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Cooperative  Emission of an  Excited  Monolayer into 
Surface Plasmons 

The  cooperative  emission of an  excited  molecular  monolayer into surface plasmons of a metallic  substrate is described. 
The  effect  arises from  the very strong coupling of an  electronically  excited molecule  to surface plasmons at distances that 
are  short  compared to  the wavelength of the  electronic  transition.  Strong resonant  enhancement of this  excited  molecule- 
surface plasmon interaction occurs for near-degeneracy of the electronic  transition frequency and the  asymptotic surface 
plasmon  frequency I t  is shown  theoretically how  the two-dimensional  analogue of superradiance  can arise, 
leading to  a highly directional and very intense  surfuce plasmon  pulse. This pulse or series of pulses  has soliton-like 
characteristics and may be expected  to propagate for considerably  longer distances along the  metal-vacuum interface 
than  do individual surface plasmons. 

A. Introduction 
The description of the  cooperative emission of light from 
an  assembly of excited  atoms or molecules  historically 
has had two distinct  points of departure:  the prediction of 
cooperative  spontaneous emission by R. H. Dicke [ I ]  in 
1954 and the extension of microwave amplification con- 
cepts  to  the optical regime by Schawlow and Townes [2], 
which led to  the  laser. A broad range of gas-,  liquid-, and 
solid-state lasers  have since been developed with a large 
spectrum of performance parameters  such  as  power, tem- 
poral operation, and  wavelength  tunability.  The  vast ma- 
jority of these devices utilize the feedback aspect of a 
high Q cavity to force  the stimulated emission of light 
from the incoherently  excited active (lasing) region into 
the cavity  modes with the  largest  gain. 

In this paper, we discuss a new area of cooperative 
emission, which arises from a  physical  phenomenon char- 
acteristic of electronically  excited  molecules in the vicin- 
ity of metal surfaces. In its  physical  origin,  this coopera- 
tive  emission is related to Dicke superradiance  and  has 
evolved over  the last  ten years [3-71 from the realization 
and  extension of these early concepts. 

The  fundamental difference between previously studied 
cooperative emission processes  and  the  process dis- 

cussed in this paper lies in the  nature of the cooperatively 
generated field: not the radiation field in a single mode or 
super-position of many modes,  but a quasi-particle field, 
the  surface plasmon field, characteristic of metal-dielec- 
tric interfaces. Specifically, we consider surface  plas- 
mons, which arise  as polariton modes, with exponen- 
tially decaying electric fields in both  directions perpen- 
dicular to a metal-dielectric interface. 

It has been  shown by us [8] and  others [9, IO] that  the 
decay probability of electronically excited molecules, at 
distances D from a metal surface  that  are  short  compared 
to  the wavelength of the corresponding transition A,, is 
strongly  affected if the  electronic transition frequency lies 
below the  asymptotic surface  plasmon (SP) frequency of 
the metal. The  cause of this enhanced  decay probability is 
the strong coupling of the  electronic transition  dipole of 
the  excited molecule to  the  surface plasmon field. The 
patterns of the near-field transition  dipole and the SP field 
both contain  transverse  as well as longitudinal com- 
ponents;  this permits the efficient excitation of the SP 
field  in the  decay. In the vicinity of the surface, the SP 
field provides a new decay channel for an excited mole- 
cule, in addition to s- and  p-polarized photons. For elec- 
tronic  transition  frequencies near  the  asymptotic SP fre- 
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quency this new nonradiant  decay channel  domi- 
nates  the radiant  channel bv two or three  orders of 
magnitude [8-lo]. 

It is suggested  here  that the two-dimensional  analogue 
of cooperative  spontaneous emission  (superfluorescence) 
can occur  for a single monolayer of excited  molecules 
over a metal surface.  The initially inverted molecular sys- 
tem may be prepared by pumping  a  strongly allowed sin- 
glet-singlet transition of the molecules  composing the 
monolayer(s). 

Intersystem  crossing, which can be enhanced by incor- 
porating a heavy  atom in the molecule to increase  spin- 
orbit coupling,  transfers the  excitation energy into  the 
long-lived triplet system.  The emission into  surface 
plasmons initially occurs  spontaneously  and eventually 
triggers the  release of the energy stored in the triplet sys- 
tem in the preferred axial mode of the monolayer-metal 
surface system  as a hyperbolic-secant-shaped, very  in- 
tense  surface plasmon  pulse.  Depending on initial condi- 
tions and  the relevant dephasing  and  cooperative  decay 
time scales,  either a single soliton-like SP pulse or a series 
of pulses may be obtained. 

The  outline of this paper is as follows:  Section B is a 
glossary of terms used in this paper; Section C is a brief 
introduction to  the modification of radiative  molecular 
decay  due  to  the proximity of a metal surface.  In Section 
D a model Hamiltonian is set up for the  coupled molecule- 
photon-surface plasmon system,  and a theoretical de- 
scription is given of the time evolution of this  system from 
a fully inverted initial state  at time zero. In Section E a 
discussion is given of the  physical parameters  appropriate 
for  surface plasmon superfluorescence. Section F con- 
tains a summary of the  results  and  some general com- 
ments relating to  other possible systems  such  as  surface 
excitons,  phonons, and  magnons. 

