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“Modern” Atomic Theory 
�  This began in 1913 with Niels Bohr, who knew 

atoms contained negative electrons and positive 
nuclei 

�  He knew about electrons from Millikan’s 1910 oil 
drop experiment, which was done at Chicago—and 
earned Millikan a professorship here 

�  He knew energy in light came in little packages, 
“quanta,” from Max Planck’s work 

�  He knew about the quantum character of  the 
photoelectric effect from Einstein’s Nobel work 



Millikan brought Arthur 
Compton  

� Here, in 1929, with a  

visitor— 

Werner Heisenberg 

Compton had long before 

explained “Compton 

Scattering” of  electrons  



James Franck, came from Göttingen to 
Johns Hopkins (1935), then to Chicago 

in 1938, d.1964  



Two important Chicago 
physicists who did some atomic 

physics; who are they? 



Bohr’s model of  the atom: first 
steps to modern atomic physics 

�  Electrons move in orbits, like planets, but only 
discrete orbits are allowed 

�  When an electron changes its orbit, it picks up or 
loses energy, depending on whether it moves 
further out or closer in to the nucleus 

�  The discrete changes of  energy are manifest by 
absorption or emission of  light, whose frequency ν, 
and hence energy, is precisely the energy change of  
the electron; ΔE = hν	


�  The results fit the spectrum of  the H-atom!	




But then deBroglie 
proposed “matter waves” 

�  Schrödinger gave a seminar on deBroglie’s waves. 

�  Peter Debye said to him, “Erwin, whenever we had 
waves, we had a wave equation. Please, where is 
the equation?” 

�  Schrödinger thought that was a good idea and, on a 
weekend ski trip shortly after, worked out a wave 
equation for the hydrogen atom. 

�  He only worked out the harmonic oscillator after 
he’d returned home because he couldn’t remember 
Hermite polynomials. 



The chemical bond: what is it? 
�  G. N. Lewis said it comes from pairs of  electrons 

between two atomsThe electrons, up to eight in a 
shell, are at corners of  a cube 

�  The model is static, with some electrons paired 
within an atom and others paired between two 
atoms 

�  Lewis used two dots between atomic symbols to 
indicate a bond; later, a line segment 



The first molecule treated by 
quantum mechanics was H2  
�  H. James and A. S. Coolidge wrote a famous paper in 

1933, calculating the binding energy of  the hydrogen 
molecule to experimental accuracy. 

�  It stood as a landmark for years. 

�  How to treat more complex molecules—that was a major 
challenge from that time on. 

�  Even before, in 1926, people were classifying electronic 
states of  molecules 

�  The term “molecular orbital” was introduced in 1932 

 



Millikan had a student, 
Robert S. Mulliken 

�  Mulliken did experimental work, separating 
isotopes by centrifugation, with Millikan, receiving 
his Ph.D. in 1921 (B.S. from MIT in 1917) 

�  He then went to Germany and worked with Friedrich 
Hund to create what became the molecular orbital 
method for describing electrons in molecules 

�  After teaching two years at NYU, he came as a 
Physics Teacher to The University of  Chicago in 
1928, and became Professor of  Physics in 1931. 

�  He retired in 1985. 



Mulliken created an 
institution within the U. of  C. 
�  This became the Laboratory of  Molecular Structure 

and Spectra, located in Ryerson and Eckhart 

�  It encompassed both experimental and theoretical 
science and was one of  the world’s centers of  
atomic and molecular studies 

�  The states of  molecules, especially diatomics, were 
beginning to be understood in terms of  assignment 
of  their properties and meaningful classifications, 
largely from advances in Germany in the years just 
before Mulliken joined the U. of  C. 

