Superconductivity&DC Resistivity

Measurements on a Superconductor

Resistance Results for YBCO: The sample that I use is Yitrium(1)Barium(2)Copper(3)Oxygen(6.95). Unlike Copper, the YBCO pellet experiences a phase change on the quantum mechanical level at approximately 90 Kelvin. At this temperature the electrons begin to form pairs due to a weak attraction. The attraction between the electrons is a rather amazing feat considering the fact that the particles involved have like charges. The attraction is actually a result of the electrons' interaction with the crystal lattice of the YBCO atoms. As a result of the pairing, the electrons share the same quantum mechanical wave function. Now if one electron runs into an impurity in the sample it will only stop if all of the paired electrons come to a stop. Since a single impurity is incapable of stopping all of the electrons, the electron in question will pass the impurity without being scattered. The ramification of this purely quantum mechanical phenominon is that the sample will have absolutely ZERO resistance - a perfect conductor. 

Perfect Conductivity

So now that we have a sample that is capable of displaying perfect conductivity, we are in an interesting position with respect to our previous induction demonstration. If the magnet finally fell onto the copper after several seconds due to the fact that the copper had some resistance, what will happen if a magnet is lowered onto a superconducting sample? As the magnet is brought close, induced currents on the surface of the superconductor create an opposed magnetic field that attempts to repel the magnet. When the magnet is close enough, equilibrium is reached and voila!:
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The magnet never makes it to the surface, IT LEVITATES! It never decends below the height in the photo because the currents that are responsible for creating the magnetic field that suspends the magnet never decay away.

The magnet does eventually stop SPINNING due to air friction, but the LEVITATION goes on forever and ever as long as the sample is kept cold enough for the electrons to stay paired.

The magnet in mid-air:

(Without power)

Floating in mid-air between two metal plates, a tiny magnet bobs and spins in the wind from the viewer's breath.

No batteries are used, no electromagnets, no supercooled superconducting materials, just some easy to obtain materials from local stores. 
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Bismuth is very similar to lead. It is easy to melt, and is as heavy and hard as lead. Because lead is toxic and bismuth is not (it is the active ingredient in the Pepto-Bismol medicine for upset stomach), it is used in environmentally safe bird shot for hunters. It is in this form that it is most easily found at gun shops and sporting goods stores.

The bismuth disks are diamagnetic. This means that they push away from a magnet. It doesn't matter whether the north pole of the magnet or the south pole is used, the bismuth always pushes away. 

The diamagnetism is very weak, even in bismuth, which has the strongest diamagnetism of any metal. This is why the adjustment is so sensitive. 

The ring magnets attract the small neodymium magnet with just exactly the right amount of force to counteract gravity. However, if the bismuth disks were not there, the tiny magnet would jump up to the ring magnets, because as it gets closer, the force is stronger. 

Right at the critical point, where the magnetic pull just barely counteracts gravity, the weak diamagnetism of the bismuth is enough to keep the magnet from jumping up to the ring magnets, or falling down. The magnet thus floats, being repelled by the top and bottom bismuth disks. 
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Troubleshooting 

The most common problem in building the device is that the floating magnet will either stick to the top bismuth plate, or stick to the bottom bismuth plate, but never hover in between them

That happens because the plates are too far apart for the strength of the top magnet. You can either put the plates closer together, or (better) make the top magnet stronger by adding more magnets, or using more powerful magnets, or both.

The stronger the top magnets, the farther they can be from the floating magnet and still lift it. As the top magnet gets stronger and farther away from the floating magnet, the area where the floating magnet can be stabilized increases. The magnetic field is bigger and spreads out more, and so the floating magnet can move up and down more before the strength of the field changes enough to make it fly up or fall down. We say the magnetic field 'gradient' is weaker if the top magnet is farther away. The gradient is just how much the strength of the field changes with distance. 

The Real Levitation:

Leaving science fiction aside, science does know scores of different ways to levitate things. For instance, a helicopter can be considered as a very impressive levitation device that uses a stream of air to keep floating. Scientists have also found many ways to levitate things without any noise or the need for petrol or air, by using electromagnetic fields. Levitating trains and levitating display are but two examples of electromagnetic levitation. However, in all such schemes, a source of energy (an engine or a battery at least) is always required to keep an object afloat. Remove the battery and the levitation inevitably stops

I know only one way to achieve REAL levitation, i.e. such that no energy input is required and the levitation can last forever. The real levitation makes use of diamagnetism, an intrinsic property of many materials referring to their ability to expel a portion, even if a minute one, of an external magnetic field. Electrons in such materials rearrange their orbits slightly so that they expel the external field. As a result, diamagnetic materials repel and are repelled by strong magnetic fields.

