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Observations of second-harmonic generation from randomly rough metal surfaces
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The angular distributions of second-harmonic light scattered from metal surfaces with weak random rough-
ness are studied experimentally. The power spectrum of the roughness has a rectangular form centered on the
surface plasmon polariton wave number at the fundamental frequency, producing strong excitation of these
surface waves. The scattering distributions exhibit a pair of distinct peaks at angles consistent with the non-
linear interaction of the incident wave with fundamental plasmon polaritons. The controlled experiments allow
a number of other scattering processes to be identified that include, for example, the nonlinear excitation of
surface plasmon polaritons at the harmonic frequency. A peak in the second-harmonic distribution, predicted to
appear in a direction perpendicular to the mean surface, is not obsgB@63-18207)01911-5

[. INTRODUCTION where theoretical worRshave been balanced by experimen-
tal studies of second-harmonic light emitted into isolated dif-
Little past research has considered the nonlinear opticdtacted order$;” the detected signals were generally weak
interactions occurring on a metal surface having randonbut adequate.
roughness. It is well known that even a flat metal surface We thus present here an experimental study of the
may produce effects such as the generation of secondecond-harmonic scattering distributions occurring for a free-
harmonic light in a specularly reflected laser besmtow-  spacefsilver interface having weak random roughness. The
ever, a surface with random roughness represents a consiexperiments to be described are unusual for several reasons.
erably more complex situation that would be expected td-irst, the surface roughness is fully characterized with a pro-
produce diffuse scatter in the second harmonic. The form ofilometer and all scattering data are absolutely normalized.
the associated angular scattering distribution should be gowurther, the power spectrum of the roughness has a rectan-
erned by the strength of the nonlinear interactions occurringular form centered on the surface plasmon polariton wave
between all waves present at the surface. This is indeed theumber at the fundamental frequency, which produces ex-
case in lowest-order roughness perturbation théony, tremely strong excitation of these surface waves. This spec-
which the second-harmonic distribution arises from the nontrum is quite different from the common theoretical assump-
linear coupling between the incident wave and the fundation of a broad Gaussian spectrum centered on zero wave
mental diffuse scatter of lowest order. Generally, a broachumber® It will be seen that our relatively narrow rectangu-
distribution was predicted having two distinct peaks due tdar spectrum allows the dominant nonlinear coupling pro-
the nonlinear interaction of the incident wave with surfacecesses to be identified from the form of the second-harmonic
plasmon polaritons. Studies of higher-order perturbatiorscattering distributions, thus providing a clear and unam-
terms have also predicted, at much lower levels, narrovbiguous interpretation of results.
peaks in the backscattering direction and in a direction nor- Even though the nature of these distributions should be
mal to the mean surface. considered an open issue at this point, the surface wave ex-
We are unaware of any experimental observations that aretation suggests that the two related peaks of the lowest-
qualitatively consistent with even the lowest-order theory,order second-harmonic scattering should be present. In Sec.
where the incident wave/polariton interaction peaks shouldl, after the fabrication and characterization of the rough sur-
be quite obvious. For a rough free-space/metal interface wkaces are described, we further demonstrate that the linear
are aware only of the work of Chen, de Castro, and Shendiffuse scatter contains a backscattering enhancement peak.
who do not show angle-resolved results explicitly but de-It has been discussed by McGurn, Leskova, and Agrandvich
scribe a nearly isotropic distribution in the second harmonic(MLA) that this peak must exist to produce the second-
We attribute the shortage of reported experiments to the inharmonic peak in the direction perpendicular to the surface.
herent weakness of the light distribution; obtaining observ-Particular attention is thus given to this direction as we
able second-harmonic signals even upon specular reflectiqresent the second-harmonic scattering distributions in Sec.
from a flat metal may require incident power levels nearlll. In our discussion of the results in Sec. IV, we consider
those destroying the sampé.This situation is quite differ- the contributions observed from yet other nonlinear scatter-
ent from analogous studies of metallic diffraction gratings,ing processes.
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FIG. 1. Scattering of light by a rough metal surface. The angle(dashed curve and 3(solid curve. The dashed vertical line appears

FIG. 2. Power spectrurB(k) of the surface roughness as deter-

atks{w) and the arrows denote the desired spectral limits. Results
are normalized such that the area equals the variarfcef the

