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            THE STICKY TAPE SOLUTION

         

         Big science–little science

         There was a time when a lone scientist, or a handful of individuals working in a lab on a shoestring budget, could achieve wonderful things. Think of pretty well any scientific discovery that was made before the Second World War and you’ll find that neither finance nor staffing were huge. However, it would be easy to think that the hot science subjects of the 21st century all require massive budgets and enormous teams. This book is about a subject that has shattered this assumption.

         Think back to the major announcements that were made in science since 2000. Early on in the century, the Human Genome Project published its results, with drafts from both the $3 billion public programme and the $300 million private Celera programme released jointly in 2001 after many years of work. In 2013, the team working on the Large Hadron Collider at CERN near Geneva, often called ‘the biggest machine in the world’, announced the discovery of a particle consistent with a Higgs boson. The collider and the staff working on it have cost over $5 billion to date.

         Similarly, in 2016 and 2017 we have had a number of announcements of discoveries of gravitational waves made from the LIGO observatories, built at a cost of over $1 billion and with over 1,000 scientists worldwide involved in the project. And all of this is dwarfed by the funding that has been piled into the International Space Station which has cost over $100 billion without a single major scientific discovery to its name.*

         So, what could two physicists working in Manchester, England achieve with a negligible budget, some blocks of graphite and a few rolls of sticky tape? It would turn out to be rather a lot – perhaps the most far-reaching technological breakthrough of the 21st century to date. The development of ultrathin materials that emerged from the Manchester work has far greater practical value than any of the multi-billion dollar experiments named above, yet also contributes major steps forward in our understanding of both physics and chemistry. This is big-impact small science on a minimal budget.

         The city of Manchester has a strong reputation for scientific discovery – particularly when working on the atomic scale. It was there that John Dalton put forward his atomic theory that transformed our understanding of matter in the early 1800s. Nearly a century on, in 1900, Owens College in Manchester, soon to become part of the Victoria University of Manchester, saw the opening of an all-new physics building, a state-of-the-art facility, complete with a remarkably modern ventilation system which used oil baths to remove the soot from the smoky atmosphere of the country’s leading industrial city. 

         It was in this laboratory that Ernest Rutherford discovered the structure of the atom and Niels Bohr made the first steps towards a quantum mechanical understanding of atomic structure. Since then, all manner of scientific developments have followed in Manchester, from the construction of the Jodrell Bank radio astronomy observatory to Alan Turing’s work on computing. And it was that same Manchester University physics department† that unwittingly played host to Andre Geim and Konstantin (Kostya) Novoselov’s ‘Friday night experiments’ which led to the discovery of the new wonder material, graphene, followed by work on a range of other ultrathin substances.

         These two Russian-born physicists first met when Novoselov was supervised by Geim on his PhD – which he was awarded in 2004 – at the Radboud University of Nijmegen in the Netherlands. Sixteen years older, Geim had by then already gained a considerable reputation for original science combined with quirkiness and lateral thinking. Nothing shows this more clearly than his use of both frogs and a hamster in his work.

         

         Levitating frogs and co-authoring with a hamster – the quirky history of graphene’s discoverers

         In 2000, ten years before he won the Nobel Prize for his work on graphene, Andre Geim won the Ig Nobel Prize for levitating frogs.‡ The Ig Nobel is a humorous award that has been presented since 1991 for scientific research that ‘first makes people laugh, then makes them think’.§ It is an entertaining reflection on strange-sounding research and has been won by scientific papers and inventions with citations such as ‘Can a cat be both a solid and a liquid?’, ‘Dung Beetles use the Milky Way for Orientation’ and ‘Determining the ideal density of airborne wasabi (pungent horseradish) to awaken sleeping people in case of fire or other emergency.’ What Geim demonstrated was that magnetic levitation of living organisms – and particularly frogs – was perfectly possible.

         Anyone who has played with a pair of magnets knows that when they are aligned north pole to north pole, or south pole to south pole, they repel each other. If strong enough magnets are kept in alignment, one can be made to hover above the other. This clearly has potential practical applications. The idea that the repulsion effect could be used to get a train to hover over its tracks has been around since the start of the 20th century and a number of prototype ‘maglev’ (magnetic levitation) trains have run over the years. However, large-scale commercial application is only just becoming feasible with the development of ultra-powerful superconducting magnets. The Chuo Shinkansen line in Japan, which is expected to run at speeds of up to 500 miles per hour, is under construction at the time of writing. 

