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Backscattering enhancement from polariton-polariton coupling on a rough metal surface
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We consider the angular dependence of the light diffusely scattered from a silver surface with weak one-
dimensional roughness. The power spectrum of the random roughness is significant at twice the surface
plasmon polariton wave number. At high incidence angles, an enhanced backscattering peak is experimentally
observed in the mean diffuse intensity. This peak does not occur in perturbation theory that is exact to fourth
order in the surface profile. From a sixth-order perturbation term that expresses an intensity contribution arising
from the coupling of counterpropagating plasmon polaritons, we obtain a backscattering peak that is closely
consistent with the observations. It is demonstrated that this sixth-order backscattering effect exhibits behavior
that is significantly different from a fourth-order effect occurring for other roughness spectra.
[S0163-182608)02720-9

[. INTRODUCTION mental and harmonic frequenci®speaks were predicted
both at backscattering and in a direction normal to the aver-

Backscattering enhancement of light scattered from ranage surface. Despite what appeared to be rapid experimental
domly rough surfaces has attracted interest in recent yearsonfirmations® later works have claimed that the first peak
The effect is seen, in the mean diffusely scattered intensityis instead a deep minimuf!®and that the second does not
as a distinct peak in the direction of retroreflection. For aexist!®
bare metal surface, two types of the effect appear. In the case In this paper, we provide an experimental and theoretical
of a steeply sloped surface with root mean squares study of polariton-related backscattering enhancement. Our
roughnesss comparable to the illumination wavelength  purpose is to demonstrate that there are two types of this
multiple scattering within surface valleys has been found taeffect that may arise distinctly from one another. In the first,
produce a backscattering peakOn the other hand, another light-polariton coupling is fully responsible for the effect and
type of backscattering enhancement relies on the excitatiothere is no need to consider polariton-polariton scattering.
of surface plasmon polaritons; it occurs for finely scaled sur-This is the nature of the previous experimental
faces witho<\.>* Even though the scattering mechanismsobservationd®* where polariton-polariton coupling is for-
are quite different, both backscattering effects arise from théidden by the power spectrum of the surface roughness.
constructive interference of multiple scattering processes. Infhese observations thus agree closely with perturbation cal-
deed, analogous scattering processes are responsible for thgations in @/\) that are exact to only fourth ordé&f,an
backscattering peaks noted in the light scattered from collearder that includes light-polariton coupling but neglects
tions of small particles,as well as for the weak localization polariton-polariton coupling. A second example that is ap-
of electron waves in random solifls. proximately of this type is presented in FigaRof Ref. 3;

Since the earliest works appeared, the polariton-relatethe scattering distribution was shown to be reasonably con-
surface backscattering effect has seen a sustained level sistent with fourth-order theory in a later wdtk.
interest. There have been further related studies of the angu- Our main efforts here are made to introduce the second
lar dependence of the diffuse scatter that employ perturbaype of the effect, in which the backscattering peak arises
tion theory'® or numerical simulation$.It is quite recently  solely from polariton-polariton coupling. In particular, an es-
that experimental observations of this backscattering effectential step in the formation of the peak is that a plasmon
were first reported®!! the delay is due largely to the diffi- polariton must be roughness coupled to a counterpropagating
culties encountered in the fabrication of rough surfaces proplasmon polariton. The total isolation of this polariton-
ducing adequate polariton coupling. These observations werlariton process arises in a natural way from our surface
followed by favorable comparisons with perturbation roughness spectrum. The effect is clearly observable in the
theory!? as well as calculations that suggested experimentaéxperiments but the surface structure must be unusually
extensions? Other theoretical works have addressed the anfinely scaled and, under the conditions employed here, the
gular correlation functions of the scattered lightwhere angle of incidence must be large.
more subtle consequences of the constructive interference The paper is organized as follows. In Sec. Il, we first
are apparent. Further, a theoretical study of diffuse secondiescribe experimental observations of this backscattering ef-
harmonic generation from rough metal surfaces has considect with a well-characterized surface having highly one-
ered the effects of plasmon-polariton excitation at the fundadimensional roughness. The experiment is conducted in the
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infrared with a roughness power spectrum of a displaced
rectangular form. The measured diffuse intensities are there
briefly compared with perturbation theory that is exact to e
fourth order in the parameteo(\). Even though the param- 8.0 B
eter is small ¢/A=10"2), the polariton-polariton coupling =
is neglected and the backscattering effect is absent. =

