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We present theoretical studies of the influence of a diffraction grating on the dispersion relation
and lifetime of surface polaritons which propagate on a periodic metallic grating. Several issues are
addressed. We compare the predictions of a perturbation-theoretic analysis with the results of a
nonperturbative approach based on use of the extinction theorem. The grating-induced attenuation
arises from radiative decay of the surface polariton; the radiative width of the mode is compared
with the magnitude of the minigaps in the dispersion relation induced by the grating. We also com-
pare grating-induced frequency shifts and damping rates calculated directly from the implicit
dispersion relation with the width and position of reflectivity dips, as calculated from a nonpertur-
bative treatment of the coupling of an incident photon to the grating. The effects of introducing
asymmetry in the grating profile are also explored quantitatively.

I. INTRODUCTION

There is considerable current interest in the study of the
interaction of electromagnetic radiation with a metal sur-
face upon which a diffraction grating is ruled. For many
years,! it has been known that a grating may lead to
resonant coupling of an incident photon to surface polari-
tons which propagate on the metal,? if the geometry is
chosen so certain kinematical conditions are met. The re-
cent interest in the topic stems from the observation that
when an incident photon is coupled to a surface polariton,
the strength of the electromagnetic fields near the metal
surface is enhanced very substantially, when compared to
those realized near a perfectly smooth surface of the same
material. A consequence is that a variety of optical in-
teractions which occur on or near the surface proceed
with cross sections very much larger than can be realized
on a smooth surface. An example is provided by the Ra-
man spectroscopy of adsorbates, where it is argued® that
the cross section scales as the fourth power of the field at
the site of the molecule of interest. Very similar field
enhancements may occur near protrusions on rough sur-
faces.* The diffraction grating allows the experimental
study of optical interactions on surfaces of nonplanar
form, under conditions where the surface profile is well
characterized, and at the same time the periodic structure
may more easily be subjected to theoretical analysis than a
rough surface, which may contain features of substantial
size and of random character.

Since it is the surface polariton which plays the key role
as an intermediate state in enhanced optical couplings
mediated by gratings, its intrinsic properties are clearly of
fundamental interest. This paper is devoted to a study of
the influence of a grating on the properties of surface po-
laritons. Several issues provide motivation for the
analysis. First of all, in recent theoretical studies of
enhanced fields near a model grating, we found® that as
the groove depth is increased, the strength of the field
first increases, but then saturates and finally decreases
with increasing depth. Similar results were found by Nu-
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mata,® and by Neviere and Reinisch,” who examined the
theory of enhanced fields near gratings with either the
profile or the spatial period different from that explored
in our work.® We suggested in Ref. 5 that the saturation
phenomenon has its origin in grating-induced radiative
damping of the surface polariton. It is seen in these
theoretical studies that as one increases the grating ampli-
tude, the peak in field intensity (as a function of incidence
angle or frequency), which coincides with the reflectivity
dip, increases in strength as the reflectivity dip decreases,
reaches its maximum value when the reflectivity dip
reaches its minimum value, and then decreases as the re-
flectivity becomes shallower and broader. Some years
ago, the behavior of the reflectivity dip as a function of
grating amplitude A was itself carefully studied experi-
mentally by Pockrand, Raether, and others.”~!> These
authors showed how the width of the reflectivity dip in-
creases proportionally to 2, due to the increase in the
grating-induced radiative damping of the surface polari-
ton, to which the incident light couples (in quantitative
agreement with the perturbation theory of Kroger and
Kretschmann'® and the exact method of Maystre,'* in the
case of Ag, and with the method of Rosengart and Pock-
rand" for Au). Poakrand® and Raether!? pointed out that
the reflectivity dip reaches its smallest value for that value
of h at which the radiative damping matches the dissipa-
tive losses in the material. The grating-induced radiative
damping of the surface polariton should thus play a cru-
cial role in the enhancement phenomena: the matching
condition provides the optimum coupling of incident light
and hence the maximum in the surface field. We should
therefore like to explore the grating-damping of surface
polaritons and, of course, their frequencies and wave vec-
tors as shifted by the grating. We wish to do this directly
from an exactly derived dispersion relation (whose solu-
tion for complex wave vector or complex frequency yields
the damping from its imaginary part), and not just in-
directly from calculated reflectivity dips nor from pertur-
bation theory. The method that we employ is based on
Green’s theorem in its extinction theorem form.
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Previous theoretical analyses have tended ‘to focus on
the properties of the surface polaritons at a few fixed fre-
quencies w and wave vectors k, corresponding to those
realized in certain experiments (e.g., Refs. 10 and 12).
These have been at positions (w,K) in the Brillouin zone
(introduced by the grating periodicity) that are not close
to the zone boundaries. We now wish to explore a larger
portion of the surface-polariton dispersion curve, across
several Brillouin zones, and in particular to explore the re-
gions around the frequency gaps at the zone boundaries
themselves.

These so-called “minigap” regions are of fundamental
interest because the coupling between the grating and sur-
face polariton is particularly strong there and the disper-
sion curves are more severely perturbed. Such band gaps
are also of some technological interest because of their
wave-slowing and filtering properties. A recent experi-
mental study of surface polariton minigaps for Ag grat-
ings was made by Chen et al.'® Here we examine not
only the absolute magnitude of the minigaps generated by
a grating, but also their size relative to the widths of the
surface polaritons. If radiative damping is sufficiently
severe that the width in frequency of the surface polariton
resonance is comparable to or larger than the minigap,
then the latter may not be observable.

In implementing the theory numerically we have chosen
to study gratings with sawtooth profiles. We are thus able
to consider easily the effect, on the surface polariton fre-
quencies and damping, of skewing the profile continuous-
ly from symmetric to asymmetric. This change in profile
is seen to have a great effect on the minigap widths.