         To get many tonnes of train to float above the rails requires a lot of power – but it involves conventional magnetic repulsion between a magnet and pieces of metal, in which the magnet induces a magnetic field, a process familiar to Michael Faraday. But we all know that magnets don’t work on living things – so how could Geim, with his then collaborator Michael Berry of the University of Bristol, get a frog to float in mid-air using only a powerful electromagnet?

         It’s worth thinking first about the way that different metals react to magnets. Iron, for example, has a strong response to magnetism, while copper – which like iron is a good electrical conductor – does not. This primarily reflects the way the electrons are grouped around the atoms of these metals. As we will see in more detail on page 33, atoms have ‘shells’ occupied by electrons, and each shell has a limited capacity. Copper has a single electron in its outer shell, which can be easily detached to conduct electricity, but this leaves a full outer shell, which means that the copper atoms in the lattice structure that make up a piece of the metal are relatively symmetrical. When iron loses an electron for conduction, though, its outer shell is not full – this means there’s a degree of asymmetry in the atoms, and each atom can act like a tiny magnet, lining up under the influence of a magnetic field.

         Frogs and other living things, by contrast, aren’t made of metals (apart from small amounts in the blood etc.) – but frogs are made up of atoms and molecules which have attached electrons. Particularly handy is the asymmetric structure of water. In a strong magnetic field, water molecules will tend to line up and oppose the initial field that is acting on them, forming a weak magnet, a phenomenon known as diamagnetism. The effect is billions of times smaller than the field induced in a magnetic metal, but if the magnet influencing the frog is strong enough, the effect is sufficient to overcome the remarkably weak force of gravity.¶

         A spare-time look at an unlikely interaction between magnets and water was the original stimulus for Geim to begin his work on frogs. He notes that it had been claimed for some time that putting magnets on taps and water pipes would prevent a build-up of limescale (and indeed many products are available online which claim to do just this). But it was hard to understand why they would work and many suspected that they were just ways to make easy money. As Geim put it: ‘The physics behind [the action] remains unclear, and many researchers are sceptical about the very existence of the effect.’ Never one to be put off by opinion, Geim attempted several unsuccessful experiments on the effect and eventually commented that he still had nothing to add to the argument. But the process got him thinking laterally about water, particularly as his day job involved working with extremely powerful magnets – that is, magnets 200 times stronger than a typical modern high-strength neodymium magnet. 

         Frogs were chosen as the subjects for the experiment because they are light, have a high water content as animals go, and because, to put it bluntly, there would have been less of a problem if they had ended up exploding than there would from experimenting on people or puppies. And it was much easier to build a magnetic ‘cup’ using electromagnets to support a frog in mid-air than it would have been to levitate a human. The first subjects for the experiment, though, were less likely to catch the attention of the media – simple drops of water. Geim noted in his Nobel lecture: ‘Pouring water into one’s equipment is certainly not a standard approach, and I cannot recall why I behaved so “unprofessionally”. Apparently no one had tried such a silly thing before …’ His colleagues immediately suggested he could try the experiment out on drops of beer as a follow-up experiment. It is not recorded whether Geim gave this a try, though it would have been entirely in character for him to do so.

         A more realistic concern once moving on from globules of liquid to living things is that the extremely strong magnetic field would set up electrical currents in the brain. This is observed in a medical process known as transcranial magnetic stimulation. Powerful magnets positioned near to the skull do have a significant effect, starting electrical currents flowing in the cranial tissue. At low levels these can have beneficial effects, and are useful to apply a non-invasive prod to the brain, but with a strong enough field, the induced currents can cause seizures. However, the frogs seemed unharmed in the experiment. 

         Although Berry and Geim’s study was a serious piece of work (and deals with diamagnetic|| materials in general, not just the headline floating frogs), some of Geim’s sense of humour still managed to creep into the mostly very sober paper that the pair wrote on the subject. Here we are told: ‘[Using the effect on living organisms] could cause strange sensations; for example, if [the magnetic susceptibility** of flesh is greater than the magnetic susceptibility of] bone, the creature would be suspended by its flesh with its bones hanging down inside, in a bizarre reversal of the usual situation that could inspire a new (and expensive) type of face-lift.’

