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See Nobel lectures detailing their discoveries (~30-35 min):

Eric Betzig Stefan Hell W. E. Moerner





http://microscopyu.com/articles/superresolution/diffractionbarrier.html

Recall diffraction on a circular aperture

I (u) ~ [J1(u)/u]2





20% drop

Rayleigh criterion:

“lateral” resolution





Ernst Karl Abbe (1840-1905) 



• Super-resolved = beat the diffraction limit = make it possible to resolve features smaller than d
• Minimize the point spread function (PSF)  (response of the imaging system to a point source)
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W. E. Moerner

• Born 1953, Pleasanton, CA, USA

• Grew up in San Antonio, TX

• B.Sc. (1975) from Washington U in St. Louis (Physics, Math, EE)

• M.Sc. (1978) and Ph.D. (1982) in Physics from Cornell U

• 1981-1995 IBM Almaden, San Jose, CA

• 1995-1998  Professor, Dept. of Chemistry and Biochemistry, UCSD

• since 1998  Professor, Dept. of Chemistry, Stanford U

1989-200x – single molecule approach; then PSF engineering; 
Currently combines the PSF engineering with single molecule methods



7.  A. R. Chraplyvy, W. E. Moerner, and A. J. Sievers, "High-Resolution Spectroscopy of 
Matrix-Isolated ReO4- Molecules," Opt. Lett. 6, 254 (1981).

13.  P. Pokrowsky, W. E. Moerner, F. Chu, and G. C. Bjorklund, "Reading and Writing of 
Photochemical Holes Using GaAlAs Diode Lasers," Opt. Lett. 8, 280 (1983).

24.  W. E. Moerner and M. D. Levenson, "Can Single-Photon Processes Provide Useful 
Materials for Frequency Domain Optical Storage?" J. Opt. Soc. Amer. B:  Opt. Phys. 2, 915 
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48.  W. E. Moerner and L. Kador, "Optical Detection and Spectroscopy of Single Molecules 
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From W.E.’s publication list (>450 papers total):

IBM time period – development of high-density optical storage



“…we never experiment with just one electron or atom or a 
small molecule. In thought-experiments we sometimes 
assume that we do; this invariably entails ridiculous 
consequences… In the first place it is fair to state that we are 
not experimenting with single particles, any more than we 
can raise Ichthyosauria in the zoo.”

“Are there quantum jumps?” British J. for the Philosophy of Science 3, 233 (1952) 

Erwin Schrödinger (1887-1961)



Light-matter interactions: two-level 
system

Transition dipole moment:Transition rate:

A, B – Einstein coefficients



Linewidth

• Homogeneous broadening:   Lorentzian (interactions with phonons)
• Inhomogeneous broadening: Gaussian (mechanical strain, electrostatic interactions)

Lorentzian (natural linewidth)
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10-5 – 10-7 mol/mol

About 104-106 molecules; particular insertion sites 
(as “homogeneous” environment as possible; 1.4 K)

Linewidth ~ 7.8 MHz

“…fluctuations scale as a factor of N^1/2…If this signal comes from 1000 molecules, it means 
that the sensitivity of our apparatus need only to be increased by a factor of 32 to get to the 
single molecule limit. Therefore, it was going to be possible.”

Frequency-modulated absorption spectroscopy





“If there were a fourth Nobel Prize, it should have gone to Orrit.” 
W. E. Moerner at the plenary lecture, APS meeting 2015

1990 – official beginning of single-molecule fluorescence microscopy



Single molecule microscopy

Use low concentration of molecules

Video from 
Rebecca Grollman



• Track position of the molecule in space and time

• Detect conformational changes

• Characterize charge transfer states

• Characterize triplet states

• Establish molecular alignment 

Single molecule microscopy

• Study inhomogeneous environments

Steve Granick, UIUC

Ensemble averaging allows one to see forests without 
getting lost in their trees…



Eric Betzig

• Born in 1960 in Ann Arbor, Michigan

• B.Sc. (1983) in Physics from Caltech

• M. Sc. (1985) and Ph. D. in Applied and Engineering Physics, Cornell U

•  1988-1994 Bell Labs

• 1994 – founded NSOM Enterprises 

• 1996 – abandoned microscopy; vice president of R&D at his father’s machine tool firm, Ann 

Arbor, MI

•  2002 – founded New Millenium Research in Okemos, MI

• 2005-2017  – Janelia Farm Research Campus of the Howard Hughes Medical Institute (VA)

• since 2017 – UC Berkeley and LBNL

1990 – PSF engineering, then single molecules; now both







To this day, NSOM remains the only diffraction-unlimited imaging method that does not rely 
on switching…





(1991)



(1993)

Interactions with evanescent fields

Map out E-fields

Use Bethe’s theory to determine orientations and positions with 12 nm xy and 6 nm in z



“I am sick of science. I hate academia. I quit.”