Throughout the course of the analysis presented here,
we have compared the complex solutions of the dispersion
relation to the calculated positions and widths of the re-
flectivity dips. It is the latter, in the case of fixed fre-
quency and varying angle of incidence, for example, that
the experimentalist uses as a measure of the wave vector
and inverse attenuation length of the mode. It is not,
however, obvious a priori that this procedure is valid: to
employ language used in other contexts, one is in a regime
where multiple scattering can lead to a variety of interfer-
ence effects, which would shift the reflectivity minimum
away from the renormalized frequency of the surface
mode. For the example we have explored, however, we
find that the solutions of the dispersion relation coincide
fairly well with the reflectivity minima and widths
(though this procedure is not without ambiguity, at the
zone boundaries, where solutions of the dispersion relation
depend on whether one uses complex w and real k or com-
plex k and real o).

Finally, we have explored the range of validity of per-
turbation theory as a means of describing the grating-
induced frequency shifts and radiative damping rates.
Despite the success of Pockrand and Raether,'%!? for ex-
ample, in applying the Kroger-Kretschmann perturbation
theory to their experimental reflectivity data on the shift
and broadening of the dips, with Ag gratings, it is not ob-
vious that a perturbation approach will work, even for
shallow corrugations, in all circumstances, e.g., every-
where on the surface-polariton dispersion curve, including
the zone boundary regions, or for different materials, or

different grating profiles like the asymmetric sawtooth.
For example, Raether showed that the Kroger-
Kretschmann theory works much less well for Au than
for Ag.'? It is clear, moreover, that perturbation theory
can fail to describe properly both the reflectivity dips and
the enhanced fields near resonance, even for extremely
small grating amplitudes: It is inappropriate for calculat-
ing these quantities in the observed cases for which the re-
flectivity from Ag gratings fall from over 90% to near
zero'” and the field intensities reach enhancements as
great as 500 (Refs. 5—7 and 18) for corrugation strengths
(one-half the peak-to-valley distance divided by the
period) of only 0.02—0.04. On the other hand, the in-
stances in which perturbation theory has worked well are
those where the perturbed quantities being calculated are
very small, like the wave-vector shift, far from any
Brillouin-zone boundaries and for small amplitude
sinusoidal gratings. We can thus, legitimately, question
the validity of the perturbation theory for calculating the
shifts and the damping of surface polaritons near zone
boundaries, for asymmetric sawtooth gratings, and for
corrugation strengths greater than those previously con-
sidered. We have cast the perturbation theoretic formulas
into a simple and useable expression for the (complex) fre-
quency, which is valid both at and away from the zone
boundaries; and we have compared the numerical results
of this expression to those of the exact methods (which it-
self is valid for a certain range of groove depths for which
convergent results obtain).

The paper is organized as follows. In Sec. II we present
a brief summary of the extinction theorem approach to
deriving the dispersion relation and we outline how per-
turbation theory leads from this exact dispersion relation
to a simple, lowest-order, expression. In Sec. III we
present the results of our numerical studies and discuss
their implications.

II. THE DISPERSION RELATIONS

A. The exact, extinction-theorem,
formulations

The physical system that we consider (Fig. 1) consists
of an isotropic dielectric medium that fills the lower half-
space x3 <{(x;) and is characterized by a complex dielec-
tric constant €(w). The upper half-space x;>&(x;) is
vacuum. The surface profile function £(x;) is periodic in
x; with a period a (i.e., forming a classical grating).
Later, in the numerical implementation of the theory, we
shall focus our attention on the sawtooth profile.

A theory of the scattering of p-polarized light (i.e.,
transverse magnetic with respect to the plane of
incidence—here x;x3) incident upon such a grating sur-
face was presented by Toigo et al.!® using the extinction
theorem.” When the incident wave amplitude in this
theory is set equal to zero, then a homogeneous equation
results, for which the solvability condition yields the
dispersion relation. The theory has been described now in
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complete detail in several articles,> %2122 and will not be

reproduced here. A brief outline of the theory will, how-
ever, help to define the notation.

The only nonvanishing component of the magnetic
]

AH,(X") 1%
e Ly FO
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where the surface = bounds the volume V. We first
choose V to coincide with the vacuum region x3 > §(x});
then G is the well-known electromagnetic Green’s func-
tion for an infinite vacuum (with radiation boundary con-
ditions at infinity), H, is H3, and the surface integral
reduces to an integral over just the interface x3=§(x]),
with 8/0n’ being the normal derivative (directed into the
medium) at the interface. We choose the field point X
with x3 < &min, SO that the right-hand side is zero (extinc-
tion theorem). Next we choose V to be the dielectric
medium; then G is the Green’s function for the medium,
H, is Hy, and again the integral reduces to one over the
interface (and 9/0n’' changes sign). Using the boundary
conditions at the interface, we can replace H< by H>
and € '3H 5 /dn by dH3 /dn. We choose X3 > Emax and
get the extinction theorem. At this point we have two
homogeneous integral equations for the two unknown
functions

H(xl |w)=H2>(x1,x3|w)|x3=§(xl) (2.2a)
and
21172
) )
L — |14 |25 £
(xl [m) + axl on
XH2> (XI,X3 I(O) 1 xy=Llx)) » (22b)

~h+

FIG. 1. Asymmetric sawtooth grating on a semi-infinite
silver medium, characterized by dielectric constant e(w), with
vacuum in the upper half-space. The grating period is a and
amplitude A; the asymmetry parameter is y.
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field, the x, component, is a function of x; and x; and is
written as Hj (x;,x;|@)e™'" in the vacuum and
H5(x1,x3 | )" in the medium. Green’s theorem may
be written as

H,(X), XeV (2.1a)
0, X&V (2.1b)
|
where
21-1/2
o _ [, [2e 8,3 L,
an ax, Ox; dx;  Ox3

The integral equations are solved by expanding the un-
known functions in Fourier series,

