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Quantization of Magnetic Flux

1.3 Flux Quantization in a Superconducting Ring 31
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Figure 1.12 Schematics of the experimental setup
of Doll and Näbauer. (From [22].) The quartz rod
carries a small lead cylinder formed as a thin layer
by evaporation. The rod vibrates in liquid helium.

Doll and Näbauer utilized lead cylinders evaporated onto little quartz rods
(Figure 1.12). Within these lead cylinders, a permanent current is generated by
cooling in a freezing field Bf oriented parallel to the cylinder axis and by turning
o! this field after the onset of superconductivity at T <Tc. "e permanent
current turns the lead cylinder into a magnet. In principle, the magnitude of the
frozen-in flux can be determined from the torque exerted upon the sample due
to the measuring field BM oriented perpendicular to the cylinder axis."erefore,
the sample is attached to a quartz thread. "e deflection can be indicated by
means of a light beam and a mirror. However, the attained torque values were too
small to be detected in a static experiment using extremely thin quartz threads.
Doll and Näbauer circumvented this di#culty using an elegant technique, which
may be called a self-resonance method.
"ey utilized the small torque exerted upon the lead cylinder by the measuring

field to excite a torsional oscillation of the system. At resonance, the amplitudes
become su#ciently large that they can be recorded without di#culty. At reso-
nance, the amplitude is proportional to the acting torque to be measured. For the
excitation, the magnetic field BM must be reversed periodically at the frequency
of the oscillation. To ensure that the excitation always follows the resonance fre-
quency, the reversal of the fieldwas controlled by the oscillating system itself using
the light beam and a photocell.
In Figure 1.13 we show the results of Doll and Näbauer. On the ordinate the res-

onance amplitude is plotted, divided by the measuring field, that is, a quantity
proportional to the torque to be determined. "e abscissa indicates the freez-
ing field. If the flux in the superconducting lead cylinder varied continuously, the
observed resonance amplitude also should vary proportional to the freezing field
(dashed straight line in Figure 1.13). "e experiment clearly indicates a di!er-
ent behavior. Up to a freezing field of about 1! 10"5 T, no flux at all is frozen-in.
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Figure 1.13 Results of Doll and Näbauer on the magnetic flux quantization in a Pb cylin-
der (1 G= 10!4 T). .(From [22].)

!e superconducting lead cylinder remains in the energetically lowest state with
"= 0. Only for freezing fields larger than 1# 10!5 T does a state appear contain-
ing frozen-in flux. For all freezing fields between 1# 10!5 and about 3# 10!5 T,
the state remains the same. In this range, the resonance amplitude is constant.
!e flux calculated from this amplitude and from the parameters of the apparatus
corresponds approximately to a flux quantum"0 = h/2e. For larger freezing fields,
additional quantum steps are observed.!is experiment clearly demonstrates that
themagnetic flux through a superconducting ring can take up only discrete values
"= n"0.
An example of the results of Deaver and Fairbank is shown in Figure 1.14.!eir

results also demonstrated the quantization of magnetic flux through a supercon-
ducting hollow cylinder and confirmed the elementary flux quantum "0 = h/2e.
Deaver and Fairbank used a completely di"erent method for detecting the frozen-
in flux.!eymoved the superconducting cylinder back and forth by 1mmalong its
axis at a frequency of 100Hz. As a result, in two small detector coils surrounding
the two ends of the little cylinder, respectively, an inductive voltage was gener-
ated, which could be measured after su#cient amplification. In Figure 1.14 the
flux through the little tube is plotted in multiples of the elementary flux quantum
"0 versus the freezing field. !e states with 0, 1, and 2 flux quanta can clearly
be seen.

Doll and Näbauer
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Deaver and Fairbank
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measured with a SQUID Magnetometer
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Bardeen – Josephson Debate

Physics Today 54, 46-51 (2001)

The Nobel Laureate Versus the Graduate Student 

In a recent note, Josephson uses a somewhat

similar formulation to discuss the possibility of

superfluid flow across the tunneling region, in 

which no quasi-particles are created. However, 

as pointed out by the author [Bardeen, in a 

previous publication], pairing does not extend into

the barrier, so that there can be no such 

superfluid flow.
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Josephson dc Effect: Experimental Proof 

First experimental proof of Josephson dc effect

by P.W. Anderson and J.M. Rowell 1963

Sn-SnO-Pb junction

1.5 K

(a) 6 × 10-7 T
(b) 4 × 10-5 T
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Josephson dc Effect: Nb-Junction
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Temperature dependence

Josephson dc Effect: Nb-Junction


