the fields

Ex,y([;!o’t):Eix,y(f;!ovt) (E )
m/X

\pm: (Em)y
(Em),

Formulas(4) and(5) describe the process of scattering of
the monochromatic vectorial fiel) with any arbitrary po-
farization for an arbitrary angle of incidenee It also per-
mits us to introduce the variation of the azimuth angld_et
us consider an arbitrary laygiinside the relief(Fig. 5. We
suppose that the enumeration of the layers begins fzom
=0 plane and for the first laygr=1. We will express the
(4) fields inside the vacuum gap just in front of thih layer as

\ifjs’t. Thus, according to Darwin’s procedure we may obtain

[1+X(1)]EL(p,01) =Ej(p,01).

(2) The field inside the layer depends weakly on the
coordinate:E(p,z,t)~E(p,01).

Taking into account both these assumptions the field sca
tered into vacuum has the following presentation:

ES(p,z<0t)=2, Elexpix{p+iqpy—ixbz—iot),
b

where the general recurrence relations for the fields:
d ' Wi=r_ W] +s V5, (6a)
=S : 2 0y2 =i
(Eph=5 5 2 {lxa= (Do m(Emx N
Kz V=g W+ 7P}, (6b)
_.p, 0 =i p 0 =i o A
Ky KxXp-ml(Em)y* k7 6x€p-m(Em)2} wheres;, 7; matrix elements may be obtained in the same

way aséj , 7, but for the case when the field impinges on

- id N the reverse side of the layer. In E() the combination
(Eﬁ)y=2—Kp EW} {= kY xp-m(Emlx 7,-1¥! | describes the field transmitted by thg—(1)th

’ N N layer, the combinatioEj, 1\ifjs—rescattering of the field al-

+[ K5 (k)] Xp-m(Em)y+ k2 kD& m(Ep) ready scattered on thg € 1)th layer,s; ¥} determines the
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scattering of the transmitted field on tjth layer and, finally, 0 DFR2 5
.

Tl-\ifjsﬂ is the value of the scattered field transmitted by the
jth layer. Equation$6) deliver the complete solution to the
problem of the linear reflection of the vectorial electromag-
netic wave field from the surface grating for both arbitrary
azimuth angles and incidence angles. To demonstrate this
we introduce the following matriR; : ¥*=R; ¥}, that de-
scribes the scattering process for the periodic relief of height
Hj=d(N+1—j), which is a lower part of the entire relief.
Equations(6) allow one to obtain the following recurrence

formule™ for the calculation of thék; values:

ﬁij:gj-l—lefijﬂ(i—sjlfijﬂ)_l;j. (7)

Recurrence relation&/) allow one to determine the matrix

R; that describes scattering from the whole grating of height ) _ _

. . FIG. 6. Optical scheme of the experimental setup with two fre-
H. First, with the use of _tAhe common Fres_nel formulail WequencieSm1 andw,. DFR1, 2 double Fresnel rhombus; L—lenses;
should calculate the matrlRNT 1 tha}t determines reflegtlon GF—glass filter; PMT—photomultiplier; D—diaphragré:—angle
from the homogene(_)us semi-infinite half-spaceH (Fig. of incidence;®—angle of radiationgp—angle of groove orienta-
5). Then, on the basis of the recurrence form{#awe ob-  tion, f, andf, are the frequencies of the modulation of the first and
tain theR, values. We would like to point out that the de- the second optical channels.
composition of the periodic relief on the separate layers was . . . . . .
alsopused by BaraEenkoe/t al®? that result(gd in theyfirst— radiation is seeded into OPA to produce tunable light that is
order differential Rikatti equation for the field amplitudes, US€d asw, beam in SFG @sp=witw;) and FWM

Compared with their approach, the recurrence relations ag-?Fwn=2w2~w1) processes. Our OPA produces tunable
proach(6) is a general one, because it is not limited by thel!9Nt in the range of 500~750 nm. Another part of the RegA

consideration of the field derivative of the first order only, utput forms the beam,, necessary for the SFG and FWM
The above-described algorithm may also be used for the capignals generation. The central wavelength of the spectrum

culation of the local intensity of the total wave fiell(jﬁ,z) of the w, pulse is variable in the range of 780825 nm.