         The following year, Geim confirmed his reputation for injecting levity into what was otherwise serious work when he wrote a paper for the very straitlaced Physica B: Condensed Matter journal on ‘Detection of earth rotation with a diamagnetically levitating gyroscope’ (a more practical application of levitation). His single co-author for this paper was named as H.A.M.S. ter Tisha – in other words, his pet hamster, Tisha.††

         In a way, this recognition was an opportunity to reward Tisha for the animal’s contribution to earlier levitation research efforts. Tisha had been the first test subject for living organism levitation, but had appeared distressed by the experience. As Geim would later put it: ‘First we used a hamster. After we saw the hamster didn’t like it, we took a frog.’ The frog, it seems, was more phlegmatic about the whole thing. 

         Pencil thin

         The work that won Geim and Novoselov their Nobel Prize was on graphene, a sheet of graphite – one of the crystalline forms of carbon – just one atom thick. Graphite is a substance that we have all used at some time, though an oddity of history means that we are more likely to call it ‘lead’ when it appears down the centre of a pencil.

         At first glance, it isn’t obvious why anyone should associate graphite with lead. Lead is a dull grey metal, obviously not a material for drawing with, while graphite is carbon in the form of a black, shiny non-metallic material, not unlike coal in appearance. Sometimes, rather dubious guesswork has been used to come up with an explanation of why we call the writing bit of a pencil its lead. Perhaps the most plausible (if incorrect) suggestion is that it was because Romans wrote with a stylus that was made out of lead.

         The better substantiated answer makes rather more sense. The natural lead ore galena is lead sulfide. (Because of impurities, as well as being the main source of lead, galena is also where much of our silver comes from.) Galena is a shiny black crystalline substance, which has a strong resemblance to naturally occurring graphite crystals. 

         When graphite was first discovered it was called plumbago or black lead, because it was actually thought to be a variant of galena. Though the distinction was pretty much cleared up by the 1770s, the name ‘lead’ stuck as the way we refer to pencil cores.

         It should be fairly obvious that graphite is a useful material to make pencils from, even if you’ve never seen any. Its very name, coined in 1789 by German geologist Abraham Werner (as ‘graphit’, without an e on the end), labels it a ‘writing mineral’. England had a near-monopoly on good quality pencils (which were originally made by wrapping a stick sawn from a block of graphite in string or animal skin to strengthen it), as the only known large-scale deposit of high quality graphite in Europe was in Cumbria, in the north of the country.‡‡ It was only when other countries began to use the more easily obtained powdered graphite that pencils became common worldwide.

         The essence of graphite’s effectiveness as the writing material in a pencil is its crystalline structure. We’re more likely to think of diamond as a crystalline form of carbon (which it is), as we’re used to crystals being transparent and hard. But any element or compound with a regular repeating structure, where the atoms are bound together in a lattice, is a crystal. Metals, for example, despite being very different in looks to diamonds, are also crystals. And the graphite in a pencil lead is just as much a crystal as is diamond – but based on an alternative arrangement of the atoms.

         Rather than being a homogenous solid like a diamond, a graphite crystal is built up of layer upon layer of atom-thin sheets. These sheets are very strong in the plane of the sheet, but are only lightly attached to each other, and so easily slip over each other when put under pressure. The action of writing with a pencil rubs the graphite tip on to a sheet of paper, forcing sheets of graphite to slide off the tip of the pencil and be deposited on the paper. This ease of movement of the layers over each other also accounts for the oddity that this solid material makes a good lubricant. You’ll often find lubricants that involve graphite because of the ease with which the layers slip over each other.

         It was exactly this kind of mechanism – the ease with which layers can be removed from a block of graphite – that would be used to produce graphene. Because graphene is nothing more than a single atomic layer from a block of graphite. But it was necessary to go considerably further than simply rubbing a pencil on some paper. The layer of graphite this leaves behind on the paper consists of many graphene sheets – this has to be the case, or you wouldn’t be able to see what you’d written; graphene itself is transparent. How Geim and Novoselov were able to produce this remarkable substance owes much to a happy coincidence.

