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ReferenceReference

Characterization of Characterization of NanophaseNanophase Materials, edited by Z. L. Wang (WileyMaterials, edited by Z. L. Wang (Wiley--
VCH, VCH, WeinheimWeinheim, 2000), Chap. 7 and 9., 2000), Chap. 7 and 9.

SingleSingle--Molecule Optical Detection, Imaging and Spectroscopy, edited Molecule Optical Detection, Imaging and Spectroscopy, edited 
by T. by T. BascheBasche, W. E. , W. E. MoernerMoerner, M. , M. OrritOrrit and U. P. Wild (Wileyand U. P. Wild (Wiley--VCH, VCH, 
WeinheimWeinheim, 1997). , 1997). 

Handbook of Raman Spectroscopy:  from the Research Laboratory toHandbook of Raman Spectroscopy:  from the Research Laboratory to
the Process Line, edited by I. R. Lewis, G. Howell and M. Edwardthe Process Line, edited by I. R. Lewis, G. Howell and M. Edwards s 
(Marcel (Marcel DekkerDekker, New York, 2001)., New York, 2001).
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Optical Optical spectrospectro--microscopy setupmicroscopy setup

A. Gustafsson et al., J. Appl. Phys. 84, 1715 (1998).
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Optical microscopyOptical microscopy

Y. Garini et al., Curr. Opin. Biotech. 16, 1 (2005).

RayleighRayleigh criteria:criteria:
-- ddx,yx,y = 0.61= 0.61λλ/NA/NA
-- ddzz = 2= 2λλ/NA/NA22
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Confocal microscopyConfocal microscopy
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Linear optics Linear optics vsvs. nonlinear optics . nonlinear optics 

Linear opticsLinear optics Nonlinear opticsNonlinear optics
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MultiphotonMultiphoton fluorescence microscopyfluorescence microscopy
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HarmonicHarmonic--generation microscopygeneration microscopy
It can be combined with It can be combined with multiphotonmultiphoton fluorescence fluorescence 
microscopy easily.microscopy easily.
Forward and backward detection.Forward and backward detection.
It requires no fluorescent specie.It requires no fluorescent specie.
It is reflected to structureIt is reflected to structure--related optical properties.related optical properties.
More sensitive detection.More sensitive detection.
Depth probing!Depth probing!
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Scanning NearScanning Near--field Optical Microscopy (SNOM)field Optical Microscopy (SNOM)

B. Hecht et al., J. Chem. Phys. 112, 7761 (2000).
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SNOM setupSNOM setup
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Quantization in nanostructuresQuantization in nanostructures
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Absorption and emission in nanostructuresAbsorption and emission in nanostructures
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Colloidal semiconductor Colloidal semiconductor nanocrystalsnanocrystals

M. Bruchez Jr. et al., Science 281, 2013 (1998).
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Colloidal Colloidal PbSePbSe nanocrystalsnanocrystals

C. B. Murray et al., IBM J. Rev. Dev. 45, 47 (2001).
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Single Single nanocrystalnanocrystal spectroscopy of spectroscopy of CdSeCdSe

S. A. Empedocles, R. Neuhauser, K. Shimizu and M. G. Bawendi, Adv. Mater. 11, 1243 (1999).
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Ensemble emission spectra of Ensemble emission spectra of CdSeCdSe nanocrystalsnanocrystals
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ZnOZnO nanolasersnanolasers

M. H. Huang et al., Science 292, 1897 (2001).
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Single Single GaNGaN nanowirenanowire laserslasers

J. C. Johnson et al., Nature Materials 1, 106 (2002).
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Applications of Applications of nanocrystalsnanocrystals in bioin bio--imagingimaging

X. Michalet et al., Single Mol. 2, 261 (2001).
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PL spectroscopy of single PL spectroscopy of single GaAsGaAs QDQD’’ss

D. Gammon and D. G. Steel, Physics Today Vol. 35, No. 10, 36 (2002).
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Microscopic techniques used in SMSMicroscopic techniques used in SMS
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Why singleWhy single--molecule spectroscopy?molecule spectroscopy?

Measurements on single molecules in a sample differ because theiMeasurements on single molecules in a sample differ because their r 
environments are different, or in the case large and complex molenvironments are different, or in the case large and complex molecules ecules 
such as proteins, because they present a number of different such as proteins, because they present a number of different 
conformations.conformations.

SingleSingle--molecule studies show dynamical fluctuations (timemolecule studies show dynamical fluctuations (time--resolved resolved 
changes in molecular properties), particularly when dealing withchanges in molecular properties), particularly when dealing with kinetic kinetic 
experiments of complex systems, like proteins.  By looking at a experiments of complex systems, like proteins.  By looking at a single single 
molecule, we select only one state or one formation at a given tmolecule, we select only one state or one formation at a given time.  ime.  

