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Coherent Beam Combination at Interfaces via Surface Polariton KI'ects
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We examine theoretically the structure and properties of index gratings created by the interference

pattern formed by a laser beam and a surface polariton at an interface coated with a thin layer of an op-
tical Kerr material. Theory suggests that the energy-transfer characteristics of these gratings differ con-

siderably from those created in the bulk material. This statement is underscored by a the prediction that

energy transfer will occur for degenerate beams in the presence of a nonlinearly responding reflecting
surface even though there is no photorefractive material present.

PACS numbers: 42.80.Lt, 78.65.—s

Recently, there has been considerable interest in co-
herent beam combination via two-wave mixing' utiliz-
ing laser-induced gratings in nonlinear optical media.
In two-wave mixing, coherent energy transfer is accom-
plished in the following manner: A nonlinear medium is
irradiated by two laser beams which form an interfer-
ence pattern. This pattern, in turn, induces an index
grating in the medium through its optical nonlinearity.
If there is a phase lag between the induced index grating
and the laser interference pattern, energy will be coher-
ently scattered from one beam to the other. In this
Letter, we examine the nature and two-wave mixing
characteristics of laser-induced index gratings created at
a vacuum-metal interface which is coated with a thin
layer of an optical Kerr material. The properties of
these index gratings at the reflecting surface (viz. metal
surface) are found to differ considerably from other sys-
tems presently under study. '

To date, two different approaches to two-wave mixing
have been considered. Specifically, the first approach in-
volves static gratings induced by two degenerate lasers
irradiating a photorefractive crystal such as Bi&2Si02o
(BSO). In this class of materials, it is found that the
induced index grating lags the laser interference pattern
by a phase angle nearly equal to tr/2. Numerous experi-
ments ' have demonstrated very high efficiencies for en-

ergy transfer at low laser powers in these materials. The
second approach involves irradiating an optical Kerr
media with two nondegenerate laser beams. ' For this

approach, the finite response time of the Kerr material,
r, ensures that any laser-induced grating will lag the in-
terference pattern formed by the laser beams themselves.
Coherent energy transfer is optimized when 0 z is on the
order of unity, with 0 equal to the beat frequency be-
tween the two lasers. Furthermore, energy is always
transferred from the high-frequency beam to the low-

frequency one with the energy transfer approaching con-
tinuously to zero as 0 0.

Here we examine beam combination at a metal sur-
face, where theory asserts that the existence of a well-
defined resonant excitation, namely, surface polaritons,
will alter the nature and enhance the wave-mixing char-
acteristics of index gratings generated at the interface.

The system of interest consists of an interface formed
by a metal and vacuum that is coated with an ultrathin
layer of an optical Kerr medium whose instantaneous
third-order susceptibility components are denoted by
Xut„1q and whose response is accounted for by a charac-
teristic time r This sy.stem is driven by two elec-
tromagnetic waves E~(r, t) and E2(r, t). The first of these
is a laser beam whose wave vector (frequency) is k&(cot)
which impinges on the interface at an angle Ht with
respect to the outward normal. The second wave is a
surface polariton whose wave vector (frequency) is
k2(co2) which is propagating parallel to the surface. The
beat frequency is 0 co1 —co2. Next, we note that if the
coating thickness l satisfied kJl«1(j=1,2), then the
electromagnetic polarization, P, (r, t), can be regarded as
confined to the interface, i.e.,

P, (r, t) I' c
—1

E(r, t)+P (r, t) 'B(z =0 ).+
4z

In Eq. (1), e, is the linear dielectric constant of the coating and if the dynamics of the material are dominated by Debye
relaxation, then the nonlinear polarization responsible for beam combination is, with E(r, t) the total electric field,

~@yak, P t 0 t 1
(3)

E] —f2
PNL„(r, t) - „dt~dt2exp — (E„(r,t2)E (r, t )2)E~(r, t&), (2)

where the angle brackets represent a time average which is long compared to an optical period, but short compared to
the response time of the optical Kerr material r.
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The total Geld obeys the following wave equation:

VxVxE(r, t)+, , E(r,t)+, , PL(r, t) = — » P, (r, t),
a' 4~ a' 4~ a'

c Bt c Bt c Bt

where PL(r, t) is given by

(3a)

dpi e(co) 1 E( )
—im(t —I )) 04--2~ 4~

(3b)

with e(co) the dielectric function of the metal.
To solve Eqs. (3), we introduce a Green's tensor G„„(r,r';t —t~) which satisfies the equation

V x V x G(r, r';t —t ~ ) — dt 2 co e(co I z )G(r, r';t z
—t ~ )e ' = —4zI 6 (r —r') 6'(t —t ~ ),c~ 4 2z

where e(to I z) e(t0) 8( —z)+8(z). Accordingly, the total electric field is given by the following:

1E(r, t) Eo(r, t)+ „d r~g dti G(r, r';t t~) —
2

P, (r', ti),
c ati'

'

(4)

(5)

where Eo(r, t) is the total electric field in the absence of a nonlinear coating on the interface. To simplify matters, we
shall assume that the system is infinite in the y direction and that the configuration is such that there is no y dependence
in the problem. Accordingly, the fields in steady state at a point z from the interface are given by

E(kjq lz) Eo(k~co~ Iz) ig(—k, &toIz0+) P.(kiack, I
0+),

Eo(kl to| I z) E'~ (e ' 1'+r, (co~)e' I')e~, (7a)

where P, (ktcoi IO+) is the coating polarization, whose
wave number (frequency) is kj (toj ), evaluated just above
the metal (z 0+) and the reduced Green's tensor

g(kj coj I
z0+) is given in Ref. 8.