 



Mulliken: Spectra and 
Molecular Orbitals 

�  His first paper on spectra was on the isotope effect on 
vibrations, in the spectrum of  the BN; it was published in 
Science in 1923 

�  He wrote several more papers on isotope effects in diatomic 
molecules then, through 1925  

�  His first paper on molecular orbitals, essentially 
simultaneous with Hund’s independent paper, appeared in 
1928; he connected electronic structure with spectra and 
treated the He2 molecule based on excited atoms (ground 
state He2 was found in 2000; bond length ~50 Å) 

�  Mulliken, characteristically, gives much credit to Hund for 
his insights and even notation 

  



A Meeting in 1929, Ryerson 

 

 



Somewhat later… 
�  Friedrich Hund         and   Robert Mulliken 



Molecular Orbitals as Linear 
Combinations of  Atomic Orbitals  
�  Describe the electrons of  a molecule by constructing 

“LCAOs” with positive overlap of  the atomic orbitals 
added together  

   (first by Lennard-Jones in 1929,  

   in England) 

Then distinguish bonding and 

 antibonding electrons  



Mulliken (1896-1986) 
�  Born and raised in Newburyport, Massachusetts, 

college at MIT with B.S. in chemistry in 1917, then 
studied poison gases under James B. Conant, 
chemist then at American University, caught 
influenza, recovered and came to graduate school 
at The University of  Chicago in 1919. 

�  He studied isotope separation under W. D. Harkins, 
but became interested in chemical bonding through 
work of  Millikan, Langmuir and G.N.Lewis  

�  Went to Harvard, doing experimental spectroscopy, 
then to Europe in 1925, where he met many 
important scientists, including James Franck, and 
especially F. Hund   



More of  Mulliken 
�  He ceased doing experiments himself, but 

maintained experimental spectroscopy in his group 

�  He himself  did no computer programming or 
calculations—until 1970, when, during a summer 
at IBM in San Jose, he learned to write and execute 
programs—at age 74!  

�  That IBM group had a core of  Chicago graduates 
from the LMSS: McLean, Clementi, Yoshimine and 
Liu. They were known as “the Chicago mafia”. 



Mulliken’s papers on diatomics 
and polyatomic molecules 

�  In 1926-29, “Electronic States…in Diatomic 
Molecules,” eight important contributions 

�  In the 1930’s, ‘32-’35, he published a remarkable 
set of  papers showing how to describe the 
electronic structure and bonding in polyatomic 
molecules, such as CH4, C2H6 and HgCl2. 

�  He established a scale of  electronegativity based 
on the difference between the ionization potential 
and the electron affinity—the energy to pull an 
electron off  and the energy released when an extra 
electron attaches  



During WWII, Mulliken worked on 
Plutonium  

�  Then, after the War, the new Laboratory came into 
existence. 

�  Gregor Wentzel joined the Physics Department and the 
Laboratory for Molecular Structure and Spectra in 
1948, coming from Zürich—a giant in the development 
of  modern physics 

�  John Platt had come in 1945 as an Assistant Professor 

�  Many others came at various levels; Clemens Roothaan 
came as a graduate student in 1949, received his 
Ph.D. in 1950 and immediately joined the faculty  



Those People - Wentzel  



Those People – Gerhard Herzberg 
but the Physics Dept. wouldn’t keep him! 



Those People – John Platt 
He went to U. Michigan in ~1966 



Those People – Clemens Roothaan 
Retired, lives in Hyde Park 



Those People – Juergen Hinze 
Moved back to Germany; deceased 



Some Interesting Pages 



Some Interesting Pages 



Some Interesting Pages 



Lots of  insights here 



Some of  the Major Works 



What’s in That One? 



There’s much more; 86 pages! 



A Remarkable Collection 



Example: Polyatomics 



Clemens Roothaan 
arrives-1946 

�  He came from the Netherlands, having survived 
prison camps in WW II, to study for his doctorate 
with Mulliken 

�  He worked as an Instructor at Catholic University in 
Washington while carrying out his Ph.D. research 

�  Lying on the grass at a Ravinia concert, he realized 
how one could use the variational principle to 
construct optimum molecular orbitals from atomic 
orbitals; this became the LCAO-MO-SCF theory 



Roothaan moves up 
�  He became a research associate in 1949 and moved 

back to Chicago 

�  He interacted with Bigeleisen, Kasha, Longuet-Higgins, 
Matsen, McConnell, Parr and Price in that period. 

�  His Ph.D. was completed in 1950 and he was invited to 
join the faculty of  the Chicago Physics Department 

�  He worked then with Klaus Ruedenberg and his 
supervisor, Gregor Wentzel, who had come to Chicago 

�  He realized that computers would be needed to 
achieve the results he could see are possible   



Roothaan becomes a computer 
�  By 1958, he was using computers regularly to do 

quantum calculations  

�  He headed the University of  Chicago Computation 
Center from 1962 until 1968 

�  He becomes an incredibly adept programmer, to enable 
one to do the LCAO-MO-SCF calculations with the 
computer capabilities available then. 