Limitations of NSOM became incredibly obvious… It was clear that 
there is no way I could realize my dream of looking at live cells with 
electron microscope resolution…”

“…Isolate molecules by some properties and image them separately…I put 
forward a general concept and left it at that…”  

Eric Betzig, 1994



Stefan Hell

• Born 1962 in Arad, Romania

• Diploma in Physics (1987) and Ph. D. (1990) from U of Heidelberg, Germany

• 1991-1993 – postdoc at European Molecular Biology lab in Heidelberg, Germany

• 1993-1996 – lead scientist in the laser microscopy group,  U of Turku, Finland 

• since 1997 – at Max Planck Institute for Biophysical Chemistry, Gottingen, Germany

  (since 2002 – Director)

PSF engineering













STED microscopy
STED  = stimulated  emission depletion

• STED beam arrives before fluorescence is emitted
• fluorescence is emitted from a considerably smaller spot









oil

water



W. E. Moerner

• Born 1953, Pleasanton, CA, USA

• Grew up in San Antonio, TX

• B.Sc. (1975) from Washington U in St. Louis (Physics, Math, EE)

• M.Sc. (1978) and Ph.D. (1982) in Physics from Cornell U

• 1981-1995 IBM Almaden, San Jose, CA

• 1995-1998  Professor, Dept. of Chemistry and Biochemistry, UCSD

• since 1998  Professor, Dept. of Chemistry, Stanford U
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published online 11 February 2009.
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388, 355 (1997). 

From W.E.’s publication list (>450 papers total):



488 nm 488 nm

405 nm



“When I heard about it, my jaw was down for a week…” Betzig

Fluorescent proteins

Transgenic mice



Eric Betzig

• Born in 1960 in Ann Arbor, Michigan
• B.Sc. (1983) in Physics from Caltech
• M. Sc. (1985) and Ph. D. in Applied and Engineering Physics, Cornell U
•  1988-1994 Bell Labs
• 1994 – founded NSOM Enterprises 
• 1996 – abandoned microscopy; vice president of R&D at his father’s machine tool firm, Ann 
Arbor, MI
•  2002 – founded New Millenium Research in Okemos, MI
• 2005 -2017 – at Janelia Farm Research Campus of the Howard Hughes Medical Institute, 
Ashburn, VA 

Also: very outspoken – check out his Nobel Lecture

No publications between 1998 and 2005



• Activate small subset of molecules at 
405 nm
• Image at 561 nm until they photobleach
• Activate another subset at 405 nm
• …
• Fit image from each molecule using 
expected PSF to determine position and 
uncertainty (sub-nm accuracy)
• Resolution depends on the uncertainty 
and density of the molecules

PALM = photoactivated localization microscopy

confocal PALM



Nature Methods 3, 793 (2006)



Here we report a distance resolution of sreg = 
0.50 nm and an absolute accuracy of sdistance 
= 0.77 nm in a measurement of the 
separation between differently colored 
fluorescent molecules using conventional 
far-field fluorescence imaging in 
physiological buffer conditions. The 
statistical uncertainty in the mean for an 
ensemble of identical single-molecule 
samples is limited only by the total number 
of collected photons, to sloc<0.3 nm, which is 
3x10-3 times the size of the optical PSF. Our 
method may also be used to improve the 
resolution of many subwavelength, far-field 
imaging methods such as those based on co-
localization of molecules that are 
stochastically switched on in space. The 
improved resolution will allow the structure 
of large, multi-subunit biological complexes 
in biologically
relevant environments to be deciphered at 
the single-molecule level.



Nobel Prize in Physics 1997

The Nobel Prize in Physics 1997 was awarded jointly to Steven Chu (Stanford 
U), Claude Cohen-Tannoudji (École Normale Supérieure, Paris, France) and 
William D. Phillips (NIST) "for development of methods to cool and trap atoms 
with laser light".