B. Glossary 

D distance from metal surface 
O P  bulk plasmon frequency 

A, fluorescence  wavelength of excited  mole- 

wP/2'" asymptotic  surface plasmon  frequency 
K phase shift between direct  and  reflected 

k0 wave vector of phosphorescent photon 

cule 

wave 

k wave vector of photon 
S ( w ,  D )  self-energy of excited molecule at  fre- 

quency w and at  distance D 
0 0  unrenormalized  molecular  transition fre- 

Y o  free-space decay  rate of isolated  molecule 
quency 

renormalized  molecular  transition fre- 
quency for  the  transition dipole  parallel to 
surface  normal 
renormalized  linewidth for transition  dipole 
parallel to  surface normal 
renormalized  molecular  transition  fre- 
quency for  transition dipole  perpendicular 
to surface  normal 
renormalized  linewidth for transition  dipole 
perpendicular to  surface normal 
reflectivity of metal 
dielectric constant of medium adjacent  to 
metal 
jellium  dielectric function of metal 
electron-electron scattering time 
electron effective mass 
conduction electron density of the metal 
electronic  charge 
renormalized  molecular  transition fre- 
quency including surface plasmons for  tran- 
sition dipole  parallel to surface  normal 
renormalized  linewidth including surface 
plasmons for  transition dipole parallel to 
surface  normal 
surface  plasmon contribution  to linewidth 
surface  plasmon contribution  to molecular 
transition frequency 
negative dielectric  function of metal 
Hamiltonian for molecular  monolayer-pho- 
ton-surface  plasmon system 
molecular  Hamiltonian 
Photon  and surface plasmon field Hamilton- 
ian 
interaction  Hamiltonian for molecule-pho- 
ton-surface  plasmon 
Planck's  constant X ( 2 ~ ) - '  
photon  frequency 
surface  plasmon frequency 
z component of pseudo-spin of thejth mole- 
cule 
annihilation and  creation  operator of sur- 
face plasmons  with wave vector K 

annihilation  and creation  operator  for pho- 
tons of wave vector k and polarization h 
transition dipole of the  jth molecule 
total  electric field 
excited state wavefunction of the  jth mole- 
cule 
ground state wavefunction of the  jth mole- 
cule 
position operator of electron involved in the 
transition 
total  vector  potential  at space-time point 
Fj, t 
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vector potential due to s-polarized photons Ei internal  energy of the  system in units of ha,, 
vector potential due  to p-polarized photons $( t )  modified Bloch angle 
vector potential due  to surface  plasmons Tr cooperation  time 
speed of light 7 4  total surface  plasmon  damping  time 
area of metal surface 7" phosphorescence lifetime 
unit vector in metal surface 
unit vector  perpendicular  to metal surface A  tilde over symbols represents  the canonical transfor- 
two-dimensiona~ wave vector in the recipro- mation to  the interaction representation. 
cal  space  to  the metal  surface 
step-up and  step-down  operators in Pauli 
pseudo-spin space  for  the  jth molecule 
time-evolution operator 
frequency  mismatch between molecule and 
surface plasmon of wave  vector K 

two-dimensional  position vector of the  jth 
molecule;  inferior j' and 4 denote  other in- 
dices 
defined in text Section D 
defined in text Section D 
function defined in Eq. (6) 
collective  transition operators  for  the mono- 
layer  at wave vector & 
two-dimensional reciprocal lattice vector of 
monolayer 
x, y dimensions of the monolayer 
number of molecules in the x and y direc- 
tions of the monolayer 
lattice  spacing of the monolayer 
reciprocal space  and time shape function 
time  correlation  function of molecular tran- 
sition 
single-molecule lineshape function 
Dirac delta function 
Kronecker delta  function 

A(&), A*(&) surface plasmon  quasi-mode  annihilation 
and creation operator 

0 an  operator defined in Eq. (14) 

*F irreversible operator  term in Liouville equa- 

44 inverse  surface  plasmon escape time 
VSP surface  plasmon group velocity 

**, inhomogeneous dephasing time 

Y surface plasmon width 

R, (4  collective  population difference operator 
P total density matrix  for monolayer-surface 

P (kB7+-'; k, is the Boltzmann constant, T the 

P S P  surface  plasmon  density  matrix 
PlIl molecular monolayer density  matrix 

tion 

PM areal density of monolayer 

Yinh 1/T*, 

Tr  trace 

plasmon  system 

temperature 

N total  number of molecules 

C. Molecular  decay  near a metal  surface 
Experimental work by Drexhage,  Schaefer,  Kuhn,  and 
coworkers [ 1 13 on  the decay of excited molecules depos- 
ited at fixed distances  from various  metal surfaces 
showed a strong  distance  dependence of the single-mole- 
cule decay  rate.  The  dependence found was oscillatory 
and  varied  somewhat for  the different  metals  used (Au, 
Al, Cu, Ag). At  very short  distances (D < 50 nm) the life- 
time shortened dramatically,  suggesting that  the energy of 
the  excited molecular  complex was  transferred  to  the 
metal. 