A single molecule can serve as a A single molecule can serve as a nanonano--probe to its local environment probe to its local environment 
and local external perturbations (such as pressure, electric andand local external perturbations (such as pressure, electric and
magnetic fields). magnetic fields). 
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Applications of SMSApplications of SMS

Local Local nonuniformnonuniform distributiondistribution

Local dynamicsLocal dynamics

PhotophysicsPhotophysics and photochemistry and photochemistry 

Diffusional motionsDiffusional motions

ComformationalComformational motions of macromoleculesmotions of macromolecules

Chemical Chemical activitiviesactivitivies
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Single molecule imagingSingle molecule imaging

W. E. Moerner and M. Orrit, Science 283, 1670 (1999).
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Single molecule spectroscopySingle molecule spectroscopy

W. E. Moerner, J. Phys. Chem. B 106, 910 (2002).
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SingleSingle--biomoleculebiomolecule study schemesstudy schemes

S. Weiss, Science 283, 1676 (1999).
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C. V. Raman and his instrumentC. V. Raman and his instrument
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Raman spectrum of CClRaman spectrum of CCl44 by C. V. Ramanby C. V. Raman
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Raman scatteringRaman scattering
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Comparison of IR and Raman spectroscopyComparison of IR and Raman spectroscopy
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Commercial Raman instrumentsCommercial Raman instruments
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Raman setupRaman setup
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Excitation wavelength considerationsExcitation wavelength considerations--II
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Excitation wavelength considerationsExcitation wavelength considerations--IIII
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Confocal Raman microscopyConfocal Raman microscopy
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Micro Raman of CNT under local strainMicro Raman of CNT under local strain

S. B. Cronion et al., Phys. Rev. Lett. 93, 167401 (2004).
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Micro Raman studies of graphite edgesMicro Raman studies of graphite edges

L. G. Cancado et al., Phys. Rev. Lett. 93, 247401 (2004).
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NearNear--field Raman spectroscopyfield Raman spectroscopy

J. Grausen et al., J. Raman Spectrosc. 30, 833 (1999).
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LycurgusLycurgus CupCup in Roman timesin Roman times

The Lycurgus Cup, Roman (4th century AD), British Museum 
F. E. Wagner et al., Nature 407, 691 (2000).

The glass appears green in 
daylight (reflected light), 
but red when the light is 
transmitted from the inside 
of the vessel.
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Mysterious red color in Mysterious red color in LycurgusLycurgus CupCup

The Lycurgus Cup, Roman (4th century AD), British Museum (www.thebritishmuseum.ac.uk)

These AgThese Ag--Au nanoparticles (~300 Au nanoparticles (~300 ppmppm) ) 
scatter the light, rather in the same way scatter the light, rather in the same way 
that fine particles in the atmosphere cause that fine particles in the atmosphere cause 
a a ‘‘red sky at nightred sky at night’’ effect. They cause the effect. They cause the 
color effects shown by the Cup.color effects shown by the Cup.

The same composition 
as modern glass

X-ray analysis:
70% Ag + 30% Au
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Ag and Cu nanoparticles in gold Ag and Cu nanoparticles in gold LustreLustre

Museo Civico-Palazzo dei Consoli, Gubbio (www.comune.gubbio.pg.it/musei/palconsoli2.htm)
G. Padeletti and P. Fermo, Appl. Phys. A 76, 515 (2003).
S. Padovani et al., J. Appl. Phys. 93, 10058 (2003).



Dr. Dr. JuenJuen--Kai Wang, CCMS & IAMSKai Wang, CCMS & IAMS

Stained glassesStained glasses

The Stained Glass Museum (www.stainedglassmuseum.org)
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FaradayFaraday’’s works on Au s works on Au nanoparticlesnanoparticles

Faraday’s slides
Prepared in 1856, in conjunction 

with Faraday’s research on finely-
divided gold 

(The Royal Institution of Great Britain)

M. Faraday, Philos. Trans. R. Soc. London 147, 145 (1857).
R. D. Tweney, Department of Psychology, Bowling Green State University, USA (personal.bgsu.edu/_tweney)

A solution of
gold chloride

Faraday-Tyndall Effect

Gold colloids
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Scattering by a metal sphereScattering by a metal sphere

G. Mie, Ann. Phys. (N.Y.) 25, 377 (1908).
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Electron collective motion in metal clustersElectron collective motion in metal clusters

Coherent oscillatory motion

Resonant excitation
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Au Au nanospheresnanospheres

C. J. Kiely, J. Fink, M. Brust, D. Bethell and D. J. Schiffrin, Nature 444, 396 (1998)

1.4 nm 6 nm agglomerated
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Au Au nanorodsnanorods

S. Link, M. B. Mohamed and M. A. El-Sayed, J. Phys. Chem. B 103, 3073 (1999).
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Ag Ag nanorodsnanorods

C. J. Murphy and N. R. Jana, Adv. Mater. 14, 80 (2002)
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ShapeShape--dependent dependent plasmonsplasmons

J. J. Mock, M. Barbic, D. R. Smith, D. A. Schultz, and S. Schultz, J. Chem. Phys. 116, 6755 (2002).



Dr. Dr. JuenJuen--Kai Wang, CCMS & IAMSKai Wang, CCMS & IAMS

SPR in single metallic SPR in single metallic nanoparticlesnanoparticles

T. Klar, M. Perner, S. Grosse, G. von Plessen, W. Spirkl and J. Feldman, Phys. Rev. Lett. 80, 4249 (1998).
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Simulations of Ag nanoparticlesSimulations of Ag nanoparticles

