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Phase-coherent elastic scattering of electromagnetic waves from a random array of resonant
dielectric ridges on a dielectric substrate: Weak roughness limit
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A theoretical discussion is given of the diffuse scatteringpgiolarized electromagnetic waves from a
vacuum-dielectric interface characterized by a one-dimensional disorder in the form of parallel, Gaussian
shaped, dielectric ridges positioned at random on a planar semi-infinite dielectric substrate. The parameters of
the surface roughness are chosen so that the surface is characterized as weakly rough with a low ridge
concentration. The emphasis is on phase coherent features in the speckle pattern of light scattered from the
surface. These features are determined from the intensity-intensity correlation function of the speckle pattern
and are studied as functions of the frequency of light for frequencies near the dielectric frequency resonances
of the ridge material. In the first part of the study, the ridges on the substrate are taken to be identical, made
from either GaAs, NaF, or ZnS. The substrate for all cases is CdS. In a second set of studies, the heights and
widths of the ridges are statistically distributed. The effects of these different types of randomness on the
scattering from the random array of dielectric ridges is determined near the dielectric resonance frequency of
the ridge material. The work presented is an extension of stfiieB. McGurn and R. M. Fitzgerald, Phys.

Rev. B 65, 155414(2002] that originally treated only the differential reflection coefficient of the diffuse
scattering of light(not speckle correlation functiondsrom a system of identical ridges. The object of the
present work is to demonstrate the effects of the dielectric frequency resonances of the ridge materials on the
phase coherent features found in the speckle patterns of the diffusely scattered light. The dielectric frequency
resonances are shown to enhance the observation of the weak localization of electromagnetic surface waves at
the random interface. The frequencies treated in this work are in the infrared. Previous weak localization
studies have concentrated mainly on the visible and ultraviolet.
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[. INTRODUCTION cific systems that can be experimentally realized. The discus-
sion given complements previous work on weak localization
During the last three decades the scattering of electromagffects in the differential reflection coefficients from such
netic waves from weak randomly rough surfaces supportingurfaces presented by us in Ref. 21.
surface plasmon polaritons has been a topic of considerable Weak localization is observed as a backscattering en-
interest!=4In these systems surface plasmon polaritaet  hancement in the diffuse scattering from bulk random media
as intermediary paths between electromagnetic waves incer in the diffuse scattering from rough surfadés® arising
dent on the surface and scattered waves radiating from thieom phase coherent multiple scattering processes repre-
surface>-8 This increases multiple scattering processes at theented by maximally crossed diagrams. It is a precursor of
random surface and enhances the overall diffuse surfacstrong(Anderson localizatior?®825which occurs when the
scatterind In turn, the participation of surface plasmon po- backscattering is strong enough to confine excitations to a
laritons allows for the use of surface scattering to probe thdounded region of space.
nature of the surface plasmon-polaritons and the effects on Since multiply scattered radiation at a random rough sur-
them of surface disordért? This is of particular interest in face eventually radiates away from the surface, the localiza-
the study of weak localization phenomena arising from thdion observed in surface scattering is always weak
interaction of surface plasmon polaritons with surfacelocalization®'? The observation of true weak localization
disordert? Weak localization manifests itself in a number of scattering enhancement peales distinct from shadowing
features observed in the differential reflection coefficient andenhancement effects which are discussed b¥|dwowever,
speckle correlations of light diffusely scattered from weaklyrequires weakly rough surfaces. These are surfaces on which
rough surfaces. the length scale characterizing the roughness perpendicular
The focus of the discussion in this paper is on weak loto the mean surface is much less than that characterizing the
calization(phase coherent multiple scatterjreffects on sur- roughness parallel to the mean surface and than the wave-
face plasmon polaritons and on the electromagnetic radiatiolength of the radiation. The small surface plasmon-polariton
elastically and diffusely scattered from weak randomly roughscattering cross sections generally found on such surfaces
surface$8 It will be shown how these effects, as observedmake the observation of weak localization difficulOn
in the speckle correlation functions for the light scatteredstrongly rough surfaces a backscattering enhancement can
from rough surface®2° can be enhanced by the resonantarise independently of weak localization. This is due to
properties (frequency resonancesof dielectric materials shadowing (Note: The total backscattering enhancement on
forming the surfacé!~?* Results will be presented for spe- strongly rough surfaces can be a combination of shadowing
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and weak localization effecfsThese, however, are hard to function is measured between two different sets of scattering
distinguish from one anothg¢rShadowing does not involve [i.e., (q,k) and (g’,k’)] from the rough surface. These are
phase coherence but comes from the formation of patches atparately defined for a pair of inciddine., k, k') and a pair
surface that are weakly illuminated by liglite., regions of scattering directiongi.e., g, q’). The correlation function
covered by shadowsThis gives rise to backscattering en- measures the statistical correlation of the bright and dark
hancement features in the diffuse scattering that are similaeatures in the diffusely scattered light arising from the two
to those due to weak localizati§rSurfaces that allow only distinct scattering processes. A high degree of correlation
for the observation of weak localization in the scattered raimplies an increased similarity in the intensity patterns of the
diation must be weakly rough surfaces that scatter radiatiotwo scattering processes being correlated. Phase coherent
strongly enough so that phase coherent multiple scatteringultiple scattering processes associated with the occurrence
processes are important. In the following some ideas proef weak localization, generally, are found to enhance the de-
posed for the enhancement of strong localization effects igree of correlation and hence pattern similarity between two
bulk three-dimensional media are used to facilitate the obsespeckle intensity patterd4:20.24.26-31
vation of weak localization in surface scattering. While the diffuse scattering cross section is proportional
Recently, it has been suggested in the context of strongp the two-patrticle surface plasmon-polariton Green'’s func-
localizatiorf>-24 that phase-coherent cross sections in bulktion, the speckle correlation function is related to a four-
three-dimensional media can be enhanced by the presencemrticle surface plasmon-polariton Green’s
resonant scattering features in the bulk. Waves with frequerfunction14-20.2426-31The four-particle Green’s function is
cies tuned to the resonance of the scattering features wifbrmed from the product of the pair of two-particle Green’s
experience an enhancement of single and, consequently, mdiinctions describing the two different diffuse scattering pro-
tiple scattering effects. These resonant scattering ideas, howesses being correlated. It has been sH&W¥6-31that the
ever, can also be applied to the observation of weak localspeckle correlation function is a sum of successively higher
ization in the scattering from weakly rough surfaés. order contributions in a perturbation expansion in terms of
Surfaces composed of resonant dielectric features should etie surface roughness. The contribution€tqg,k|q’,k’) are
hibit enhancement of weak localization effects near theidenotedCV(q,k|q’,k’), C*9(q,k|q’ k), C*+9(q,k|q’ k'),
resonant frequencies. Examples of such types of dielectrig<2>(q,k|q',kf), and C(3)(q,k|q',k’) so thatC=CcW+c(19
resonances that can be used are the transverse phonon Rast(1.5 + c(2 +c(® 1819 The most prominent of these contri-
strahl(infrared resonances in ionic and semiconducting ma-pytions are th€® (see Ref. 2pandC9 (see Ref. 19short
terials. A previous theoretical stutlyhas confirmed the range correlations. These both occur in the lowest order of
phase-coherent enhancement in the differential reflection anfle perturbation expansion. T term contains the impor-

transmission coefficients for a randomly rough surface comant phase coherent effects, known as the memory and time-
posed of dielectric ridges exhibiting a Reststrahl resonancgeversed memory peak$l927-2931The presence of the