Hix\|o)= 3 ™A ko), (2.42)
n=—ow
Lx;|o)= 3 "L, ko), (2.4b)
n=-—ocw
where
k,=k +2Zn 2.5)
a
in order to project out a set of algebraic equations:
® kpky, —0?/c? L
nz}_‘,wlm_,,(am(k,w)) ——'ﬁg)——m(k,w)
+ L, (ko) } =0, (2.6a)
o kpk, —e(@)o?/c?
—Bm(k H,(k,
”—_.E—wIm—n( Bm( ,ﬂ))) G(w)ﬁm(k,a)) n( a))
—L(kw)|=0.  (2.6b)
Here we have used the following definitions:
. 1 pa/ —iQ2mn/a)x; —al, (ko)x;)
In(am(kra’))=; _a/dele i(2mn a)xy , —am (k0)(x; )
2.7)
(k2 —@*/c)'? for k} >w?/c? (2.8a)
apy(k,0)= s 2 5
—i(@?/c2—k5)"? for kX <w?/c?, (2.8b)
and
B k,0)=[k2 —elw)w?/c?]'?, Imp,, (k,w) <0 .
(2.9

The doubly infinite set of homogeneous linear equations
for H,(k,w) and L,(k,0) will have solutions provided
that the determinant of the coefficients vanishes. This
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determinantal equation for k and w provides the disper-
sion relation for the surface polaritons in the presence of a
grating.

By solving Egs. (2.6) to obtain the field and its normal
derivative on the interface and by using these results in
Eq. (2.1a), one can calculate the field. In the vacuum,
above the selvedge region, the field is properly given by
the Rayleigh sum

ik, x; —a,x;3

Hipxslo)= 3 Ak (2.10)

n=-—o0

It is interesting to note that the Rayleigh method, where-
by the Rayleigh sums for H; and H5 are continued into
the selvedge region to satisfy the boundary conditions,
yields a set of algebraic equations for which the matrix of
coefficients (for symmetric profiles) is just the transpose
of that in Egs. (2.6).!%2 It therefore gives the same deter-
minantal equation for the dispersion relation.

In that part of the ko plane where k2 > w?/c? for all
m, all a,, are real and positive, so that the field is local-
ized to the surface. The surface polariton on a grating is
here a well-defined, infinitely long-lived, excitation. The
dispersion curves resulting from Egs. (2.6), for this so-
called nonradiative region, were explored by Laks et al.?!
In the present work, we explore the radiative region of the
ko plane, where k2 < w?/c? for one or more values of m.
In this case we see from Eq. (2.8b) that one or more com-
ponent waves in Eq. (2.10) represent outward radiation
into the vacuum. Since energy is thus leaving the surface
wave, the surface polariton is no longer a well-defined
eigenmode, but instead has a finite lifetime. This leaky
surface polariton should hence be described by a complex
o and/or k: we should search for zeros of the deter-
minantal equation in the complex plane.

With complex k or w, we must be careful about how we
define the square root in Eq. (2.8) for the complex decay
constant a,,. This point has been discussed in the litera-
ture for various kinds of leaky surface waves and leaky
wave-guide modes. A full discussion for leaky surface
elastic waves, for example, is given in Ref. 23, which we
summarize here for the analogous case of surface elec-
tromagetic waves.

Consider first the case of complex w:

C()=Q)R—i(l)[ ’ (211)

where wg >0 and where we must have ;>0 to have a
surface wave that decays in time. From Egs. (2.11) and
(2.8) we have

ok, =[(k +2mm /a)* — (0% —w?)/c?]+i Qwgw; /c?) ,
(2.12)

so that a2, must be in either the first or second quadrant
of the complex plane. If we were to choose the branch-
cut on the negative real axis, then «,, would always be in
the first quadrant. Then a, has a positive imaginary
part, which means that the component wave (m) is travel-
ing inward from the vacuum to the surface, opposite in
direction from what is required. On the other hand, if we
choose the branch-cut along the positive imaginary axis,
then whenever k2 <(wk—w?)/c? putting a2, in the
second quadrant, the a,, will be in the third quadrant.
The negative imaginary part of a,, means that the wave is
now correctly radiating outwardly from the surface; the
negative real part means that it is growing exponentially
with distance from the surface, a necessary condition for
leaky waves. That leaky waves must always have a seem-
ing divergence at x3=o0 was discussed by Ingebrigtsen
and Tonning,* who pointed out that the usual radiation
boundary condition of finite amplitudes at x;= oo is not
applicable. A divergence at x3= oo at time ¢ can develop
only for a wave that leaves the surface at t = — « (since
the wave needs infinite time to reach x;= ), but then
the surface wave itself has an infinite amplitude, due to its
exponential form e ' ‘. Thus there is a divergence at
x3=+ oo because of the built-in divergence at t = — o
leaky waves are not normalizable. In a real physical situa-
tion, the surface excitation is begun at some time, say
t=0, and then after a finite time ¢, the wave leaking out
from the surface cannot have traveled farther than cz; so
that for x; > ct there is no wave and hence no divergence.
That an exponential increase with distance into the vacu-
um is physically correct, a necessary consequence of the
finite speed of propagation, can be seen clearly by writing
a component of H3 [from the sum in Eq. (2.10)] for
which k2 <(wk —w?)/c% and hence am=—|ag|
—i|ay|, namely,

[HZ (x1,x3 |w)]me_iw’():eXP{*ﬂ’l[l‘o—xs/(wl/laR N1} Amexpli (kpxi+ | @ | X3 —wgty)]

o Agurs(t =to—x3/C)Apmexpli (kX + | af | X3—wrty)],

where C=w;/|ag |. At time t,, this component wavelet
m represents an outgoing plane wave with an amplitude
that is proportional to the amplitude on the surface at the
retarded time t =ty —x3/¢ when the wavelet left the sur-
face.

