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Stern-Gerlach experiment (1922): demonstrated the existence
of space quantization (of angular momentum)
• one of a dozen or so canonical experiments that ushered in the
heroic age of quantum physics
• perhaps no other experiment so often cited for elegant
conceptual simplicity
• descendents of the SGE (sorting quantum states via space
quantization) comprise: NMR, MRI, optical pumping/cooling, the
laser, atomic clock, discovery of Lamb shift …
• yet, very few aware of historical particulars: a warm bed, a bad
cigar, a timely postcard, a railroad strike …
• SGE startled, elated and confounded pioneering quantum theorists,
including several who beforehand had regarded an attempt to
observe space quantization as naïve and foolish

University of Frankfurt (dedicated in February 2002)
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Otto Stern (1888-1969)

Otto Stern (1888-1969)
• dissertation (1912, Breslau/Wroclav) on osmotic pressure of
CO2 in various solvents
• “motivated by the spirit of adventure” Stern became Einstein’s
first pupil, in Prague and Zürich
• under Einstein’s influence, developed an interest in light quanta,
atoms, magnetism, and statistical physics
• shocked by N. Bohr’s iconoclastic model of the atom, vowed,
together with Max von Laue, “to give up physics if there was
anything in this nonsense [of Bohr’s]”
• assistant of Max Born at Frankfurt (1918-1922): captivated by the
“simplicity and directness” of the molecular beam method which
“enables us to make measurements on isolated neutral atoms or
molecules with macroscopic tools … [and thereby] is especially
valuable for testing and demonstrating assumptions of the theory”
• in his first beam experiment, Stern determined the mean velocity of
silver atoms effusing from an oven held at 1000o C (found 660 m/s)
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Walther Gerlach (1889-1979)

Walther Gerlach (1889-1979)
• dissertation (1912, Tübingen) on blackbody radiation and the
photoelectric effect
• during WWI worked on the development of wireless telegraphy
• assistant of Richard Wachsmuth in Frankfurt (1920-25)
• in Tübingen, attempted to observe emission from beams of metals,
with no success; at Frankfurt, wanted to investigate whether a Bi
atom would show the same strong diamagnetism exhibited by a Bi
crystal - planned to deflect a Bi atom beam by an inhomogeneous
magnetic field
• in response to Born’s skepticism about the usefulness of such an
undertaking, Gerlach invoked his credo “No experiment is so dumb,
that it should not be tried.”
• enter Stern, to recruit Gerlach for the SGE, successfully …
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• in 1921, the most advanced quantum theory was still the Bohr
model, as generalized for hydrogenic atoms by A. Sommerfeld
and, independently, by P. Debye
• Sommerfeld’s and Debye’s proposed quantization conditions
implied that Bohr’s quasiplanetary electron orbits should assume
only certain discrete spatial orientations with respect to an external
field
• space quantization conceived to solve the vexing problem of the
“anomalous” Zeeman effect [cf. W. Pauli in Copenhagen]
- without success

• for an ein-quantig atom, i.e., an atom with one quantum, h, of
electronic orbital angular momentum (as presumed for Ag), the
spatial orientations were
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corresponding to a clockwise or counter-clockwise
revolution of
the planetary electrons!

• Pauli and Stern made efforts to refine the theory of ferromagnetism;
noticed that the average magnetic moment of an atom in a fully
magnetized sample of iron was about five times less than the Bohr
magneton
• in response, Pauli invoked space quantization, and in 1920 showed
that the effective atomic magnetic moment should indeed be much
smaller than the Bohr magneton
• although in the absence of the concept of electron spin this
consideration was incorrect, Pauli’s appeal to space quantization
made colleagues, including Stern, mindful of the idea

• a yet unobserved consequence of space quantization was the
phenomenon of magnetic birefringence in a hydrogenic gas
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• Stern recalled that the birefringence question
was raised at a
! I woke up early, but it was too cold to
seminar: “the next morning
get out of bed, so I lay there thinking about the seminar question and
had the idea for the [Stern-Gerlach] experiment.”

• Stern realized that the two-fold character of space quantization for a
one-quantig atom should lead to two values of the atom’s magnetic
moment, µ = ± µ B
B
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• thus a decisive test of space quantization was at hand using
magnetic deflection of an
! atom beam!

• no recourse to spectroscopy!