. surface roughness.
Over the past 30 years, much theoretical effort has been g

directed toward the development of models for the nonlinear

polarization of metal surfacé<:® Such theories have gener- Shipley S1400-27 photoresist. The plate was exposed to a
ally been tested through comparison with experimental studlarge numbeN of sinusoidal intensity distributions arising at
ies of specularly reflected second-harmonic generatiorthe intersection of two light beams. The source was a HeCd
However, it will be seen here that random roughness allowtaser of wavelength 442 nm. Each sinusoidal pattern had a
a much wider variety of nonlinear wave interactions to occurdifferent spatial wave numbek in the direction along the
simultaneously on a metal surface. Even though our discuplate and was randomly phased with respect to all other ex-
sion will be restricted to a qualitative interpretation of the posures. With the exposure wave numbers evenly spaced
nonlinear processes observed, our controlled experimentalong thek axis within the bandwidthAk, the net exposure
results may ultimately provide far more stringent tests ofbehaves as a Fourier series that, in the limit of laMye

of incidenced; and the angle of scatterirg are positive, as shown.

these important theoretical models. becomes consistent with a Gaussian random prd@eEise
plate was then developed in a manner producing a linear
Il. EXPERIMENTAL TECHNIQUES relation between exposure and resulting surface hei@bt

sec in Shipley 352 developer
The surfaces described here have highly one-dimensional After a thick layer(400 nm of silver was evaporated onto
roughness, as is widely assumed in theoretical works. Athe sample at a pressure less than®Torr, it was charac-
shown in Fig. 1, the roughness is intended to couple a lighterized with a Talystep stylus profilometer. The spectrum
wave incident at anglé; to counterpropagating surface plas- S(k) was computed from the profilometer data and is shown
mon polaritons at the fundamental frequeneyThis condi-  in Fig. 2 for each of the three surfaces employed here. Sur-
tion implies that there must be wave numbdgsand k/ face 1 (N=3000, rms roughnesse=10.8 nm), surface 2
present in the roughness’s power specti®fk) that satisfy (N=1200,0=17.3 nnm), and surface 3N=500, c=28.3

the coupling equations nm) all exhibit a similar rectangular spectral form. The mea-
sured spectra are centered ky(w) and are significantly
+Kefw)=ki(w)+k;, —kgfw)=ki(w)—ki, (1) nonzero only within the desired bandwidik. While not in

use, the samples were kept in an inert gas atmosphere.

wherek;(w) = (w/c)sing is the component of the incident  As discussed in the Introduction, peaks both in the back-
wave vector parallel to the mean surface ankl{ ) is the  scattering direction and in the direction normal to the mean
wave number of the polariton traveling to the right) or  surface were predicted by MLA. The former peak is due to
left (—) along the surface. For a limited range 6f (in  the excitation of+ke{(2w), but the coupling mechanism re-
particular, for|6;|< 6., Where 6, is @ maximum cou- quires roughness wave numbers in regions wHg(ie) is
pling angle it is straightforward to show that Eq§l) are  negligible in Fig. 2. On the other hand, the peak normal to
satisfied as long a$(k) is nonzero within a full width the surface depends on the excitation'tf ), so that our
Ak=(2w/c)sinbnax centered orkgw). For simplicity, our  surfaces appear to be well suited to observe only the latter
surfaces were thus fabricated so ti&{k) was significant effect. We can provide more direct evidence of this assertion.
only within this essential region. Assuming the final experi-As described by MLA, the peak perpendicular to the surface
ment would employ illumination wavelength 1064 nm, we arises from the nonlinear interaction between the incident
determine that S(k) should be centered atks{w) wave and the scattered waves of a backscattering enhance-
=Rd Jel/(e +1)](w/c)=1.0097@w/c) from the dielectric ment peak at frequency. We thus demonstrate here the
constant ¢ of silver’ We determine Ak by choosing existence of this peak in the linear diffuse scatter.
Omax=15°. The backscattering enhancement arises from the rough-

The surfaces were made using extensions of holographieess coupling of the surface plasmon polaritons to outgoing
grating fabrication techniqué8.To prepare each surface, a waves'*'*The outward coupling may be described by equa-
50x 50 mn? glass plate was coated with a 1u%n layer of  tions analogous to Eq1) as
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FIG. 3. Linear diffusely scattered intensity from surface 3 for 0, (deg)

p polarization, wavelength 1152 nm, adg=5°. The dashed ver-
tical line denotes the direction of backscattering. Horizontal lines
denote the outward coupling ranges-ok.,[Eqgs.(2)] and of single
scatter[ =1, depending on the sign of E)], evaluated at the
actual frequency used. The detector integration adglg=0.4°.