In the case of complex k,

(2.14)

kg may be positive or negative, and k; must have the

k =kR +ik1 )

(2.13)

[

same sign as the group velocity (in an extended zone
scheme, k; will have the same sign as kz). Then we have

a =[(kg +27m /a ) —k}—0?/c?]

+i[2(kg +2mm /a)k,] . (2.15)
From Eq. (2.15), it can be seen that only the choice of
branch-cut along the positive imaginary axis will lead to
outgoing radiated waves in the vacuum, with nonzero am-



6552

plitude at x3= . Again, there is an exponential increase
with distance into the vacuum, and that this is physically
correct is shown by an argument analogous to the one just
presented for complex o (see Ref. 23).

Before turning to a discussion of the numerical results
of the exact dispersion relation, arising from Egs. (2.6), we
first show how perturbation theory applied to that set of
equations leads to a simple and useful expression.

B. Perturbation theory

Various formulations of perturbation theory have been
presented, to treat the scattering of light from rough
(especially randomly rough) planar surfaces, in the limit
that the roughness amplitude is small. These theories
have also been applied to gratings and to the properties of
surface polaritons on gratings. In particular, the work of
Kroger and Kretschmann'® was employed by Pockrand
and Raether'® and by Raether'? in a comparison to their
experimental work on light scattering from gratings. The
positions and widths of the measured reflectivity
minimum, as a function of grating amplitude, correspond-
ing to two points wk within a Brillouin zone (defined by
the grating periodicity) were compared to the theory
(quite successfully for Ag, and somewhat less so for Au).
Toigo et al.,' by expanding Eq. (2.7) to first order in af,
showed how the extinction theorem result leads to a
dispersion relation; then, in the case of a grating, they
solved for the dispersion relation at a Brillouin-zone boun-
dary in the two beam approximation (i.e., keeping only the
terms with k =+nw/a). At about the same time, one of
us? explored the minigaps as a function of the angle be-
tween the wave vector of the surface polariton, and the
grating grooves. This was also done within the two-beam
approximation, and with use of the Rayleigh hypothesis.
One may demonstrate that the results of Ref. 25 and those
in Ref. 19 are in agreement.

In the perturbation theory described here, we begin with
the extinction theorem results and derive a simple algebra-
ic expression for the dispersion relation, keeping all terms
to first order in af. We take into account the effect of the
nonresonant terms in Eq. (2.6) by solving for the corre-
sponding L, and H, in terms of all of the grating modes.
Since the contribution from the resonant terms will be
most important, we can thus write the nonresonant L,
and H, in terms of the resonant modes. This procedure
leads to a simple eigenvalue equation which yields the
dispersion relation valid to first order in the grating
height.

We begin by expanding the integral in Eq. (2.7) to first

order in §,
I, —n(am(k’w))=8m—n,O'_gm—nam ’ (2.16a)

]
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Ly (=B k,0)) =8 _no0+Em —nBm » (2.16b)
where
1 pa2 —i(2m/a)(m —n)
gm—-nzz f—-a/zdxle Hemsatm nx1§(xl) . (2.17)

Thus §,, is the mth Fourier component of the surface
profile function &(x,). Note that {,=0 by construction.
Inserting into Eq. (2.6) we find an expression relating one
mode to all the rest:

, o 2
Ly+0nHp= 3 tmntm |Lat— [knk,—2 ||,
n=—ow A 4
(2.18a)
e-Lm‘_BmIIm
0 n O)Z
= 2 Sm —nBm |€Ln——— kmk,,~—6'—2‘ .
n=—cw Bm c
(2.18b)
These equations can be solved for L,, and H,, to yield
Sm—n
L,=Y ——[Ay(m,n)L,+Ap(m,nH,], (2.19
m geam_i_ﬁm[ 1{m,n)L, +Ap(m,n)H,], (2.19a)
Sm—n
H, = _— , ,nH,] ,
m % ca, 1B, [Ay(m,n)L, + Ay(m,n)H, ]
(2.19b)
where
A“(m,n)=am/3m(1—,€) ’
2
A, )= + By Ve — (€t +Bn) 2
(2.20)

A21(m,n)=€(am +Bm) ’
A22(m,n)=kmk,,(e— 1) .

Let w,, ,k, correspond to a surface polariton in the ab-

sence of the grating. Now, suppose that we examine a
mode with wave vector k,, , Dear a zone boundary. There

will exist a mode with wave vector Kk =k,

—(m{—m,)2w/a which will be coupled strongly by the
grating to the k,, mode. This coupling will manifest it-

self through the vanishing of the denominators, to zeroth
order, of the form ea,, +B,, and €0y, +Bm,, thereby

causing L, » me’ L’"z’ and Hm2 to become large.
We can rewrite the above equations for m =m, pulling
the large resonant terms out of the sum:

m =M[A11(m1m2)14 +Ap(my,my)Hy, 1+ 3 —ﬁ"‘—""—[A (my,n)L, +Ap(my,n)H,] (2.21a)
'€y +Bm, ’ my 12875170275 m,y . i) €, + B, 1u\my,n)Ly, 2imy, nls .
é""1—'”2 gml—n
m = €, +Brm, [Az(my,my)L,,, + Agp(my,ma)Hy 1+ ) (%nz) ————eam]'.'ﬁml [Ay(my,n)L, +Axp(m,n)H,]. (2.21b)
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Similar expressions can be written for Ly, and Hy,.