Eric Betzig

• Born in 1960 in Ann Arbor, Michigan
• B.Sc. (1983) in Physics from Caltech
• M. Sc. (1985) and Ph. D. in Applied and Engineering Physics, Cornell U
•  1988-1994 Bell Labs
• 1994 – founded NSOM Enterprises 
• 1996 – abandoned microscopy; vice president of R&D at his father’s machine tool firm, Ann 
Arbor, MI
•  2002 – founded New Millenium Research in Okemos, MI
•  2005-2017  – at Janelia Farm Research Campus of the Howard Hughes Medical Institute, 
Ashburn, VA 
• since 2017 – at UC Berkeley and LBNL

“…from rags to riches”



W. E. Moerner

• Born 1953, Pleasanton, CA, USA
• Grew up in San Antonio, TX
• B.Sc. (1975) from Washington U in St. Louis (Physics, Math, EE)
• M.Sc. (1978) and Ph.D. (1982) in Physics from Cornell U
• 1981-1995 IBM Almaden, San Jose, CA
• 1995-1998  Professor, Dept. of Chemistry and Biochemistry, UCSD
• since 1998  Professor, Dept. of Chemistry, Stanford U



Moerner lab 2002

Moerner lab 2014



• Safety first, especially at pool parties

• Support and protect your lab members

• Always label your optics and your drawers 

• Lists are good. Lists of lists are better

• Make friends with the people in the lab upstairs…

and check their plumbing often

Fond memories 



• Pool parties at W. E.’s house

• Music parties at W. E.’s house



• Mandatory water rocket launch…
 or tennis ball launch… or cork launch

• Wine and cheese parties at group meetings
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From W.E.’s publication list (>450 papers total):

…





• Cell division (stochastically-
triggered phenotype change); 
enzymatic activity; gene expression

Video from S. Xie (Harvard U)

• Single virus tracking in live 
cells  
Image from X. Zhuang 
(Harvard U)

Applications: biophysics

• Molecular motors (cargo transport in cells)

Videos from Weihong Qiu (OSU)



Applications: biophysics

• In vivo super-resolution imaging

Video from W.E. Moerner (Stanford U)

• Protein folding

• Neuron function (mouse brain)

Image from S. Hell (Max Planck Institute)



Applications: materials science
Polymer physics:
• Single molecule diffusion patterns probes 
heterogeneity in polymerization
• nonlinear rheology
• electrophoresis

• Catalysis:
Tracking of single molecule diffusion in porous 
materials = obstructions/faults  = catalysis

• Identifying micro-cracks in a crystal
 
Video from W.E. Moerner



• E-field distribution 
•Local thermometer (detect hot spots)

Applications: materials science



Applications: materials science

• In-situ nanoscale imaging of 
processes in organic thin-film 
transistors or solar cells 

Images from M. Orrit and P. Barbara 

• Charge transfer processes in quantum dots, 
molecules, nanoparticles



Applications: materials science
• Charge transfer in organic bulk heterojunctions

Videos from Rebecca Grollman
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Nature Nanotech. 7, 297 (2012)

Mw = 514 AMU, 1298 AMU

Applications: optics and quantum mechanics
• Single photon sources

• Wave nature of matter (double-slit 
experiment with molecules)



http://www.cafepress.com/wempire2

Future
• New photoswitchable molecules and photoswitching mechanisms

•  New concepts for 3D/4D imaging  (like double-helix microscope,  

passive pulse splitter to increase time resolution, etc.)

Driving forces:  

• Living cells – need to collect lots of photons (kW-GW/cm2 – what are 

you doing to a poor cell?)

•  high-resolution 3D imaging is slow

•  need to look at cells inside the organism (adaptive optics)



A lot of what you heard here is about taking risks…But you are hearing 

this from guys whose risks paid off...It’s not a risk unless you fail most of 

the time. I want to dedicate my talk to any unknown people from any 

walk of life who have gambled their fortunes, their careers, and their 

reputations to try to take the risk but in the end failed… They should 

remember that it’s the struggle itself that it’s its own reward and the 

satisfaction that you gave it all you have to make a world a better place.

Epilogue

Eric Betzig, Nobel Prize in Chemistry 2014
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