Three basic schemes using various aspects of diamagnetism allow the true levitation:

Superconducting levitation: Superconductors are ideal diamagnetics and completely expel magnetic field at low temperatures. The superconductor is cooled by liquid air.

Diamagnetic levitation: An object does not need to be superconducting to levitate. Normal things, even humans, can do it as well, if placed in a strong magnetic field. Although the majority of ordinary materials, such as wood or plastic, seem to be non-magnetic, they, too, expel a very small portion (0.00001) of an applied magnetic field, i.e. exhibit very weak diamagnetism. Such materials can be levitated using magnetic fields of about 10 Tesla.

Diamagnetically stabilized levitation: Low temperatures (such that air turns liquid) and powerful magnets (such that cooking pans are drawn from a distance of several meters) are not what one is likely to have at home to be able to watch the superconducting or diamagnetic levitation. Now, there is a way - at last - to have miniature levitating devices that even schoolchildren can make.

The Frog That Learned to Fly

(Molecular Magnetism and Levitation)

The image of a high-temperature superconductor levitating above a magnet in fog of liquid nitrogen can hardly surprise anyone these days – it has become common knowledge that superconductors are ideal diamagnetics and magnetic field must expel them. On the other hand, the enclosed photographs of water and a frog hovering inside a magnet (not on board a spacecraft) are somewhat counterintuitive and will probably take many people (even physicists) by surprise. This is the first observation of magnetic levitation of living organisms as well as the first images of diamagnetics levitated in a normal, room-temperature environment (if we disregard the tale about Flying Coffin of Mohammed as such evidence, of course). In fact, it is possible to levitate magnetically every material and every living creature on the earth due to the always present molecular magnetism. The molecular magnetism is very weak (millions times weaker than ferromagnetism) and usually remains unnoticed in everyday life, thereby producing the wrong impression that materials around us are 

mainly nonmagnetic. But they are all magnetic. It is just that magnetic fields required to levitate all these "nonmagnetic" materials have to be approximately 100 times larger than for the case of, say, superconductors.
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Whether an object will or will not levitate in a magnetic field B is defined by the balance between the magnetic force F = M[image: image5]B and gravity mg = [image: image6]V g where [image: image7]is the material density, V is the volume and g = 9.8m/s2. The magnetic moment M = ([image: image8]/ µ0)VB so that F = ([image: image9]/µ0)BV[image: image10]B = ([image: image11]/2µ0)V[image: image12]B2. Therefore, the vertical field gradient [image: image13]B2 required for levitation has to be larger than 2µ0 [image: image14]g/[image: image15]. Molecular susceptibilities [image: image16]are typically 10-5 for diamagnetics and 10-3 for paramagnetic materials and, since [image: image17]is most often a few g/cm3, their magnetic levitation requires field gradients ~1000 and 10 T2/m, respectively. Taking l = 10cm as a typical size of high-field magnets and [image: image18]B2 ~ B2/l as an estimate, we find that fields of the order of 1 and 10T are sufficient to cause levitation of para- and diamagnetics. This result should not come as a surprise because, as we know, magnetic fields of less than 0.1T can levitate a superconductor ([image: image19]= -1) and, from the formulas above, the magnetic force increases as B2. This is very importante for Tesla coils. Imagion what would happened when I put TC in 90 degrees K. I will have the same results with Bismut instead of copper, and only 500V instead of 15kV, for the same results!!!

The frog is just one example of magnetic levitation. I have observed plenty of other materials floating in magnetic field - from simple metals (Bi and Sb), liquids (propanol, acetone and liquid nitrogen) and various polymers to everyday things such as various plants and living creatures (frogs, fish and a mouse). I hope that these photographs will help many – particularly, non-physicists – to appreciate the importance of magnetism in the world around us. For instance, it is not always necessary to organize a space mission to study the effects of microgravity– some experiments, e.g. plants or crystal growth, can be performed inside a magnet instead. Importantly, the ability to levitate does not depend on the amount of material involved, V, and high-field magnets can be made to accommodate large objects, animals or even man. In the case of living organisms, no adverse effects of strong static magnetic fields are known – after all, our frog levitated in fields comparable to those used in commercial in-vivo imaging systems (currently up to 10T). The small frog looked comfortable inside the magnet and, afterwards, happily joined its fellow frogs in the river.

