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$ÒÅÁÍÔ ÕÐ ÂÙ ÔÈÅ ÐÈÙÓÉÃÓ .ÏÂÅÌ ÌÁÕÒÅÁÔÅ &ÒÁÎË 7ÉÌÃÚÅË ÉÎ φτυφȟ ÔÈÅ ÎÏÔÉÏÎ ÏÆ ȰÔÉÍÅ 

ÃÒÙÓÔÁÌÓȱ ÉÓ ÎÏ× ÍÏÖÉÎÇ ÆÒÏÍ ÔÈÅÏÒÙ ÔÏ ÅØÐÅÒÉÍÅÎÔ ɀ and could also lead to applications 

such as a new kind of atomic clock. [25] 

Yale physicists have uncovered hints of a time crystalɂa form of matter that "ticks" 

when exposed to an electromagnetic pulseɂin the last place they expected: a crystal you 

might find in a child's toy. [24] 

The research shows that concentrated electrolytes in solution affect hydrogen bonding, 

ion interactions, and coordination geometries in currently unpredictable ways. [23] 

An exotic state of matter that is dazzling scientists with its electrical properties, can also 

exhibit unusual optical properties, as shown in a theoretical study by researchers at 

A*STAR. [22] 

The breakthrough was made in the lab of Andrea Alù, director of the ASRC's Photonics 

Initiative. Alù and his colleagues from The City College of New York, University of Texas 

at Austin and Tel Aviv University were inspired by the seminal work of three British 

researchers who won the 2016 Noble Prize in Physics for their work, which teased out 

that particular properties of matter (such as electrical conductivity) can be preserved in 

certain materials despite continuous changes in the matter's form or shape. [21]  

Researchers at the University of Illinois at Urbana-Champaign have developed a new 

technology for switching heat flows 'on' or 'off'. [20] 

Thermoelectric materials can use thermal differences to generate electricity. Now there 

is an inexpensive and environmentally friendly way of producing them with the simplest 

tools: a pencil, photocopy paper, and conductive paint. [19] 

A team of researchers with the University of California and SRI International has 

developed a new type of cooling device that is both portable and efficient.  

[18]  

Thermal conductivity is one of the most crucial physical properties of matter when it 

comes to understanding heat transport, hydrodynamic evolution and energy balance in 

systems ranging from astrophysical objects to fusion plasmas. [17]  

Researchers from the Theory Department of the MPSD have realized the control of 

thermal and electrical currents in nanoscale devices by means of quantum local 

observations. [16]  



Physicists have proposed a new type of Maxwell's demonɂthe hypothetical agent that 

extracts work from a system by decreasing the system's entropyɂin which the demon 

can extract work just by making a measurement, by taking advantage of quantum 

fluctuations and quantum superposition. [15]  

Pioneering research offers a fascinating view into the inner workings of the mind of 

'Maxwell's Demon', a famous thought experiment in physics. [14]  

For more than a century and a half of physics, the Second Law of Thermodynamics, 

which states that entropy always increases, has been as close to inviolable as any law we 

know. In this universe, chaos reigns supreme.  

[13]  

Physicists have shown that the three main types of engines (four-stroke, twostroke, and 

continuous) are thermodynamically equivalent in a certain quantum regime, but not at 

the classical level. [12]  

For the first time, physicists have performed an experiment confirming that 

thermodynamic processes are irreversible in a quantum systemɂmeaning that, even on 

the quantum level, you can't put a broken egg back into its shell. The results have 

implications for understanding thermodynamics in quantum systems and, in turn, 

designing quantum computers and other quantum information technologies. [11]  

Disorder, or entropy, in a microscopic quantum system has been measured by an 

international group of physicists. The team hopes that the feat will shed light on the 

"arrow of time": the observation that time always marches towards the future. The 

experiment involved continually flipping the spin of carbon atoms with an oscillating 

magnetic field and links the emergence of the arrow of time to quantum fluctuations 

between one atomic spin state and another. [10]  