After pointing out the limitations of this theory in Sec. lll, 40r<
in Sec. IV we present the theoretical development necessary, , [ *
to produce the effect. A perturbation term of sixth order that \\\
expresses the polariton-polariton scattering processes is de-
veloped and evaluated without approximation. Excellent
comparisons are made with the experimental predictions, and
additional calculations based on numerical solution of FIG. 1. Top: Segment of a typical profilometer scan of the sur-
Green’s integral theorem also support the results. Further, ace. The vertical scale is=30 nm and horizontal axis ticks are
relation is pointed out between the effect considered here argbaced by 5000 nm. Bottom: For positilte the measured power
certain aspects of earlier theoretical calculations. Approxispectrumg(k) of the surface roughnessolid curve, compared
mate forms of our results are obtained in Sec. V, where propwith the idealizedG(k) used in calculationgdashed rectangle
erties of the backscattering effect considered here are showiprmalization is such that2c? is /7 ,.G(k)dk.
to be different from the fourth-order effect.
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This sample has been employed elsewhere for other
purposes’
The scattering instrument is of simple principle similar to
In the experimental work described here, we employ dhat described elsewhet®! The source was a Jodon HN-20
surface having a power spectrum of a displaced rectanguldieNe laser of wavelength= 1152 nm. The slightly conver-
form. This spectrum is related to that developed for the obgent incident beam wap polarized (electric field in the
servations of the fourth-order backscattering eff@¢there  plane of incidenceand had diameter 4 mm at the sample.
the effect may be observed as long as the plasmon-polaritohhe sample was mounted on a rotation stage to set the inci-
wave number falls within the nonzero part of the rectanguladence angles;. A detector arm mounted on a concentric
spectrum'! It will be seen in Sec. V that the high-order motorized rotation stage produced scans in scattering angle
backscattering effect requires a spectrum that is significant as along the plane of incidence. The detector was a cooled
twice the plasmon polariton wave number. We stress that th#Sb detector whose signal was processed by an Ithaco 3981
rectangular spectrum remains an experimental necessity fé@ck-in amplifier. In front of the detector, a slit 60 cm from
us; the broad Gaussian spectra common in theoreticdhe surface determined the detector integration angle to be of
works'~® are far beyond our fabrication capabilities. 0.4° full width. To reduce speckle noise, the sample was
The surface was made using extensions of holographitranslated over the uniformly rough surface af@d mm
grating fabrication techniqué8.Briefly, a 50<50-mm glass Wwidth) as the detector signal was averaged to provide each
plate was coated with a 1,5m layer of Shipley S1400-27 data point. Further, results are expressed as a normalized
photoresist. The plate was exposed\te: 500 sinusoidal in-  diffuse intensityl () that represents the mean diffusely
tensity distributions arising at the intersection of two light scattered power per radian for unit incident power. The
beams. The source was a HeCd laser of wavelength 442 nrapecular reflection was of narrow width and is not shown in
Each sinusoidal pattern had a different spatial wave numbehe diffuse data presented here.
k in the direction along the plate and was randomly phased The experimental results are shown in Fig. 2. For modest
with respect to all other exposures. The minimum and maxi¥;, the surface produces little diffuse scatter. This is true
mum exposure wave numbefis,,=9.93<10 3 nm * and  from normal incidence t®@,=50°, which is the smallest in-
Kmax=1.49<10"2 nm™%, respectively were well-known cidence angle shown in Fig. 2. F&r=56°, 1 ,(6;) has in-
from the exposing geometry. With the exposure wave numereased for botl# < —54° andf,>54°, and a distinct peak
bers evenly spaced betwekp;, andk.y, the net exposure is seen at backscattering4= — 6;). For 6;=58°, 60°, and
behaves as a Fourier series that, in the limit of laje  62°, this peak persists there, with height comparable to that
becomes consistent with a Gaussian random prd@eBise  of the surrounding distribution. The distribution is seen to
plate was then developed in a manner producing a lineaiise rapidly for negativefs near grazing(this increase is
relation between exposure and resulting surface heg@dt seen, for example, fof,<—70° with ;=62°). We find that
sec in Shipley 352 developerThe surface roughness ob- the backscattering peak is difficult to discern when it falls
tained was highly one-dimensional as is assumed in our latgrear the steep slope ih,(6;) (which occurs for 62 6;
calculations. <70°), but the peak can again be seen fo=70° and 76°
After a thick layer(400 nm of silver was evaporated onto as shown in Fig. 2. In these latter two cases it appears in the
the sample at a pressure less than®Torr, it was charac- midst of high levels of ,(6s), but the absolute height of the
terized with a Talystep stylus profilometer. The power specpeak above the surrounding scattering levels has not changed
trum G(k) of the surface roughness was computed from thegreatly upon comparison with results for smalfer Surpris-
profilometer data and is shown in Fig. 1. The measured spedngly, asé; increases in Fig. 2, the diffusely scattered power
trum rises significantly betweeky,;, andk,.xand is near the continues to rise from 0.00416{=50°) to 0.023 @,
rectangular form desired. The rms roughnesis 11.1 nm. =58°), 0.031 §;=62°), and 0.070 §;=76°).

Il. EXPERIMENTAL RESULTS
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40 . . FIG. 4. The sequence of scattering events occurring on the
— =567 rough metal surface. I8, the incident wave produces diffuse scat-
2o T b=%0 T ter and an initial excitation of ks,. Then, in(b), — ks, is scattered
A ‘J ........ to produce diffuse light and an excitation ¢ks,. Finally, +Ks, is
9 60 30 9:(299) 30 60 90 scattered to produce diffuse light and an excitation-df, in (c).
FIG. 2. Measurements of the mean diffuse intensjf) for We have tried using more accurate models of the experi-

wavelength 1152 nmp polarization, and incidence anglés as mental spectrum in the calculations. For example, including

shown. A peak persists at backscatteriimpte the inverted tri- the low levels ofG(k) seen in Fig. 1 for smalk produces

angles for all cases excep;=50°. low levels of scatter for 0% §,<50° in a manner more con-

sistent with the experimental results, and accounting for the

In order to make some initial comparisons with these datamodest linear trend seen betwdep, andk,,.in Fig. 1 does

we have evaluated the perturbation theory of Ref. 8 forchange the height of the results of Fig. 3 slightly. However,

I ,(6s), which is exact to fourth order inof\). In these these modifications are minor. It is thus clear that this per-

calculations, the roughness spectrgifk) was assumed to turbation theory, although fully capable of predicting back-

have an ideal rectangular form foer=11.1 nm(see Fig. 1,  scattering effects with other surface spectra, predicts no such

all integrals were evaluated numerically without approxima-effect in the case discussed here.

tion, and we have assumed the dielectric constant te=be

—61.0+6.2. This value ofe was obtained by slightly in- Ill. DISCUSSION
creasing the imaginary part of a published vatisp as to o _
provide agreement with the experimental height,g#;) for In order to resolve this situation, we consider the scatter-