FIG. 4. Linear diffusely scattered intensity from surface 3 for
p polarization, wavelength 543 nm, amj=30°. The dashed ver-
tical line is the direction of backscattering. Horizontal lines denote
the outward coupling ranges efksj(2w) [Eq. (4)] and of single
scatter{from Eq. (3) at 2w, where+ 1 denotes the sign in Eq3)].

, The detector integration anglef;=0.7°.
Ks(w)=+ksfw) =k, Kg(w)=—Kgfw)+k, (2

wherek(w) = (w/c)sind; is the component of the scattered 2] it is readily shown that+ ks(2w) should be excited in
wave vector parallel to the mean surfakgandk; are again  this manner forg; also within (25°,43°).
suitable roughness wave numbers, andis the angle of Again, we dq not have a convenient light source of fre-
scatter of Fig. 1. From Eq$2) it immediately follows that ~duency 2 and instead use a HeNe laser of wavelength 543
the Outward Coupling iS Confined t(ﬂs|$0max for the rect- nm. Thep-polarlzed diffuse IntenSIty is shown in F|g 4 for
angular spectrum. The peak should persist at backscatterirfyface 3 withg; =30°. A distribution clearly rises within the
(6s=— 6;) as long a3 6;| < 6, outside this range both the calcul_ated angulgr limits, Qemonstratlng the dnffuse outward
inward and outward roughness Coup"ngs are forbidden_ Coupllng of the r|ght'trave||ng surface wave. Diffuse scatter
We do not have a source of wavelength 1064 nm that i§ISO rises through single-scatter mechanigargalogous to
convenient to use in a linear scattering experiment, but inEd- (3) at frequency 2] within the predicted angular limits,
stead employ a HeNe laser of wavelength 1152 nm and aflthough these couplings are not of our direct interest. The
instrument discussed elsewhéfeThe mean diffusely scat- source detuning is small and only the actua 2oupling
tered intensity irp polarization is shown in Fig. 3 for surface fanges are shown for simplicity; they remain within 1° of
3 at#,=5°, where a backscattering peak is clearly seen. Théhose of the light source used here. Finally, although we do
substantial amount of source detuning manifests itself as apot present further data, scattering distributions similar to
angular shift between the distributions created-blys{ o) Figs. 3 and 4 have been observed for surfaces 1 and 2.
and — ksp(w),13 as may be verified by evaluating Eqg) at
the actual fr_equency used in Fig. 3. The diffuse scatt_er for IIl. EXPERIMENTAL RESULTS
05 near grazing may be attributed to single scatter as in
In the experiments studying second-harmonic generation,
ko(w)=k(w)*k,, (3)  pulses from a mode-locked Coherent Antares Nd:YAG laser
(where YAG denotes yttrium aluminum garh&tere sent to
where k, is again a roughness wave number available ina Spectra Physics 3800RA regenerative amplifier. The output
S(k). In particular, the edges of these distributions agreepulses thus obtained were of wavelength 1064 nm, full width
well with the angular limits obtained in E¢3) with k, equal  at half maximum 100 psec, peak power 10 MW, and repeti-
to the minimum wave number present$(k). tion rate 1 kHz. The slightly convergent incident beam was
It will be seen that nonlinear mechanisms excite surface polarized and had transverse ! intensity radiusw=2.0
plasmon polaritons at frequencyw2in the experiments of mm at the sample. The scattering instrument was of geom-
Sec. I, so that we consider here the consequences of thedtry identical to that used in the linear experiments of Sec. Il,
excitation. For example, if-kg(2w) is excited, it may be with a detector arm mounted on a motorized rotation stage to
roughness coupled to outgoing waves through a version gfroduce scans ifig along the plane of incidence. The sample