K. Lance Kelly, E. Coronado, L. L. Zhao, and G. C. Schatz, J. Phys. Chem. B 107, 668 (2003).
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Spectroscopy of single holesSpectroscopy of single holes

T. W. Ebbesen, Nature  445, 39 (2007)

Bethe’s theory

Light through a cylindrical waveguide
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Subwavelength hole arraySubwavelength hole array

D. E. Grupp et al., Appl. Phys. Lett. 77, 1569 (2000)
L. Martin-Moreno et al., Phys. Rev. Lett. 86, 1114 (2001).



Dr. Dr. JuenJuen--Kai Wang, CCMS & IAMSKai Wang, CCMS & IAMS

Spectroscopy of Spectroscopy of nanoholenanohole patternspatterns

W. L. Bames, A. Dereux, and T. W. Ebbesen, Nature  424, 824 (2003); T. W. Ebbesen, Nature  445, 39 (2007)
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Comparison of optical microscopesComparison of optical microscopes

Performing optical spectroscopy in nanometer scales is one of thPerforming optical spectroscopy in nanometer scales is one of the critical e critical 
steps in the development of  nanoscience and nanotechnology.  steps in the development of  nanoscience and nanotechnology.  

Taking advantage of localized enhanced field generated by plasmoTaking advantage of localized enhanced field generated by plasmon, optical n, optical 
signal generated in nanometer scale can be observed macroscopicasignal generated in nanometer scale can be observed macroscopically.  lly.  

New physics involving lightNew physics involving light--matter interaction in nanometer scales need to matter interaction in nanometer scales need to 
be developed.be developed.
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Limits of apertureLimits of aperture--type SNOMtype SNOM

Reproduced from Dr. Keilmann

Low optical throughput

Spatial resolution: >50 nm

Wavelength dependent 
throughput
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TipTip--enhanced optical spectroscopyenhanced optical spectroscopy

Scattering-SNOM
- collecting elastic scattering signal

Tip-enhanced spectroscopy
- collecting inelastic scattering signal

(Raman or fluorescence)
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Model of tipModel of tip--sample nearsample near--field interactionfield interaction

Ω

Ein

Polarizability of the tip: α = 4πa3 εp −1( )
ε p + 2( )

Effective polarizability
of tip and sample:

α⊥
eff =

α 1+ β( )
1− αβ

16π z + a( )3

Far-field scattering:
Esca ∝α⊥

eff Ein

Reproduced from Dr. Keilmann

1
1

s

s

εβ
ε

−
=

+
εs

εp
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AFM imageAFM image

ss--SNOM imageSNOM image

Spatial resolutionSpatial resolution

Lateral resolution: 5 nmLateral resolution: 5 nm Vertical resolution: 10 nmVertical resolution: 10 nm
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Polystyrene sphere on Si(111)Polystyrene sphere on Si(111)

Material contrastMaterial contrast

Detection limit of Detection limit of ΔΔnn: 0.02: 0.02
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NearNear--field observation of field observation of ellipicalellipical hole arrayshole arrays

A TM-mode excitation gives an enhanced transmission image and also produces an emission image at an 
adjacent pattern.  
Clear surface plasmon only exits in TM-mode excitation and prominent dipole field oscillation emerges at each 
elliptical hole.  This confirms that the surface plasmon is the superposition of local  plasmon of holes.



Dr. Dr. JuenJuen--Kai Wang, CCMS & IAMSKai Wang, CCMS & IAMS

Apertureless SNOM with single CNTApertureless SNOM with single CNT

R. Hillenbrand et al., Appl. Phys. Lett. 83, 368 (2003).

AFM image Amplitude image Phase image
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SERS setupSERS setup

K. Kneipp et al., Bioimaging 6, 104 (1998).
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Comparison between Raman and SERSComparison between Raman and SERS

K. Kneipp et al., Bioimaging 6, 104 (1998).
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Chemical and EM field enhancementChemical and EM field enhancement
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SERS of living cells with Au SERS of living cells with Au nanoparticlesnanoparticles--IIII

K. Kneipp et al., Appl. Spectrosc. 56, 150 (2002).
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SingleSingle--molecule Raman spectroscopy (SMRS)molecule Raman spectroscopy (SMRS)

Polarized single molecule Raman spectra of dye-to-colloidal particles

S. Nie and S. R. Emory, Science 275, 1102 (1997).
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PlasmonPlasmon--enhanced Raman detection of DNA and RNAenhanced Raman detection of DNA and RNA

Y. C. Cao, R. Jin and C. A. Mirkin, Science 297, 1536 (2002).
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NearNear--field fluorescence spectroscopyfield fluorescence spectroscopy

J.M. Gerton et al., Phys. Rev. Lett. 93, 180801 (2004).
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NearNear--field Raman spectroscopy of CNTfield Raman spectroscopy of CNT

A. Hartschuh, E. J. Sánchez, X. S. Xie, and L. Novotny, Phys. Rev. Lett. 90, 095503 (2003).