0.>54°. The results are shown in Fig. 3 for=62° and ing processes occurring on this rough surface. We start with
76°. There is some agreement between theory and expeﬂje processes that are included in the perturbation theory of
ment; for.>54° the perturbation theory closely reproducessec' Il, and then discuss what processes are missing in that

the shape of the experimental distribution. Further, in the1€0rY- _ .
case forg, =62°, atd.= — 70° the perturbation theory repro- The arguments made consider the sequence of scattering

duces well the steep slope of the experimenighy) fol- events shown in Fig. 4. Fi.rst, in Fig(&, the incident wave

lowed by its more gradual fall towaré,.= —90°. However strikes the surface and is scattered by the roughness. In

the experimental scatter falling for70°< f,< —54° " lowest-order perturbation theory, the diffuse scatter emerges
S il

which includes the backscattering peak, is completely abseﬁ[l‘.)m the Sl!fface at scattering anglég satisfying the cou-

in this calculation. In the second case with=76°, the high pling equation

distribution for negatived, is generally similar to the experi-

mental result and diffuse scatter now appears at backscatter-

ing, but the backscattering peak is again absent. wherek=(w/c)sin 6 is the component of the incident wave
vector parallel to the mean surfacgs= (w/c)sin 65 is an

q=k+k,, 1)

8.0 y analogous quantity for a propagating scattered wanis,the
T o —6=76 frequency, and§r is_ a_r_oughness wave n_umber Wher_e the
=/ 1 7 6,=62° 1 spectrumg(k,) is significant. We term this process single
L ol scatter. o
Sy rs As shown in Fig. 1, we idealizg(k,) as being of constant
13: 2.0t ,.f" AT height and nonzero only within the limits df—Kyay,
F —Kmin] @aNd[ Kmin . Kmax]- ONe may then compute the scattering
i , , . = angle coupling ranges that follow from E@.). The positive
-90 -60 -30 0 30 60 90

wave numbers ofi(k,) produce only evanescent scattee.,
|g|> w/c) but the negative wave numbers @fk,) produce
FIG. 3. For the incidence angle shown, the mean diffuse Scatter to negativés from q=k— Kk, out to grazing(q=k
intensity ,(#;) calculated from the perturbation theory that is exact —Kmax remains evanescgntThese ranges are 90°< <
to fourth order. —70° for §,=62° and —90°< #,<—58° for §;=76°. In

6, (deg)
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Fig. 3, the theory produces single-scattering distributions of IV. THEORY
leading order ¢/\)? within these ranges.

However, this type of coupling may also lead to the exci- A complete description of the perturbation approach
tation of plasmon polaritons. This excitation will occurgf based on the reduced Rayleigh equations may be found in

in Eg. (1) coincides with a plasmon polariton as in Ref. 8. Equations that follow directly from Ref. 8 will thus
be presented here with little justification, but the evaluation
*kep=k+tki, 2 of the relevant term has not appeared elsewhere and will be

where * k= i(w/c)m is the wave number of degcribed in more detail. As in Sec. Il, all scattering distri-
the plasmon polariton traveling to the right) or left (—), ~ Putions computed throughout Secs. IV-V assume éhat
e=g,+is; is the dielectric constant, and we fink, 61.0r6.2, o=11.1nm,\=1152nm, and thag¢(k) has
=1.01(w/c) for the value ofe cited earlier. It is readily the ideal rectangular form of Fig. 1. ,
verified that, for the idealized(k,), Eq. (2) is consistent We assume that the o_ne—dlmensmnal su_rface roughness is
with the excitation of- kg, but + ks, is not excited because consistent with a Gaussian process. In this case only even
there is no appropriate wave number preserg(k;). powers of.(r/)\) appear in the .perturbatlon series fg(&s);_

The excited surface wave kg, may significantly affect the sixth is th_e next nonvanishing order. The exact sixth-
the scattering distribution as it is scattered by the surfac@'der contribution td,(6s) follows from Ref. 8 as
roughness, producing the waves of Figh)}4 This scattering

. . . 3
process would again be described by E2), but with k (6) :iz @ . B )
being replaced by-ks, as in =1 7 ¢ cos’ 65 c0s 6| Go(a)|*| Go(K)|
q="kspt ks ® X (3Tl ~ 2 R (TP (k)T
v_\/herekr is a second wave number avallabIeQ(krl). We X(q[K)) — (T (gl {T@(qlk)}]
find that only the positive-wave-number part @fk;) pro-
duces propagating scatter in E@). This coupling range +& Re(T(l)*(qlk)T<5)(q|k)>}, (6)

may be readily calculated from the propertiesdgk;) and

appears at 54%6,<90° in Fig. 3. In the self-consistent whereT("(q|k) is the transition matrix perturbation term of

theory, the mechanism just discussed produces a distributiasrdern in the surface profilel.; is the length of the illumi-

there of order ¢/\)*. We term this process double scatter- nated surface in the direction along the one-dimensional

ing, as the net coupling requires bdthandk; . roughness, and the angle brackets denote an ensemble aver-
We now consider the processes missing in the perturbaage.Gy(k) is the plasmon polariton Green's function for a

tion theory of Ref. 8. First, we note that the coupling of theflat metal surface,

previous paragraph may lead to excitation -6ks,. This

follows if we replaceq by +kg, in Eq. (3) as ie
- Go(k) = oy + a(k)’ ™
+Kep=—Kept k. (4) 0
The roughness wave number requiredtis- 2ks,, whichis ~ where ag(k) = V(w/c)?—K? and a(k) = \/_e_(w/C)z—kz. As
clearly present inG(k;) in Fig. 1. The excited surface wave Stated in Sec. lll, we seek effects arising from scattering

+ksp May now give rise to diffuse scatter, producing theProcesses involving three surface wave numbers. Such pro-
waves of Fig. 4c). The coupling equation follows analo- cesses are present only in the term of EE) having
gously to Eq.(3) as TG)(g|k). The term involvingT®" (q|k) T®)(q|k) may be
, shown to be a sixth-order correction to the single-scattering
q=+keptky, ) distribution. Similarly, the term having®" (q|k)T)(q|k)
wherek! is an appropriate roughness wave number. Equal@y be considered a correction to the double-scattering dis-
tion (5) predicts that the negative-wave-number pag@k’) tribution. Hence we restrict our efforts to an exact evaluation

is consistent with diffuse scatter directed te90°< g,<  ©f Only (IT®(qlk)|?) and, although we thus neglect other

—54°. We term this process triple scattering and it is ex terms of order ¢/\)®, we do collect all contributions arising

pected to arise in a perturbation term of ordevX)°®. from the scat_terl?sg)l mechanism of interest.