The differential reflection coefficients in Ref. 21 were stud-memory peak(i.e., a peak ak=k’) results from the high

ied as functions of the frequency of light increasing up to thegegree of correlation in the speckle intensities that arises
dielectric resonant frequency and the frequency of light defrom light traveling on nearly identical scattering paths. The
creasing to the dielectric resonant frequency. The present pgme-reversed memory pedke., a peak ag=-k’) accounts

per extends this treatment to consider weak localization effor the high correlation that exists between light traveling on
fects in the speckle correlations of light scattered by roughy given scattering path and light traveling in a time-reversed
surfaces. A variety of phase-coheréweak localizationef-  manner along the same path. Other contributions are the me-
fects in the SpeCkle of scattered ||ght are enhanced by thg|um and |0ng range correlations denoted WS) and
Reststrahl resonance and are measured by statistical 00”9@@),14'18v19v26—31respectively. These higher order terms con-
tion functions(speckle correlation functiongnvolving aver-  tain peaks arising from geometric effects in momentum
ages of products of the scattered intensity of light from thespace and from the poles of the surface plasmon-polariton
surface. Ridge materials used in the studies presented hegggle particle Green’s functions, not from phase-coherent
are GaAs, NaF, or ZnS. These all have well know ReStStra%rocesses' Fina"y, the infinite range te@ﬁ’) is a Smooth|y
resonances. This is particularly interesting as experimentglarying function of the incident and scattering directions.
studies of weak localization effects have not been made ”The primary interest in this paper is in the short ra@@

the infrared. FO”OWing our |n|t|a| Studies presented in Ref.and C(lo) contributions. These are the dominant features of
21, the substrate treated in this paper is CdS. This substraige speckle correlation function and contain the phase-
material supports surface plasmon polaritons at the dielectrigoherent effects. For completeness and comparison results
resonant frequencies of GaAs, NaF, or ZnS ridges. for C19, C@ andC® are also given.

The speckle correlation functiorG(q,k|q’,k’), is the The model considered in the first set of studies presented
variance about its mean of the relative intensity of diffuselyin this paper involves a surface exhibiting one-dimensional
scattered light, 1(q|k).14-2026=31 Formally, C(q,k|q’,k’)  disorder in the form of parallel, Gaussian shaped, dielectric
=(1(q[k1(q" [K))=(I(a|k))I(q'|K')) wherel(q,k) is the in-  ridges positioned at random on a planar semi-infinite dielec-
cident intensity of light with wave vector componektpar-  tric substrate surfacg. The number of ridges per unit length
allel to the mean surface divided into the scattered light in-of the interface is chosen to be small enough that there is
tensity with wave vector componen, parallel to the mean only a small possibility of overlapping between the ridges.
surface, and the angular brackéfsdenote an average over The ridges are identical and made from either GaAs, NaF, or
the surface roughness. Generally, the speckle correlatioBnS, while the substrate material is always CdS. The differ-
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ential reflection and transmission coefficients of the diffusepositions of the ridges on the substrate surface are uncorre-
scattering for these systems were presented in Ref. 21. In thiated. The surface profile functiog={(x,) of the upper sur-
paper the contributions to the speckle correlation functiongace of the Gaussian ridges is
for the diffuse scattering computed as functions of the ridge
concentration are presented. {(x) =AY, e (0= xy)IR? (1)

In a second set of studies, the ridges are no longer taken i
to be identical. In addition to their positions on the surface,
the ridge widths and heights are statistically distributed. ThevhereA, R, andx,; are parameters characterizing the height,
sensitivity of the speckle correlation function to parametersvidth, and center position of thgh ridge.
characterizing this statistical distribution is determined. The For the results presented below the substrate material is
shape of the peaks in the correlation function is related to th€dS while the ridge material is either GaAs, NaF, or ZnS. All
average and the standard deviation of the width and heighaf these materials exhibit a characteristic Reststrahl reso-
distributions. In addition, for these types of systefm®t nance at their transverse phonon frequencies. The general
treated in Ref. 2Jla study is presented of the effects of the form of the dielectric constant in the neighborhood of this
statistical distribution of ridge properties on the differential resonance is
reflection coefficients. The widths and heights of the en-

hanced backscattering peaks are related to the average and , W

standard deviation of the width and height distributions for @ T @I

the ridges. €)= e, 2
The calculation of the correlation functions and differen- w3 - w? - i2

tial reflection coefficients of the diffuse scattering is done T

using diagrammatic techniqus?18.1%.24axwell equations .
are solved for a single ridge to leading order in terms of itsVheree=, o, r, andrare constants characterizing the ma-

height and width, obtaining the electromagnetic scattering€fial- (The reader is referred to Ref. 21 for the values of
potential of the ridge. This potential is generalized to de-heseé constanfsThe ridge materials have been chosen to
scribe the scattering from a surface with a low concentratiof@ve dielectric resonances at frequencies for which CdS has
of randomly placed ridges. Using this, the speckle correla® dielectric constant Igss thaq —-1. Under these cond!tlons
tion functions and differential reflection coefficients are ex-Surface plasmon polaritons exist on the CdS-vacuum inter-
pressed in terms of ladder and maximally crossed diagrami‘?‘ce- . .
giving the multiple scattering contribution from the random  TNhe surface plasmon polaritons are scattered on the inter-
array of ridges at the surface. These are used to compute bdi@c€ by the randomly positioned ridges. This surface scatter-
the two and four-particle Green’s functions. For the case ind iS €nhanced for surface plasmon polaritons with frequen-
which the ridge widths and heights are statistically distrib-Ci€S near the dplectnc resonance of the ridge mat.enals. This
uted, the diffuse scattering and the speckle correlation fundncreases the importance of phase-coherent multiple scatter-
tion are averaged over both the ensemble of realizations df9 effects at the surface. In addition, near the dielectric reso-

the array of ridges along the surface and the statistical prog?@nce frequency, the coupling between the surface plasmon
erties of the individual ridge widths and heights. polaritons and bulk electromagnetic modes above and below

the surface is increased.
In our scattering geometry, the surface is illuminated by a
Il. MODEL AND SPECKLE CORRELATION FUNCTION: p-polarized electromagnetic plane wave incident from
IDENTICAL SET OF RIDGES vacuum. The scattering amplitude is obtained by applying
._electromagnetic boundary conditions to the solutions of the

. In th_:_sh.se.Ct'?r;l’ a b(rjleg destcrlp;uon ctn‘ tfh;ahrough sk?rface 'Smaxwell equations above the surface, inside the ridges, and
given. This 1S Toflowed by a treaiment ol the Speckie CoMmes, o o pstrate material. In doing this the validity of the

lation functions for the diffusely scattered light from the sur- . P 51
) ) . ayleigh hypothesis is assum@t:?* The general form of
face. The model of the scattering surface is that used in Re he x, component of the magnetic fielcls