The  explanation of the oscillatory dependence of the 
decay rate  on  distance, suggestive of an  interference ef- 
fect, was  given by Drexhage [ 1 1 1  by a  classical  calculation 
of the  power radiated by a dipole oscillating at a fixed 
distance D from a reflector. The  interference effect arises 
from the superposition of the directly  emitted and re- 
flected fields of the oscillator. Equivalent semiclassical 
and  quantum-mechanical descriptions were  given by us 
[I21 for  the  case of a perfect  metal. This  approach  maps 
the excited  molecule-metal surface problem with its  in- 
tractable many-body aspects  into a much simpler  two- 
body  problem (the decay of a two-atom system,  sharing 
one  quantum of excitation). The analogy is made on  the 
basis of image theory, which replaces  the role of the sur- 
face with an image molecule placed  at a distance D below 
the  symmetry plane (metal surface). 

Physically, the image molecule at a distance 2 0  from 
the  source molecule represents  the  state of the decaying 
atom in its own radiation field, which has been  reflected 
from the metal  surface and  has a relative phase shift of 

K = 2k,D; k, = 27r/h,. 

From a quantum-mechanical viewpoint,  however,  the in- 
terference effect between  directly  emitted  and  reflected 
electromagnetic fields is similar to  the  analysis of a two- 
slit diffraction pattern arising from a single photon  (the 
probability  amplitudes for  the  two possibilities have  to  be 
added). The relative phase  modulates  the  interference 
term  when the  absolute  square of the  total amplitude is 
taken, leading to  constructive or destructive  interference. 

The main result [ 121 for  the effect of a metal surface  on 
the energy  levels of a molecule can  be described in terms 51 9 

IBM J. RES. DEVELOP. VOL. 23 NO. 5 SEPTEMBER 1979 
H. MORAWITZ 



of a complex self-energy 2(0, D) ,  which renonnalizes  the 
energy w, and  free-space  decay  rate yo of the isolated 
molecule: 

for  the  case of the transition  dipole of the excited  mole- 
cule  parallel to  the normal to the metal surface.  For  the 
second geometry,  the molecular  transition  dipole per- 
pendicular to  the  surface  normal,  one finds [12]: 

It  should  be  noted that this  result is exact,  apart  from 
the  neglect of molecular  recoil in the emission of the pho- 
ton, which will couple a continuum of  field modes (in- 
stead of a single one) to  the  electronic transition.  This 
type of effect is,  however, very small and has only re- 
cently  been observed in nonlinear high resolution gas- 
phase  spectroscopy [ 131. 

The  assumption of a perfectly reflecting surface made 
in Ref. [ 121 was  relaxed in Ref. [ 141 to include  a reflec- 
tivity R < 1 and a phase shift on reflection unequal  to rr. 
These  early  treatments  have  the common  element of 
treating the metal surface as playing a static role in the 
decay of the electronically excited molecule. 

A significant advance  occurred with the inclusion of the 
dynamic response of the  metal surface.  The similarity of 
the  quantum-mechanical  problem to  the  one of an  an- 
tenna radiating over a  conducting earth [ IS] was already 
noted in Ref. [12]. Application of the full sophisticated 
apparatus of radiation  theory by Tews [SI and by Chance, 
Prock,  and Silbey [lo] implicitly includes a significant ad- 
ditional aspect of the  decay: the generation of electromag- 
netic  modes (which propagate in the metal-dielectric in- 
terface) with electric fields decaying exponentially in both 
directions  perpendicular to  the metal surface.  These 
modes, which are  polaritons,  exist in the  entire  frequency 
range  from 0 to w,( 1 + E , ) - ~ ' ~  [IS], where E ,  is  the dielec- 
tric constant of the  dielectric  adjoining the metal. These 
modes  directly account  for  the different  effects  found for 
different metals in the small distance regime because up, 
the bulk plasma frequency of the  metal,  describes  the col- 
lective response of the metallic electrons and therefore 

520 depends  on  their number  density and effective mass. 

The first explicit  discussion of the  consequences of the 
surface  plasmon  spectrum on  the decay of an  excited 
molecule was given in Ref. [8]. It was shown  there, in an 
adaptation of classical  electromagnetic theory [16], that 
use of a jellium  description of the metallic electrons  pro- 
duced resonance effects in the region w,  = up( 1 + e,)-'". 
These  resonance effects arise  from singularities in the po- 
larization response of the  metal surface  corresponding  to 
excitation of real surface plasmons in the molecular 
decay.  The  same effects  were also discussed by Chance, 
Prock,  and Silbey [IO] and by others [9]. 