Mark M. Wilde, Assistant Professor at Louisiana State University, has improved this 

theorem in a way that allows for understanding how quantum measurements can be 

approximately reversed under certain circumstances. The new results allow for 

understanding how quantum information that has been lost during a measurement can 

be nearly recovered, which has potential implications for a variety of quantum 

technologies. [9]  

Today, we are capable of measuring the position of an object with unprecedented 

accuracy, but quantum physics and the Heisenberg uncertainty principle place 

fundamental limits on our ability to measure. Noise that arises as a result of the 

quantum nature of the fields used to make those measurements imposes what is called 

the "standard quantum limit." This same limit influences both the ultrasensitive 

measurements in nanoscale devices and the kilometer-scale gravitational wave detector 

at LIGO. Because of this troublesome background noise, we can never know an object's 

exact location, but a recent study provides a solution for rerouting some of that noise 

away from the measurement. [8]  



The accelerating electrons explain not only the Maxwell Equations and the Special 

Relativity, but the Heisenberg Uncertainty Relation, the Wave-Particle Duality and the 

ÅÌÅÃÔÒÏÎȭÓ ÓÐÉÎ ÁÌÓÏȟ ÂÕÉÌÄÉÎÇ ÔÈÅ "ÒÉÄÇÅ ÂÅÔ×ÅÅÎ ÔÈÅ #ÌÁÓÓÉÃÁÌ ÁÎÄ 1ÕÁÎÔÕÍ 4ÈÅÏÒÉÅÓȢ   

The Planck Distribution Law of the electromagnetic oscillators explains the 

electron/proton mass rate and the Weak and Strong Interactions by the diffraction 

patterns. The Weak Interaction changes the diffraction patterns by moving the electric 

charge from one side to the other side of the diffraction pattern, which violates the CP 

and Time reversal symmetry.  

The diffraction patterns and the locality of the self-maintaining electromagnetic 

potential explains also the Quantum Entanglement, giving it as a natural part of the 

relativistic quantum theory.  
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Preface  
Physicists are continually looking for ways to unify the theory of relativity, which describes 

largescale phenomena, with quantum theory, which describes small-scale phenomena. In a new 

proposed experiment in this area, two toaster-sized "nanosatellites" carrying entangled 

condensates orbit around the Earth, until one of them moves to a different orbit with different 

gravitational field strength. As a result of the change in gravity, the entanglement between the 

condensates is predicted to degrade by up to 20%. Experimentally testing the proposal may be 

possible in the near future. [5]  

Quantum entanglement is a physical phenomenon that occurs when pairs or groups of particles are 

generated or interact in ways such that the quantum state of each particle cannot be described 

independently ς instead, a quantum state may be given for the system as a whole. [4]  

I think that we have a simple bridge between the classical and quantum mechanics by 

understanding the Heisenberg Uncertainty Relations. It makes clear that the particles are not point 

like but have a dx and dp uncertainty.   

  

In Search of Time Crystals   
5ǊŜŀƳǘ ǳǇ ōȅ ǘƘŜ ǇƘȅǎƛŎǎ bƻōŜƭ ƭŀǳǊŜŀǘŜ CǊŀƴƪ ²ƛƭŎȊŜƪ ƛƴ нлмнΣ ǘƘŜ ƴƻǘƛƻƴ ƻŦ άǘƛƳŜ ŎǊȅǎǘŀƭǎέ ƛǎ ƴƻǿ 

moving from theory to experiment ς and could also lead to applications such as a new kind of 

atomic clock. Philip Ball explains 

¢ƘŜǊŜΩǎ ƴƻ Ǉƻƛƴǘ ƛƴ ŘŜƴȅƛƴƎ that the appeal of an idea in science can depend 

on finding a catchy name for it. Just think of the Big Bang, black holes or dark 

matter. None of those, however, comes close to the Doctor Who-style 

ǊŜǎƻƴŀƴŎŜ ƻŦ ǘƘŜ ǇƘǊŀǎŜ άǘƛƳŜ ŎǊȅǎǘŀƭǎέΦ .ǳǘ ǘƘƛǎ ŎƻƴŎŜǇǘΣ first proposed in 

2012 by the Nobel-prize-winning physicist Frank Wilczek (Phys. Rev. 