There is one important aspect in which the diamagnetic levitation differs from any other known way of levitating or floating things. In the case of diamagnetic levitation, the gravitational force is compensated on the level of individual atoms and molecules. This is, in fact, as close as we can - probably ever - approach the science-fiction antigravity machine. 

According to the general laws of physics, a magnet unlike a diamagnet, can NOT levitate. The Maxwell equations do not allow this. End of discussion. The so-called Earnashaw`s theorem explicitly states that, however hard you try, it is impossible to achieve stable levitation of a magnet in a system governed by stationary electric, magnetic and gravitational forces. One can try to get a feel of this theorem in a simple experiment. Take two magnets and try to lift one of them by approaching the other magnet from above. The attractive force between the magnets easily allows the situation in which the lower magnet is practically weightless (the top magnet pulls it upwards compensating the gravitational force). However, the lower magnet cannot stay in this weightless state for more than a tiny fraction of a second: it either jumps up and sticks to the top magnet or falls down. And there is no way to hang the magnet in mid-air, whatever tricky configuration of additional magnets one suggests. This is normally referred to as an unstable equilibrium and is somewhat similar to the situation with a ball on top of a hill, which always tries to roll down.

I have found a way to cheat the nature and "break down" Earnshaw’s theorem. I stabilize levitation of a magnet by using feeble diamagnetic forces created by seemingly non-magnetic materials such as graphite, bismuth or even human fingers. Scientifically speaking, I use non-local interaction of a magnet with a diamagnetic medium, a possibility not considered previously. So, no need to worry: the Maxwell equations survive after all.

The basic idea of the new type of levitation is remarkably simple or - with the benefit of hindsight - even trivial. Let us take the magnet in the weightless but unstable situation discussed above and place it between two diamagnetic plates.

A magnet and a diamagnet always repel each other. Therefore, if the floating magnet attempts to fall down, the bottom graphite plate pushes it up slightly and prevents it from the fall without touching it. If the magnet attempts to jump up towards the top magnet, the top plate prevents it from doing so, too. In effect, the diamagnetic plates work as self-adjusting stabilisers, allowing Earnshaw’s theorem to be flouted. What is really counterintuitive in this situation - especially for physicists - is that the minute forces created by the practically non-magnetic matter and very rapidly decaying with distance, are sufficient to keep the fine balance between magnetic and gravitational forces.

The photographs of a magnet in mid-air shows a prototype of a new generation of (passive) magnetic bearings based on the described principle. Unlike in the case of superconducting bearings, there is no need to cool the device with liquid nitrogen or helium and there is no magnetic friction. On the other hand, the design is much simpler than for active magnetic bearings and does not require sophisticated electronics. Importantly, there are no restrictions on either the size or weight of levitating objects, nor very strong magnetic fields are required. My magnetic bearings can be made of only permanent magnets and are intrinsically frictionless. They can be either less than a centimetre in size (to support high-speed rotors) or many meters large (to support flywheels for energy storage weighing many tons). The latter would require many permanent magnets distributed above a heavy levitating objects. Of course, the diamagnetically stabilised levitation is unlikely to be a panacea for every application where magnetic bearings were previously considered. However, they can take over in some cases or be incorporated in design in others.A perpetuum mobile(perpetual mobile)!!!

In order to show how easy it is to achieve levitation (when you know how!) and to demonstrate that the levitation is really at your fingertips for practical applications, I have produced a literal illustration of this by levitating a magnet between the fingertips. Human fingers are about 20 times less diamagnetic than graphite and, therefore, a very large magnet placed above is required. It creates 500 Gauss (200 times of Earth’s magnetic field) at the place where the researcher stands. This fingertip levitation is a stunt, of course, but it sends the message - we hope - that science should not necessary be boring or overcomplicated to be new. On the other hand, miniature frictionless magnetic bearings like this prototype on the picture are likely to find their way to households and, hopefully, not only as levitating toys but also as bearing parts in some appliances. 

[image: image20.jpg]


[image: image21.jpg]COMPENSATING
MAGNET

LEVITATING
(NdFeB)
MAGNET




Neodymium-Iron-Boron magnet.

These very small but VERY powerful magnets are made of an alloy of the rare earth element Neodymium along with Iron and Boron. This is the most powerful permanent magnet alloy known. (But still can be found in Radio-Shack…)

These magnets are plated in gold to seal the sensitive alloy from moisture. They are 6 millimeters in diameter, and 2 millimeters thick.
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