This section is intended as a review of the single mole- 
cule-metal  surface interaction;  therefore, we will only ex- 
hibit the modification of the image theory (static) results 
due  to excitation of surface plasmons in the decay (dy- 
namic effects). The dielectric function  for  the metal will 
be chosen in the simplest  jellium form: 

2 

e(w)  = 1 - OP 
w2 + iysw ' 

wp = 47rne2/m, 

where r;' is the electron scattering  time, rn is the  electron 
effective mass, n is the  electron density of the metal,  and 
e is the  electron  charge. 

The image theory results given in Eqs.  (la)  and  (lb)  are 
modified by additional terms  due  to the  coupling to  sur- 
face  plasmons,  and  to  the  appearance of the optical  re- 
sponse of the metal (which is no longer treated  as a per- 
fect conductor) in the reflectivity and  phase shift on re- 
flection. 

The renormalized  energy  eigenvalues including the 
imaginary part of the self-energy are given  by 

for  the  transition dipole parallel to the normal of the metal 
surface.  The contribution I" is defined by the  expressions 

Zll(€(W)) = I ;(t2) + z;(g), 
5' = - E k J ) ,  

- (*X( I - X 2  - &"' sin KX]. (2b) 

The  appearance of a singularity at ~ ( w )  = - 1  is  trans- 
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parent in these  expressions,  as  is  the recovery of the im- 
age result (Ie(w)l -+ corresponds  to a perfect conductor). 
The contribution J" and  the modification of the second 
arrangement (transition dipole perpendicular to  the metal- 
surface  normal) are analogous and we refer the  reader  to 
earlier papers [8, 171. 

The  results of these  calculations  for  the width of elec- 
tronically  excited  molecules  with  transition frequencies 
close to  the  asymptotic surface  plasmon  frequency wp/21'2 
are  shown in Figs. l(a)  and  (b). 

The  dramatic dominance of the new decay channel is 
apparent from these figures and  shows  that  for  distances 
less  than A,/10 (A, is the  fluorescence  wavelength), which 
corresponds  to  tens of nanometers in the  optical  region, 
molecules will predominantly decay by emission of sur- 
face plasmons,  for  either polarization of the transition di- 
pole.  It is this  very  strong resonance effect between a lo- 
calized electronic excitation and  the delocalized  surface- 
charge  density  oscillations that  forms  the basis of the new 
type of cooperative emission discussed in this paper. 

D. Molecular  monolayer-surface  plasmon  super- 
fluorescence 
This  section addresses the  possibility of using the  strong 
coupling between electronically excited molecules and 
electronic  surface  plasmons  propagating in the metal-di- 
electric  interface to  generate  coherent, intense  pulses by 
the  analogue of superfluorescence in the two-dimensional 
surface  geometry [ 171. 

The theoretical  description of the decay of a highly ex- 
cited system of atoms, leading to  the emission of very 
intense  pulses  without  the feedback of a cavity,  has  seen 
considerable  advances [3-51 since  the  early work by 
R. H. Dicke [l]. These  are  based  on utilizing the  reduced 
master  equation  for  the coupled atom-field system. 

The  system to be  studied is a monomolecular a r p y  de- 
posited at a distance D << A, from a metal surface.  The 
molecules are described as two-level systems coupled to 
the total  electric field, expanded in terms of creation and 
destruction  operators  for s- (TE  mode)  and p-  (TM mode) 
polarized transverse  photons  and  surface plasmons. The 
well-known representation of the two-level system in 
terms of pseudo-spin Pauli matrices is used. The Hamil- 
tonian for  the  entire  photon-surface plasmon  monolayer 
system can be  written as 

= gp + xf + E m f  
0 0 I '  

Y 

2; = hwo cr:, 
j = 1  

2.0 J \  
I :  

J 
4 8 12 16 

Figure 1 Modification of the image theory width due  to SP cou- 
pling for (a) parallel  transition  dipole and surface  normal; (b) per- 
pendicular  transition  dipole and  surface normal; image theory 
(-1 and  theory with SP coupling (- - -); o0/op = 0.7; K = 
4dq,/~&D/Ap). 

Coulomb gauge has been  used for  the electric field 
&F j ,  t ) ,  and electric  dipole  coupling to the total electric 
field has  been assumed for  the molecular  transition dipole 
JU): 

p = -e(+:lil+T), 

1. t )  E(?j, t )  = - - ' 
a t  

where c is the  speed of light. The coupling to  the radiative 
field modes is neglected in the calculation because it is 
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negligible in the near-resonant  energy  region, w, = 0 ~ / 2 ~ "  
(see  Section C). The contribution to  the  vector potential 
from the  surface plasmon  part of the field can be ex- 
pressed [18] as: 

+ a"exp  (iwKt)l exp (-v,z + i i  . b) ,  ( 5 )  

with the following definitions for p K ,  v, ,  and w K :  

P ,  = 
E4(WK) - 1 

[-€(con) - [A] E (OK) 1 

and ri is a  two-dimensional wave  vector in the reciprocal 
space of the metal surface A .  