�  The IBM 650 and Univac had been replaced by the IBM 
701, then later by the 704 and still later machines 

�  Roothaan wrote programs using Fortran, assembly 
language and computer system language, all together, 
to optimize performance;  the programs were not 
transferable, of  course. 



The Second-Most Cited RMP 
Paper (after Bethe’s) 



An Example of  the Work 



Some of  the postdoctorals 
and graduate students 

�  Reinhart Ahlrichs, Paul Cade, Enrico Clementi, 
Serafin Fraga, Juergen Hinze (later U. of  C. faculty), 
Paul Bagus, Sigrid Peyerimhoff, Bernard Ransil, 
John Dietrich, Winifred Ho, Sigeru Huzinaga, 
Wlodzimierz Kolos, Lutek Wolniewicz (these two did 
the most accurate calculation ever of  the binding of  
the H2 molecule), Douglas McLean, Christopher 
Wahl, Charles Scherr, Yong-ki Kim and Andrew 
Weiss.  These are all people who went on to make 
significant contributions to the subject.  



Then, Ugo Fano 
�  Born in Torino in 1912, educated there under 

Persico and then in Rome with Fermi and Amaldi 

�   He came to the U.S.A. in 1939 with his physicist 
wife Lilla, to the Washington Biophysical Institute 
and soon thereafter, to the Cold Spring Harbor 
Laboratory, working on radiation biology. He 
declined an offer from The University of  Chicago in 
1939.  

�  During WW II, he worked at Aberdeen Proving 
Ground, on effects of  weapons    



Ugo Fano (1912-2001) 



More about Ugo Fano 
�  After a year at Columbia, he moved in 1946 to the (then) 

National Bureau of  Standards in Washington, working 
largely on radiation physics and biophysics 

�  In 1956, he and Lilla published Basic Physics of Atoms and 
Molecules. He also worked with his cousin Giulio Racah, 
producing a book, Irreducible Tensorial Sets     

�  In 1934-35, he had explained the shapes of  some 
strange spectral lines that seem to look like absorption 
lines on one side and then shade into emission on the 
other side. In 1963, such strange shapes appeared 
unexpectedly in the ultraviolet spectrum of  helium; Fano, 
John Cooper and F. Prats explained these as due to 
doubly-excited states. These turned out to be a great 
stimulus for new insights into electron correlation—partly 
by Fano and his students, partly by others (including 
ourselves). 



More about Ugo Fano 
�  In 1966, the National Bureau of  Standards was moving from 

Washington to Gaithersburg, Maryland, and some Chicagoans, 
notably Robert Platzman and Mark Inghram (and a bit from yours 
truly) decided to try to woo Fano to Chicago—and succeeded. 

�  He was active in the Physics Department until retirement in 1982, 
and chaired the Department in 1972-74. He and RSB ran a seminar 
together on atomic and molecular phenomena, for many years 

�  He introduced many concepts that could be pursued 
mathematically, including a formulation of  quantum defect theory, 
“l-uncoupling”. 

�  He had 30 graduate students and numerous postdoctorals and 
senior visitors, including Christopher Greene, Joseph Macek, A.R.P. 
Rau, Dan Dill, Charles Clark, Carl Williams, Christian Jungen, 
Anthony Starace, C.D. Lin and K.T. Lu.  

�  He interacted frequently with Mitio Inokuti, a long-time Argonne 
scientist  



The Fano-Cooper-Prats Papers 



Who Else Was Here? 



Gordon Berry 
�  Assistant Professor, 1972-76,  

�  Then Argonne, and UIC 

�  Now Notre Dame, since 1994 



Current Faculty in Atomic Physics 

�  Kathy Levin and Dam T. Son do theory 

�  Isaac Abella, Cheng Chin, Zhang-Tian Lu and 
Jonathan Simon are experimental theorists 

�  Much of  the effort addresses low-temperature 
phenomena, particularly the work of  Levin, Son, 
Chin and Simon; Lu studies time-reversal symmetry 
and dating by radioactivity, among other things. 
Abella, laser-excitation and energy transfer  



Questions?�
�

Thank you! 
 