• in a strong-enough field gradient, the two oppositely oriented
components ± µ B should be deflected outside of the width of the
original beam
!

Quantum Classical
• classically, the atomic magnets would precess in the field but remain
randomly oriented, so the deflection would only broaden (but not
split) the beam
• Stern: “If successful, [SGE] will decide unequivocally between the
quantum theoretical and classical views.”

• Born: “It took me quite a while before I took this idea seriously.
I thought always that [space] quantization was a kind of symbolic
expression for something which you don’t understand. But to take
this literally like Stern did, this was his own idea … I tried to
persuade Stern that there was no sense [in it], but then he told me
that it’s worth a try.”
• happily, Stern found an eager recruit in Gerlach, who until then had
not heard of space quantization
• despite Stern’s careful design and feasibility calculations, the SGE
took about two years to accomplish
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• in the final form of the apparatus, an effusive beam of ground state
Ag atoms was collimated by two narrow slits (0.03 mm wide) and
traversed a deflecting magnet 3.5 cm long with a field strength of
about 0.1 T and a gradient of about 10 T/cm; the splitting of the
silver beam achieved was only about 0.2 mm; accordingly, a
misalignment of the slits and magnet of more than 0.01 mm was
enough to spoil an experimental run

0.2 mm
• the attainable operating time was only a few hours before
breakdown of the vacuum

• only a meager film of silver atoms, too thin to be visible with an
unaided eye, was deposited on the glass collector plate
• Stern (as told to Dudley Herschbach): “After venting to release the
vacuum, Gerlach removed the detector flange. But he could see no
trace of the silver atom beam and handed the flange to me. With
Gerlach looking over my shoulder as I peered closely at the plate, we
were surprised to see gradually emerge the trace of the beam ...
Finally we realized what [had happened]. I was then the equivalent
of an assistant professor. My salary was too low to afford good
cigars, so I smoked bad cigars. These had a lot of sulfur in them, so
my breath on the plate turned the silver into silver sulfide, which
is jet black, so easily visible. It was like developing a photographic
film.”
• recalcitrant difficulties persisted for months, with the atoms as well
as with the funding for the experiment

• Born’s 1920 series of public lectures on relativity with an entrance
fee; Born: “The money thus earned helped us for some months, but
as inflation got worse ... new means had to be found.”
• Born mentioned this “jokingly” to a friend who was departing on a
trip to New York; a few weeks later a postcard arrived simply saying
that he should write to Henry Goldman [of Goldman and Sachs]:
“At first I took it for another joke, but on reflection I decided that an
attempt should be made ... [A] nice letter was composed and
dispatched, and soon a most charming reply arrived and a cheque for
some hundreds of dollars ... After Goldman's cheque had saved our
experiments, the work [on the SGE] went on successfully.”
• meanwhile, Stern moved to Rostock, to assume a professorship in
theoretical physics

• in early 1922, Stern and Gerlach met in Göttingen to review the
situation and decided to give up
• a railroad strike delayed Gerlach’s return to Frankfurt, giving him a
long day to go over all the details again; decided to use slits
instead of apertures and to acquire a new magnet; soon thereafter
Gerlach achieved a clear splitting into two beams
Gerlach, per postcard, to Bohr:
“We congratulate [you] on the
confirmation of your theory.”
Gerlach, per telegram, to Stern:
“Bohr is right after all.”
Pauli: “This should convert even
the nonbeliever Stern.”

• the direct demonstration of spatial quantization was immediately
accepted as among the most compelling evidence for quantum theory
A. Sommerfeld: “Through their clever experimental arrangement
Stern and Gerlach not only demonstrated ad oculos the space
quantization of atoms in a magnetic field, but they also proved the
quantum origin of electricity and its connection with atomic
structure.”
A. Einstein: “The most interesting achievement at this point is the
experiment of Stern and Gerlach. The alignment of the atoms
without collisions via radiative [exchange] is not comprehensible
based on the current [theoretical] methods; it should take more than
100 years for the atoms to align. I have done a little calculation
about this with [Paul] Ehrenfest. [Heinrich] Rubens considers the
experimental result to be absolutely certain.”
• further developments made the Bohr model obsolete, but enhanced
the scope and significance of space quantization

• the Stern-Gerlach magnet was recently found in the basement of the
University of Hamburg where Stern had further developed the
molecular beam method during 1923-1933, amidst coworkers such
as I. Rabi, I. Estermann, O. Frisch, …