21 to discuss resonance effects on the differential reflection
coefficient. d
The random surface consists of an array of parallel Gauss- H52(Xy,Xg) = gkxg-iagkw)xg 4 f —qR(qlk)eiqxlﬂao(q,w)Xs

ian cylinder shaped dielectric ridges of dielectric constnt 27

that are randomly placed on a semi-infinite substrate of di- (3)
electric constang,. The surface of the substrate is located at

thex;=0 plane with the substrate in the regioy<0. Onthe  for x3> {(x,),

substrate is the array of Gaussian ridges and above the ran-

dom surface formed by the array of Gaussian ridges is i dq .
vacuum. Theg axis is perpendicular to the substrate surface, H" (X1, %3) = f —[A(glkygParial@ens
L . 2
the x, axis is parallel to the axes of the ridges, and the o
X;1-X3 plane is the scattering plane. The average number of + B(g|k)ePaien@eix] (4

ridges per unit length on the, axis is such that the likeli-
hood of a strong overlap between two ridges is small, and théor 0<x3=<{(x;), and
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d S 1
H5 3 %) = f B B Zzg

2
R(qlk)[? = Hao(CI)ao(k)lG(mk)lz,

. . 12
for x3=0. Following Ref. 21, the horizontal components of (12

the incident and scattered wave vectors are denotéddng  whereL is the length in the; direction of the surface. The
g, respectively, and the vertical wave vector components ijifferential reflection coefficientR,/dé,, is obtained by av-
the three regions areag(p,w)=\(w/c)*-p? a(p,w)  eraging the scattering efficiency over the rough interface so
=€ (w)(w/c)>-p?, anda(p, ») =\ &w)(w/c)?-p? In Eqs.  thaf!
(3)<5) the real and imaginary parts af,, «;, and a are
positive.

By matching boundary conditions, the scattering ampli-

dRe - da_2 , 2
dBS(q“() = <|(Q|k)>d0S = ap(q) ap(K){|G(qlK)[°) .
tudeR(q|K) is found to be of the forft

(13
R(alk) = 278(q — K)Ro(k, w) = 2iG(q, w) The two-particle Green’s function(G(q|k)|?), containing
X T(qk)Go(k, ») ag(k, w). (6) the physics in Eq(13) is obtained as the solution of a Bethe-
Salpeter equation that is discussed below.
In Eq. (6) The speckle correlation functionC(q,k|q’ k"), is

defined®19as
eo(w)ag(K, ) — a(k, w)

Ro(k, ) = (7) Cla.kla" k") = (I (alk)(g'[k") = (IalkXI(q'[k")) (14)

e(w)ap(k, w) + a(k,w)

) o ) ) so that from Eqs(6), (11), (12), and(14):
is the Fresnel coefficient for the reflection pfpolarized

light at a flat dielectric surface, and 2 \?2
C(q,Ka’ k') = ) ao(qQ) ap(K)ap(q") ag(K’)
iEO

Go(k,w) = (®) X [{[G(alkI*G(a' k)

ok, w) + a(k,w)
, , , , =(IG(aR)I*XIG(a' k)] (15
is the single-particle surface plasmon-polariton Green’s func-
tion for a flat surface. The scattering matiixq|k) is a so- for diffuse scattering. Making the factorization approxi-

lution of*-8 matiori8-20
Tealk) = Vialk fdpV e (oTtolk o (IG(alk)[4G(a' k)P
= =+ _— .
where V(qg|k) is the scattering potential, given to leading X(G(alkG'(a'[k)) +(G (dlk)G (q'[k"))

E)rder in the Fourier transform of the surface profile function, X{(G(q|k)G(q'|K")), (16)
{(p)=Jdx {(x)exp(-ipx,), by
- ) Cla,Kg’ k') =F(a,kla’, k)G (qkG(q' k")
;eé [ehak— ea(@a(k)]i(a-k). (10 X(G(qWG (q'[k")) + (G (qlk)G (q' k"))
X(G(q[kG(q' k)], (17

V(glk) =

A useful function to consider in our formulation is the
Green'’s functionG(q|k), for surface plasmon polaritons on where
the random interface. It is defined in terms of thenatrix of

Eq. (9) by?*
g (9) by F(ak

2 2
q/:k')=<E) ag(q) ag(K)ap(q) (k). (18)
G(alk) = 278(q — K Go(K) + Go(a) T(q[KIGo(k) (1)

[Note: Equation(16) is sufficient to treat the dominant fea-
and can be studied by standard diagrammatic techniques. tares of the diffuse scattering in our model, and the phase
addition, using Eqgs(6) and(11) both the differential reflec- coherent properties of the speckle correlation function for
tion coefficients and speckle correlation functions can beveakly rough surfaces are reasonably well given. Section V
written in terms ofG(q|k). gives addition discussion of these poifhta/e now turn to a

The scattering efficiency(q| k), is defined as the ratio of discussion of the two-particle Green’s functions occurring in
the x3 component of the outgoing Poynting vector to the Eqgs.(13) and(17).
component of the incoming Poynting vecté#?! above the The averages on the right-hand sides of Ed$), (16),
randomly rough interface. For the diffuse scattering from theand (17) are solutions of the Bethe-Salpeter
rough interface equation®12.18.19.21
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(G'(alkG(q'[k")y = 278(q - KG (K1 2m8(q’ - k')G(K')
+G (a)G(a")
dr [ ds ,
XIZTIZT(F(Q-VM ,S))

X(G(rlG(gk")), (19

(G(alk)G(q'|K")) = 2m8(q - k)G(k) 27 s(q" — K )G(K')
+G(q)G(q’)f;—rfE@(q,rlq’,s»
o) 2

X(G(r|K)G(gk")). (20

Here (G(q|k))=27&(q—k)G(k) while (I'(q,r|p,s)) and

(f(q,r|p,s)> are appropriate irreducible four vertex func-

tions. To the lowest order ig*~7

(T(a,rlp,s)) = (V' (dlr)V(p[s)) = (V' (al))(V(pls)),

{T(q,1p,9) = (V(alr)V(p|s)) — (V(gIn)XV(pls)). (21)
so that Eq.(10) gives
(T(a,r|p,s)) = v* (@ (Pl (q-T1)L(p-9))
—(Z ([@-nXZp-9sN],

{T(a,r|p.s)) = v(gNv(p|9[(La-NZ(p-9))

—(Zq-nN)XLp-9N], (22
where
61 - 1
v(glk) = ——[€5ak— e a(q)a(k)]. (23
6160
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Lo(@rlp.S) = 1(c, ~ 0" (o AR 0~
(26)
Similarly (f) to lowest order becomes

{T(q,rp,9))y = 2w8(q-r +p-9le(qrps) (27

with

—~ e
To(@r[p.s) ~ 1 (Ca, ~ 3 )o@l o(pl9) AR~ ARY2),

(28)

For a discussion of weak localization effects in the
speckle correlation functions the lowest order four vertex
function in Eqgs.(25) and (26) must be modified to include
additional higher order terms in the scattering potential.
These are needed to obtain a more complete set of phase
coherent scattering processes, responsible for the so-called
time-reversed memory effects. In addition to the lowest order
term in(I'(q,r|p,s)) in Eq. (26) it is necessary to include at
least the lowest maximally crossed diagrammatic contribu-
tion to the irreducible four vertex. This is given by

du .
ngd(q,rlp,5)=f;Fo(q,qﬂ-UIu,S)G (q+s

-u)G(WI'y(q+s—u,r|p,u). (29

With the inclusion of the process in ER9), (I'(q,r|p,s))
becomes
(T'(q,r|p,9)) = 2mwd(q -1 - p+9)[To(a,r|p,s)
+T3%q.r|p.9)].