o ) . _ The temporal overlapping ofw; and w, pulses is
inside the surface relief. Moreover, the algorithm can be €as; hisved by the use of a delay line. A double Fresnel rhom-

ily generalized for the description of the nonlinear scatteringOus (DFR) provides the possibility to rotate the angle of

effects in the periodic inhomogeneous media. It may bepolarization plane of botlw; andw, beams. We use linearly
achieved by the addition into the right side of B of the polarized beams with thel fractiozn of reéidL(airthogona]

. "t « . .

wave fieldf;_, originated as a result of the nonlinear scat-component as less as 10 Typically, for both beams aver-
tering inside the (— 1)th layer and then incoming on théh  3ged power was 10 mW, repetition rate 200 kHz, pulse du-
layer. Simultaneously, into the right side of E@b) one  ration 300 fs, spectral width 12 niehirped pulses

should add the field of the nonlinear optical respoﬁ%ap- The samplggrating was mounted on one rotary part of

pearing in thg th layer. The sourcef® should be calculated ~the goniometer in order to vary and align the incident angles.
in the given pump field approximation and supposed to bd he registration system is held on another rotary part of the
known. Thus, the problem comes to the resolution of thegoniometer. The incident anglg is counted from the posi-
inhomogeneous system of the recurrence equations in ordépn of normal incidence ofo; beam on the sample. Addi-
to find the field of the nonlinear respon@éi under the con- “P”a”y to a collimating lensL) the registration system con-
At A . _.._Sists of a diaphragniD), and a set of shortpass glass filters
d!tlo_n \If.l=0. Here we should takellnto account a §pe_C|f|c(GF) to reject scattered light at frequencies and w,. The
distribution of the sources of nonlinear response inside Qignal registration is realized with Hamamatsu R 4220P pho-
sample. tomultiplier tube (PMT) connected to a lock-in-amplifier
EEG-5110 (EG&G) for synchronous selective detection.
IV. EXPERIMENTAL SETUP There is a chopper in both beam path. It chepsand w,
AND THE SAMPLE PREPARATION beams at frequenciefs ~ 628 Hz andf,~383 Hz, respec-
tively. The frequency of detection is chosen fgs f,, or
f,+f,=1011 Hz, depending on what kind of sigi&HG1,
Figure 6 presents a schematic drawing of the experiment®8HG2, SFG, or FWMis measured.
setup. The laser sourcésot shown hereare described in A part of the experiments concerning SHG and specular
detail in our previous publications, e.g., Refs. 13,14. We usedgeflection (R) measurements were done on a similar sétup
a laser system consisting of a femtosecond mode-lockedith one(also Ti:sapphirglaser source. In that case typically
Ti:sapphire laser to seed a regenerative amplifegA) and  averaged power was 100 mW, repetition rate 100 MHz, pulse
an optical parametrical amplifi@®PA). A part of RegA laser  duration 100 fs, tuning range 730—850 nm, spectral width 12

A. Experimental details
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TABLE |. Diffraction gratings parameters.

Sample Ha Hefb TC hd f,° oy f, ©s fs @3
B2 120 48 1140 5FAg) 18 —24 5,4 2,2 26 —3,8
M9 130 100 1150 30Au) 31 3 20 1,6 8 0
T6 135 100 1120 3%AU) 61 5 17 2,4 0 0

a8 (nm)—total amplitude of the grating.

bHef (nm)—efficient amplitude of the grating.

“T(nm)—period of the grating.

9h(nm)—thickness of the metal layers.

¢f,,f,,f3(nm)—amplitudes of the first, second, and third harmonics of the spatial relief.
fo1, 05, 03(rad)—phases of the first, second, and third harmonics of the spatial relief.

nm (transform-limited pulses Reflection and SHG were 3 2
measured simultaneously using dichroic mirror and two de- Z(X)= 2 fisin(?er @i
tectors for fundamental and doubled frequencies. To measure =1
R in (6,¢) space[Fig. 10@] we used highly divergent

(A #=15") monochromatic laser beam and charge coupled
device camera as a detector.