The experimental results of Fig. 2 show a distribution 1he quantityT (alk) is developed in Ref. 8 as
lying within this angular range. Because the backscattering g
peak is seen within this distribution, in Sec. IV we seek * ap
sixth-order perturbation term as the origin of the backscatte?-r(s)(qlk):V(s)(q|k) +3f_
ing effect. We also note that, becauge* 2ks,)>0, the
roughness will produce yet further couplings efks, to +3f°° dp
—ksp and vice versa, of increasing order im/.). However, e
these processes become less and less significant, particularly
when it is realized that the next plasmon-related contribution +6J°€ dp

V@(q|p)Go(p)V P (p|k)

. 2T

VB (alp)Go(p) V@ (plk)

o £

to this backscattering peak would require two more rough-
ness couplings and hence would appear in the tenth order.
Here, we evaluate only the sixth-order term. X(p|r)Go(n)V(r|k), (8

= dr
— vy (1)
LO > VP Go(p)V

2T
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where V(M(q|k) is the perturbation term of the scattering The quantitied/(?)(glk) andV(®)(g|k) are more lengthy but
potential ofnth order in the surface profile. In particular, we are given explicitly in Ref. 8. For our purposes it is most
have useful to write Eq.(8) in a different form. By inserting the
expressions for th#(W(q|k), it is possible to cast Ed8) as

e—1 -
V<1)(Q|k):|—82—[8qk—a(Q)a(k)]§(q—k), C)

dp dr
K i i - T (glk)= —
where (k) is the Fourier transform of the surface profile w0 27 27T
function £(x) as in . . .
X A(qlp[r[k){(a=p)¢(p—r)i(r—k),

. * . 11
(= fﬁxdxg(x)exp(ﬂkx). (10 where A(q|p|r|k) is given by
3i(e—1)? 2, o 2 i(e—1) 3 2412
A(qlplrlk)——{(p +r9)[eak—a(q)a(k)]-2[pk—a(k)Ja(q)a(p)} + —3— a(@)a(k){3(e —1)(q°+k)
2 o, 67D 1 2., 12
—2ea(q)a(k)+(e=2)[a(q)*+ a(k) ]} + 23 ak{2e(q)a(k)—ze(e—=1)(q°+k)
2 ., 3i(e—1)? ,, 6i(g—1)°
+e[a(q) + a(k) ]}—S—a(r)a(k)[qf—a(Q) ]—8— a(q)a(p)a(r)a(k)

3(e— )2 2(e—
—8—[8l’k a(r)a(k)]Go(r) X

) a(q)a(p)a(r)+[a(q)+a(r)][qr—a(q)a(r)]

3(8— 1)2

1
) a(p)a(r)a(k)+[a(p)+ a(k)][pk—a(p)a(k)]

2(e
[eqp—a(q)a(p)]Go(p) X

2i(e—1)
+ 7z [epr—a(p)a(r)]Go(r)[erk— a(f)a(k)]] (12

A typographical error in line 3 of Eq.3.249 of Ref. 8 has the ftrivial integrations in a manner analogous to that of Ref.
been corrected in E¢12) above. By squaring and averaging 8, we obtain the expression
Eq. (11), it follows directly that

6

o (TR el [ [ Adblrlost @pr
= dpdrdp dr
(CTIER I S

X A(q|p|r|k).A* (alp’|r’|k)
X (Z(q=p)L(p—1)Z(r—k)

XT*(q=p")Z*(p' —r")Z* (r' =k)). +f°° A(qlK|r[K)g(r —k)dr
(13 -

Xg(g—p)g(p—r)g(r—k)dp dr

+g(q—k)‘ f_mA(qlplqlk)g(q— p)dp

2

+ f_xA(qlpIK—q+ plk)g(q—p)dp| ,

The moment within the integral may be evaluated by substi- (14)
tuting Eq. (10) for the six Fourier transforms and applying

the Gaussian moment theorem ¢¢x). This produces 15

terms, each of which contain®functions. After carrying out whereS(q,p,r,k) is given by
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FIG. 5. The intensity contributiol(6s) for #,=62°. Results
are obtained from exact integrati¢solid curve, the approximation
of Eq. (17) (finely-dashed curve, just below solid cujv¢he ap-
proximations of both Eqg17) and(19) (dot-dashed curyeand the
pole approximation of Sec. \toarsely dashed curyve

S(q,p.r.k)=A(qlp|r|k)+ A(q|p|k+p—r|k)+.A(qlg—p
+r|r|k)+A(qlg+k—r|k+p—r|k)
+A(glg—p+r|g+k—plk)
+A(alg+k—r[g+k—p|k), (15

and o?g(k)=G(k). Equations(14) and (15) thus represent
our general result for the term of interest.
We have evaluated the integrals of Efi4) exactly using

numerical quadrature, employing the parameters of Sec. Il tHji
allow comparisons with the experiment. First, we note that. )
irst and last terms o8(q,p,r,k) in Eqg. (15 are far more

the term that is the squared modulus of three integrals in E
(14) contributes only in the region of single scatter becaus
of the common factoig(q—k). The associated scatterin

though we include it in later results, this contribution is of
secondary interest. Instead, the double integral of(E4).is
far more significant; from Eq6) it produces a diffuse inten-
sity contributionZ( ;) of

0_6

H09)= 7573

® 3
2] oo 0, cosnIGu@EIGMI:

><f f_mA(qlplrlk)é*(q.p,r.k)

Xg(g—p)g(p—r)g(r—k)dp dr. (16)

We show numerical results fai( ;) in Fig. 5 for §,=62°,
where a distribution rises for 90°< ;< —54°. This range

is indeed that expected for the outward roughness couplin
of +ks, to diffuse scatter, as was discussed in Sec. lll. Fur
ther, a distinct peak appears at backscattering, having

height above the background exactly equal to the height o

the surrounding distribution.