Egs.(2) at 2w as was mounted on a concentric rotation stage tadsetn front
of the detector, a slit 60 cm from the surface determined the
Ks(2w)=+kef2w) —k;, (4)  detector integration anglé#s. The scattered light then

passed through an infrared-absorbing Schott BG39 filter and
whereky(2w) = (2w/c)sind;, and we estimate from Ref. 9 an interference filter centered at 532 nm with a bandwidth of
that kg 2w) = 1.052(2w/c). For our form ofS(k), Eq. (4) either 3 or 10 nm and was finally focused by a field lens onto
predicts that the outward coupling should be constrained ta photon-counting photomultiplier. To remove speckle noise,
05 within (25°,43°). This outward diffuse coupling may be the sample was translated over the uniformly rough surface
readily observed by launching ky(2w) through roughness area(27 mm width as the detector signal was averaged to
coupling of an incident light wave of frequencyw2 From  provide each data point.
inward coupling considerationga version of Egs.1) at A Stanford Research SR400 counter was gated to accept
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oF . . . . . surface 2 these peaks appear with the same height, but are
5 v M now surrounded by lower levels of diffuse scatter. In the case
§ ] of surface 3, the peaks become somewhat asymmetric as the
i 4r ] distributions surrounding them continue to rise. Further, sur-
S face 3 produces diffuse scatter for sméjl as well as for
S ol ] 6 near grazing. We may compare these results qualitatively
35 ] with those of lowest-order perturbation thedryhich pre-
& | L dicts that the incident wave/polariton interaction peaks will
0 e - y occur for 6 satisfying kg(2w) =k;(w) £Ksw). It can be
seen in Fig. 5 that the calculated angles agree with the ob-
~ §f ' v " v ' served peak positions, thus demonstrating the physical origin
] of the peaks.
=3 ol However, it is remarkable that the peak heights are nearly
% constant throughout Fig. 5 and do not rise significantly as
8 o increases. In fact, in lowest-order perturbation théaong
2 2f T peak height is proportional te? and, for the surface param-
3 | ] eters quoted earlier, the peaks for surface 3 would be 6.9
- 0 : . , ,JK ‘ times higher than for surface 1. Thus, while the scattering
mechanisms producing the experimental peaks are consistent
oF with this theory, we must conclude that we are well outside
~ the domain of validity of the prediction of this theory for the
§ v | peak height. The lack of a significant increase in peak height
5 4t 1 indicates that perturbation theory has failed even for surface
og 1, althougho/\ =0.010 remains a small perturbation param-
S ol ] eter.
N There are signals below levels that can be seen in Fig. 5,
£~ r \_/JK ] so these results are also presented with an expanded vertical
7 T ; . g scale in Fig. 6. For all three surfaces, there are rangeg of

-90 -60 -30 0 30 60 90

0. (deg) where 12 is significant, with intermediate regions where
s

) coupling appears to be forbidden. All surfaces emit diffuse

FIG. 5. Diffusely scattered seconc_i-har_mot_ﬁé’ for surfaces 1 gcatter near grazing fat,< —59° and6,>65°, while other
(top), 2 (centey, and 3 (bottom. The illumination wavelength is  gjstributions surround the incident wave/polariton interaction
1064 nm.g; is 3°, and inverted triangles dendigdetermined from  yaaks. Further, surface 1 produces a nearly rectangular dis-
K(2w) =ki(@) *kefw). ~ The detector integration angle i tion within (—5°,9°) that occurs with a smoother form
ﬁoer?—o.S . The break in each curve surrounds the specular reflecror surface 2, bpt this distributiqn appears with a nearly tri-

' angular form with a greater width for surface 3. It seems

reasonable to attribute the series of allowed and forbidden

photoelectric counts within a 5-nsec window coincident withoutward coupling seen it?® in Fig. 6 to the narrow band-
each laser pulse. The deadtime was 5 nsec, which impliesidth of S(k), although we delay a discussion of this point
that more than one count per laser pulse would be treated amitil Sec. IV.
a single count. Rates were thus kept low to avoid counter- In Fig. 7 we present a study of for surface 3 at three
saturation. The count rate was verified to be linearly proporincidence angles. It can be seen that the incident wave/
tional to detected second-harmonic power for rates up to 15@olariton interaction peaks are of equal heightat 0°, but
sec ! and, when signals approached this level, the isolatethe peak at positivéd, becomes higher fo,=8° and 13°.
second-harmonic light was attenuated with calibrated filtersThe observed angular positions of the peaks agree well with
In all figures, count rates that appear to exceed 150 Sec the calculated angles throughout the results. These same re-
were actually at lower rates with an attenuation filter andsults forl?® are also shown with an expanded vertical scale
were later corrected for this filter. in Fig. 8. As ¢; increases, it is clear that the scatter far