, H%Z(Z fi),

i
H=H®"+h. )

(2) The other characterization method used was the fit of
the R(6,¢) dependencies by numerical calculatigfggs. 8
and 9 using the above-described theory. In the numerical
B. Diffraction grating preparation calculations amplitude and depth of SEW resonance criti-
The holographic methods for fabrication of grating struc-cally depends on film thickness, groove height, and shape.
tures with periodic surface profiles by Fourier synthesis al-
low controlled superposition of spacial harmonics. In our V. EXPERIMENTAL RESULTS AND DISCUSSION
work the gratings on the quartz substrates were fabricated
using the standard holographic procedure. First, the exposi-
tion of photoresist layer as performed by He-Cd laser. After We display in Figs. 8 and 9 the experimental and related
the development of photoresist the grating mask was formed® them computer simulation results on specular reflection
Then the grating pattern is transferred into glass by ion etchR(6), (@ at the fundamental frequency and the reflected
ing process. The groove profile of the grating after this pro-SHG Isuc(6), (b) Fig. 8 describes the angular behavior of
cedure is usually close to trapezoidal which was confirmed
by observation of the groove profile by an electron micro-
scope. After the ion etching process the glass samples were
annealed in a furnace at the temperature near glass softening
temperature. This procedure allows us to obtain the gratings
with profiles close to sinusoidal. Then gold or silver metal
film with the thickness of 30—50 nm was deposited on the
grating surface.

A. Linear and nonlinear reflectivity angular dependencies

0.15

C. Diffraction grating characterization

WhZ

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

(1) In the first method, the profiles of the gratings were
investigated with the scanning tunnelig§TM) and atomic
force (AFM) microscopes. The parameters of the diffraction
grating samples used in the experiments are presented in
Table I. In Fig. 7 we show the profiles of the sample T6. In
Table | we indicated also the relative amplitudes and phases FIG. 7. 3D image of metal grating surface for the sample T6
of the harmonics of the spatial relief. obtained with the atomic force microscope.

10 0
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FIG. 8. Linear reflection coefficiemR (a) and SHG powePgyg
(b) versus the angle of incidenakof the radiation with the wave-
length A =780 nm in symmetrical §=90°) schemgsample T8.
The solid line presents the results of the theoretical simulation; the For specular reflection iné(¢) coordinate space we ex-
dots are the experimental data. The SHG power is normalized tperimentally observed two crossed dark streaks representing
maximum in symmetrical scheme. Vertical dotted lines on Figs. 8the reflection minima, that indicate the SEW excitationtih
and 9 are guide for eyes for better comparison of the positions oind — 1 diffraction orders. For each pair #fand ¢ param-
the reflection minima obtained in the experiments. eters lying on these streaks the phase matching condition is

fulfilled. The crossing point of the streaks,,~50° is the
these values for the symmetrical scheme of the SEW excitaiegion of double resonant SEW excitation specific for the

FIG. 9. Same as in Fig. 8 for nonsymmetrical< 96°) scheme.

tion wheng=90° while Fig. 9 describes the nonsymmetrical Symmetrical scheme  ¢=/2, where  Osym
scheme wherp # 90°. =arcsin\/KszEW— g?/k. If we scan one of the angles in the

The appearance of the well recognizable minimum in thevicinity of the symmetrical scheme, we should observe con-
angular dependendy is a criterion of SEW excitation when secutively two SEW resonances ihl diffraction orders
the phase matching condition at the fundamental frequencgFigs. 9 and 10
is fulfilled. The existence of such a dip in specular reflection In the experiments we observed that the SHG is one order
is the evidence of a resonant character of SEW excitationpf magnitude more effective in the case# 65, ,+ 56 and
and for the symmetrical scheme it has double resonant chag= 7/2+ ¢ (“symmetrical scheme” and “double reso-
acter, because SEW resonance may be achieved simultaance” compared to the othes values lying over the broad
neously for two anglesp=7/2 and ¢=—m/2 as we dis-
cussed in Sec. Il A.

In general, the width of the SEW resonance in the angular — =
or frequency scale is determined by the SEW damping anc @92 o
the resonance amplitude is proportional to the efficiency of =% :
0 A 1
Rhe -~

the surface wave launching. The angulgoositions of SEW “es
resonance depend on frequency of lightand the angle of 8
the grooves orientatiog as it is shown in Fig. 1@). Taking

into account both angles the phase matching conditions cai 46
be expressed in the scalar form a)

=

48 50
6 (deg)

FIG. 10. 2D images of SEW and SHG resonances ¢nfj
space in the vicinity of symmetrical scheme crossing+df and
—1 orders of diffraction(sample T6. Black color indicates the
where k=w/c and n is the diffraction order. Thus, for a minimum intensity fors polarization. Gray lines indicate scan di-
given frequencyw and diffraction ordem, ¢, and 6 are  rection fore and # dependencies, shown on 1D grapta.Specu-
coupled. lar reflection, § =780 nm).(b) SHG power § =376 nm).