We briefly consider two simplifications of this theory.
First, in Eq. (8) for T®)(q|k), we consider the effect of
ignoring all term contributions haviny® and V®, but
keeping the one involving only™™. From Eqs(8), (9), and
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FIG. 6. For the incidence angles shown, the diffuse intensity
I,(6s) obtained by adding the intensity contribution from exact
evaluation of(| T®(q|k)|?) to the results of the fourth-order self-
consistent theory.

&

-1
7 [egk—a(q)a(k)].

]

u(glk)=i

(18

Results forZ( 6,) using Eq.(17) are shown in Fig. 5 and are
only slightly below the exact calculations. The approximate
calculations are considerably faster and thus can be useful if
s level of numerical accuracy is adequate.

Further, for either form of4(q|p|r|k), we find that the

significant than the other four terms. This suggests the ap-

9 proximation

contribution is found to be at most a few percent of the
height of the single-scatter distributions of Fig. 3 and, al-

S(a,p,r.k)=A(q|p|r|k)+ A(alg+k—r|g+k— plk)(19

Calculations ofZ( ;) using both approximations of Eq4.7)
and(19) are also shown in Fig. 5, where the results are lower
still than those of the first simplification, but the agreement
with the exact evaluations remains good. The broad distribu-
tion of Fig. 5 arises largely from integration of the first term
of Eq. (19), while only the second term produces the back-
scattering peak.

We now return to the exact calculations and evaluate Eq.
(14 with the complete versions ofA(q|p|rlk) and
S(q,p,r,k). The contribution to the diffuse intensity from
only (JT®)(q|k)|?) is found from Eq.6) and is added to the
fourth-order self-consistent intensity of Sec. Il. The total in-
tensity thus includes all perturbation terms of second and
g)urth order in @g/\), as well as the sixth-order term chosen
0 include processes of interest. These results are shown in
Eig. 6 and are to be compared directly with the data of Fig. 2.

or §;=50° there is no initial excitation of ks, the single-
scatter contribution is evanescent, and a low distribution ap-
pears in the calculation that is similar to the experimental
results. Atg;=56°, 62°, and 76°, the consequencestd{,
excitation are seen fg¥|>54°. In the former two cases the
backscattering peak occurs in isolated sixth-order scatter and,

in the latter case, it appears in the midst of high single-
scattering contributions. The agreement with the experimen-
tal data remains excellent throughout the results.

To further support our results we now briefly compare
with rigorous calculations using an integral equation

(12), it is clear thatA(q|p|r|k) is thus simplified to the form

A(qlp|r|k)=6u(q|p)Ge(p)u(p|r)Go(riu(rlk), (17)

where
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=62° (solid curvg. Also shown is the comparable result from Fig.

FIG. 7. Normalized mean diffuse intensity( 6;) calculated by 6 (dashed curve
a rigorous numerical simulation in which a periodic rough surface is

illuminated by a plane wave. The results correspond to an averagtge angular structure of the peaks is not well resolved in this

over 2250 surface realizations. The points shown represent th@ethOd' particula_rly for largef " It i.'_s quite impressive that,
P P for all 6, where isolated contributions fror| T®)(q|k)|?)

mean diffuse intensity due to the Bragg orders of the periodic sur* S A -
face. appear in Fig. 6(even in the ledge ats=—57° for 6,
=76°), the results of Fig. 7 are in excellent agreement with
formalism? Applying Green’s integral theorem to the re- the perturbation theory. Additionally, fos;=56.1° and
gions above and below the interface, two coupled integrab1.5°, the scatter foé>54° in Fig. 7 is in close agreement
equations are established. The solution of these equationgith the perturbation results, although the perturbation
determines the source functions that are required for the catheory is slightly higher there fof;=75.2°. Modest differ-
culation of the scattered field. Usually, the use of taperednces are also to be seen in the regions having single-scatter
beam illuminatioA?! permits the truncation of the infinite contributions, again particularly faf, = 75.2°. We speculate
surface to a finite interval, without introducing significant that the latter differences could arise from the neglected 1-5
distortion of the scattering distribution due to edge effects. Interm in Eq.(6), while the first difference could arise from the
the present case, however, the excitation of surface polarheglected 2—4 term. Nonetheless, the agreement between
tons plays a prominent role in the resulting scattering curvesFigs. 7 and 6 is satisfying.
Even for the longest surfaces that can be studied with com- Finally, we note that high-order processes were included
puters available to us, the scattering results we obtain arié the two theoretical works that originally predicted back-
length dependent because the surface length is comparabledeattering enhancement for a slightly rough surfatégter
the plasmon polariton decay length. One way of avoidingwork’ has also followed suit in estimating the effects of
this problem is by imposing a periodicity to the surface pro-high-order coupling. Reference 3 is appropriate for the case
file, so that an infinite sample can be considered. The soluhere and, to compare with our other calculations, we have
tion to this problem can be obtained in the usual mannerevaluated the expressions for our rectangular spectrum. The
with the added cost of evaluating the periodic Green’s funcresults are shown in Fig. 8 fat;=62°. The general appear-
tions and their normal derivatives on the surface. The effiance of the resulting distribution is similar to our calculations
cient evaluation of these functions is critical for the feasibil-and, most impressively, a distinct peak indeed appears at
ity of the method, and we use rapidly converging integralbackscattering. The theory does contain fourth-order terms
forms for this purposé? that produce much of the backscattering effect of Ref. 3 but,
Thus, we in fact calculate the scattering of light from aappropriately, these terms play no role in the backscattering
classical grating, albeit one with a long period and a Gausseffect in Fig. 8. Instead this peak arises, as it should, from
ian random profile within that period, illuminated by a plane yet higher-order terms.
wave. The scattering problem is then reduced to solving a This theory was applied in Refs. 2 and 3 to the case of a
matrix equation for the amplitudes of the Bragg waves dif-wide Gaussian spectrum, centered on zero wave number, for
fracted by each realization of the grating. The estimate of thevhich backscattering enhancement would appear in terms of
mean intensity is obtained by averaging over an ensemble dburth and higher orders. The intent of including the higher-
statistically identical surfaces. The total diffuse intensity isorder terms was largely to provide height and width correc-
thus obtained directly without regard to the perturbation ortions to the backscattering peak; it was not recognized that
der of the scattering contributions. The sampling interval orthe sixth-order effect could be isolated as it has been here.
the surface was chosen k&2 and a total of 1024 points per Hence the terms were approximated because it was imprac-
period were used. It is also convenient to choose the inciderical to make the theory self-consistent in each order. It was
angles in such a way that the matrix does not have to benly some years later that the exact fourth-order term was
recalculated for each angle. For this reason,@hehosen are first developed, and the sixth-order term of E¢) still has
close but not identical to those of Fig. 6. The calculatednot been fully evaluated.
points in the scattering distributions appear at the positions Indeed, it can be seen that the heights of the plasmon-
of the grating orders and, for our choice @f, there is al- related scattering contributions in Fig. 8 are approximately
ways a point in the backscattering direction. half of the levels of Fig. 6. However, the theory is being used
These results are shown in Fig. 7 f6r=56.1°, 61.5°, here in a manner far from its original intent and we do not
and 75.2°. All cases contain backscattering peaks, althougtriticize it. References 3 and 4 are admirable for pointing out
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that, for the Gaussian spectrum, a backscattering peak woutdrms may be dropped because there is no direct coupling of
appear in the fourth order, and that higher-order terms cornthe incident wave tot+ksg, [a factor g(ks,—k) thus van-