We have now cast  the  excited molecular  monolayer- 
metal surface plasmon  system in a form  externally  identi- 
cal  with the  standard quantum-optical  superfluorescence 
case [ 5 ] .  We have, of course,  made  several approxima- 
tions in our  treatment of the metal surface, which has 
been  taken to be  perfectly flat. We have neglected the 
coupling of the SP system to electron-hole pairs and  to 
lattice  vibrations that leads to damping of these quasi-par- 
ticles. We introduce shortly a phenomenological  damping 
term to include these effects. The inclusion of surface 
roughness would lead to additional  damping of the SP due 
to conversion into  photons by the  wave  vector  transfer 
perpendicular to  the  surface. 

Most  interesting to us is the  case of an initially highly 
excited  molecular  monolayer and its  time-evolution to- 
wards  cooperative  spontaneous  decay  into SP. The  use of 
the Pauli  (pseudo-spin) and  Bose-Einstein  commutation 
relations for  the molecular and field operators vy, - ~y and 
uK,  a*, respectively, allows the  canonical transformation 
of the Hamiltonian to the interaction representation 

x exp ( - i G  . bj) - h.c.]}, 

6, = OK - w0, 

U = exp  (i2,t). 

x exp ( -v ,D - i S K f ) ,  

where  h.c.  stands  for Hermitian  conjugate. The rotating- 
wave  approximation has been invoked  to omit the  anti- 
resonant  terms  UT^, aK#). The  next  step is to  use a re- 
ciprocal space representation for  the local molecular op- 
erators o-:: - 

in terms of the two-dimensional  reciprocal  lattice vector 
ai = (a:, a:) with 

1 1 
2 2 
" T S t s - T ,  N = S T  

The Ls and Lu are  the x and y dimensions of the monolay- 
er,  i.e., Lz = Sa, Lz/ = Tu. 

The  commutation relations of the local operators $), 

r3 can be  used to  derive  commutation relations for  the 
collective operators R+(ai): - 

[R+(&), R-G')] = 1 exp [;(ti . ij, - (11' . if)] 

( 2 )  

j'X 

X [c), b"] = 2R3(& - ai'). (8) 

We now express  the Hamiltonian 2? in the  interaction 
representation in terms of the  collective operators R+(ai): - 

2? = h 1 SKaEaK + h 2 g,[a*,R_(ai)f(G - ai, t )  - h . ~ . ] ,  

(9) 
K K.OI 

with the definition 

fG - ai, t )  = - 2 exp  [i(i - a i )  . pi, + isj,t]. (9a) 

For simplicity, we have  assumed  that the  molecular 
monolayer consists of a square  array of molecules  with 
lattice constant a .  The  electronic transition frequency w, 
is taken  to be  homogeneously broadened.  To simplify the 
subsequent  treatment,  the  further assumption is made 
that  the  spatial  and temporal dependence  off(< - ai, t )  is 
separable,  i.e., 

1 s 

N j,=l 

f(ri - ti, 1) = F(G - ai)g(t), 
+ x  

R(t) = i_, d c ~ ( E )  exp (iet), 

= x  
i'=s,z/ 
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where G(E) is  the single-molecule  lineshape function.  For 
the  case of only  homogeneous  broadening, G(E) = B ( E ) ,  
and g ( t )  = 1 .  

The interaction  between the collective  molecular oper- 
ators R,(&) and  the SP modes u K ,  u*, is modulated by the 
diffraction function F(K - &). It is this  modulation of the 
interaction term g ,  that brings about  the highly mode- 
selective decay in superfluorescence [5] .  By analogy to 
these  treatments, we introduce  an SP quasi-mode oper- 
ator A(&): 

A(&) = (7) 1 uKF(ri - &). (1 1 )  

The quasi-mode operators A(&),  A*(&) obey Bose-Ein- 
stein commutation relations,  which arise from the  statis- 
tics of the SP operators uK,  u*, and  the ortho-normality of 
the diffraction functions F(K): 

L L 112 

K 

The two-dimensional diffraction function F(&) is sharply 
peaked about & = 0 and  has a  width in reciprocal space of 
order 11s. By construction, it has  the periodicity of the 
reciprocal  lattice of the molecular monolayer,  but we will 
neglect coupling to points outside  the first Brillouin zone. 

Because of the narrow width of the diffraction function, 
we can neglect the K dependence of the coupling constant 
gK and  replace it with an average coupling constant eval- 
uated at i = Ly, reducing the interaction  Hamiltonian 

;-sp: 

The definition of the surface  plasmon  quasi-mode oper- 
ators in Eq. (1 l), in terms of a  weighted sum  over a finite 
range of K values for individual surface plasmon modes, is 
equivalent to the expansion of the  complete  set of radia- 
tion field operators in a large  quantization  volume in 
terms of modes defined in the  active [5]  region of a super- 
radiant  medium.  Due to  the  escape of the field into  the 
surrounding space,  the quasi-modes are damped  and the 
Hamiltonian is no longer unitary. 

