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Presenter
Presentation Notes
The retrieval of Heike Kamerlingh Onnes’s (HKO’s) notebooks revealed the exact date of the first experiment with mercury (and gold) resistors at liquid helium temperatures. That ‘s why we celebrate the centennial of superconductivity today on the 8th of April 2011. The famous transition curve you see on this slide was actually measured half a year later, in the third experiment with mercury. The pictures show Kamerlingh Onnes with Gerrit Jan Flim who was in charge of the design and the helium liquefaction, Oscar Kesselring, his master glass blower, Cornelis Dorsman, responsible for the helium gas thermometer and the temperature measurements, and Gilles Holst who determined the resistance. Kesselring was born German; he worked in Thüringen before KO persuaded him to come to Holland. Dorsman was what we now would call a post-doc, who studied physics in Amsterdam under the supervision of Van der Waals. Holst was born Dutch, but studied physics at the ETH in Zürich. After he obtained his diploma there, he decided to do his Ph.D. research in Leiden where he started at the end of 1910.



Heike Kamerlingh Onnes and Johannes Diderik van der Waals (1913)
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Presentation Notes
The discovery of superconductivity may be considered as the ultimate result of the research program Kamerlingh Onnes started in 1882 when he was appointed professor of experimental physics in Leiden. In his public lecture he disclosed his plans to investigate in detail the theory of his friend and colleague Johan Diderik van der Waals, professor in theoretical physics at the University of  Amsterdam, who had extended the law of Boyle-Gay Lusac in order to account for the short-scale attractive interaction between molecules and their finite size. The transition from gas to liquid could be well described by the Van der Waals formula. The study of the gas-liquid transition not only was of fundamental importance, it also had implications for the technology of cooling and refrigeration which was rapidly growing at the end of the 19th century. 



Laboratory for physics, chemistry, anatomy en physiology (~1880)
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Presentation Notes
When KO started in Leiden he shared the laboratory on the Steenschuur with three other disciplines. Within three decades physics occupied the entire building.



(1908)
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Presentation Notes
KO had long before started to expand his domain by adding a series of laboratories for physics experiments and for producing low temperatures on an industrial scale, the cryogenic department. He also added space for his workshops where young technicians were educated at the Leiden Instrumentmakers School (1901). In this slide the cryogenic laboratories for liquid oxygen, hydrogen, and helium are denoted by the blue, green, and red circumference, respectively. 



Production facility for liquid air (1892)
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Presentation Notes
In the following three slides photos are shown of the cryogenic production facilities starting with that for liquid air ready in 1892. The three white columns contained the heat exchangers (see below) and the wooden box the glass Dewar for storage. Note that all the pumps, compressors, copper tubing were realized in a time that the city of Leiden didn’t have electricity yet. It was not before 1907 that Leiden was fully electrified.



Hydrogen liquefier (1905)
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The liquid hydrogen factory took somewhat longer because of a dispute with the town of Leiden about working with “a collection of explosive devices”. That dispute lasted almost three years, but eventually KO got permission to resume his experiments. Once operating (1905) the liquefier produced liquid hydrogen at a rate of 4 liters an hour.



He liquefier (1908) 
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Presentation Notes
Finally, on July 10, 1908, helium was liquefied for the first time. In the blow-up it is seen how small the series of Dewar flaks actually were. Essential parts from KO’s cryogenic laboratories can still be seen nowadays at Museum Boerhaave in Leiden.



Premier Congres International du Froid, Paris, Octobre 1908
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Pumps and compressors produced an awful lot of noise and vibrations. Therefore, sensitive experiments, as for instance the resistance measurements, were banned to remote laboratories. Resistances were measured in a Wheatstone bridge with a galvanometer as zero-voltage detector. Who has ever worked with a galvanometer, remembers how sensitive those devices were for vibrations. They were positioned on granite pillars detached from the building in the remote lab at the top of this plan. This is where Gilles Holst was contributing his part while the other members of the team were running the experiment and temperature detection near the helium liquefier. One communicated by means of a speaking tube.



degrees C (oC) (degrees) K(elvin)

0 oC +273 K

-273 oC 0 K

-190 +83 (liquid air
at 1 atmosphere)

-253 +20 (liquid H2)

1892

1905

Presenter
Presentation Notes
To produce liquid air KO used a cascade of three cooling cycles stepwise bringing down the temperature till the boiling point of oxygen was reached. Oxygen absorbs nitrogen so that eventually the slightly lower temperature of liquid air was reached. One recognizes the typical shape of the heat exchangers in the previous slides. The hydrogen cycle started with pre-cooling compressed hydrogen gas by liquid air boiling under reduced vapor pressure. By expansion through a Joule-Thompson valve that could be operated from outside, eventually liquid hydrogen boiling at 1 atmosphere (-253 centigrades) accumulated in the lowest Dewar. From there it was transferred to a transport Dewar. 