Finally, for an s-polarized laser beam and a p-
polarized surface polariton we have, with kI (to 1/

c)cos81 and z) 0,

tric field amplitude and a2(P2) is the inverse penetration
length of the surface polariton into the vacuum (metal).

We can obtain analytic solutions to Eqs. (6) in the
limits where one wave is much more intense than the
other. Thus, for the case in which the laser beam is in-
tense and the surface polariton weak, we have within the
nondepleted pump (laser) approximation

Eo(k2t02 I z) e„+i e, Et'ie
Q2

(7b)
E„(k2t02 I z), eI+P' toz, aii

where r, (co~) (ik +1P )/1(ik —
1Pl) is the Fresnel co- g

efficient and E i (Ei ) is the laser (surface polariton) elec-
where

l
(k 2t02 I z ) Ex (k 2t02 I z ),

Q2
(8b)

a —ego k
IP'(t02, col) - —,

'
&(t02, col) IE| I

'I 1+r, (ail) I

'
e(2)a2+P2 c02

(9a)

&(toz, to~) gn(A@2/c)(f1 + [I i(coi+co—2)rj '+(1+iQi) (9b)

Alternatively, if the laser beam is weak and the surface polariton is strong, then if we neglect depletion of the surface
wave, the laser intensity is

E~(klcoi I z) =Ef (e
' "+R,(coi, co2)e' "), (10)

where R, (ei, ai2) is the reflection coefficient at the vacuum-metal interface coated with a thin-layer Kerr material,

which is modified by the presence of the strong surface polariton, and is given by

r, (a) i ) I't'(to i,cu2)—
R&'LN~, M2) =

1+I'~(a)1, a)2)
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FIG. 3. Amplification of a weak s-polarized laser beam by
an intense p-polarized surface polariton as a function of Qz for
select values of the coupling parameter.

ings is set by the surface polariton response function,
viz. , g(k2r02 ~

z0+), and not by Qt, as we have assumed
an instantaneous Debye relaxation to illustrate our point.
An examination of this figure reveals that energy
transfer to the laser beam is achieved regardless of the
sign of O, since z 0. More precisely, an index grating
which is impressed on the ultrathin nonlinear coating by
the interference pattern created by the weak surface po-
lariton and the strong laser beam via the optical Kerr
effect will always diffract the energy of a surface wave

away. Another interesting feature of this figure is the
dependence of the energy extraction on the sign of g.
Note that energy extraction from the surface wave is

significant for a coupling constant X=0.1. For a Kerr
material with g=10 esu, this value can be achieved
with laser-beam intensities on the order of 10 GW/cm
for coating thickness on the order of 1% of the wave-

length of the surface polariton.
The relaxation effects are illustrated in Fig. 2, which

depicts the percentage of gain, or depletion for the curves
labeled (x —1), of the x-component electric field ampli-
tude of the surface polariton versus Oz for different an-
gles of incidence of the s-polarized laser beam on a Ag
surface with lj. = —,

' 4x g~E~ ~ l/k2 10 . Note that
the direction of energy flow can switch signs as Oz in-
creases in value.

Figure 3 depicts the amplification of a weak laser
beam by an intense surface polariton which resides on
silver substrate as a function of O z for different values of
the coupling constant, where A, =4' g ~Ef ( I/X~. Essen-
tially, the phase and modulus of modified reflection co-
efficient R, (co&, co2) determine the energy transfer be-
tween the surface polariton and the weak laser beam.
For the case in Fig. 3, O is chosen to be 1 cm ' so that
we are considering Kerr media with response times on
the order of 30 psec.

In conclusion, theory predicts that an index grating
created within the optical Kerr coating formed by a laser
beam and a surface polariton of the same frequency will

modify the reflectivity of the laser beam and coherently
transfer energy from the surface wave to the laser beam
for an instantaneous Kerr coating even though there is
no photorefractive effect in the system. Furthemore, if
the frequencies of the bulk and surface wave are dif-
ferent, then the direction of energy flow is not set just by
the sign of A. Specifically, the phase of the effective
coupling function g as well as the phase of the surface
polariton or laser beam response function are important
quantities which determine the direction of energy flow.

In addition, the direction of energy flow can reverse itself
as 0 increases in magnitude (with no change in sign).
These features of bulk-surface wave index gratings
reflect the convoluted phase structure of the response
function and the finite response time of the Kerr coating.
Finally, we find that the intensity of a weak bulk wave

can be amplified by factors of 10 or more by extracting
energy from a strong surface polariton, which modifies
the phase and modulus of the reflection coefficient of
the weak bulk wave.
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