The calculation of the time-evolution of the  coupled 
molecular  monolayer-surface  plasmon system  proceeds 
by using the Liouville equation, which includes  a  dis- 
sipative term describing the  irreversible  aspects of the 
motion. The  master equation for any operator 0 is de- 
fined 

dO/dt  = ( I / i h ) [Xo  + X, ,  01 + A,O, 

A,O = 2 {K(&)  + y }  { [A(&) ,  OA*(&)] + h.c.}. (14) 
m 
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Here,  square  brackets  stand  for  the  commutator  and  the 
h,O term  introduces irreversibility into  the time-evolu- 
tion due  to  the various  damping processes. 

There  are  two explicitly exhibited terms in the  dis- 
sipative part of Eq. (14). The first, given by 

is related to  the transit  time of the resonant surface 
plasmon  mode across  the  excited monolayer.  It is similar 
to the  damping of the electromagnetic quasi-mode in su- 
perlluorescence, which occurs  on a time  scale of L / c  = 

1 / K  and  has  to fulfill the  set of inequalities [5]:  

where yinh = l / T * ,  and is the inhomogeneous  dephasing 
time. 

The  second term  responsible for  the irreversible decay 
of the  system is the phenomenological term y ,  which ac- 
counts  for  the intrinsic width of the SP, and which arises 
from the coupling of these collective  degrees of freedom 
of the  metallic electron  gas  to  electron-hole pairs and pho- 
nons.  The leakage  term in Eq. (14) is responsible for  the 
highly directional SP pulse, in correspondence with the 
dominant role of the Dicke end-fire mode in super- 
radiance [ l ,  51. The additional  damping term  dissipates 
part of the emitted  electronic  energy into  other  elemen- 
tary excitations of the total system,  such  as electron-hole 
pairs, phonons, and heat. 

A more complete  theory than the  one  presented  here 
would explicitly  include these additional  degrees of free- 
dom  and would eliminate the coupling to them by per- 
forming averages of the  total  density matrix over  the  cor- 
responding  variables.  Such a theory  has not  yet  been de- 
veloped, but it  is clear  that our phenomenological 
inclusion of the quasi-particle nature of the SP field in 
terms of a finite width for  decay would emerge  at an  early 
stage of such a calculation. In addition, a more complete 
theory would provide a way of calculating y from the  the- 
ory in terms of the coupling constants and final states of 
the electron-hole and  phonon systems. 

In the  absence of such a theory we consider y to be  a 
phenomenological parameter, which can  be estimated 
from experimental  data  on SP damping [18]. We note, 
however,  that  such an experimental value for SP damping 
is a single quasi-particle property  and  does not necessari- 
ly imply that  the highly nonlinear  propagating SP pulse 
obeys  the  same decay  laws. From  the stability of solitons, 
once  formed, it seems  reasonable  to  expect  that SP soli- 523 
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Figure 2 Surface plasmon dispersion relations; the definition of 
surface plasmon group velocity is w, = wo + ( K  - a,) 
X (aw,/a~I,=,); bulk plasmon frequency is  given by wp and 
molecular transition frequency by w,. Asymptotic surface 
plasmon frequency (- - -) is given by 0 ~ / 2 ~ ' ' .  The linear diagonal 
line between the two curves is given by w = 2l"CK. 

ton damping is less than the single SP damping,  leading to 
larger  propagation distances of the SP pulse or pulses. 

The physical origin of soliton behavior in the monolay- 
er-metal surface system is the nonlinear  coupling between 
the excited  monolayer  and the  surface plasmons,  which 
arises from the  cooperative polarization of the  decaying 
atoms. In the simple pendulum  description of super- 
radiant decay, the  equatorial  projection of the Bloch vec- 
tor(R,(t))  [see  Eq. (19), derived later] is the  driving term 

sin + [Eq. (20)]  in the time-evolution of the  system. 

The competition  between the SP leakage term, K ( & )  = 

vs,/2Lx, and  the intrinsic SP damping term  y  requires  y 5 

K ( & )  for  the formation of a highly directional SP pulse. 

By inspection of Fig. 2, which  displays the  surface 
plasmon  dispersion  relations, it is clear  that this  condition 
can  be  met in the  cross-over region, where  the  group  ve- 
locity of the SP is still comparable  to c (vsp j= c/5) and  the 
SP damping is small [ 181. The  master equation (14) can be 
used to calculate the time-evolution of (R,(&)),  the  ex- 
citation  density-ensemble average of the molecular  mono- 
layer. We find 

The density  matrix for  the  monolayer-SP  system is de- 
fined  in the  standard manner: 

The SP degrees of freedom have  been  traced  over in Eq. 
(15). 