10 July 1908
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The helium cycle is very reminiscent to that of hydrogen. Liquid hydrogen (dark green) boiling at -258 oC was used as the pre-cooling agent for compressed helium gas (light red). After expansion liquid helium (dark red) accumulated in the inner Dewar which was surrounded by Dewars containing liquid hydrogen, liquid air (blue) and alcohol at a temperature of 30 oC (to prevent moisture in the air to condense on the glass). This color scheme will be used in the following slides as well. 



First attempt to transfer liquid helium from the liquefier 
to a separate cryostat (12 March 1910)
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Presentation Notes
Except for a gas thermometer there was no room for other experiments in the helium liquefier and therefore KO and Flim designed a separate Dewar (the cryostat) in which equipment could be placed for experiments. In the first attempt to transfer liquid helium from the liquefier to the cryostat (this was the third experiment with liquid helium ever; it took place on 12 March 1910) a very simple design was used for the glass transfer tube. The experimental insert only contained a glass tube filled with helium gas kept at a vapor pressure of 1 atmosphere. The poor heat conduction of glass helped to make this experiment work and once the helium in the cryostat had condensed, it was connected to an impressive battery of vacuum pumps to obtain a new low-temperature record of 1.5 K. When in the next experiment the insert was replaced by a gold resistor with copper current and voltage leads (June 1910) this set up failed dramatically, because the transferred helium evaporated immediately and build up high pressure that blocked the transfer. Therefore this method was abandoned and an entirely new design was developed that was eventually tested for the first time on 8 April 1911. KO didn’t want to wait that long, because important physics questions were waiting for an experimental answer. That was the question about the temperature dependence of a metal resistor in general, and more specifically, what would be the behavior close to absolute zero, T=0 K? 



Crystal lattice
The conduction electrons in a metal will be scattered by 
the thermal vibrations of the lattice atoms and by static impurities

For the experts

Kamerlingh Onnes’s model

R(T)/R0 = √(TET/T0E0)
with
ET = 3Rβν[exp(βν/T – 1)]-1

βν = hν/kB

ν frequency of Planck vibrator
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The prevailing model for conductance said that the conduction electrons were responsible for transporting the electric current and that the atoms of the crystal lattice in two ways could limit the mobility by scattering of the conduction electrons giving rise to resistance. One contribution to the resistance was temperature dependent, as it was related to the thermal motion of the lattice atoms. The other contribution due to scattering of the electrons by lattice defects and impurities, was temperature independent. Regarding the T dependent part KO had proposed a formula based upon the decreasing scattering cross section of the vibrating atoms (in those days called Planck vibrators; presently we speak of phonons), if the temperature was lowered. KO’s relation is given in the slide. R0 is the resistance at 0 oC (T0=273 K). There is one material parameter βν that is specific for each metal exemplifying the typical hardness or melting temperature of the material. The data he had available fitted well to his formula. [h denotes Planck’s constant, kB is the Boltzmann constant.]



Resistance versus temperature of Platinum and Gold resistors (1907)
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Here we see the data KO and Clay had collected in the previous years on gold and platinum resistors in the temperature range of liquid hydrogen, 14-20 K. Platinum and gold were chosen because these were the purest metals available and easily shapeable into a thin wire. By adding small amounts of silver they had investigated the purity dependence and concluded that very pure metals should have a very low resistance at about 10 K.
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Presentation Notes
The remaining question was what would happen to the resistance below 10 K?