tain other coherent processes that contribute to the shape shed. We then obtain

the peak. Our work considers one of these processes in the

sixth order, well isolated through the use of the rectangular

6 3
spectrum. (6= 5 (%) cog 0 cos/Go(a)| 2 Go(K)|?

V. DISCUSSION
X g(q_ ksp)g(stp)g( - ksp_ k)

2

By examining the perturbation theory, we now consider in G2\ 2
A_) |u(q| ksp)|2| u(ksp| - ksp)|2

more detail the physical mechanisms that give rise to the %
backscattering effect. It was discussed in Sec. IV that excel-
lent approximate results were obtained by keeping the term

. . . C?)?
having onlyV(®) in the expression fof®)(q|k). From Eq. X u(— ke K)|2+ (m u(qlkep)|2
(8) we approximately have | solk)| AZ+[(g+ k)/2]2| [ksp)
1—<3>(q|k):6foc dp F ﬂv(1>(q|p)eo(p)v<1) X [u(kspl —ksp)|?|u( —ksplK) |2} . (25)
—w 27 J_w 27
X(p[r)Go(r)V(r[k). (20)

In the second term within the curly brackets we havecset

By reading the quantities within the integral from right to = —k when it appeared in the arguments of the functions
left, this scattering process is readily interpreted. The potent(), with an excellent approximation; the term’s dependence
tial VY(r|k) represents the scatter of the incident wavey ~ On d andk is instead dominated by the narrow Lorentzian
the roughness, with its transformation into a plasmon polarfactor. By reading the arguments of th€) from right to left
iton r=—Kks,. This wave then travels along the surfacein Eg. (25), the wave-number sequenée- —ksp— +Ksp
[Go(r)] and is scattered to the stape= +ks, by a second —q IS apparent that is consistent with our earlier discus-
scattering eventv)(p|r). As described by the Green’s sions. The two terms within the curly brackets of EB5)
functionGg(p), this wave propagates along the surface, untilbecome identical at backscattering, with the second term pro-
it is converted to an outgoing wavgethrough a final scatter- ducing a peak there of Lorentzian form. The full width at
ing eventv()(q|p). half maximum of the pgak follow; from the Lorentzian fac-
Direct evidence of this scattering process may be foundo’ @s Aq=4A, or, in scattering angleds, as Afs
through approximate evaluation of the results of Sec. IV. We=4CA. /(@ cos#). Equation(25) also makes clear that, al-
substitute the approximations of Eq47) and (19) into the  though the effect appears only at high angles for the surface
sixth-order intensityZ(6) of Eq. (16). The resulting inte- con5|d§-red here, this is not essential. In principle, thls_ back-
grand contains products of Green’s functions that may bé&cattering effect could appear for a#ly, as long ag(k) is
treated with pole approximatiofisFor example, within the Of adequate height at the points required by &x3).

pole approximation, The pole approximatior_l is readily evalqated arjd i's com-

pared with earlier results in Fig. 5. It predicts a distribution

) wC2 slightly lower than that obtained by exact evaluation of the
|Go(p)|*= A LO(P—ksp+8(ptksp)] (21)  same integrand, but the comparison with the other results is

still good. The peak widthA 65 is 0.42° in both the pole
and approximation results and in the exact calculations, in agree-
ment with the expression given above fdp,. The results
obtained with the pole approximation hence contain all es-
sential features seen in the exact calculations.
We claim that, as is the case for other forms of back-
(22) scattering enhancement, the distinct peak seen throughout
our results arises from the constructive interference of mul-
tiple scattering contributions. Consider the situation shown
in Fig. 9a@). An incident wave strikes the point; of the
|32 rough surface and launches the surface wave,. This
= 2r (23)  wave is scattered at point a into +Kkg,, which travels
er—1 until it finally is scattered a third time, being converted to a
and propagating wave at point;. For every such path shown,
there is a time-reversed path in which the same scattering
L Ksp events occur, bpt in a reversed orderxas-x,—X;. The
e= 28 m (24) scattering contributions from these two paths are phase co-
herent at backscattering and interfere perfectly constructively
Upon carrying out the integrations ovérfunctions we ob- there, but they interfere with a random phase relationship far
tain eight terms. However, four of them contgi(0) and are  from backscattering. After averaging, the first term in the
thus zero for the idealized spectrum of Fig. 1. Two morecurly brackets of Eq(25) represents the total intensity aris-