We now  select  the single resonant mode ai, that  is  reso- 
nant with the SP field (wo = w K = J ,  has the  largest gain, 
and couples  to the  quasi-mode operators Aao,  A*,, of the 
SP field. 

The collective  molecular operators R,, - R, define a con- 
stant of the motion: 

(R+(aiJR-(&,,) + Ri(ai,) - R,(ai,)) = - - + 1 . (16) ,iN 2 2  r 
The  equation of motion for  the  monolayer excitation den- 
sity (R,(&,)) relates the  total  internal  energy in units of 
fiw, of the  system, 

to  the loss term, 

2 1 K b J  + YJ (A*, / , , )  

Specifically, 

This equation is obtained  from Eq. (15) by using the  com- 
mutation  relations for the  collective operators, 

The  collective operators R,, - R, and  the SP quasi-mode 
operators A,",  A*,, commute. 

To gain insight into  the implications of the equation of 
motion for  the excitation density, we introduce a modi- 
fied Bloch  angle as  the dynamic  variable for  the  decay by 
defining 

Use of the self-consistent field approximation  allows the 
decoupling of ensemble averages of higher-order prod- 
ucts of operators into products of ensemble  averages  such 
as (R,) and (A*,,Aao) to lead to a  Sine-Gordon equation 
[19] with  damping for  the Bloch  angle $(t): 

4 + [ ~ ( a , )  + y]$ - (g9JLzLy)(N + 1) sin + = 0. (20) 

It is well known from a large  number of recent  papers [20] 
that  the solutions of this  equation describe a variety of 
nonlinear systems with  highly unusual properties (solitons). 
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E. Experimental  conditions  for  the  occurrence of SP 
superfluorescence 
The  dynamic equation for  the time-evolution of the Bloch 
angle +( t )  derived in Section D is of direct  relevance to 
the prediction of cooperative decay  for a highly excited 
molecular  monolayer  into SP. 

The  appearance of the inertial term 4 in the  pendulum 
equation (20) is  due  to  the inclusion of higher-order corre- 
lation functions of the field-matter system [5]  and corre- 
sponds in physical terms to reabsorption in the  active me- 
dium. 

The  overdamped pendulum  solution for +(t), found  by 
completely neglecting the  inertial term (=I)), leads  to a 
single hyperbolic-secant  solution  already  obtained in Ref. 
[I] .  The  occurrence of either a single "superfluorescent" 
SP pulse or a damped SP pulse train is determined by the 
relative  size of T, and rd. The  cooperation time, 

7, = (gap1'"", (2 la) 
arises  from  the collective spontaneous decay of the mole- 
cules,  and 

Td = [ K ( a o )  + ?I" (2 Ib) 
is  the damping  time  accounting both  for  the  escape of the 
excitation  pulse from the excited region and  for  the in- 
trinsic  damping of SP. A single soliton-like SP pulse oc- 
curs if T, >> rd, while several  pulses of decreasing ampli- 
tude are  expected  for T, 2 rd. 

We consider the following set of parameters: 

usp= c / 5 ,  7 = 10" s-l, L , ~  = 3 X  IO-^ cm, 

and find rd = 0.5 X lo-" s. For a molecular  monolayer of 
areal density pM = 10" molecules per cm2  and  a  typical 
phosphorescence lifetime T, = s, a  value for  the  co- 
operation time  that  meets the condition for single-pulse 
superfluorescence (7, >> T ~ )  is T, = 2 X IO-'' s. 

Our calculation has neglected  inhomogeneous  broad- 
ening for simplicity (inhomogeneous  dephasing  time 
T ;  + m), implying systems with dephasing  times  longer 
than 10-los. We expect that such conditions  can be met in 
a low-temperature  experiment. 

The metal surface most suitable  for experimental dem- 
onstration of SP superfluorescence is silver,  with an 
asymptotic SP at hwsP = 3.6 eV  and relatively  small  damp- 
ing. This frequency may be further reduced by an over- 
layer of high dielectric constant E ,  because of the  factor 

-112 
wsp = w,( l  + Eo) ' 

Planar organic  molecules such  as  benzene,  naphtha- 
lene, and  anthracene have their  lowest triplet  transition in 

the  same energy  range  and  can  be  chemically modified by 
heavy-atom  substitution to  enhance spin-orbit  coupling. 
Thus,  intersystem crossing to  the triplet state gives the 
initial state of the system after pumping into a singlet state 
with a laser. 

The  detection of single or multiple  hyperbolic-secant 
SP pulses  propagating in the metal-dielectric interface 
may be  possible by use of the  inverse  attenuated  total  re- 
flection technique  used by Burstein et al. [21]. 