Some Anecdotes  
When I was doing some theory on states and 
spectra of  simple olefins, e.g. ethylene, I had 
several discussions with Mulliken, who had 
done basic work on these in the mid-1930’s.  
One day at lunch at the Quadrangle Club, he 
appeared very worried; he said he was afraid 
he’d made a serious mistake in that work. 
Then silence.  A few days later, he was very 
happy at lunch; he said to me, “I was very 
clever then!” 



Some Anecdotes  
�  When Mulliken was asked by a science historian 

what he thought was Pauling’s contribution to our 
understanding of  chemical bonding, his reply was 
“He set it back fifteen years.”  (This was in a 
transcript that was only partly published—not this.)  

�  Wanting a postdoctoral, Mulliken wrote Professor 
Saburo Nagakura to see whether he could suggest 
a candidate. Nagakura replied, asking whether he 
himself  could come in that capacity! He did, in 
1965-66!  (He later became Director of  the 
Institute for Molecular Science, Okazaki, and then a 
university president.) 



Some Anecdotes  
�  At lunch one day in 1970, Mulliken said to me, “You 

know, I don’t think I understand molecular orbitals 
very well.”   

�  When he retired from the Physics Department, 
Mulliken was recruited by Michael Kasha to move to 
Florida State University.  Clyde Hutchison asked 
Robert what would keep him at The University of  
Chicago.  Mulliken replied, “I’ve always wanted a 
joint appointment in Chemistry”.  It took about 30 
minutes to make that happen!   



An interesting memory 



Wentzel Anecdotes 
�  Wentzel’s office was always filled with cigar smoke; 

he smoked White Owl cigars constantly. Stuart Rice 
once asked him why he chose those. He replied that 
his body was so permeated with nicotine that White 
Owls were the only kind he could still taste. 

�  Once in a seminar by an atomic physicist from the 
National Bureau of  Standards, the speaker referred 
to the Fermi Golden Rule. An elderly gentleman in 
the second row laughed and said “It’s my rule!”  The 
stunned speaker asked, after a few stunned 
moments, “What is your name?”  “Wentzel” was the 
reply.  And it’s true; Wentzel and Dirac independently 
and essentially simultaneously, derived it. Fermi 
quoted it in his book, calling it the “Golden Rule”. 



Some Anecdotes  
�  A Fano story: When he was working with Fermi, he 

came to Fermi’s office and asked whether Fermi knew 
of  any positions for which he might apply. “No” was the 
immediate reply.  “If  I find any, would you write a 
recommendation for me?”  “No; for Majorana perhaps, 
but not for you.” 

�  Another Fano-Fermi tale: Fermi suggested a research 
problem, which Fano proceeded to solve in a couple of  
weeks. Fano offered to write a jointly-authored paper 
but Fermi insisted Fano do it alone.  A couple of  weeks 
later, Fano was alone in Fermi’s study and thumbed 
through the working notebook. There, on the day they 
discussed the problem, was the solution, notated just 
about as Fano had done it.   



Another Anecdote 
�  One day, talking with Fano, I suggested offhand that 

when an electron is close to a molecule, it should be 
described in a traditional molecular orbital manner, 
but when it is highly excited, it should be quantized 
and described much like an atomic electron. 

�  Some time later, Fano and his students developed a 
full method for treating highly-excited electrons in 
molecules, with different quantization, depending on 
whether the electron is near or far from the core.  This 
is the “l –uncoupling theory”. He gave a talk about the 
work, and turned to me, saying, “You taught me that!”  



Still Another Anecdote  
�  In 1994, I spent a year as visitor at the Free 

University of  Berlin.  In early summer, my wife and 
I visited the former concentration camp of  
Sachsenhausen, a bit north of  Berlin. Weeks later, 
we went to a meeting in Copenhagen in honor of  
Jens Peder Dahl; to which the Roothaans also 
came. I mentioned to Clemens that we had visited 
Sachsenhausen.  “Oh,” he said, “I was there.”  And 
it was then that he told me about being interned in 
the Netherlands during the War, and moved with 
the other prisoners to Sachsenhausen as the allies 
approached.  It turned out that he was able to 
escape as things deteriorated in Germany, reached 
American troops and was rescued and survived. 