K&ew= K? sin(6)?+n?g”— 2k ¢ nsin(6) cod ¢),
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range of angle & ¢o<w/2— S¢ [Fig. 10b)]. However, the Y (nm)
efficiency of the SEW excitation in nonsymmetrical scheme

is approximately the same for agyvalues lying on the dark -500 0 500
streaks that show the reflection minimuRy,;, [Fig. 10a)].

The polarization direction can be optimized at each point
along the curve in §,¢) space, corresponding to resonance
SEW excitation. The width of the SH double resonance is in
the range of69=2° and §¢=23° for our gratings.

The enhancement of the reflected signal at the SH fre-
guency in the case of symmetrical scheme is also concerned
with the specificity of the SEW excitation geometry. Figure
3(b) shows that two simultaneously excited noncollinear
SEW'’s produce polarization at the SH frequerity, with a 100 -
“short” wave vector k3¢ Sin@gyy which can radiate
straightforwardly into the bulkair, in our casgin the specu-
lar reflection direction. In comparison with the SHG in any
other geometry of SEW excitation when# (7/2)n, the ex-
istence of this additional channel of SEW interaction should
lead to the sufficient enhancement of nonlinear optical
response.

The advantage of the used experimental arrangement is 50
the possibility of simultaneous measurement of the intensity
of the waves on the and 2w frequencies versus the angle
of incidenced. It allows us to compare the properties and 100
angular positions of the resonances at both frequencies. We
carried out the comparison of angular dependencies of linear
reflection R(6,¢) with nonlinear emission intensity
Isha(0,¢) for both, symmetrical and nonsymmetrical SEW
excitation geometrie§~igs. 8 and 8 We paid particular at-
tention on the analysis of mutual angular positions, the rela-
tive shapes of SEW and SHG resonances.

In the experiments SH from gold and silver gratings was
observed over a broad range of angles of incidence. The
range of angles of incidence varied from approximately .
=0°,0=19° ande=110°,0=65° so that the SHG would

. 0 2 : 100
reach maximum values within this interval for the wide
range of¢ angles. The shape of the SHG curves versus the
angle of incidence and particularly the ratio of SHG maxi- FIG. 11. Electric-field intensity distributiotdecimal logarithm
mum to the minimum value of R are sensitive to the set ofof the intensity around the grating groove, in the air, metal, and
angle ¢. Under the conditions of nonsymmetrical SEW ex- substrate for “symmetrical” scheme=90°. Black color corre-
citation (¢=96°) we observed two dips in the linear reflec- SPonds to maximum fielda) Left edge of the SEW resonancé (
tion curves that have different relative intensitiggg. 9.  =47°), (b) SEW resonanced=49.20°),(c) right edge of the SEW
This difference does not correlate with the difference in thg®sonance {=53°).
efficiency of SEW excitation.

Using the above-developed theoretical approach we maginharmonism of the free-electron dadle state the reason-
describe the results presented in the experimental chapter able agreement of the theory with the experiment.
the paper. In all the calculations and theoretical modeling we The above-mentioned theoretical approach may also be
choose a gold metallic film deposited on the semi-infiniteused for the description of various nonlinear optical effects
glass substrate with the shape of a grating as the model of ththat take place on a surface in the presence of SEW. First, we
periodic mediunFig. 5. Upper and lower boundaries of the would like to describe the increase of the intensity of SH
metallic film are described by the functions,(y) reflected from the metallic surface with the periodic relief if
=H'sir(myIT); z(y)=H'sir(my/T)+h. The theoretical and the exact SEW resonance is achieved. We studied numeri-
experimental curves shown on Figs. 8 and 9 are made for theally the spatial distribution of the intensity of the total elec-
specular reflection oé-polarized incoming electric field and tric field at the fundamental frequency near the surface of the
reflected SHG hap polarization. In the simulation we used grating. Similar results are presented in other
the following settings(sample T6: H'=H®"=80 nm, h  publications****but for different grating parameters and ge-
=35 nm,T=1.12 um and the wavelength of the laser light ometries.
iSA=780 nm,e=—21+i1.4. In the calculations of the non- In Fig. 11 we present the common logarithm of the total
linear response of the gold film we used the model of theelectric-field intensity for the azimuth angie=90° and dif-
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a
Y (nm 2 200
[ ] I((Dl k R>C01+0)2
-500 0 500 i
Ab=const 01 _k>2(02
EO)Z 02 s
i 0.
— 0 22(92—0)1
\E, periodical metal surface
N 50 FIG. 13. Directions of the emission of the nonlinear optical
signals shown in incidence plane for various two-frequency mixing
experiments.
100 1 determined by the frequency of the incoming wave accord-