Scattering by Planck vibrators and lattice impurities
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Would the effect of Planck vibrators vanish so that the resistance would acquire a level determined by impurity scattering only, or …



Freezing out of mobility of conduction electrons, Lord Kelvin (1902)
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… would it go through a minimum and rise to infinity if one approaches absolute zero? This model had been put forward by Lord Kelvin in 1902, who assumed that also the conduction electrons had to loose their mobility at T=0 K. Of course, this is a quite acceptable assumption without the knowledge of Fermi-Dirac statistics. 
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Well, only the experiment could give the answer. And KO at that time was the only one who could do the experiment. He thus decided to extend the original He liquefier so much that it could contain the platinum resistor and in December 1910, assisted by the same people as later on 8 April 1911, he measured for the first time the resistance of a metal at helium temperatures. The result is rather dull, the resistance does not change, but the conclusion was firm: [for unknown reasons] Kelvin’s model was not correct. This result indicated as well, that for extremely pure metals the resistance at helium temperatures would become exponentially small. And that implicated potential applications. For instance, strong magnetic fields would become possible without enormous generators and production of heat!



?

R vs T of mercury resistor in comparison to platinum and gold
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Because mercury could be purified relatively easily and in house as well, KO decided to develop a mercury resistor. The experiments at hydrogen temperatures were very promising, as is shown in the slide. Because of the low melting temperature of mercury (-39 oC) the material parameter of his model should be much smaller and the resistance should drop much faster than for gold and platinum. By estimating the parameter from the mercury data, KO could predict that the resistance at the boiling point of He (4.25 K) would be decreasing with lowering the temperature, but still be measurable. At 3 K, however, it would have become immeasurably small. These specific predictions were promising enough to decide that the mercury resistor should be mounted in the insert for the newly developed cryostat, even though the low melting point of mercury also had its disadvantages. In addition, the gold resistor and a new gas thermometer were placed in the new insert that was to be tested on 8 April 1911 together with the new transfer system.



Set up of 8 April experiment
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This slide shows a drawing of the entire set up. The three Dewars on the left all belonged to the (extended) He liquefier, the one on the right is the new cryostat with the insert (a blow up of the insert is given below). The new and essential element was the transfer tube made of double walled, silver coated and evacuated glass. It could be closed from outside by means of a valve at the end of the transfer tube inside the cryostat. A photo of the liquefier, transfer tube, and cryostat is shown on the right. We see the protecting metal shield surrounding liquefier and transfer tube. It all is remarkably small, see next slide. 



Transfer tube with valve controlled from outside the cryostat



What was placed inside the cryostat?
The stirrer (“het pompje”) electromagnetically driven.
It functioned well. 
“Pompje werkt prachtig”, HKO writes in his notebook.
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Blow-up of the insert and cryostat. We see the gas thermometer (Th3), the gold (ΩAu) and mercury (ΩHg) resistors with copper contact leads. The white cylinder left of these devices is the stirrer designed to establish a well defined and uniform temperature in the liquid helium. Three cross sections of the stirrer are shown in the center. The stirrer was driven from outside the cryostat by an electromagnet powered by an ac current (blue arrow in the photo on the right). It all was functioning surprisingly well for such a complicated set up. KO apparently was fond of his stirrer (he actually called it “a little pump”), because he made a special note in his notebook next to a small drawing showing the liquid helium flowing over the rim, see next slide.



THE page from HKO’s notebook
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On the right page we see the memorable words: “Kwik nagenoeg nul”, referring to the resistance measurement on the mercury resistor at 3 K. For mercury it was practically zero, for gold it was as before. At 4.25 K it was checked that the resistance was ohmic. It followed Ohm’s law.This observation marks the first measurement of the resistance of mercury below the superconducting transition temperature. In retrospect this is the discovery of superconductivity, although at that moment KO still believed that he had shown that his model had well predicted these results.



Only two points were measured.
HKO: my model works indeed!
The superfluid transition of He was
not mentioned in the publications.

Experiment of 23 May 1911 

They increased the temperature from 3.0 K

HKO’s notebook says:
At 4.00 [K] not yet anything to notice of rising
resistance.
At 4.05 [K] not yet either.
At 4.12 [K] resistance begins to appear.