We have also made efforts to calibrate the scattering innear grazing moves to the right, but the distributions sur-
strument and thus to provide absolute normalization of rerounding the incident wave/polariton interaction peaks re-
sults. Our main results are expressed as a diffuse seconrhain at nearly fixed angles.
harmonic intensity 12¢ with units cn?/W rad; this is The surface plasmon polariton excitation ceases when the
analogous to the units ¢tV commonly used for second- roughness coupling breaks down féy>15°, as was dis-
harmonic generation upon specular reflecidro determine cussed in Sec. Il. Figure 8 shows the remarkable conse-
the scattering distribution in W/rad with the sample illumi- quences o2 in a case ford,=17°. It is seen that the two
nated by a continuous source of powrrit is necessary to narrow peaks disappear, as should be expected without po-
multiply 12¢ by P? and to divide by an effective transverse lariton excitation. However, almost all other components of
area 2rw? of the illuminating beam. 12% have also disappeared and only some low levels of scat-

Figure 5 shows the scattering distributior?® for sur-  ter remain for 41%6.<68°. What appear to be these same
faces 1, 2, and 3 witl#;=3°. For the surface with weakest low scattering levels are seen to be emerging from the stron-
roughness, only two narrow peaks are apparerifth For  ger scatter for 4426,<59° with #,=13° and for
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FIG. 6. 12 as in Fig. 5, but with expansion of the vertical scale FIG. 7. Diffusely scattered second harmof¢ for surface 3
(note .varying scalg)io showllow signal levels. Horizontal lines are 44 the incidence angles shown. The illumination wavelength is
coupling ranges discussed in Sec. IV. 1064 nm and inverted triangles denot® determined from

ks(2w)=ki(w) = ks{w). The detector integration angle
44°< 9 <51° with §,=8°. The results of Fig. 8 thus indicate A_03=0.8°. The break in each curve surrounds the specular reflec-
that only these low scattering levels are present with or with!1on-
out the excitation of surface plasmon polaritons at frequency
w. All other far stronger scattering contributions seen fordamental polariton resonance widthiowever, no such peak
0,<15° must be intimately connected to surface wave exciemerges above the noise levels in any results of Fig. 9.
tation. Indeed, the role of surface plasmon polariton excita- In view of the high-power levels of these experiments, it
tion in enhanced second-harmonic generation from a planas essential to demonstrate here that our data are fully con-
silver film was noted some years atfo. sistent with second-harmonic generation. Many of the tests

It is also of interest to consider the areal8f. In Figs. 5 employed for this purpose are analogous to those used in
and 6 the area is 1.8, 3.8, and 8.10 2! cm?/W for sur-  early studies of second-harmonic generation upon specular
faces 1, 2, and 3, respectively. For the case of surface 3 ireflection from metald.It is shown in Fig. 10 that, for a
Figs. 7 and 8, the area is 7.9, 8.4, 5.9, and 8.20 2  variety of conditions, the scattered signal ai @epends on
cm?/W for 6,=0°, 8°, 13°, and 17°, respectively. These val- the square of the incident power, as expected for second-
ues are somewhat smaller than the specularly reflected seliarmonic generation. The following observations were made
ond harmonic of approximately 10°2° cm?/W for ob-  with surface 3 ap;=3°, but similar tests produced satisfying
lique incidence angles§{=75°) on a flat silver surface. results for all surfaces. First, it was found that the scattered

As was expected from the discussion of Sec. Il, no backpower (the distribution integrated over al) fell by 2.0
scattering peak is present in the results of Figs. 5—8. It wasrders of magnitude upon replacing the 532-nm wavelength
also discussed there that we have satisfied conditions reletector filter with a similar filter centered at 514 nm. The
quired to produce the peak predicted in the direction perpenlight at 20 was well confined to the plane of incidence as
dicular to the mean surface, but surprisingly, this peak is noexpected for one-dimensional roughness; the scattered power
present in any of our results. In Fig. 9 we show further datadecreased by 2.0 orders of magnitude in scanning the detec-
taken for surfaces 2 and 3 for smdl in a search for this tor 1° above or below this plane. This result indicates that the
peak; in the case of surface 3 the signals are sufficient teignal could not arise from the more isotropic emission to be
allow the data to be taken with high angular resolution. Theexpected from thermal effects. The temporal position of the
peak should be as distinct as the backscattering enhancemetgtector time gate was determined by detecting the light at
of Fig. 3, having an angular width that depends on the fun2w emitted by a nonlinear crystal placed in the