Now, we can approximate the A’s, when m =m; or m
=m;, by their zeroth-order values where €a, ,tBm,,

=0:
A”(m,n)=e(€— 1 )a%n ’

Ap(m,n)=—(e—1a,knk, ,
(2.22)
Ay(m,n)=—ele—1)a,, ,

Azz(m,n)=kmkn(€— 1 ) .
Inserting these expressions in Eq. (2.21), we see that
Ly, =—amHy and L, = —0m,Hp,. Putting the above

relationship for the resonant terms into Eq. (2.21) and into
the related equations for L,, , and Hp, , we find

gml_mz(e"" l)

m = (km,Kkm,+€Qm Qm, ) Hp,
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2H —wml m _A(ml,mZ)Hmz
— 3 [Vimy,n)H,+Vy(my,n)L,], (2.25a)
n (£m;)

and the H,,, equation analogously becomes
cosz2=wf,,2HmZ——A(m2,m1 H,,

- 2 [Va(mZ,n)Hn+Vb(m2,n)Ln] ) (2.25b)
n (#my)

where we have substituted

Almy,my)=2¢%ty, (Kp K, +€Um,@m,)om —m, »  (2.26)
Va(my,n)=2c’ap Kpm Kn&m,—n s (227
Vy(m,n)=—2c%€an, Em _n - (2.28)

Now, we can approximate the nonresonant L, and H, in

€y, +Bm, Eq. (2.25) by only the resonant contribution from Eq.
s §m1~"(€"1)(k ) | (2.19); that is, by
+ ———(ky, k,H,—€a,, L,) . Sn—m,
n (£my) eaml+ﬁm[ ! 2 L,= z . V.(n,m;) , (2.29a)
1212 €an+By
(2.23) ¢
n—m;
A similar expression holds for H,,,, with m; and m, in- H,= 3 p—" Valn,m;) , (2.29b)
terchanged. If we multiply the H,, , €quation by i=1,2 7" T8
ea?, . B ,» then we will be able to obtain an eigenvalue where
equation for . Note that Ve(n,m;)=Cp m, l(an +Bn)knkm, +(€— 1)ty Byam,
1)
a2, — g, == (2 2, (2.24)
m B = (m, —(ean+By) =5 | » (2.30
where
I Vd(n,mi)=§,,_mi[knkm,(e-1)—e(a,, +By)a,].  (2.31)
mfn 2k2 €+ i i
! € We insert Eq. (2.29) into Eq. (2.25) to obtain
is just the unperturbed frequency of a surface polariton of o*H, =32 H. —A(m Y: 1 2.32
wave vector k, . The equation for H,, becomes, after M 112 m, » (2.322)
setting €ay, +Bm, =0 on the right-hand side and rear- wZHm2=5 fnszz—A(mz,ml)Hml , (2.32b)
ranging, where
|
~ V,(m;,n)Vy(n,m;)+Vy(m;,n)V.(n,m;)
Kimyymj)=Atmyymp)+ 3 b e (2.33)
n (£my,m;) €ay, +B’*
are the effective coupling constants, renormalized by the grating, and
Vao(m;,n)Va(n,m;)+ Vy(m;,n)V,(n,m;
52—k _ W (m,n)Vy(n,m;)+Vy(m;,n)V.(n,m;) (2.34)

! Y on (;em,-,mj) €ay, +Bn

are the renormalized versions of the unperturbed frequen-
cies. By inspection, one can pick out the eigenvalues from
(2.32) to be

oi=7 (a),,,] +wm2)
+3[(@ 5, — B, )2 +4BA(m 1, m3)B(ma,m )] (2.35)

This simple algebraic expression is to first order in the

grating height the dispersion relation for surface polari-
tons on a grating. It can be used away from the gaps to
give the dispersion curve in the near vicinity of the
Brillouin-zone boundary. As one moves aways from the
zone boundary, to the point where Iwml—co ,2,,2{2
>4A(m1,m2)A(m2,m,), then the square root in Eq.
(2.35) may_be expanded Then if in the term
+A(m1,m2)A(m2,m1)/(a;o,,,l a),z,,) generated by this
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procedure one retains only the lowest-order contribution
in the grating amplitude (replace A by A and @ by w), one
may show that the renormahzed frequencies are then
given by @2, ,and & a),,, as defined in Eq. (2.34), with the

restriction n=m; removed Now when the restriction
ns£m; is removed from the right-hand side of Eq. (2.34),
the resulting form is precisely the expression for the com-
plex frequency shift of the mode provided by second-order
perturbation theory. Recall that the imaginary part has
its origin in radiation-induced radiation damping. Thus,
as we move away from the gap, Eq. (2.35) evolves into an
expression identical to that produced by second-order per-
turbation theory, applied away from the zone boundary.
This equivalence holds so long as one does not stray too
far from the zone boundary.

By using the nonresonant terms to renormalize the un-
perturbed frequencies, of the interacting waves m; and
m,, as described in Eq. (2.34),
Brillouin-zone boundaries, shifts in the gap-center fre-
quencies which are not present in the two-beam approxi-
mation. Moreover, since the nonresonant terms include
the modes which radiate into the vacuum, their presence
is required to provide a description of the leaky surface
polariton lifetime.

III. NUMERICAL RESULTS

In this section we shall consider the numerical solution,
in the complex plane, of the exact dispersion relation from
Eq. (2.6) and of the perturbation theory relation, Eq.
(2.35). The surface profile function chosen is the
sawtooth profile, of amplitude 4 (one-half the peak-to-
valley distance) and with deviation from a symmetric pro-
file measured by ¥ (see Fig. 1):

4x1h/a +(1—y)h a a
= 3.1
0= gxh/a 414y a_, _a G-
-y T s%1%5

which is repeated in every cell. For this profile we have
that
4ahe —i(w/2)yn

I =
nl@) m°n*+Qah +imny)?

sinh(ah +imyn/2), n even

—cosh(ah +imyn/2), n odd . (3.2

Most of the work reported here is for Ag, in which case
the grating period is @=8000 A; and the values of the
complex dielectric constant €(w) are taken or extrapolated
from the table in Ref. 26. We have also briefly considered
the case of Au, for which we have taken a=4417 A and
€= —6.8 + i1.81 to conform with the work of Raether.