(Note: A similar set of maximally crossed contributions to

the irreducible four verte[f(q,r|p,s)> does not lead to in-
teresting phase coherent effects and is not treated)Heoe.

(30)

To compute the irreducible four vertex functions in Egs.the discussion of weak localization presented below, the ir-
(21) and (22), the Fourier transform of the surface profile reducible four vertex functiodl’) is given by Eqs(25) and

function is needed. This is obtairédy discretizing thex;

axis and taking the Gaussian ridges to be centered at t

vertices of the one-dimensional lattice givenxyy=nAx for
n running over the integers. For this discretizatitr<R.
Denotingc, as the occupation index of vertex c,=1 if a

ridge is centered atAx andc,=0 otherwise. Upon averag-
ing over the surfacécn>:<cﬁ>:cav, and the average number

of ridges per unit length idl=c,,/Ax. The Fourier transform
of the profile function is

Z(p) = VTAREP RIS ¢ grinpax, (24)
n

From Egs.(22—(24) the average irreducible four vertex

function(I") to lowest order becomes

(C(a,r|p,9)) =2md(q-r-p+s)o(g,rlp,s) (25

with

30) and the irreducible four vertex functicﬁf) is given by
gs.(27) and (28).
The average single-particle Green’s functi®(k) in Egs.
(19), (20), and(29) is given by-12:18.19.21

o
Gol(k) - S(k)’

whereX (k) is the self-energy correction. We compiék),
in the coherent potential approximatiaf?-181921as the so-
lution of the self-consistent integral equation

G(k) = (31

dp To(p.Kp.K
27 Gy'(p) — 2 (p)
wherevo(k):\s‘“q_rcavAR/AXU(k| k). Equation(32) is solved by

iteration, using(k) = V,(k) as the lowest order approxima-
tion.

2(k) = Vo(k) +f (32)
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Ill. RESULTS FOR IDENTICAL RIDGES

The Bethe-Salpeter Eq$19) and (20) are solved using
the method in Refs. 5, 12, 18, 19, and 21. ESY, however,

PHYSICAL REVIEW B 71, 115421(2009

components of the wavevectadig k, ', andk’) are written
in terms of the angles of incidendd®,, /) and scattering
(65, 6) where

we retain only contributions of the first two ladder diagrams

and the lowest maximally crossed diagram andG@gf only

the lowest order ladder diagram. In terms of the surface

roughnessC® andC19 are both of ordet“L2. The speckle

correlation function within this approximation is written

a§.8,19
C(a,Ka' k") = CP(q,klq’ k") +C*%q,Kq' k"), (33
where
CY(q,Ka' k') =27L8(q-k-q' +k)Ci(a,Ka' k),
(34

C19(q,klq’ k') = 2arL8(q - k+ ' —k')CSO(q, kg’ k'),

(35)
with envelop functions
C(a.kla' k') =H(a.Ka' k)|L(q.Ka' k)2 (36)
C(aKla' k') = H(a,Kla' k) To(aKa’ k). (37)
In Eqgs.(36) and(37)
H(a,kla',k") = F(q,k|q’.k")|G(@)G(K)G(q")G(K")[?,
(38)

where
F(q,Kq’,k") = (2/7L)%(w/c)* cos b cosé; cosb. cosé) .
In Eq. (36) L is given by
r ! ! ! ! ds ! !
L(a.kla’,k") =To(q,klq’,k") +J > lo@a-a’+sa’,s)
XG'(q-q +9)G(9To(q—q" +sk|sk)
d *
+ f —sro(q,q +k' = gs,k')G (q+K
21

-9)G(9l'o(a+K -sKd',9), (39

wherel'o(q,r|p,s) is defined in Eq(26). The first and sec-
ond terms on the right hand side of E89) are the first two

ladder diagram contributions to the reducible four vertex o

k ws'ne ws'ne
=—siné, =— 9| ,
c i q c s

© . ,_ o
k’:Esmei, q —Esmes. (40)

The components of the speckle correlation function are then
given in terms of the angle variables in E40). Due to the
constraints on the sets of incident and scattered wave vectors,
fixing two angles(i.e., 6 and 6, allows us to study the
nonzero envelope function@él)(q,k|q’,k’) (for which g
-k-q'+k'=0) and C{"%(q,k|q’,k’) (for which q—k+q’
-k’=0) as functions of a third anglé.e., 6;). For a com-
parison of the speckle correlation functions with the differ-
ential reflection coefficients in Ref. 21, the parameters char-
acterizing the rough surface are taken to be the same as those
in Ref. 21. Specifically, the interface is characterized by
(07199/¢)Ax=0.1, (w}9%/c)A=0.05, (0}?%/c)R=1.0, and

the average occupancy numimgr=0.001.

Plots of C{"(q,k|q’ k') and C"%(q,k|q’ k') for rough
surface geometries formed from GaAs, NaF, or ZnS on a
CdS substrate are presented, respectively, in Figs. 1 and 2 for
a selection of frequencies of light in the neighborhood of the
resonance frequency of the dielectric material of the ridges.
For these plots we have takeh=20° and 6s=-10° fixed,
allowing 6, to run from —90° to 90°(This angular param-
eterization facilitates comparison with results published on
other system&®19 The CY andC? terms are the two larg-
est contributions to the speckle correlation function and are
both of the same magnitude for a given frequency of light.
Of the two, onlycgl)(q,qu’,k’) contains weak localization
effects. These are found as two peaks in the angular plot of
C® occurring atg,=-10° and #,=-20°. These peaks are
known, respectively, as the memory effect and time-reversed
memory effect peaks and are clearly seen in the systems of
GaAs and NaF ridges. For the system of ZnS ridges the two
peaks overlap to form one as the dielectric resonance fre-
quency is approached from below. Above the dielectric reso-
nance frequency the ZnS ridges exhibit a single peak formed
from the overlap of the memory and time-reversed memory
fpeaks. In the plots presented in Figs. 1 and 2 curves are
shown for different frequencies approaching the resonant fre-

the (G'G) two-particle Green's function. The memory effect guency(i.e., w=w; of the ridge materialboth from above
arises from the ladder diagram of the second term. The thirdnd below. The areas under the curves are each normalized to

term on the right hand side of E¢39) is the maximally
crossed contribution to thd’) irreducible four vertex. This

unity so that, for curves generated at different frequencies,
the relative importance of features associated with weak lo-

was discussed in Eq&9) and(30) and is responsible for the calization can be compared to the general diffuse correla-

time-reversed memory effects.
From Eqs.(34) and(35) it is seen that th&€™ and C*0

tions. The localization effects are seen to be enhanced as the
resonant frequency is approached, being significant only in

contributions to the correlation function are non zero only forthe immediate neighborhood of the resonant frequency of the
g-k-q'+k’=0 and g-k+q'-k'=0, respectively. These ridge material. The frequency intervals, centered about the
conditions ong, g’, k, k' are satisfied in the plots of the resonant frequency, over which the weak localization peaks
envelop function{”(q,k|q’ k') andC{%(q,k|q’ k') pre- in C'V are observable are similar to those for the weak lo-
sented below. To facilitate the discussions, the horizontatalization peaks in the differential reflection coefficients ob-
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FIG. 1. Plot ofC(l)(q,k|q’ ,k’) vs 6. for ,=20° andf,=-10°. Results are shown f¢a) GaAs forw/w(T;aAszO.%S, 0.972, 0.976, 0.980,
0.984, 0.988bottom to top between scattering angles of —30° and (@} GaAs forw/w(T;aAS: 1.010, 1.012, 1.014, 1.016, 1.018, 1.a&4p
to bottom at the two localization peaks$c) NaF forw/w-'}'a'::o.%s, 0.972, 0.976, 0.980, 0.984, 0.988ttom to top between scattering
angles of —30° and 07 (d) NaF for w/w?‘anl.OZ, 1.03, 1.04, 1.05, 1.0ottom to top at the two localization peakse) ZnS for
ol 0*"5=0.956, 0.960, 0.964, 0.968, 0.972, 0.976, 0.986ttom to top between scattering angles of —30° and @F ZnS for w/ w?">
=1.020, 1.018, 1.016, 1.014, 1.0@ttom to top between —30° and)OAll curves have been normalized to have unit area under the curve,
andC¥(q,k|q’,k’) is non-zero for —90% ¢, <28.97°. The resonance frequencyeisw99=1.0.