7990 K. A. O'DONNELL, R. TORRE, AND C. S. WEST 55

= —— & = AT ——300 150 ' ' ) ' ' 'l
5 15 - fC-_ bl D+ -1 --6--1 B+ .
& +
0
g 6,=0
5 To 1200 o’ 4
e 1.0} D o o
G 2 s
g 2 = L A
3 2 + 100 o
2 os} £ 100 8 g
g 8 P .
~ o] il e
0.0 . . . . — o o 0
€ R
3 50 P
T " T T T T o e T
15F B e o WHme At e300 © -
6;,=8°
{200

0.5t 1100

Incident Power (arb. units)

2% (10729 c;2/(W rad) )
>
(=)

0.0 T T T T r FIG. 10. Dependence of the detected signal atch the power

incident on the sample. Fat = 3°, the results are for surface 1 at

——— *A—-—i T ! j__{—OIA+ 300 0s,=30° (crossey surface 2 atf;=29° (inverted triangles and
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z (squares Dashed curves are fitted parabolas.
5 [ 1200
E 10 verified that the signals were indepdolarized as expected;
g inserting a polarizer to detestpolarization caused the power
2 osp 1100 to fall by 2.7 orders of magnitude. Upon changing the inci-
3 L/\ dent wave fromp to s polarization, the totalunpolarizedl
~ 00 . . . . . 0 scattered power fell by 1.9 orders of magnitude.

The final component in the incident beam was a filter with
= —— - transmission 10° at 2w and tests were unable to detect

ool T F e, A BE Lo A 10 gional - i i
s gnals that could be attributed to light of frequenay i
3 oz : 8i=17° 140 cident on the sample. The dark count rate of the photomul-
T ooif J\\__ 120 tiplier was approximately 5000 se¢, but the contribution to
. ——y r ; the detected signal is reduced by more than five orders of
%0 0 %0 0 (Zeg) %0 & % magnitude by the gating described earlier. The degree to
5

which the detector signal represents isolatedl@ht is sug-

FIG. 8. 12 for surface 3 as in Fig. 7, but with expanded vertical gested by, for example, the remarkably low count rates
scale. Horizontal lines are coupling ranges discussed in Sec. IV. (0.3 sec'!) seen in the forbidden coupling regions for sur-

face 1 in Fig. 6. Finally, throughout our work there was no

sample mount. In the case of surface scatter, monitoring theisual evidence of surface damage. No differences were seen
photocounts arriving in a 5-nsec gate positioned 60 nsec ben linear scattering data taken before and after the nonlinear
fore the arrival of the laser pulse reduced the scattered powexperiments, nor were changes noted in scans repeated dur-
by 1.9 orders of magnitude; this provides evidence that théng the course of the second-harmonic measurements.

signals were not due to pump or background light. It was
IV. DISCUSSION

We discuss here a nhumber of aspects of the results pre-
sented in Sec. Ill. We first discuss the lack of a peak normal
to the mean surface. Our observations may be unexpected
because a number of previous experiments have claimed to
observe this peak'®but the scattering system that was used
is quite different from that of MLA. These experiments have
— employed Kretschmann prism coupling in a dielectric/
semitransparent metal film/nonlinear crystal systéin; one
case the third medium was free spat&hroughout these

65 (deg) works the roughness was uncontrolled and uncharacterized

FIG. 9. Diffusely scattered second-harmonic light for surface 2and it is not clear which of the two interfaces had the stron-
at §,=3° (diamond3, 6,=9° (inverted triangles and ¢;=13°>  Qe€r roughness.

(crossesand for surface 3 af;= 3° (circles, 6,=6° (squarek and In particular, there are some unusual aspects of these re-
#;=13° (triangles. The detector integration angled,=0.8° (sur-  sults. All peaks observed were 8—12 times higher than back-
face 2 and 0.2° (surface 3. No peak appears consistently at ground levels>*but the mechanism proposed by ML(the
0,=0°. nonlinear interaction of the incident wave and a distribution

Count Rate (sec")