The zeros of the infinite dimensional determinant of the
coefficients of the unknowns in Eq. (2.6) are found by
solving the N-dimensional determinantal equation
[mpn=—(N/2-1)/2,..., O0,...,(N/2—1)/2 in Eq.
(2.6)] and then searching for convergence as N is in-
creased. The convergence of the results is much faster for

we obtain, at the .
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¥ =0 (symmetric grating) than for y£0, and is progres-
sively slower as the corrugation strength (A /a) is in-
creased. It is generally slower as we move up the disper-
sion curve, i.e., as k and o are increased, and is also much
slower in the case of Au than Ag.

For Ag (a=8000 A) at #=300 A (h/a=0.0375) con-
vergence is very rapid, even for quite large values of y:
for example, at ¥ =0.35 for k up to 1.5(27/a), four-figure
accuracy in wg and in oy is achieved with N=26. It is
only for ¥ > 0.9 that convergence becomes difficult at this
amplitude. At 2=800 A, for v =0, convergence to within
a few meV or better can be achieved [with N=20 at
k=1.52w/a), but with N=62 at other nearby values of
k]. For 7/;!:0 and this same A, however, the convergence
achieved is poorer. For y=O0, we have gone up to
h=1600 A (h/a=0.2), for which we find, at the zone
boundary k=1.5(27/a), that four-figure accuracy for wp
and about three figures for w; is achieved at N=66.

Convergence in the case of Au is more difficult: even
with just =300 A (a=4417 A) there are oscillations in
the fourth figure of ki until N>82, and not until
N =102 do we approach four-figure accuracy.

For the symmetric Ag grating, we show a comparison
in Table I of the results of the exact theory with the per-
turbation theory, for the two complex frequencies
co(R_’—iw(I_) and wg — zwiy“ at the Brillouin-zone boun-
dary k=1.5(2m/a). Even for the largest value of 4 (1600
A), the perturbation theory is within 1% of the exact
theory for the real parts of the frequency. Agreement is
fairly good for the imaginary part of the upper-branch
mode, o}, at least up to 800 A Ttis only for o},
the damping of the lower-branch zone-boundary mode
(the mode most strongly perturbed, as seen by the bending
of the dispersion curve) that the results begm to agree
poorly already at A=800 A. But on moving away from
the zone boundary to smaller values of k, while remaining
on the same branch of the dispersion curve, the agreement
in o; immediately improves [15% error in ®; at
k=1.3@2z/a) rather than the 26% at 1.5(2w/a), for
h=800 A]. Table I also shows the width in frequency of
the boundary modes as a percentage of the gap width,
indicating that this gap should be observable at £ =300 A
but not at £=800 A.

In Fig, 2, for the symmetric sawtooth grating with
h=300 A, we have plotted the dispersion curve, from
k <2m/a to k>1.5(2w/a), as obtained from the exact
dispersion relation for complex @ and real k and also for
complex k and real w, the perturbation theory, and the re-
flectivity minima. The corresponding imaginary parts of
the solutions, w; and k;, and the reflectivity widths are
shown in Fig. 3. The reflectivity calculations (using the
method of Ref. 5), for the widths in Fig. 3, are of two
kinds. (1) We fix the incident photon frequency o and
vary the angle of incidence 6 and hence vary
ko=/(w/c)sinB; this corresponds to solving the dispersion
relation for complex k, where k; should give the half-
width at half maximum of the dip in reflectivity versus
ko. (2) We vary the incident frequency o with fixed in-
cidence angle. In this case both @ and k, are simultane-
ously changing, so that the correspondence between w;
and the half-width of reflectivity versus o is not exact; the
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TABLE 1. Complex frequency solutions (0§ —iw}™’ and o’ —iw{*’) of the dispersion relation for the two modes at the zone

boundary k=1.5(27/a) [and one mode at k=1.3(27/a)]—exact and perturbation (pert.) theory compared. For symmetric sawtooth
gratings (period a=8000 A) on Ag, with amplitudes A.

. Energy in eV Gap width
h (A) fio”’ #iwy™ fiog" fioy™ fiwg (meV) (of '+ o) /o6
k=1.5Q2m/a)
100 exact 2.228 0.003 65 2.241 0.003 50 13 0.55
pert. 2.231 0.003 64 2.245 0.003 40 14
% diff. 0.13 0.27 0.18 2.9
300 exact 2.211 0.009 8 2.249 0.008 35 38 0.43
pert. 2.211 0.0093 2.253 0.008 51 42
% diff. 0 5.1 0.18 1.9
800 exact 2.147 0.065 6 2.251 0.0435 104 1.05
pert. 2.141 0.0488 2.256 0.044 6 115
% diff. 0.28 25.6 0.22 2.5
1600 exact 1.955 0.425 2.204 0.190 249 2.47
pert. 1.942 0.202 2.201 0.171 259
% diff. 0.66 52.5 0.14 10.0
k=1.3Q2n/a)
800 exact 1.934 0.0392
pert. 1.928 0.0334
% diff. 0.31 14.8
k(10%cm™) (100 cm™)
8 9 10 1 12
T T T T T 34 @[001(2,”/03, T . -
23 16 = d1e
h=3004 38 mov | I I h-300R, §
22+ 0=8000A T "k 1afk a=8000A 14
-1.75
2.0 |
20} e
— vO
: o s
3 1.9 ‘3’ x E
+c —1.50 4= -
3
1.8+
1.7+
1.6 |-
-1.25
1.5 /1=4'L I.Smev ! ! 1 1
10 Ll 1.2 1.3 1.4 1.5 o Ll 2 3 1 5
k /(2/a) k/(2w/a)

FIG. 2. Dispersion relation for surface polaritons on a sym-
metric sawtooth grating (amplitude 2=300 A, period a=8000
A) on Ag. The solid and dashed lines are calculated by the ex-
act extinction-theorem method: with complex frequency (real
wave vector) and with complex wave vector (real frequency),
respectively. Open circles are solutions from perturbation
theory for complex frequency. Triangles shows the frequency of
calculated reflectivity minima (on varying the incident photon
frequency with fixed incidence angle).