2

2mwiC
Go(p)Gg (x—p)=

miC? ‘
+ 28T x o(p+Ksp),

where

_le

A
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FIG. 9. Pairs of scattering processes related by time reversal for 201
the sixth-order effecta) and fourth-order effedt); lines below the
rough surface indicate plasmon polariton coupling. 9.0 95 10.0 105 11.0
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ing from all such paths, and the second term represents the FIG. 10. Top: From fourth-order theory, the dimensionless
interference between pairs of paths related by time-reversgower P of the (1~1) diffracted order from a quasiperiodic sur-
symmetry. face with k;=0.004 552 nm* and k,=0.006 446 nm*. Bottom:
We have demonstrated here that this backscattering effe€tom sixth-order theory,P for the (1-2) order with k;
may be readily observed when the backscattering effect of0.01100 nm?* and k, unchanged. In both cases =1 nm, A,
order (a'/)\)4 is absent. It would thus seem reasonable to=1 nm, and simultaneous plasmon-polariton coupling occurs for
consider the two effects as being distinct from one another\ = 1152 nm(solid line). Detuned cases have= 1142 nm(dashed
We can provide additional, albeit subtle, evidence of thiscurve and A=1162 nm (dot-dashed curye these cases are too
assertion by consideration of the physical mechanism prosmall to be seen in the lower plot. For all we assumes=
ducing the fourth-order effetHere, as shown in Fig.(p), =~ —61.0+6.2.
an incident wave is scattered from pomitand is converted . ]
into the plasmon polaritor-ks,,. It is then scattered from a {(X)=Aq sin(kix) + Ay sin(kox+ é), (26)

point x; to escape as a propagating wave. In the timeyhere all quantities are deterministic. An experimental study
reversed path, it is the counterpropagating polariteks,  of the fourth-order scatter for this type of surfétaas re-
that trayels fromx, to.xl. In this effect, the .enhancement vealed the two scattering processes of Fi¢h)9because
thus arises from the interference of the distinct procekses g ch a surface allows simultaneous excitation BKs)

— +Ksp—@ andk— —Kks,—q. However, both of these cou- (through, say, wave numbés) as well as—ks, (through

plings are forbidden at backscattering by the spectrum of oug ). The scattered light then escapes from the surface in a
surface, so the fourth-order effect is absent. As discussegiffracted order that satisfies

earlier, in the sixth-order effect there is only the single pro-

cessk— —kg— +Ksp;— (. That is, the sixth-order effect dif- ® ®

fers in that the forward and time-reversed paths of F{g) 9 ¢ SN 9s=E sin 6;+nk; +mk; (27)
use an identical wave-number scattering sequence.

This observation has the mathematical consequence thagjth (n,m)=(1,—1). We assume, somewhat arbitrarily, that
in the pole approximation, the sixth-order effect describedhe simultaneous plasmon excitation occurs #r10°,
here is simpler than the fourth-order effect. The intensitywhich determines the values &f andk,. Using the com-
contribution of Eq.(25) is composed of only two terms. plete fourth-order perturbation theory, we compute the
However, the pole approximation for the fourth-order effectpower of the (1;-1) order as shown in Fig. 18. The high
[see Eq.(5.9 of Ref. 8] necessarily yields four terms, with peak occurs as the order passes through backscattering and
the interference between the two sequences clearly seen @ontains contributions from both processes of Fidp) 9The
the two terms of the enhancement peak. No such interferende/o processes may now be seen as distinct from one another
is noted in the single term of Eq25) for the sixth-order Dby simply tuning the source wavelength, as is apparent in the
peak. two peaks for othek in Fig. 1Qa). In particular, the separate

More significantly, these differences have physical consepeaks indicate that the distinct processes of Fig. 9 do indeed
guences. It has been demonstrated that the diffuse scatterisgjll occur, but they do not occur simultaneously. The height
contributions from the forward and time-reversed paths ofof the main peak of Fig. 1@) is almost exactly four times
Fig. 9b) may be physically separated for the fourth-orderthat of the detuned cases, which indicates perfectly construc-
effect, in a manner described elsewhEreHowever, we tive interference.
claim that no analogous separation can be observed for the To consider the analogous sixth order effect, we change
sixth-order effect because E@5) describes a single indivis- only k; to 2ks, so as to provide the coupling of counter-
ible wave-number sequence. propagating plasmon polaritons. The triple-scattering process

To provide a simple illustration of this point we consider of Fig. 9a) involves three roughness wave numbers and is
the quasiperiodic metal surface, thus found in the ordern,m)=(1,—2) in Eq. (27). Using
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the complete sixth-order perturbation theory, we compute therder in the parametero{\). In an evaluation of a sixth-
power in this order as shown in Fig. ). As was the case order perturbation term, the effect was found to arise from
in Fig. 10@), a single peak appears due to the triple-triple-scattering contributions related to the excitation of sur-
scattering process as the order passes through backscatterif@ge plasmon polaritons. Excellent agreement with the con-
However, as the source is detuned the peak disappears aff@lled experimental data was obtained. Further comparisons
little trace of scattering contributions remains. This tech-were made with approximate evaluations of the perturbation
nigque hence cannot separate the effect into two distinct corf€m, computer simulations based on Green’s integral theo-
tributions of equal amplitude. rem, and v_v|th a previous perturbation approach that included
Figure 10 thus simply illustrates an essential differencd€rms of sixth and higher order. _ _
between the two scattering processes. Related effects occur There are a number of notable properties of the sixth-
for rough surfaces; in a manner analogous to FigaX@un- order backscattering effect as it has been described here. Al-
ing the source in the fourth-order effect can produce a cleahough the surface roughness is weakX=10"?), lowest-
angular separation of the two diffuse scattering contribution®rder perturbation theory is inadequate and contributions of
arising via the forward and time-reversed paths of Fijt .  even sixth order iro/\ play an essential role. In addition,
similar tuning experiment with the pure sixth-order effectthis type of backscattering effect has been observed here at
would have quite different consequences, without such sepalnusually large incidence angles as high as 76°. Our restric-
ration. As the source is tuned for our rectangular spection to larged; is a consequence of the roughness spectrum
trum, Eq. (25) indicates that theentire distribution Z( 6) employed here, but the same effect could also occur at small
would, as a whole, shift in angle because of the factorti for other surface spectra. Finally, it is remarkable that it is
9(q—ksp) g(—ksp—K). Further, the factog(2ks,) indicates possible to |_solate the_ scattering contrl_butlons_ of secpnd,
that the distribution would simply vanish if the tuning were fourth, and sixth order ind/\), thus making obvious their

