The Origin of Enhanced Optical Fields at Surfaces and in the Nanoenvironment

D. L. Mills
Department of Physics and Astronomy
University of California
Irvine



Enhanced Optical Fields and the UCI CBC Program:

A Key Goal of the CBC: The study of fundamental chemical dynamics

(electronic, vibrational) through probes of single isolated molecular entities
In a well characterized, controlled environment.

Example: (Ho group) Laser assisted injection of an electron into the LUMO +1
orbital of the Mg porphine molecule:
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Other Desireable Goals: Raman scattering, four wave mixing studies of the
molecule as it undergoes modifications like charging via electron injection.

m To see single, isolatated molecules by a process such as this (with time
resolution) it is necessary for the electric field in the exciting laser to be
strongly enhanced over its value in free space. How do we do this?



The means of creating strongly enhanced fields near the “target molecule”:

We need matter nearby which exhibits an electric dipole response to the laser
field of a resonant character:
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> Matter with a resonant response
to the laser field:
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Key Point: In the STM environment, the tip/substrate combination can act as
such a resonant structure.




An Elementary Example of a Resonat Structure:

A Metallic Nanosphere illuminated by a laser field.

Suppose the radius R of the sphere is very small compared to the wavelength
A of the incident radiation. (Note A = ¢/v ; A>> R is the same as assuming c is

infinite. In this limit, electrostatic theory describes the electric fields.)

4 In the vicinity of the sphere, the laser
field can be regarded as spatially uniform:

E(F,t) = 2ZE® exp("i! 1)

The expression for the electric field at the sphere is then elementary: At the “north
pole” of the sphere, we have
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What does ¢(w) look like? The Drude model of electrons in metals gives us
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What does this mean for Raman scattering?
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Great!, But not good enough for single molecule detection.



1. Why are simple metals (Ag, Au) so special?

For the frequency dependent dielectric constant, we have
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Recall that

The resonance occurs when ¢(w) passes through — 2.

2. Where does the formula for ¢(w) come from? Subject our metal (or any
material) to the electric field

L r A -
E(r,t) = 2E® exp("i! 1)
This induces an electric dipole moment per unit volume one can write

P(r,1) = 2P exp(ior) = B (w)E© expliwr)



Then  D(r.i) = E(r,1) + 4P(r 1) = H1+ dmy ()] E© explior) = £ (0)E expl-ior)

We thus need to calculate x(w) for a simple metal. Consider a single electron
subject to the electric field just discussed. Its equation of motion is
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So we have $x= #3; EO for the displacement of the electron.
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The dipole moment per unit volume is  P(F,t) = #ne#txexp('i! t)
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and this gives, using the definition above g(w)=1- i
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where  w=4me*/m s the plasma frequency of the metal.



The Physical Picture of the Mie Resonance of the Conducting Sphere:

Suppose we rigidly displace the electrons in the sphere and examine what happens:

Height = Ax cos(0)

Charge density per unit area on the surface =- neAx cos(6). Then the
electrostatic potential at a point inside the sphere is
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This field drives the electrons into motion; the electron displacement Ax(z)
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provide the restoring force



A Different Picture: Dielectric Resonances

We have a sphere of radius R filled with dielectric matter
characterized by the dielectric constant (real) ¢(w). Such a

sphere has dielectric resonancesN spontaneous oscillations
which exist without a driving field.

Laplace’s Equation allows solutions for the electrostatic potential inside the sphere

of the form @~ = A"r'Y,(6,¢) and outside the sphere we have #~ =5 ¥,.("./)
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Continuity of | at the surface requires A*R' = A /R or A = A RZ'”
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The normal component of D | in this case D, must be conserved. We have
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We have spontaneous oscillations, or normal modes of the system for frequencies
o = w, Where the normal mode frequencies are found from
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Comments:

1. The choice / = 1 gives the condition e(w,)+2=0. Thus, the /=1 mode is
the Mie resonance discussed earlier.

2. We now see that the Mie resonance is just one resonance mode out of
a whole spectrum of modes; the Mie resonance is a dipolar like oscillation
of the charges, the / = 2 mode is a quadrupolar mode, and so on. To realize
these modes, one must have a material whose frequency dependent
dielectric constant is negative.

3. For our simple model where g(0) = 1 — (o /)* , we have w, = w,[//(21+1)]"2



The Case of Two Nearby Conducting Spheres:

Collective Modes of Two ldentical Spheres:
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(a). Calculations for e(w)=1 - (w,/m)*

(b). The lower branches for two Ag spheres
with 30 nm radius

From Ping Chu and D. L. Mills, Phys. Rev. Lett. 99, 127401 (2007)



Enhanced Fields in the Gap Between Two Aqg Spheres:

(Field calculated at the pole of the 30 nm sphere)
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Ping Chu and D. L. Mills, Phys. Rev. B (in press)



The One Dimensional Line of Spheres:

Plasmonic “Energy Bands”; Plasmonic Bloch Waves
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(Lattice constant is D)

Theory:
Rodrigo Arias and D. L. Mills

Phys. Rev. B68, 245420 (2003)