served in Ref. 21. Consequently, Fig. 1 indicates the usefuleoherent peaks to the background contribution as a function
ness of the dielectric resonance for the observation of weakf frequency is estimated. Specifically, the absolute value of
localization in speckle correlations in addition to the generathe ratio of the contributions ta(q,k|q’,k’) from the first
diffuse scattering cross sections. There are no weak localizgadder diagram divided into the sum of the contributions of
tion features irCélO)(q,k|q’,k’), and Fig. 2 is presented for the second ladder and first maximally crossed diagrams at
completeness and comparison \m‘:ﬁ)(q,k|q’ k). 0.=-10° for the memory effect peak and &t=-20° for the
Each of the three ridge materials treated in Fig. 1 is chartime-reversed memory effect peak is studied. This gives a
acterized by a range of frequencies over which the weakeasonable indication of the relative importance of the phase
localization effectsmemory effect from the second ladder coherent and non phase coherent contributionsCty
term and time-reversed memory effect from the maximallyx(q,k|q’,k’). Results of this ratio for the memory effect and
crossed termare significant compared to those of the slowly time-reversed memory effect are presented in Fig. 3 as func-
varying backgroundfirst ladder termcontribution. To quan- ~ tions of w/ »9%. (Note: The results in Fig. 3 for the memory
tify this range, the ratio of the amplitudes of the phase-effect and time-reversed memory effect cannot be distin-
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Scattering Angle frequency
0.015 r T T T FIG. 3. Plot of the absolute value of the ratio of the first ladder
diagram divided into the sum of the contributions of the second
0.0125 |- ladder and first maximally crossed diagrams for the weak localiza-
001 L tion peaks versus/ 9%, Plots are shown fos,=—10° (memory
o effech and 6,=-20° (time-reversed memory efféctvhere the re-
o .
Z0.0075 L sults for the memory effect and time-reversed memory effect cannot
2 be distinguished on the scale of the plot. For these @et20° and
0.005 |- 6s=-10°. The results fop,=-10° and#,=-20° cannot be distin-
guished on the scale of the plot. Curves are labeled for the various
0.0025 |- ridge materials.
0 ' L L on the semi-infinite CdS substrate. The dielectric material of
90  -60 0 30 60 90

the ridges differs from that of the semi-infinite substrate. The
ith ridge on the interface is characterizedAyyandR; height

FIG. 2. Plot of C'9(q,k|q',k') vs 6] for =20° and6=  and width parameters, and t§&;} and{R} for the ridges
-10°. Results are presented f@ GaAs at the frequencies in Fig. along the interface are statistically independent random vari-
1(a) (lower bundle of six curves between scattering angles of 0° angples. The leading order effects of each of these types of
309 and in Fig. 1b) (upper bundle of six curves between scattering interface disorder on the speckle correlations are determined.
angles of 0° and 30°and (b) ZnS at the frequencies in Fig(ed The averages in Eq§17)—(22) for the speckle correlation
(lower bundle of seven curves between scattering angles of 0° aninction now involve the parametedy and R, associated
309 and the remaining five curves are at the frequencies of Figwith the individual ridges as well as the positions of the
1(f). The ordering within each bundle is the same as in Fig. 1. Allridges on the interface. As a consequence, the background
curves have been normalized to have unit area under the curve, agghd weak localization contributions to the speckle correlation
C1%q,k|q’ k') is non-zero for -28.97% ¢;<90°. Note: Asimi-  functions can be obtained by making some changes in the
lar relationship betwee@™ andC*? to those found for GaAs and  formulation in Secs. Il and III. This is done by changing the
Zns exists for NaF, but for brevity plots 6'% for NaF have been jrreducible four vertices and the Green’s function self-energy
omitted here. in Secs. Il and llI to take into account the averages aver
andR,. The vertexI'o(q,r|p,s) in Eq. (26) is replaced by

-30
Scattering Angle

guished on the scale of the figureCurves are shown for

each of the ridge materials in Figs. 1 and 2. In general, weak I'¢(q,r
localization peaks are easily observable for frequencies

within £5% of %%, In the case of ZnS, the results in Fig. 3

are distorted due to the overlapping of the two enhancement

p.9) = 1 (Ao (plS[(ATREE @~ ),

- C(AR ea- r)ZR,?/4>r2]

peaks. T 202-(q - 1)2R212
The above considerations are for interfaces formed from Axcavv (@ro(pls)ATR'e "
identical ridges. It is interesting to generalize these to treat (1)

interfaces of ridges that have a statistical distribution of
widths and heights. The weak localization effects in suchwhere (), denotes an average over th and R, and
systems depend on the statistical properties of the width arfd » 11 <) in Eq. (28 is replaced b
height distributions characterizing the ridges on the interface.O(q' P9 a- (28 P y
-~ aw (A 2p2
To(a,r[p8) = < Can(@Nu(pl[(ARe @~ R12),
IV. RESULTS FOR RANDOMLY SHAPED RIDGES Ax

. . . . (A 12p2
In this section the light scattered from an interface of — Co(ARE @ RIS

Gaussian ridges of identical dielectric medium but character-

ized by random height and width parameters is studied. As in ~ lcavv(qlr)v(plsxAizR-ze’(q" f)zR.-Z/2>r_
the previous section the axes of the ridges are parallel and Ax
are randomly placed with a low ridge covering concentration (42)
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1(=1° +3
distributed A, and R;, is obtained from Eq.32) taking (R,-ze‘quiz’z)r 32 |( )n <n2 ) (45)
Vo(k)—\wcav(<AR>r/Ax)v(k|k and using Eq.(42) for *i=ont (alR)

Fo(p,k| p,k). For the plots in this section, the Green’s func- In the following we will concentrate on the more compx
tion self-energy corrections due to surface scattering are exdependence, only briefly mentioning some effects of a distri-
tremely small and the plasmon-polariton lifetimes are domi-bution of A;. In the numerical illustrations we will focus on
nated by dielectric losses. As a result, the widths of the weakhe Gaussian distribution in E¢44).
localization peak§from Eqgs.(36) and(39)], which are set by Before discussing the speckle correlation function for a
the Green’s function lifetimes, are overwhelmingly deter-system of ridges of random widths and heights it is necessary
mined by the imaginary parts of the dielectric constants. Theéo determine the differential reflection coefficient of the sur-
primary effects ofA; andR; on the speckle correlation func- face. The differential reflection coefficient results presented
tions then arise from the reducible four vertex functions ofin Ref. 21 were for systems of identical ridges, but can be
Egs.(19), (20), (25), (27), (28), and(30) with Egs.(41) and  modified to handle the case of a distribution of ridge widths
(42). and heights. This is accomplished by making the same vertex
The statistical averagéA,-ZR-ze‘(f‘5>2Ri2’2>, is needed to @and Green’s function replacements as are made in the expres-

evaluate the irreducible four vertex terms in E¢l) and sions for the speckle correlation functions. An outline of the

(42). For A, andR, statistically independent variables required changes is given below. To shorten the presentation
below, only an interface of GaAs ridges on the CdS substrate

22 - 320 N, will be studied. _ N _
(APRZe T 9R12) = (N2 (REe™T Ry (43) The differential reflection coefficient for the diffuse scat-
tering is given by??!