so large thag(2ks) =0. relative significance.
If our use of a roughness spectrum of a displaced rectan-

gular form may seem contrived, we point out that the scat-
VI. CONCLUSIONS tering processes dis_cussed here wouI(_JI occur to some extent
for a sufficiently wide spectrum having, for example, a
The work described here began with the unexpected exsaussian form centered on zero wave number. However, the
perimental observation of a backscattering peak in the lighscattering distribution of the less contrived surface would be
diffusely scattered from a slightly rough silver surface. Thefar more difficult to interpret, with the various scattering pro-
experiments made use of a well-characterized surface angksses overlapping in angle. Even though the displaced rect-
scattering data were taken under fully controlled conditionsangular spectrum remains an experimental necessity for us,
It was clear that the observed effect was not present in théhe distinct scattering contributions associated with it also
theoretical prediction for the diffuse intensity exact to fourthhave been essential to the main conclusions of this paper.

1K. A. O'Donnell and E. R. Madez, J. Opt. Soc. Am. 4, 1194  1°C. S. West and K. A. O’'Donnell, J. Opt. Soc. Am. ¥2, 390

(1987. (1995.
2A. A. Maradudin, T. Michel, A. R. McGurn, and E. R. Mdez, !C. S. West and K. A. O’'Donnell, Opt. Let21, 1 (1996.

Ann. Phys.(N.Y.) 203 255(1990. A, A. Maradudin, A. R. McGurn, and E. R. ez, J. Opt. Soc.
3A. R. McGurn, A. A. Maradudin, and V. Celli, Phys. Rev.3, Am. A 12, 2500(1995.

4866(1985. BBA. R. McGurn and A. A. Maradudin, Waves Random Meéia
4V. Celli, A. A. Maradudin, A. M. Marvin, and A. R. McGurn, J. 251(1996.

Opt. Soc. Am. A2, 2225(1985. 14A. Arsenieva and S. Feng, Phys. Rev.4B, 13 047(1993; V.
Sy, Kuga and A. Ishimaru, J. Opt. Soc. Am. B 831(1984; M. Malyshkin, A. R. McGurn, T. A. Leskova, A. A. Maradudin,
P. van Albada and A. Lagendijk, Phys. Rev. Léib, 2692 and M. Nieto-Vesperinas, Waves Random Medid79(1997);

(1985; P. E. Wolf and G. Maretibid. 55, 2696 (1985; D. S. Opt. Lett.22, 946 (1997).
Wiersma, P. Bartolini, A. Lagendijk, and R. Righini, Nature *°A. R. McGurn, T. A. Leskova, and V. M. Agranovich, Phys. Rev.
(London 390 671(1997. B 44, 11 441(199)).
6p. Sheng|ntroduction to Wave Scattering, Localization, and Me- 1®X. Wang and H. J. Simon, Opt. Leti.6, 1475 (1991); H. J.
soscopic Phenomen@cademic, San Diego, 1995 Simon, Y. Wang, L. Zhou, and Z. Cheibjid. 16, 1268(1992);
A. R. McGurn and A. A. Maradudin, J. Opt. Soc. Am.A8B 910 O. A. Aktsipetrov, V. N. Golovkina, O. |. Kapusta, T. A.
(1987; V. Freilikher and I. Yurkevich, Phys. Lett. A83 247 Leskova, and N. N. Novikova, Phys. Lett.J¥0, 231(1992; Y.

(1993; 183 253(1993; H. Ogura and Z. L. Wang, Phys. Rev. Wang and H. J. Simon, Phys. Rev.48, 13 695(1993.
B 53, 10358(1996; M. Arnold and A. Otto, Opt. Commun. 7K. A. O'Donnell, R. Torre, and C. S. West, Opt. Le®1, 1738
125, 122(1996; H. Hanato, H. Ogura, and Z. L. Wang, Waves (1996.
Random Mediaz, 11 (1997. 18\, Leyva-Lucero, E. R. Medez, T. A. Leskova, A. A. Maradu-
8A. A. Maradudin and E. R. Medez, Appl. Opt32, 3335(1993. din, and J. Q. Lu, Opt. LetR1, 1809(1996.
%p. Tran and V. Celli, J. Opt. Soc. Am. B, 1635(1988; T. R.  '°K. A. O'Donnell, R. Torre, and C. S. West, Phys. Rev.585,
Michel, ibid. 11, 1874(1994). 7985(1997).



57 BACKSCATTERING ENHANCEMENT FROM POLARITON. .. 13219
20D, W. Lynch and W. R. Hunter, itHandbook of Optical Con- 22M. E. Veysoglu, H. A. Yuch, R. T. Shin, and J. A. Kong, J.
stants of Solidsedited by Edward D. PalikAcademic, New Electromagn. Waves Appb, 267 (1991).

York, 1985, p. 356. 23C. S. West and K. A. O’Donnell, Opt. Commuib23 109(1996.
21E. 1. Thorsos, J. Acoust. Soc. ArB3, 78 (1988.