ing to the following expression sy w)
=arcsir[c/w\/K32EW+q2)]. The angle between beamséd
FIG. 12. Same as in Fig. 11 for nonsymmetrical schege = Osyn{ w2) — Osyn( 1) Was chosen in such a way to excite
=96°. SEW resonancef(=43°). SEW at both frequencies at one grating position. SFG power
was measured by scanning incidence angleand 6, while
ferent incidence angles of the pump beam:keepingd,— 6;=const. The detector position is optimize si-
Osym=49.25°—exact SEW resonan¢€ig. 11b)] and for  multaneously.
two angles on the edge of SEW resonargce47° and From Fig. 14 we can conclude that SF intensity is maxi-
=53° [Figs. 11a) and 11c), respectively. Under the exact mal when the density of local fields due to both SEW’s
resonance conditions the intensity of the total electric fieldSEW, and SEW is the largest. The width of SF resonance is
increases approximately five times and the electric field iglose to the convolutions of widths of SEVMInd SEW reso-
mainly localized on the side flanks of the grating groovesnances. Angular position of the maximum and the radiation
Figure 12 shows the spatial distribution of the total electric-direction of the SF signal are determined by phase matching
field intensity for the fundamental frequency that is assigneondition: 0 3=arcsir([ Sin(Bsym1) + SiN(Bsym2) 1/2)~ (sym1
to SEW resonance in nonsymmetrical schepme96°. How-  + fsym2)/2. For a higher fundamental beam frequency
ever, in the case ap~90° the total electric-field intensity is  (w,,\,=690 nm), SEW resonance is wider and less effec-
approximately two times larger. The numerical calculationsive then for lower frequencyd; ,\ ;=812 nm). This differ-
describe well the following intensity and polarization pecu-ence is concerned with the higher SEW absorption rate on
liarities: (i) p polarization of SHG is originated by the  the metal at high frequencies. At optimal overlapping of ar-
polarization of the pump wave near the main resonance minieas where SEW’s were excited in space and time, nonlinear
mum for ¢=90°; (i) SHG in symmetrical scheme is several response at sum frequency= (11" “2)/1“1x|“2=1.5
times more intensive than in nonsymmetrical scherge ( .1072° cn?/W has the same order of magnitude that for SH
=96°); (iii) in nonsymmetrical scheme SHG resonance isg=|21/(1“1)?=2.4x 10~ %° cn?/W. The efficiency of con-
shifted to the left Slope of SEW resonance. version to nonlinear signa] |37: (| ‘”1*‘”2)/(| @14 | ‘”2) =2
X 10 1% In this case peak intensity of both fundamental
beams was roughly 5 GW/cntbeam waist diameter was in
_the order of 70um) and their average power was 10 mW.

Later on in Secs. VB and V C we describe the experi-ve can also estimate the averaged power of the SF wave as
mental configurations for which it is essential to consider they 3 pyy.

interaction on the surface of several independently excited
SEW'’s. The configurations of SEW excitation and their in-
teraction were described and discussed in detail in Sec. 11 B
of the paper. In this part of the paper we start the discussion Finally, we study the effects concerned with the enhance-
of the nonlinear optical experiments on the generation ofnent of the coherent signal at the FWM frequeney
signals at the following frequenciesv?, i+ w,, and Zwv,. =2w,— w; by the local fields of different SEW’'s on the
We would like to note that in our experiments the outputgrating surface. For the wavelengths used in the experiments
optical signals at these frequencies had comparable intensi-; =812 nm, \,=690 nm the resulting wave at the FWM
ties, but according to the phase matching conditions they haflequency was located around,=600 nm. The resulting

a different radiation direction&Figs. 4 and 1B Figures 14  wavelength and the angular location of the signal maxima
and 15 represent the dependence of the coefficient of there determined by the phase matching conditions as one can
specular reflectiorR versus the angle of incidenagfor a  see from Figs. é) and 15. Unlike previously discussed pro-
fundamental wavelength; =812 nm and two different val- cesses, FWM is nonlinear process of third order by field, but
ues of\,: 670 nm in Fig. 14 and 690 nm in Fig. 15. The nevertheless according to our observations the intensity of
position of SEW resonance dhaxis in symmetric scheme is the resulting wave at the FWM frequency exceeded the in-