The Green'’s function self-energy in E®1), modified for

2R[q

so that the wave vector dependence enters through the sec- dRe ) ) 2 (0

ond factor on the right-hand side. The leading order effects (q“()dlff‘ “O(Q)ao(k)|G(Q)| [GM)I>#(clk), (46)

of height variations are wave vector independent, contribut-

ing a renormalization of the overall scattering intensity ofwhere 7“)(Q|k) is the reducible four vertex function. In the
various multiple scattering process while affecting their an-approximation that the reducible four vertex function is from
gular distribution to a lesser extent. For our case, in whichlthe first two ladder diagrams and the lowest maximally
the Green’s function lifetimes are dominated by the imagi-crossed diagram and that the Green’s function is obtained
nary part of the dielectric constants, E€g9)—39) and(41)-  using the method discussed below E@kl) and (42):2

(43) give a simple dependence ) and

(;<10)(q,k|q’ k') on (A?),. To leading order in the perturba- #(qk) =To(q.Klq,K) +J Efo(q,s|q,s)|G(s)|2F0(s,k|s,k)

tion theory,CY(q,k|q’ k") andC9(q,k|q’ k') are propor- 2m

tional to ((Ai2>r)2 while the higher order weak localization ds .

terms in CY(q,k|q’,k’) first enter in order((A?),)%. This +f Zro(q,Q*' k-8s,kG(q+k-9)

indicates that increasingh?), facilitates the observation of

weak localization. For the opposite caset treated heein XG(s)To(q+k-sKa,s). (47)

which the Green's function surface scattering self- €Ne19%ne differential reflection coefficient of the GaAsCdsS in-
corrections dominate over lifetime effects from the imagi- . t- o then follows from Eqg41), (42), (46), and(47). For

nary part of the dielectric constants, the localization effectsSImpIiCity in our discussions Beléw '[I’,le pa’rametArsA o

are of order((A?),)2. In this limit adjusting the height statis- hat(A-2>r;A2, and Eq.(44) is used to,treat o randcl)mness of
tics has little affect on the observation of weak Iocalization.Ri Thle geometry of the interface for both the differential

The depe.ndence of the bracketed term n @3}(0_”)52'; reflection coefficient results and the subsequent discussions

more complicated than that oR. Averaging R/e™" =R in this section of the speckle correlation function is given by
over R, produces a function ofr—s)? that is not a simple (w?aAs/c)A:0.05, (w?aAslc)(Ri),:l.O, and (w?aAs/c)Ax
Gaussian. For example, for a mea/n valRg=Ra Gaussian =0.1 while c,,=0.001. Results for the differential reflection
distribution of the form[1/(2m)'?0lexd—(R-R)*/26°]  coefficient and speckle correlation function near the dielec-

gives tric resonance frequency are studied as a function of the rms,
o, of the distribution ofR;.
\ o2 1 R The effects of a statistical distribution of ridge widths and
(RPe™Ri12) = 5 3/2{ 1+ 2—} heights on the differential reflection coefficient are computed
(1+0%q7) 1+0%g* o for (w$*9c)o ranging from 0.0 to 0.5 at a fixed frequency

PRE 1 of light that is slightly below the dielectric resonance fre-
Xex _71+—02qz (44) quency. In Fig. 4 plots are presented of the differential re-
flection coefficient of the GaAs-CdS interface as a func-
tion of 6, for 6,=10° with w/ w$**=0.988. The curves have
while a Poisson distribution of the forffl/R)exp—-R/R) been normalized so that the area under each curve for
gives -90°= #;<90° is unity. This facilitates the comparison of
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0.0081

the differential reflection coefficients of Fig. 4 and are pri-
marily determined by the imaginary part of the CdS dielec-
tric constant. Increasing washes out the phase coherent
peaks in the speckle correlation function and increases the
peak widths. The variation in the geometric features charac-
terized by the ridge width parameter tends to disrupt the
phase coherence in the net scattering from the random inter-
face while increasing\ enhances ridge scattering and tends
to accentuate the peaks of the phase coherent scattering. The
curves in Fig. 5 are all normalized to enclose unit area over
0.0056 ' L ' ' the interval —90% ¢,<90°. This has been done as we are
®» 2 interested in the relative contrast between the weak localiza-
tion contributions to the speckle correlation functions with
FIG. 4. Plot of the differential reflection coefficient vs scattering those not related to weak localization. In general, the weak
angle 6 for a GaAs—CdS system fop-polarized light at;=10°.  |ocalization effects in both the differential reflection coeffi-
For this plote/ »7¥%=0.988. The curves arérom bottom to top  cjents and speckle correlation functions are relatively stable
for (w7*%¢)e=0.0, 0.1, 0.2, 0.3, 0.4, and 0.5. The area under eachyyainst statistical variations in the width and height param-
curve is normalized to unity over the interval —98%,=<90°. eters characterizing the ridges on the interface.

0.0076

0.0071

DRC

0.0066

0.0061

-15 -10 5
Scattering Angle

the enhancement peaks with the background contributions.
As our focus is on the weak localization effects, the scatter- V. STUDY OF THE C*9, C®, AND C® SURFACE
ing angle 65 has been limited to the interval —25° and 5° POLARITON EFFECTS

centered about the;=—10° localization peak. It is seen from . .

. ) ; In this section theC*9(q,k|q’ k"), C?(q,k|q’,k’), and
Fig. 4 th Il h h k - ; 1K), , K'),

'g. 4 that increasing gradually washes out the backscatter Cc®(q,k|q’,k’) contributions to the speckle correlation func-

ing (weak localizatioh peak. At (w$*¥c)o=0.4 the en-
g ( np (@r™ 7o on are briefly presente:'® These occur, respectively, in

hancement is essentially a shoulder on the diffuse scatterin@. . .
y rdersZ8L, (8L, andZ*2L of the perturbation expansion, and

On the other hand, increasing, as per our discussions h th tai K functi f1h tteri
above, accentuates the backscattering peak. The width of tﬁgoug ey contain peéaks as functions ot the scatiering

backscattering peak, which is determined primarily by theanglets?g these are related to the poles of the surface plasmon-
' olariton Green’s function, not to weak localization effects.