Courtesy of
Horst Schmidt-Böcking

• quantitative aspect of the SGE: it confirmed that the magnetic
dipole moment of a silver atom is indeed, within 10%, one Bohr
magneton
• the agreement between the Stern-Gerlach splitting and the
Old Quantum theory was a lucky coincidence, a result of a
kind conspiracy of Nature
• the orbital angular momentum of a ground-state silver atom is zero,
not h/2π, as presumed in the Bohr model
• the magnetic moment due solely to a half unit of spin angular
momentum, which accounts for the two-fold splitting
• the magnetic moment nearly equal to a Bohr magneton, by virtue
of the Thomas factor (spin gyromagnetic ratio, gS) of nearly two,
not recognized until 1926

µ Ag = S gS µ B " 1 µ B with S =

1
2

not

µ Ag = L µ B with L = 1

• a historical puzzle: the earliest attribution of the Stern-Gerlach
splitting to spin as late as 1927, when Ronald Fraser noted that the
ground states of Ag, H, and Na are all 2S
• practically all current textbooks describe the Stern-Gerlach splitting
as demonstrating electron spin, without pointing out that the
intrepid experimenters had no idea it was spin that they had
discovered
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• Edwin Land, when told the cigar story: “I don’t believe it!”
• Dudley Herschbach and B.F. undertook a reenactment of the 85-year
old event
• by heating a silver wire in vacuum, we evaporated a small amount
of silver (about a monolayer, 1016/cm2) on three glass slides
• then Gerlach (played by Friedrich) vented the chamber with dry
nitrogen, removed the slides, and masked portions of them into the
shape of the Stern-Gerlach magnet
• meanwhile, Stern (played aptly by Herschbach) had been puffing
on a cheap ($0.39) cigar, to prepare tainted breath
• 1st slide: exposed at short range to the sulfurous breath;
2nd slide: exposed to puffs of cigar smoke;
3rd slide: exposed to laboratory air a few meters distant

• looked for contrast between the masked and unmasked
portions of the slides

• Results:
1st slide (exposed at short range to the sulfurous breath): Negative
2nd slide (exposed to puffs of cigar smoke): Positive
3rd slide (exposed to laboratory air a few meters distant): Negative
• Interpretation:
Stern did have a cigar in hand (thereby exposing the glass detector
to puffs of smoke) whereas Gerlach, busy venting the apparatus
and removing the detector plate was without his typical cigar
• the fact that smoke rather than just the breath did the trick may
have been missed in the telling or the hearing of the story …
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• Stern’s research program at Hamburg included major tests of
fundamental aspects of quantum mechanics
• crowning achievement: discovery of the anomalous magnetic
moments of the proton and deuteron (with Estermann and Frisch),
in 1933, “with the sword Nazism hanging over our heads”
• emigrated to the U.S., but never regained his pacesetting role in
research; that role passed to Isidor Rabi
• a U.S. citizen in 1939, served as a consultant for the War
Department (since renamed); retired in 1945, and settled in Berkeley
• often traveled “but never revisited Germany and refused to
collect his pension due him, expressing in this way his abomination
for Nazism”
• however, sent care packages to his German friends during the
post-war trauma

• Gerlach, with his reputation enhanced by the SGE, also did
further enterprising research (radiation pressure,
ferromagnetism, materials science)
• since 1925 professor in Tübingen (successor to F. Paschen)
• since 1929 professor in Munich (successor to W. Wien) until
retirement in 1957
• during the Third Reich steadfastly resisted fanatics who attacked
Einstein and “Jewish science”; in 1944 became head of the German
nuclear research program; detained at Farm Hall
• after WWII, contributed to the rebuilding of German science
and campaigned to ban nuclear weapons (cf. Göttingen
Declaration, 1957)
• Stern and Gerlach met again only once, in Zurich, in the early
1960’s

• from Gerlach’s obituary for Stern:
“Whoever knew [Stern] appreciated his open-mindedness
[and]…unconditional reliability.”
“At his farewell from Frankfurt, I gave him, in memory of the
months of hopeless striving to see space quantization, an
ashtray with an inscription … this ashtray endured all those
years till Berkeley—but our experimental apparatus, lab books,
and the originals of our results had burned during the
Second World War.”