Notebook entry of May 26: no short circuit!
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That KO thought so, is not so strange, since he only measured at 4.25 and 3 K and these two points were lying well within the error bars of his model predictions. The experiment had to be terminated at that point, because the latent heat of helium had to be determined before all liquid helium was gone. That quantity was of course of great importance for the planning and performance of experiments at liquid helium temperatures.[An interesting note in his notebook tells about the observation of a change in the boiling behavior of helium at a temperature of about 2.2 K. This marks the superfluid transition, as we now know. It has always been assumed that this effect would have been observed on the first day helium was liquefied (10 July 1908), but as the note proofs, it was found together with the discovery of superconductivity. Two macroscopic quantum transitions on the same day!]The next experiment was carried out on May 23. They carefully followed the resistance while the temperature was slowly increasing. No change was seen, until very close to 4.2 K, and then a sudden increase was observed. That was much faster than KO’s model predicted and shed some serious doubts on the previous interpretation. It was decided to change the insert and to also try to measure the resistance at temperatures above the boiling point by increasing the vapor pressure above 1 atmosphere. That plan took about 5 months of hard work and many broken capillaries filled with mercury.



Experiment of 26 October 1911 
with the historic plot showing the 
resistance jump at 4.20 K.
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In this slide it is seen that the major change made was the replacement of the copper contact leads by long capillaries filled with mercury. The idea was to reduce the heat influx as well as the thermo power which occurs if the contacts between different metals are at different temperatures. In fact the thermo power in the original set up was not so large, but by making everything out of the same material it was expected that there would be hardly any effect left. That idea didn’t work at all, because the transition from solid to liquid mercury should also be considered as a contact between two different metals. That transition occurs at a temperature of -39 oC which happens to be located somewhere near the top of the cryostat where temperature tends to fluctuate seriously. The result was a huge thermo power of about 5 mV, but by changing the arrangement of the experiment they nevertheless managed to determine the famous graph of resistance versus temperature. It is seen that KO’s model works well above the transition temperature, the resistance indeed still changes with temperature, but at the transition temperature of 4.22 K the resistance dropped to zero within a few mK. That convinced KO that he had found a novel phenomena, which he called “suprageleiding”, superconductivity. It took 46 more years before Bardeen, Cooper and Schrieffer eventually could provide the theoretical explanation of the nature of this macroscopic quantum transition. 



Subsequent developments

Holst was actively involved.
Was it a phase transition? Specific heat experiments failed.
22 June 1912: Mercury with gold or cadmium turned out to be 
superconducting as well. Even with amalgam for backing of mirrors the 
resistance disappeared with a jump and at a higher Tc!
Autumn 1912: also tin (3.8 K) and lead (~ 6 K) were superconducting.
Dreams of big magnets (almost) without losses. December 1913: a big 
disappointment, the resistance came back in a few tens of mT (a few 100 
Gauss). 
Were the Planck vibrators responsible? No measurable isotope effect of Pb.

Spring and early summer 1914: persistent current experiments.
This exciting result spread quickly and convinced even the theoreticians .

Then Wold War 1 broke out and experiments were discontinued until the 
early 1920’s.



The persistent current experiments of 1914
finally convinced the theoretical 
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Still, there remained a lot of skepticism about the experiments and the new phenomenon. The world finally was convinced when KO in 1914 carried out the persistent current experiments. He used the lead coil for these experiments, because it was easy to make a superconducting connection between the current leads. But the first experiments could have been equally well done with a lead ring. If one subsequently places the lead ring in a magnetic field, cool it through the transition temperature, and then remove the magnetic field, infinite conductivity will lead to an induced current in the ring that will keep the magnetic flux through the ring constant. With resistance in the ring the current would slowly decay to zero, but for a perfect conductor the induced current will stay unchanged for ever. The status of the induced current was detected by means of a compass needle pointing to the east. Instead of looking at the deflection of the needle, its position was kept the same by a compensating magnetic field generated in a copper coil cooled in liquid air. In the slide we see a few sketches of the set up made by Gerrit Jan Flim which are stored in the archives of Museum Boerhaave. On the left a side view is shown, in the middle the top view of the setup with one compensation coil. On the far right we see a sketch of the side view with two compensation coils on both sides of the lead coil in its Dewar in the center. The fact that there were no contact leads involved but only induced currents, was the most convincing aspect of the experiment. Newspaper all over the world mentioned this curious phenomenon and Max Planck sent a telegram from Berlin to congratulate Kamerlingh Onnes with this beautiful result.



The first (mechanical) persistent mode switch and 

a cutting device (1914)
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In two follow-up experiments some refinements were made and tried out, as well as a wire cutting device and a mechanical persistent mode switch. The sketch made by Flim is shown in the slide. Everything worked as to be expected for a perfect conductor. Soon after these experiments had been done World War 1 broke out, and research at liquid helium temperatures had to be terminated until the early twenties.Peter Kes  
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