i i f the dielectri fth
imaginary part of the dielectric constant of the CdS substrat he frequency dependence of the peaks near the dielectric

is little affected byo. ) S .
The correlation functions for the random interface are ob!€S0Nance frequency of the ridge material is studied and the

tained from Eqs(34)—(39) together with(41) and (42). In peak widths are found to be Iittlle affectled by thg resonance.
Fig. 5C% vs 6, is presented for the system studied in Fig. 4.The widths are shown to be Increasing functu_)ns of fre-
Only theC™ correlations are given as these contain the weak uency through t(t;g res(g))nance.é\)sharp Increase in the overall
localization effects. In Fig. 5 results f@® for (w$*9c)o intensity of theC™~, C', andC* terms is found near the

95 @ (3
between 0.0 and 0.5 are shown computed der20° and resonance;requfency. Thle results @Si.L h’ CI ’ ﬁndC are
0s=-10° fixed, allowingé, to run from -45° to 0°. This presented here for completeness, with only the Ga&dS

region of 4, includes the weak localization peaks @lt= interface of identical random ridges treated.
s = i i i ibuti 19 c©@ (3)
~10° (memory and 6.=-20° (time-reversed memoly Typical diagrammatic contributions ®*%, C?, andC

These have the same widths as the weak localization eaksare shown in Figs. 6(A complete enumeration of all the
P H?agrams used to compute these various contributions to the

speckle correlation functions are given in Figs. 2, 3, and 4 of
Ref. 18) For the results in this paper, the diagrams in Figs. 6
along with those in the more complete enumeration in Ref.
18 are evaluated using the Green'’s functions and irreducible
four vertex functions in Secs. Il and lll. In this notation the
diagram in Fig. 6a), for example, is interpreted to give the
contribution

CL-¥(q,Kla’ k') = LF(a,Klg’ . K)|G(Q)G(KIG
X(q")G(K)PIG(k =Kk +q")[* X [To(k =K'
00072 s 40 35 20 -2;5. 20 45 10 5 0 +q'.Kg' k) PTo(q. k=K +q'|g k=K’
Scattering Angle
+q'). (48
FIG. 5. Plot ofCM(q,k|q’ k") vs 6, for 6,=20° andfs=-10° ) ) o
for the GaAs—CdS interface. Curves are presented(fmm topto ~ HEreL is the length of the surface in the dlrectlgn, and the
bottom) («$*%¢)/0=0.0, 0.1, 0.2, 0.3, 0.4, and 0.5. The frequency subscripta on the left hand side indicates tt@f' is one of

is /w3¥5=0.988. The area under each curve is normalized tdhe terms summed over to gi@'9. The presence dG(k
unity over the interval —~90% 6. <90°. -k’+q')|? in Eq. (48), gives peaks from the Green’s function

0.0084

SCF(1)

0.0076 -
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FIG. 6. Atypical diagram(see Figs. 2, 3, and 4 of Ref. 18 for a c@)
complete enumeration for (@ C%9(q,k|g’,k’), (b) C® 0.01 _
x(q,k|g’,k’), and(c) C®(q,k|q" k). &
rig
poles ak-k' +q' = Ky, whereKg, is the wavenumber of the 3
surface plasmon-polaritor(Similar pole contributions are 0.005 g
associated with the other diagrammatic contributihJhe
width of the peaks irC*9 follows from the imaginary part
of the substrate dielectric constant and from the imaginary . . .

part of the self-energy correction to the pole of the single- 90 60 60 90
particle Green’s function. The self-energy correction to the
Green's function poles is primarily determined by the imagi- g, 7. Plots vs 6, of (@ C*9(qklq k), (b) C®
nary part of the GaAs and CdS dielectric constants. x(q,k|q’, k"), and(c) C®(q,k|q’ ,K'). Results are shown for GaAs

In Figs. 7 results are presented for t868-9(q,k|q’,k'),  system in Fig. 1 for the frequenciels= w/ w$*=0.968, 0.988,
C@(q,k|q’,k"), and C¥(q,k|q’,k’) contributions to the 0.1010, and 0.1020 shown on the figur@ote: The largest peak in
speckle correlation function for the GaAsCdS interface each figure is observed to decrease with increasing frequertoy.
studied in Sec. lll. The contributions are plotted as functionsplots are normalized to have unit area under each of the curves
of ¢, for fixed 6,=20', 6;=-10, and 6 =30. [Here the same presented.
angles as in Ref. 18 have been taken to facilitate a compari-
son of our results with those of Ref. 18 for scattering from atric constant. The total surface plasmon-polariton losses due
different (metal-vacuum type of interfacel. Curves are to scattering and the imaginary part of the dielectric constant
shown for a number of frequencies approaching the resonashow up as a broadening of the Green’s function poles and of
frequency aw$*Sfrom above and below. Our interest is in the correlation function peaks due to the decrease in the
the effects of the resonance on the peaked featur&'Sf  plasmon-polariton lifetime. In general, these effects just in-
andC? so that the area below each curve is normalized tarease with increasing frequency through and past the reso-
unity. This aids in assessing the prominence of the peakedance.
features in each of these contributions to the speckle corre- As a final note we point out that, for the models treated in
lation functions. As the resonance is approached, the scattethis paper, there is a term neglected in the factorization of
ing of surface plasmon-polaritons at the interface increase£q. (16) that contributes to the correlation functions to order
but the effects of this scattering on surface plasmon polarit.Z*. This term dominates over tt@9, C?, andC® terms,
tons is in general smaller than the effects of the dielectridout it is continuous and displays no interesting features. It is
losses that are modeled by the imaginary part of the dieleche singularities irC'*9 andC? that are of interest and of

-30 0 30
Scattering Angle
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physical significance in our discussions. Specifically, to lead- If Egs. (50)—(52) are used in the discussions given in Sec.
ing order, in the absence of the factorization approximationll and Ill, results are obtained for the differential reflection
coefficient and speckle correlation function of the diffuse

(G(ak)G(a’ k) scattering from a random surface that is periodic on average.
~ |G()G(KG(q")G(k")[Hv(glk)v(g’|k)[? The presence of a randomness that is periodic on average
gives rise to enhancement peaks in the differential reflection
xci”LﬂzA“R“e‘[(q‘ K)2+(q’ —k')z](RZ/Z), (49) coefficient that are found wheg+k+(27/a)n=0 for n an
X integer. (Remember: For the random interface without an

which contributes of ordet*L to C(q,k|q’,k’) through Eq. ﬁ;ﬁtr:goenlsetrrl]%dr:(:g t:fkﬂf(r)er\?vgt;il Irségicztl:t?oriosggligtr ex-

(15). In the previous sections, we have focused on terms in . . o
; . - — .. the speckle correlation functions of the periodic on average

the speckle correlation function arising from the factorization ) R L,

o e -~ systemCW(q,k|q’ k") =(27/a)=,dq-k-q' +k' = (27/a)n]
approximation in Eq(16) because the factorization approxi- O(q kg K wh Wi kla' K i lop
mation leads to a treatment of the propertie€8f andc,  XCq (A.k[d’, )vv(lgreCn (9, ,|q_ k') is an enve op func-
These are the dominant terms of the correlations functioron an‘%lo) C"%(q.kla’ k )—51207)7/a)2n5[q—lf+q ~k
Away from the regions over whic&® and C1 are non-  ~(2m/@)n]C;7(a,k|q" k") whereC "(q,k|q’ k) is an en-
zero, however, the smoothly varying contributions from Eq.velop function. Not only are the number of envelop functions
(49) must be included. These contributions, however, do notncreased irC™ andC*?, but, as we shall see below, addi-
mask the singularities in theé*® and C? terms. tional phase coherent peaks are found in the envelop func-
tions of C%. In the absence of an average periodicity only
then=0 termscgl) and Cglo) survive and the results in Secs.
V1. SPECKLE FROM SURFACES THAT ARE PERIODIC Il and Il are obtained. In the following we shall limit our