         Playing in Manchester

         In 2001, Andre Geim moved from his previous post in the Netherlands to Manchester, to take up a position as professor of physics. As he had demonstrated with the levitating frog, Geim likes to treat science as an adventure that can head off in any possible direction. He claims that one of the obstacles to the kind of work he likes to do is ‘the typical academic’. Such creatures he defines as ‘people who are put on the rails like a train by their supervisor and they continue doing all the same stuff from their scientific cradles to their scientific coffins. They all go along the same straight rail line – not a British rail line, but a straight rail line like in Siberia. I know plenty of Russians and British who do exactly the same thing without trying to move sideways because it’s dangerous, because it’s not what our instincts tell us … When you move from place to place you learn different things and this [gives you] pieces for your Lego game. The more pieces you have, the more complex the structures you can make.’

         This reference to Lego building bricks reflects an important part of the approach that has come to typify Geim’s work. His ‘Lego doctrine’ is to see what you’ve got available in a lab – the Lego pieces – and try to do something new and different with it, assembling the pieces to make new models. In his railway line analogy, this involves veering off the straight line into the green-field sites around it. His view of the Lego approach is that ‘You have all these different pieces and you have to build something based strictly on the pieces you’ve got.’ One of Geim’s ways to counter the limitations of the traditional railway line was to encourage free thinking time on a Friday night, supporting his belief that there should be ‘search not re-search’.

         Geim’s unusual approach dates back to his experience as a PhD student at the Institute of Solid State Physics in Chernogolovka, near Moscow. His thesis there was on ‘Investigations of mechanisms of transport relaxation in metals by a helicon resistance method’, which he ruefully admitted in his Nobel Prize lecture ‘was as interesting at that time as it sounds to the reader today’. Geim noted that his total of five journal papers on the subject, plus his thesis, have only been cited twice – and then only by co-authors. ‘The subject was dead a decade before I even started my PhD. However, every cloud has its silver lining, and what I uniquely learned from that experience was that I should never torture research students by offering them “zombie” projects.’

         Bringing to life a zombie project was not Geim’s intention when he asked a Manchester PhD student, Da Jiang, to take a chunk of graphite and to make from it the thinnest sheet that he could achieve. Despite newspaper articles to the contrary, the graphite used was not a piece of pencil lead, but a type known as highly oriented pyrolytic – a carefully produced block of near-perfect carbon layers produced by heating carbon sources in high temperatures and pressures,§§ costing around £300 a block. At least, the intention was to give Da a piece of highly oriented pyrolytic graphite. Geim admitted in his Nobel lecture that he unintentionally gave Da a block of high-density graphite instead, which makes it far harder to produce thin, uniform layers. Geim hoped that Da could produce a sample so thin that it would act more like a two-dimensional atomic lattice, which was predicted to have quite different properties to ordinary graphite.

         Da approached this task by grinding away layers until he had produced the thinnest slice of graphite that the equipment he was using could leave behind – but the sliver of carbon was not near enough to the atom-scale thinness that Geim knew was required to achieve the special properties he hoped to explore. This was a typical example of Geim pushing the boundaries: many theorists at the time thought that a two-dimensional crystal, such as the theoretical atom-thin sheet of graphite that was graphene, would be inherently unstable if separated from a block and would disintegrate to dust.

         It seems that after failing, Da asked for a second piece of graphite to have another go – something that went beyond the practically non-existent budget of what Geim had by then christened his Friday night experiments, spare-time ventures into new directions, inspired by the success of his levitation work. As Geim drily put it, when Da asked for another block of graphite, ‘You can imagine how excited I was.’ But rather than send more good money after bad, Geim followed up an idea suggested by his post-doctoral student, Oleg Shklyarevskii.

         It seems that Shklyarevskii overheard Geim moaning about Da’s disappearing graphite block, which Geim compared to polishing an expensive mountain to get a grain of sand. Shklyarevskii pointed out that scientists who worked with blocks of graphite needed to clean them first, to make sure the surfaces were even. Shklyarevskii was an expert in scanning tunnelling microscopy and in that field, blocks of graphite were (and are) used as a standard reference sample to set up the microscope. 

