Making a Time Crystal
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It sounds like science fiction, but it’s not: Scientists have created the first time crystal, using a chain of ions. We know that a crystal (such as sodium chloride or salt) has a repeating structure. In the picture, you can see the repeating small dark sodium (positive) ions alternating with the large chloride (negative) ions in a 3-dimensional lattice structure. Just as a standard crystal has atomic or ionic configurations that repeat regularly in space, a time crystal repeats in time, returning to a similar configuration at regular intervals. (Configuration is the arrangement of atoms in the crystal).

Scientists at the University of Maryland and the University of California, Berkeley created a chain of 10 Ytterbium (70Yb) ions.  Ytterbium is a silvery white substance and is used in the world's most stable atomic clocks.
Spin flips with a laser beam
Just as electrons have an electric charge, they have a property called spin. Ytterbium has 70 electrons and so all its electrons in their orbits are paired, one pointing with spin up and the other with spin down. Because of this, there is no left-over spin. In this experiment, the Ytterbium was ionised to a (3+) state so that there is a left over spin in each ion. So you can think of the chain of Yb ions as a chain of spins. A laser was used to flip the spins in a chain of 10 ions from up to down. The ions were allowed to interact so that the spin of each ion would influence the others.  The researchers repeated this sequence at regular intervals, flipping the ions each time and letting them interact. When scientists measured the ions’ spins, on average the ions returned to their original states in twice the time interval at which they were flipped.

This behavior is sensible — if each flip turns something from up to down, it takes two flips to return to its original position — from up to down to up again. But scientists found that the ions’ spins would return to their original spin directions at that same rate even if they were not flipped perfectly halfway. This result indicates that the system of ions prefers to respond at a certain regular time interval — the hallmark of a time crystal — just as atoms in a crystal prefer a lattice with specific distances between atoms/ions. Such time crystals are one of the first examples of a new phase of matter.
Symmetry Breaking
The story of time crystals begins in 2012 with Nobel Prize winner Frank Wilczek from MIT. As a theoretical physicist and a mathematician, Wilczek used a crucial idea — called symmetry breaking — to create the idea of time crystals.

To understand what symmetry breaking is, think of liquid water. In a water droplet, molecules are free to move about and can be anywhere within the liquid. The liquid looks the same in any direction, meaning that it has a high degree of symmetry. If the water freezes to form ice, attractive forces between the molecules force them to rearrange into a crystal, where molecules are spaced at regular intervals. But this regularity means that the crystal isn't as symmetrical as the liquid, so we say the symmetry of the liquid has been broken when freezing into ice. For instance, if you rotate salt crystals by 90 degrees, they will resemble the original crystal, but any arbitrary rotation will not make an indentical copy.

Wilczek wondered if, in the same way that a crystal breaks symmetry in space, it would be possible to create a crystal breaking an equivalent symmetry in time. This was the first time the idea of a time crystal was theorised.

Such an object would have a pattern in time that continuously changes and repeats, like a kind of heartbeat that repeats forever, like a perpetual motion machine.
Perpetual motion machines
These are machines that can work indefinitely without an energy source, are forbidden by the laws of physics which state that you need energy to do work. Wilczek recognised this problem and in 2015, another group of theoretical physicists showed that a perpetual motion crystal would indeed be impossible.

But this was not the end of the story. In 2016, new research showed that time crystals could still exist in theory, but only if there was some external driving force. This driving force provides the energy to keep the crystal oscillating in time. The key idea was that the time regularity would be dormant, or hidden from view. Adding a little energy through the external driving force would bring the time regularity to life and unveil it. This solved the paradox of perpetual motion, and brought new hopes for the existence of time crystals.

Then, in the summer of 2016, researchers studied how a special property of particles known as quantum spin could be repeatedly reversed by an external force at regular intervals. They predicted that if they did this to a set of particles, the interactions between the particles would produce their own oscillations in the spin, creating a "driven" time crystal.
Making time crystals in the lab
In a matter of months, two different experimental groups had taken on the challenge to create the time crystals in the laboratory. One of the teams fired laser pulses at a train of ytterbium atoms that produced oscillations in the atoms' properties. These oscillations were at different intervals from the original driving pulses. The crystals never settle down in any particular configuration and keep looping over, so they are never in equilibrium. This meant that the ytterbium atoms were behaving as a time crystal.

The other team focused on an entirely different system, consisting of impurities in a diamond crystal. They used microwaves to disturb the impurities at well-defined intervals, and observed the same type of time-crystal oscillations as the first team. At last, time crystals had been created and Wilczek's main ideas proven true.
Crystal future
The prediction, realisation and discovery of time crystals opens a new chapter in quantum mechanics, with questions about the properties of this newly found state of matter and whether time crystals might occur in nature.

The symmetry-breaking properties of time crystals may find their way into novel fields, such as the special materials needed for quantum computing, which uses the inherent properties of atoms to store and process data.

The story of time crystals started with a beautiful idea by a theoretical physicist, and now has culminated its first chapter with conclusive experimental evidence after a mere five years. Far from coming to an end as scientists prove their big theories, it seems physics is more alive than ever.
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