ON AVERAGE discussions to the=0 terms in theC'Y series for the peri-

An interesting case for the diffuse scattering of light is a0dic on average surfacA discussion of the other terms will
random surface that is periodic on averdg€onsider a pe- be presented elsewheye.
riodic array of identical Gaussian ridges that are placed along Adain, for the periodic on average system, the”
the x, axis of a vacuum-CdS planar interface such that the<(d.k|d’,k’) term in the correlation function contains phase
periodicity of the array has a lattice constanand there are coherent effects associated with weak localization. Consider-
N—c lattice sites on the surface. The array, then, is deing the Cy"(q,k|q’ k') envelop function of the periodic on
scribed by Eq.(1) with x;;=ja. A random surface that is average system: We find that in the perturbation approxima-
periodic on average can be made by removing, at randoriion of this paper the reducible four vertex for this envelop
along the interface, a fractional concentration of ridges fronfunction is expressed as the sum of three terms. The first is
the lattice. The resulting random systems then has a concefrom the single runged ladder diagram
tration c,, of ridges remaining on the lattice.

The Fourier transform of the configuration average of the 2w8(q-k-qg' + k’)Fp,o(q,k|q’,k’). (53
random surface profile function along the interface is given
by Here the lowest order four-vertex envelop function of the

5 2 periodic on average system foe=0 is given by
(&P = Ca (mAREFFIY, = 6<p - fn) (50)
n

W C (1_C ) * !
Fpo(@.Ka',k) = 70" (qlko(q'[K)

and the Fourier transforms of the correlation functions of the

surface profile function are given by w A2R2e (- K2+ ~K)?IR4. (54)
A, A e 2w
(Z'(p)L(q)) = wA’R%€ ¢ qz)Rz"‘[c;,E o p The second is from the double runged ladder diagram given
n,m by
27Tn> Zwﬁ(q 27Tm> rou(l
I Pk~ Pl - q
a/a a 2mola-k-q +k) 2 J z—ufp,o(q,q—q’ +u
m a

21T 2
~ca)> ga(p—q— fn)} . (51

2
-— " 55
amlq U) (55)

) = wAZRZe(pz+q2)R2’4lC§U2 zfa(p - Z—Wn)%“ 5(q

21 2 2T
o) st e pea- 20|
a n @ a and the third(from the lowest order maximally crossed dia-
(52) gram) term is given by

. 2 2
G (q -q +u- fm)G(u)Fpp(q -q +u- ;Trm,k|u,k’>
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0.0125 - T T T found to be enhanced near the dielectric resonance of the
ridge material.

0.01 GaAs - VII. CONCLUSIONS

The effects of resonant dielectric material on weak local-
ization contributions to the speckle correlation function for a
. random interface were determined. The scattering at the sur-
face is found to exhibit increased weak localization effects
near the dielectric resonance frequency of surface media for
\ C® contributions to the speckle correlation function. The
60 90 enhancement of weak localization effects arises from the in-
creased coupling of bulk modes to surface modes and to the
FIG. 8. Plot Ofcgl)(q,k|q’ k') of a periodic on average random inc.rea.se of multiple sca.ttering of surface modes on the_scat—
system vsd, for 6,=20° andf,=—10° for a GaAs—CdS interface. ~tering interface. Increasing the disorder on the random inter-
Results are shown fan/ w$*=1.020, 1.016, 1.010, 0.988, 0.980, face by allowing the ridges of resonant dielectric material to
0.972(top to bottom at thes,=-20° localization peak All curves  have statistically distributed widths was shown to decrease
have been normalized to have unit area under the curve. The resareak localization effects in the surface scattering. Peaks in
nance frequency is/ wS%=1. the higher ordelC®® and C'® contributions to the speckle
correlation function were found to be less affected by reso-
du om nant dielectric features, the primary effect being peak width
278(q-k-q +K)> f —Fp'o<q,q +k' —u- —m|u,k’> broadening due to the decrease in surface plasmon-polariton
m 2m a lifetimes. The origin of these features are not dominated by
phase coherent multiple scattering processes to the extent
o o that the origin of yveak localization features are _byt are domi-
G*<q +K -u- —m)G(u)FpD(q +kK -u- —m,k|q’,u>. nated by dielectric losses. They are less sensitive to the en-
a a hancement of multiple scattering. Treatment was also given
(56) of random surfaces that are periodic on average. These sur-
faces exhibit additional weak localization peaks in their cor-
relation functions arising from Bragg reflections. Enhance-
ment of weak localization from surfaces with dielectric
resonances was also found for the periodic on average sys-
tems.

SCF(1)

0.0075

0.005 L&
90 -60 -30 0 30
Scattering Angle

Replacingl:(q,k q’,k’) in Eq. (39 by the sum of Eqs(53),
(55), and (56) and substituting into Eq(34) gives theCf)l)
% (q,k|q’,k’) envelop function for the periodic on average

surface. W , As a final point we note that the weak localization en-

In Fig. 8 results forC,"(q,k|q" k') vs 6, for 6=20° and  phancement effects in both the scattering cross sections and
6s=-10° are shown for the case of GaAs ridges on a Cd§he speckle correlation functions are essentially phase coher-
substrate. For the plots we have také@n{’%/c)A=0.05, et effects. The resonance in the dielectric materials is only
(0]%®/c)R=1.0, (w§*®*/c)a=4m, andc, =0.04r (c,, is the  used to accentuate these phase coherent effects. Far from the
average ridge concentration on the periodic interface)sitesresonance frequency weak localization enhancements are
Results are shown for a number of frequencies in the neighstill present in the systems, but they are very small. Phase
borhood of the dielectric resonance of the ridge material. It isoherent effects of the type associated with weak localization
interesting to note that, in addition to tme=0 peaks at;  have a history that precedes their association with weak lo-
=-10°(q'=q memory effectand #;=-20°(q’=—k time re-  calization. Early in the study of multiple scattering in disor-
versed memory effeit peaks fromm=1 and m=-1 are dered media, scattering processes now identified with both
found atg;~19.0° (m=-1 memory effedt ,~=-42.3°(m  ladder and maximally crossed diagrams were used to treat
=1 memory effedt 6,~9.1° (m=1 time-reversed memory diffuse scattering and backscattering enhancements from ran-
effect, and 6,~-57.4° (m=-1 time-reversed memory ef- dom suspensions of particulatesThe effects now associ-
fect). The additional peaké.e., the peaks wittm+0) arise  ated with maximally crossed diagrams also show up in the
from phase coherent scattering processes that involve an istudy of double passage effe€33The later association of
termediary Bragg reflection. Most of the additional peaks arenaximally crossed diagrams with weak localization and
seen in Fig. 8, but some are masked by the shoulders neatrong localization effects was made by Gor’ketval3* and
6.=-65° and 25° in the single runged ladder contribution toVollhardt and Wolfl€® in the late 1970s and early 1980s. See
the diffuse scattering. All of the phase coherent peaks aralso Refs. 6, 8, and 36 in this regard.
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