F. Summary  and  conclusions 
We have  demonstrated  that  cooperative  spontaneous 
emission may occur in a new domain:  the metal-dielectric 
interface. Significant modification occurs in the proper- 
ties of excited molecules in such  an  environment, particu- 
larly for near-degeneracy of the molecular  transition fre- 
quency on and the asymptotic SP frequency 0,/2l'~. The 
generation of a soliton-like pulse of surface  excitations 
propagating in the metal-dielectric  interface is  of poten- 
tially great importance for  surface-wave generation and 
low-loss propagation. 

The effect  described for  the specific case of electroni- 
cally excited molecules and the SP of a  metal is more  gen- 
eral than  the model. For example, vibrationally excited 
molecules over  crystal  surfaces  or radicals over a mag- 
netic surface with a suitable  spin-wave spectrum  are  ex- 
pected to  show similar potential for  cooperative emission 
of the  appropriate strongly coupled  polaritons. It is our 
hope that  the discussion given in this paper will stimulate 
experimental work to define such  systems. 

References 
1 .  R. H .  Dicke, Phys.  Rev. 93,99 (1954); Quantum  Electronics, 

Proceedings of the Third International  Congress, Paris, 
1964, P.  Grivet  and N. Bloembergen, Eds., Columbia  Uni- 
versity  Press, New  York, 1964. 

2. A. L. Schawlow  and C. H.  Townes, Phys.  Rev. 112, 1940 
(1958). 

3. R.  Bonifacio  and G .  Preparata, Phys.  Rev. A 2, 336 (1970). 
4. N.  Rehler  and J .  H. Eberly, Phys.  Rev. A 3, 1735 (1971); H .  

Morawitz, Phys.  Rev. A 7, 1148 (1973). 
5.  R.  Bonifacio and L. A. Lugiato, Phys.  Rev. A 11, 1507 

(1975); R. Bonifacio and L. A. Lugiato, Phys.  Rev. A 12, 587 
(1975). 

6.  N. Skribanovitz, I.  P.  Herman, J .  C.  Macgillivray,  and M. S.  
Feld, Phys.  Rev.  Lett. 30, 309 (1973). 

7. Q .  H.  Vrehen, H. M. Hikspoors, and H. M. Gibbs, Phys. 
Rev.  Lett .  38, 764 (1977). 

8. H.  Morawitz  and  M.  R. Philpott, Phys.  Rev.  B 10, 4863 
(1974). 

9. K. Tews,Ann. Phys. (Leipzig) 29, 97 (1973); G .  S. Agarwal, 
Phys.  Rev. A 11, 253 (1975); G. S. Aganval  and H .  D. Voll- 
mer, Phys.  Status  Solidi  B 79, 249 (1977). 

10. R. Chance, A. Prock, and  R. Silbey, J .  Chern. Phys. 60, 
2184, 2744 (1974). 

11. K.  H.  Drexhage,  Habilitationsschrift  (postdoctoral thesis), 
University of Marburg,  Germany (1966); K. H. Drexhage, 

72, 329 (1968). 
H. Kuhn,  and F. P.  Schaefer, Ber.  Bunsenges.  Phys.  Chem. 

IBM 1. RES. DEVELOP. VOL. 23 NO. 5 SEITEMBER 1979 



12. H. Morawitz, Phys.  Rev. 187, 1792 (1969). 20. A.  Scott, F. Chu,  and D. McLaughlin, Proc. IEEE 61, 1443 
13. V. S. Lethokov  and V. P. Chebotayev, Nonlinear  Laser (1973). 

Spectroscopy, Springer-Verlag, New  York, 1977. 21. E. Burstein, W. P. Chen,  Y. J .  Chen,  and A. Hartstein, J .  
14. H. Kuhn, J .  Chem.  Phys. 53, 101 (1970). Vac.  Sci. Technol. 11, 1004 (1974). 
15 .  E. N. Economou, Phys.  Rev. 182, 539 (1969). 
16. A.  Sommerfeld, Partial  Differential  Equations in Physics, 

Academic Press,  Inc.,  New  York, 1949, Ch. 4. 
17. R. Bonifacio and  H. Morawitz, Phys.  Rev.  Lett .  36, 1559 

(1976); H. Morawitz, in Coherence in Spectroscopy  and Received February 28, 1979; revised March 2 6 j  1979 
Modern  Physics, F. T. Arecchi, R. Bonifacio, and M. 0. 
Scully, Eds., Plenum  Publishing Co.,  New  York, 1978, pp. 
261-300. 

18. J. G .  Endriz  and W. Spicer, Phys.  Rev. B 4, 4144 (1971). 
19, M, B. S. E, ~ ~ l l i ~ ~ ~ ~ ,  A. R, ~ i ~ h ~ ~ ,  and J.  A, The author is located  at the IBM Research Division  lab- 

Krumhansl, Phys.  Rev. B 15, 1578 (1977). oratory, 5600 Cottle  Road, San Jose, California 95193. 

IBM J.  RES.  DEVELOP. VOL. 23 NO. 5 SEPTEMBER 1979 