FIG. 3. Imaginary part of the complex wave-vector solution,
k;, and imaginary part of the complex frequency solution, w;,
both vs real (or real part of) k, for surface polaritons on a sym-
metric sawtooth grating (amplitude /=300 A) on Ag. The solid
and dashed lines show the exact extinction-theorem solutions,
for k; and wy, respectively. Open circles show w; from pertur-
bation theory. Closed circles indicate the calculated width of
the dip in reflectivity-versus-incidence-frequency (fixed 8);
squares show the corresponding width in reflectivity-versus-
k =(w/c)sind, on varying 6 (fixed o).
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resonant surface polariton here has wave vector
ki =(w/c)sinf+ 21 /a; on varying o by Aw, we have

2T
ko / :
and hence the correspondence between w; and half-width
is not bad.

The four methods are in agreement on the dispersion
curve in Fig. 2, except that right near the zone boundary
k=1.5Q2w/a), the exact solution for complex k deviates
slightly from the other solutions. For complex k there are
solutions (heavily damped) right across the frequency gap.
Correspondingly, the reflectivity with constant @ shows a
very shallow dip, as a function of 6, in this “gap” region.
Nevertheless, the reflectivity calculation for constant 6
does give two completely distinct dips at k=1.527/a),
i.e., the gap is observable in that sense.

The agreement between perturbation theory and the ex-
act theory for w; (Fig. 3) is good. The agreement between
the exact theory for w; or k; and the corresponding half-
widths of reflectivity-versus-w (constant 6) or
reflectivity-versus-0 (constant ) is just slightly poorer
(better for k; than wy, as expected).

Note that since the reflectivity curves are sometimes
broad and shallow, the frequency, wave vector, and damp-
ing obtained from their positions and widths are not al-
ways as precisely determined as they are from the other
calculations. Moreover, in the present case, a surface po-
lariton with k ~2/a is at a point on the dispersion curve
near the light line, so that the corresponding reflectivity
dip at 0~0° is very close to a Wood’s threshold anomaly,
which we have seen can severely distort the shape of the
resonance dip. Then it is impossible to determine the po-
lariton lifetime from the width of the reflectivity dip.

Between the two zone boundaries, 1.0 <k /(27 /a) < 1.5,
we see fiw; vary between approximately 3 and 10 meV
(while fiwg varies between about 1.5 and 2.2 eV), corre-
sponding to lifetimes from 1.38%10~!? sec down to
0.416x107!2 sec. Here k; is about 120 cm~! at
kg =1.0(27/a) and then sharply peaks up past 1200 cm !
at kg =1.5Q27/a)—corresponding to an attenuation
length, 1/2k;, of 42X 1073 to 4.2 10~*

As the zone boundary at k=1.0(27/a) is approached
along the upper branch of the dispersion curve, i.e., from
larger to smaller k, the frequency width w; of the mode
turns upward and increases rapidly (see Fig. 3), up to 5.53
meV. As the gap there is only 1.5 meV, it is totally
washed out by the width of the upper mode. Notice that
this gap at k=1.0(27/a) is much narrower than that at
k=1.5Q2m/a). In fact, there is no gap at all at
k=1.0(27/a) in the two-beam approximation of lowest-
order perturbation theory, for the symmetric sawtooth
grating (or for any profile that is symmetric about x=0
and at the same time antisymmetric about x =a/4), be-
cause {+,=0. This being the case, it is interesting to con-
sider the effect, on this “forbidden gap” at k=1.0Q27/a),
of increasing y from 0 to 1, that is, of making the grating
asymmetrical. In Fig. 4 (again for A=300 A) we have
plotted the real parts of the frequencies of the upper and
lower zone-boundary modes, as a function of y, for

Aw

’
(0]

Ao

Akl/kl 1+
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FIG. 4. Real parts of the cornplex frequencies for the two
surface—polariton modes (0%’ and wf"') at the zone boundary

k =1(2m/a) (bottom) and at the boundary k=1.527/a) (top),
plotted vs the asymmetry parameter v, for a sawtooth grating
(h=300 A, a=8000 A) on Ag. The solid line is from the exact
extinction-theorem method; the circles are from perturbation
theory.

k=1(2m/a) and also k=1.5(27/a). In Fig. 5 are the cor-
responding imaginary parts w;. Note that the perturba-
tion theory works well, except for the lar; er values of y,
e.g., v>0.8. For 7/>O9the values of wg ' and of wf™’
both begin to increase in a divergent manner as y—1.0.
In this same range of ¥, the convergence of the results, as
a function of matrix size N, becomes more and more dif-
ficult, and we stop calculating o'~ at ¥ =0.96.

We see from Fig. 6, for k=1.027/a), that the gap
width increases continually with increasing y: the gap in-
creases from 1.5 meV to about 50 meV at y=0.9. At the
same time, as also seen in Fl% 6 the sum of the half-
widths of the two modes, @ ), is fairly constant
with changing y: the sum Just decreases from 5.89 to 5.08
meV, as ¥ goes from 0.0 to 0.8, and then increases slightly
to 5.85 meV, as y reaches 0.9 (before beginning its diver-
gence as y—1). Thus the ratio of gap width to mode
linewidth is continuously increasing with y. The gap is
already wider than the sum of the mode half-widths when
v reaches 0.1 and is almost nine times wider when y =0.8.