N
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having a backscattering peak of at most twice the height of We first consider a nonlinear interaction between the plas-
the backgrountf) would constrain the peak to a relative mon polariton+ ks(w) and the single scattdik;(w)=Kk]
height of 2 or less. Also, all linear experiments attempting toof Eq. (3), so that the net coupling isks(2w)
observe backscattering enhancement with prism coupling Ki(w) = ks ) =k, . The scattering ranges consistent with
have thus far failed’*®but this peak must exist in order to S(K) include evanescent scatter and are labele®asin
make a valid claim to have observed the other peakeat 2 Figs. 6 and 81?° has clear contributions within thB+
Further, there is an alternate interpretation of these nonlined@nges throughout Fig. 6 and, ésincreases in Fig. 8, these
experiments that is unrelated to the mechanisms proposed @nds of diffuse scatter move to the right in a manner iden-
MLA. Arnold and Ottd® have noted that the observed peakst'Ca| to the predicted coupling. No slgn|f|cant scatter consis-
at 2o could be nothing more than the nonlinear interactiont€nt With theB= process appears in Fig. 8 a{=17° be-

of the prism-coupled plasmon polariton @tand a similar  €@USe=kg{w) is obviously no longer available to provide

counterpropagating wave produced by roughness couplin$he interaction. We thus conclude that we have observed the

This nonlinear interaction does not require backscattering e -Cﬂgerwgspa()ecn?ﬁir;?;geﬁ]e Isixpeérllmt?]gtsharmonic surface
hancement ab, but has produced light emission ab2n a 9

N I
direction perpendicular to a metal surface for counterpropawave +Ksg2w) roughness couples t6; within the range

i | larit ited by oth 1% (= 25°,+43°) that is indicated a€+ in Figs. 6 and 8. It is
galltn?sptﬁﬁ?%nngg:rn v(\)/?]Ztﬁ):r:I Srevi% SS g:(g?;erimeﬁts coul een that the diffuse scatter surrounding the high peaks of

i 2 fits well within these coupling regions and that the slop-
have observed the peak at issue. We state our own claimgy shape of the distributions is indeed similar to the result of
succinctly: we address the simple free-space/metal mterfaqelg. 4. Further, the angular position of these distributions

as did MLA; we have demonstrated in Fig. 3 that it produces;ppears to be independent @fin Fig. 8. This behavior is
the necessary linear backscattering pddk; shows signifi-  consistent with the proces§ =, which is dependent on
cant levels nea#s=0° in Figs. 5-9, but we do not observe [ +kess(2w) 7K, ] but independent ok;(w). We thus con-

a distinct peak ats;=0° under any circumstances. clude that+kg{2w) remains excited in all cases other than
It is also worthwhile to consider the role of lowest-order g;=17° in Fig. 8.
perturbation theoryin the results of Sec. lIl. In particular, It appears that-ks(2w) is excited by the procesB=

this theory predicts that the scatter ab Zrises from the described earlier. It is straightforward to calculate that this
nonlinear interaction of the incident wave with the lowest-process indeed produces parallel wave-vector components
order diffuse scatter of Eq3). The wave-vector components identical to* kg 2w) = = 1.052(2w/c) throughout the cases
parallel to the surface must be conserved, so that the scattdiscussed with but one interesting exception. Bpr 13°,
at 2w is consistent with we calculate the minimum parallel wave number produced
by the proces8— to be —1.026(2w/c), which falls short of
—ks(2w). Upon comparison withg;=8°, there is only a
Ks(2w) =Ki( o) +[ki(@) £k ]=2ki(w) £k, . (5  modest reduction in the height b4 within the C— interval
in Fig. 8, which indicates that-Kkgf2w) is still strongly

excited. It has, however, been discussed by Fukui and

Upon evaluating Eq(5) for the range of wave numbéy, - : : .
present in Fig. 2, we find that there should be coupling tOStegema?? that the nonlinear interaction of ksf(w) with

two relatively narrow angular ranges. These ranges argself i$ su_fficient to exciteJ_j k.SP(Z“’)' even if wave-numper
shown in Fig. gthe bars labeled a+ or A— for the sign matching is not strictly satisfied.e., ks 2w) only approxi-

. . : : . _mately equals Byfw)]. Thus this mismatched coupling ap-
n Eq_. (5?]’ where scattering conS|sten_t_W|th the_ ne.gat'vepears to provide the excitation in this particular instance.
coupling is not clearly seen, but the positive coupling is CONEyrther, if this is the case, it is likely that the mismatched

sistent with the residual scattering levels of® for  coupling would also be significant in all other cases where
0;=17°. As ¢, is reduced, theA+ coupling range remains +kef20) is excited.