B. Sum-frequency generation

C. Four-wave mixing
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intensity in the presence of SEW resonance. Angle between beams b) o
w; and w, is fixed at ;— 6,=A6, \;=812 nm, \,=670 nm, Angle of incidence 6, (deg)
A9=11°, ¢=90°. The signal on the SF is detected at the direction - ] ]
0,+AOgrs: (a) experimentsample B2, (b) theory(sample B2 FIG. 15. Mutual position of SEW resonances and nonlinear sig-

nal maxima. Angle between beams, and w, is constantf,
—65. \y=812 nm, A\,=690 nm, A§=14°, ¢=90°. Nonlinear
signal is detected in another directio®;+AO@grg, O
+AOgyy- (@) Experiment(sample M9, (b) theory (sample T6.

tensity of SHG and SFGFig. 16. The efficiency of the
conversion into the FWM intensityn= (1292~ “1)/(]“1
+192)=5x10" and nonlinear response wasé

= (12927 @1) /1 “1(] *2)2=1.8x 1070 cm*/ W2, _ o L -
four nonlinear optical signals as it is shown in Fig. 13. For

instance, in Fig. @) it is shown that there are two equal
VI. CONCLUSIONS possibilities determined by the phase matching conditions for
To draw a conclusion, we would like to note several spe-'¢ SHG atw, and , frequencies. However, at the same
cific properties of the nénlinear optical signals that we gb-tlme SHG signal is weaker than.SI—hG.n Fig. 16. Closer

served in the experiment and described theoretically: effgcts have already been descn_bed in Refs. 9,10 and we
(1) The first remark is concerned with the polari.zation believe that thgy are concerned with the decrease of the local
. . . . . - electromagnetic field because of a weaker SEW resonance
properties of different interacting waves depicted in Figs. 3for the higher frequency of electromagnetic field of the laser

and 4 As we described _in Secs. |l gnd i of this paper thE1ight. However, we would like to note that the intensity of
SEW'’s are alway® polarized for all incoming laser beams %‘f

on the fundamental frequencies. However because we Us i erent nonlinear signals increases for longer Wavelength.
: . : o ; : periments for SHG, SFG, and FWM were held for differ-

noncollinear interacting SEW’s, all the incoming fundamen-

tal beams have polarization. In our symmetric scheme the

output nonlinear optical signals may have different polariza- 0~

tions. For instance, both SH and SF waves hpveutput

polarization(see also Ref. 45 whereas the FWM wave has

at the same tims output polarization. We didn’t especially £ los
investigate the effects concerned with the polarization self- i g
actions and their participation of the SEW’s, but in literature ~t los ©

such effects were already described theoretiCathpwever,
in spite of the fact that we didn’t observe clearly the polar-
ization conversion and self-action effects we understand well
that along with the spatial and temporal pulse overlapping,
the set of proper wave polarizations is also essential for the F|G. 16. Spectra of all interacting waves. Incidence angles are
nonlinear optical conversion efficiency optimization. 6,=52°, 0,=66°, ¢;=¢,=90°. Filled areas indicate waves at
(2) For the two-frequency experiments under the differentundamental frequencies. Signals are measured in dirrections indi-
emission angles one may observe simultaneous generation efted in Fig. 13sample M9.

350 400 600
A (nm)
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1o cesses for one of our samples with a simplest spatial profile

' .ﬁ% (sample T6 and obtained a reasonable agreement with the
: experiment.

\ (4) It is interesting to note that FWM process agrees well

08 °\
[}

'\ \ with experiment only if we consider that bulk nonlinear pro-
t

0.6

(o}
[

o) served if the properties of the bulk are assumed to be
02+ f: \‘O\Q anisotropic in reciprocal lattice vector direction. For isotro-
" .k.‘&;:;;ﬁooo ‘Jm\,\.\. pic bulk metal FWM maximum would k_)e located at the cen-
7 ter of SEW resonance, but in experiment, we clearly ob-
@ 40 42 4 45 48 m0 22 = served a noticeable shift of FWM maximum to the short
Angle of incidence 6, (deg) angle edge of SEW resonan(@€gs. 15 and 1)

cesses are dominant compared with the surface one. More-
over, the good agreement with the experimental data is ob-

FWM intensity (arb. units)

FIG. 17. Results of the theoretical modeling for FWM in the
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