The situation for the gap at k=1.52w7/a) is different.
Here the gap width is seen (Figs. 4. and 6) to decrease at
first with increasing ¥ (y=0—0.3) and then to increase
(for ¥>0.4). Again, the sum o)~ +o}*’ is fairly con-
stant out to near ¥y=0.9. It is only between y=0.2 and
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FIG. 5. Imaginary parts of the complex frequencies for the
two surface-polariton modes (0}~ and w{*’) at the zone boun-
dary k =1(2w/a) (bottom) and at the boundary k=1.527/a)
(top), plotted vs the asymmetry parameter y, for a sawtooth

grating (h=300 A a=8000 A) on Ag.

0.46 where the gap width is smaller than the sum of the
two line half-widths.

In Fig. 7 we show the surface polariton dispersion curve
for a symmetric grating of amplitude 7=2800 A and
period a=_8000 A on Ag, as determined from solving the
exact dispersion relation for complex w. The correspond-
ing imaginary part of the solution, w;, is plotted in Fig. 8
as a function of the real frequency wz. The grating am-
plitude at this point is beyond where the extinction
theorem method of Ref. 5 for the reflectivity gives con-
vergent results. Notice that, even in this ¥y =0 case, the
gap at k=1.5(27/a) is now over 100 meV wide, and even
the “forbidden gap” at k=1.0(27/a) is 25 meV wide.

IV. CONCLUSIONS

We have shown that numerical solutions of the disper-
sion relation, which result from application of the extinc-
tion theorem, may be found in the complex plane for
leaky surface polaritons on a metallic grating surface.
Thus we are able to calculate both the dispersion and at-
tenuation (lifetime or attenuation length) of surface polar-
itons in the radiative region of the (k,®) plane. Conver-
gence of the solutions is found for symmetric gratings of
large amplitude (far beyond where the Rayleigh hy-
pothesis is suppose to break down, even though the extinc-
tion theorem leads to the same dispersion relation for
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FIG. 6. Frequency gap w¢ and also the sum of the imaginary
parts of the frequencies of the two surface polaritons
(@f'+wf*’) at the zone boundary k =1(27/a) (bottom) and at
the boundary k=1.5(2m/a) (top), plotted vs the asymmetry pa-
rameter y, for a sawtooth grating (A=300 A a=8000 A)

on Ag.

symmetric gratings as does the Rayleigh method), and
convergence is also found for asymmetric gratings. We
have carried out most of our calculations for Ag gratings;
we have also explored gratings of Au, and found the con-
vergence more difficult to achieve for Au than for Ag.

These solutions provide a more direct indication of the
dispersion and lifetime of the surface modes than does the
position and width of the reflectivity dip, the latter possi-
bly being subject to interference effects. Although there is
generally good agreement between our solutions of the
dispersion relation and the results from our calculations
of the reflectivity dips, we have indeed seen cases where
the latter are difficult to decipher: where there is heavy
damping of the surface polariton and the reflectivity
minimum becomes broad and shallow and where, in the
case of a nearby Wood’s threshold anomaly, the reflectivi-
ty dip is highly asymmetric and distorted. Furthermore,
we can obtain convergent results for the solutions of the
dispersion relation far beyond where convergence breaks
down (h~600 A and a=8000 A for Ag) in the corre-
sponding extinction-theorem calculation of the reflectivi-
ty.

A perturbation theory applied to the dispersion relation,
in which we keep the nonresonant as well as resonant
terms, yields a simple dispersion relation valid in the radi-
ative region, at—as well as away from—the Brillouin-
zone boundaries. Its complex solutions, in the case of Ag,
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FIG. 7. Dispersion relation for surface polaritons on a sym-
metric sawtooth grating (h =800 A, a=8000 A) on Ag. Calcu-
lated by the exact extinction-theorem method, with complex fre-
quency and real wave vector.

agree well with those of the exact theory, for asymmetric
as well as symmetric profiles, and for large corrugation
strengths (far beyond those at which the reflectivity dip
reaches its minimum value and the field enhancements
reach their maximum): even at h=1600 A, there is less
than 1% deviation in the real parts, i.e., in the dispersion.
In fact, we stopped our comparative calculatlon of the
dispersion at h=1600 A because of convergence difficul-
ties (i.e., larger and larger necessary matrix size) in the ex-
act theory and not because of breakdown in the perturba-
tion theory. This points out an important conclusion of
this work, namely, the advantage of using the perturba-
tion theory over the exact theory, for a broad range of
physical parameters. The exact theory, involving a search
in the complex plane for the solution of a complex, large-
dimensional, determinantal equation, is highly consuming
in both human and computer time. Complex root finding
subroutines are not capable of zeroing in on these solu-
tions without a good initial guess (to almost three figures
in the real and imaginary parts) and thus a tedious on-line
search is necessary to begin the procedure. Furthermore,
convergence of the exact solutions is a problem; it must be
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FIG. 8. Imaginary part vs the real part of the complex fre-
quency, calculated by the exact extinction-theorem method, for
surface polantons on a symmetric sawtooth grating (2=800 A,
a=8000 A) on Ag. Shaded regions are the band gaps.

checked at almost every point (k,w), for every set of pa-
rameters (h,a,7): Too small a matrix and the results os-
cillate with N, too big a matrix and divergences set in.
On the other hand, the perturbation theory can be imple-
mented on a hand calculator.

As for the physical results, we have seen how the
grating-induced radiative damping of the surface polari-
tons can totally obscure a zone-boundary minigap or may
have little effect on the gap—depending on which zone
boundary is involved and on, of course, the grating ampli-
tude. Both the gap width and the damping widths of the
zone-boundary modes are very strongly affected by the de-
gree of asymmetry (measured by our parameter ¥) in the
surface profile. The properties of a minigap can, in prin-
cipal, be controlled.

As remarked in Sec. I, Raether found it difficult to ac-
count for his measured grating-induced dispersion relation
shifts on Au gratings,!> while the perturbation theory
proved quantitatively adequate for Ag. We have been un-
able to locate the origin of the discrepancy.
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