         To make a pristine sample for the microscope’s calibration, the scientists applied strips of Scotch tape to the surface of the block and peeled them back off, taking away a thin layer of the carbon and leaving behind a smooth, clean surface. The pieces of tape were then binned. Geim observed: ‘What these guys did not realise was that throwing away the Scotch tape they were throwing away the Nobel Prize as well.’

         In true Friday night experiment style, Geim and Shklyarevskii looked through their colleagues’ waste baskets and found plenty of pieces of tape which had graphite layers left behind on them. (Thankfully, solid state physics lab bins tend to be less hazardous than those in biology or chemistry labs.) Though the layers of graphite on the tape strips still weren’t thin enough to have the potentially remarkable properties of graphene, under the microscope, the samples proved to be thinner than anything Da had achieved using the grinding method. Some of the deposits of graphite on the tape were so thin that they were transparent – which meant that there could only be a small number of graphene layers present.

         ‘We did not invent graphene,’ Geim says, ‘we only saw what was laid up for five hundred years under our noses.’¶¶

         By this time, Konstantin Novoselov was fully committed to the project with Geim, and together the pair worked on the separation of thin sheets of graphite, repeatedly peeling them off with adhesive tapes, then pressing the tapes on to an oxidised silicon wafer. The closest layer of graphene tended to stick to the silicon oxide as a result of a weak inter-atomic force called a van der Waals force (of which much more later). When the tape was carefully peeled away from the silicon wafer, a much thinner layer would be left behind. After a year of experimenting with different approaches, the pair managed to reach their ultimate goal – a layer of carbon a single atom deep, forming a neat lattice of atoms like an interlocked set of hexagonal benzene rings but with only carbon present, which would prove to be remarkably versatile. 
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               Graphene forms a lattice of hexagonal carbon rings.

            

         

         The mere fact that this near-two-dimensional sheet existed at all hinted at its unusual nature. All atoms are constantly on the move, and in normal circumstances it is usually the larger structure of a body of matter that holds a thin layer together. Graphite is fine, as each layer supports the next, but you might expect a single layer of atoms to pull itself apart from the thermal activity of the atoms alone. However, this new material was strong enough to resist those rippling forces. Graphene is both stronger than steel by a factor of 100, and 100 times more conductive than copper.

         Geim and Novoselov’s work has enabled them in just a handful of years since their discovery to open up possibilities from super-strong materials and flexible atom-thin electronics to molecular sieves to purify seawater. But before we can understand graphene and its amazing promise, we need to start with the ultimate Lego bricks – the atoms that make it up – and how those atoms interact. 

         
            * To be fair, the primary role of the International Space Station is not scientific experimentation but to provide a test bed for approaches to space exploration, so arguably it shouldn’t be considered a science project. It is, however, often misleadingly portrayed as a scientific endeavour.

            † Although not the same building – the 1900 building is now an administration block.

            ‡ Geim is the first person ever to win both an Ig Nobel and a Nobel prize.

            § The Ig Nobel was started by Marc Abrahams – see www.improbable.com for more details.

            ¶ Gravity may seem powerful, but compare the gravitational influence of the whole Earth trying to pull a fridge magnet off the fridge and the tiny bit of magnet that is holding it in place. The magnet wins. Gravity is around a trillion, trillion, trillion times weaker than electromagnetism.

            || Diamagnetic materials are substances that are repelled by magnetic fields despite not being themselves magnetic materials.

            ** Magnetic susceptibility is a measure of how much a substance is attracted or repelled by a magnetic field.

            †† Tisha was not the only animal in history to co-author a scientific paper. For example, American biologist Polly Matzinger co-authored with her dog Galadriel Mirkwood, while the American physicist Jack Hetherington not only co-authored with his cat, Chester (operating under the name F.D.C. Willard), Chester even has a byline for writing a solo article for a French popular science magazine.

            ‡‡ Hence the location of the UK’s foremost pencil museum at Keswick in Cumbria.

            §§ One good source of high-quality graphite for producing graphene is so-called Kish graphite, which is deposited on the surface of molten iron during the steel-making process.

            ¶¶ The name ‘graphene’ was not dreamed up by Geim, but had been in use since the 1980s to describe the layers in a piece of graphite and that also formed tiny carbon ‘nanotubes’ when in a more stable rolled structure. But no one believed that a flat sheet of graphene could be separated or that it would remain as a stable substance.
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