consistent with the motion of these same low leveld %f Another possible nonlinear interaction is that of the inci-
until they disappear below other scattering contributions forigent wave with the waves of E) that produce the back-
6,=0°. The high peaks are to be considered part of thecattering enhancement in Fig. 3, with the net coupling being
A= coupling for #;<15° because the scattered wavesky(2w)=ki(w)*ksfw)¥k . The scattering ranges consis-
ki(w) £k, in Eq. (5) include *Kksf{w). The narrow band- tent with these processes are showmas in Figs. 6 and 8;
width of S(k) thus allows direct, unambiguous observationsthe positive and negative ranges overlap. In. iga distri-
of scatter within angular ranges consistent with lowest-ordebution that provides a convincing match with this coupling is
perturbation theory. seen for surface 1, the fit remains good for surface 2, and a
These considerations also make clear that all other consomewhat wider distribution appears for the roughest sur-
ponents ofl 2 in Figs. 5—8 arise from processes that haveface. This nonlinear interaction is indeed the one proposed
not been considered in the context of rough surface scatteby MLA having the peak at;=0°. Hence it is remarkable
ing. However, we may still identify the origin of these con- that the distribution appearing for consistefit is only a
tributions because, first, as discussed in Sec. I, they obvifeatureless rectangular shape spanning the coupling region
ously rely on the excitation oftky(w) and, second, the for surfaces 1 and 2. On the other hand, there is some ambi-
wave numbers available &k) will again restrict the scatter guity for the relevant linear scattering processes; an identical
to particular ranges ofs. Specifically, we must consider the coupling range is predicted for the interaction ok w)
nonlinear interaction between pairs of fundamental wavesvith the single scattefk;(w) *k,] of Eqg. (3). In any case,
with the constraint being, as before, that the parallel wavethe scatter seen in Fig. 8 for surface 3 exhibits a broader
vector component must be conserved. distribution for small 65 that nevertheless rises within the
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D= interval, particularly forg;=13°. It is thus possible that order perturbation theory is correct in predicting a distribu-
theD = coupling still appears for surface 3 but is superposedion containing two distinct peaks, but our results are other-
with a broader distribution constrained withig= = 15°, but ~ wise quite different from those of this theory. Throughout
we do not pursue this point further. our experiments, we observe that the excitation of plasmon
We conclude this section by commenting on the minimumpolaritons at frequency produces a variety of hitherto un-

perturbation order required to produce the Scattering proexpected non“near interactions. For QUI’ rela.“Ver nal’rOW_
cesses observed here. Generally, in the scattered intensifgctangular roughness spectrum these interactions are readily
the perturbation contribution is of the order/f.)2M, where identified from their scattering contributions seen within
M is the number of roughness couplings required to producgOrnpaCt angular ranges, such a clear interpretation would
the scattering process of interest. For example, the lowesP00ably not be possible for the broad Gaussian spectrum as
orderA+ coupling represents the nonlinear interaction of th assumed in theoretical work. Our observed scattering contri-

ttered incident d the sindl tter of Bt butions include, for example, clear indications of the nonlin-
unscattered incident wave and the sing (32-§ca er ol ear excitation of surface plasmon polaritons at frequency
thus produces a contribution of order/}\)< in the scattered

) i3 Further. in theD + he incid 2w. The highly controlled experiments have been essential
Intensity.” Further, In theD = processes the Incident Wave ;, q.aing such strong conclusions and it is hoped that fu-

interacts with a distribution that requires two roughness COUfre theoretical development will benefit from the guidance
plings; a contribution of orderd/\)* is produced. The two thus provided

interaction waves of th@= process each require a sLngIe Despite the theoretical predictions discussed earlier, we
roughness coupling, so that the order here is agai\J".  haye not observed either a backscattering peak or a peak in
Finally, theC= process is produced by tl= process, but  he girection normal to the surface ab2We did not expect

an additional outward roughness coupling jgksp(z"’) IS to observe the former peak, but the absence of the latter peak
necessary; thus the perturbation order ¢§N)°. We note,  gughout our results was unexpected. We have demon-
however, that ther dependence of the componentsl & in  gtrated that our surfaces produce the linear couplings re-
Fig. 6 is generally weaker than predicted by these simplistigjireq for this peak to exist, and we even observe a distribu-
arguments. This suggests that terms higher than the leading, 4t 2, within a range of scattering angles consistent with
order quoted are already slowing the growth of the scattering, o proposed nonlinear process. Nevertheless, the peak of

contributions witho. interest is not seen here, and this observation stands as an

important issue to be addressed by future theoretical work.
V. CONCLUSION
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