Lett. 109 160401), is more than a case of canny packaging. It toys with 

some deep themes in physics ς the symmetry of time, quantum mechanics 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.160401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.160401


and the role of disorder ς to come up with a counterintuitive new proposal 

for how matter can behave. 

Ordinary crystals consist of atoms or molecules arranged regularly in space. 

But rather than having a periodicity in space, time crystals exhibit a 

periodicity in time. They display a dynamical, ever-changing mode of 

ōŜƘŀǾƛƻǳǊ ǘƘŀǘ ǊŜǇŜŀǘǎ ǊŜƎǳƭŀǊƭȅΦ !ƭǘƘƻǳƎƘ ²ƛƭŎȊŜƪΩǎ ƻǊƛƎƛƴŀƭ ŎƻƴŎŜǇǘ ƻŦ ǘƛƳŜ 

crystals as materials that show spontaneous temporal periodicity has been 

ƛƴǾŀƭƛŘŀǘŜŘΣ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǇǊƻŘǳŎŜ ŀ ǾŀǊƛŀƴǘ ƻŦ ǿƘŀǘ ƘŜ ƘŀŘ ƛƴ ƳƛƴŘ ōȅ 

driving a system out of equilibrium. Last year time crystals of this other kind 

were demonstrated for the first time in the lab. And very recently two more 

varieties have been spotted, raising the possibility that time-crystal 

behaviour might be a rather common property of materials. 

¢ƘŀǘΩǎ ŀƭƭ ǾŜǊȅ ǿŜƭƭΣ ōǳǘ ŀǊŜ ǘƛƳŜ ŎǊȅǎǘŀƭǎ ŀŎǘǳŀƭƭȅ ƻŦ ŀƴȅ ǳǎŜΚ {ƻƳŜ 

researchers think they could be used to make highly sensitive magnetic-field 

detectors or possibly even components of quantum computers. Their real 

value, however, could be to furnish a broader picture of how condensed 

states of matter can behave. For theorists exploring that question, 

says Norman Yao ƻŦ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ /ŀƭƛŦƻǊƴƛŀ ŀǘ .ŜǊƪŜƭŜȅΣ άŀƭƭ ƻŦ ŀ ǎǳŘŘŜƴ 

ǿŜ ƘŀǾŜ ŀ ƴŜǿ ǇƭŀȅƎǊƻǳƴŘέΦ 

Time for a break  
¢ƻ ǳƴŘŜǊǎǘŀƴŘ ǘƛƳŜ ŎǊȅǎǘŀƭǎΣ ƭŜǘΩǎ ǊŜƳƛƴŘ ƻǳǊǎŜƭǾŜǎ ŀōƻǳǘ ƻǊŘƛƴŀǊȅ ŎǊȅǎǘŀƭǎΦ 

Diamond, say, breaks spatial symmetry because not every location is 

ŜǉǳƛǾŀƭŜƴǘΦ {ƻƳŜ ƭƻŎŀǘƛƻƴǎ ƘŀǾŜ ŎŀǊōƻƴǎ ŀǘƻƳǎΤ ƻǘƘŜǊǎ ŘƻƴΩǘΦ LŦ ȅƻǳ ǎƘƛŦǘΣ ƻǊ 

άǘǊŀƴǎƭŀǘŜέΣ ǘƘŜ ŘƛŀƳƻƴŘ ƭŀǘǘƛŎŜ ōȅ ǎƻƳŜ ŀǊōƛǘǊŀǊȅ ŀƳƻǳƴǘΣ ƛǘ ǿƻƴΩǘ 

superimpose on the original lattice; the crystal structure has broken the 

translational symmetry of uniform space. But if you shift the lattice by some 

integer multiple of the spacing between atoms, it does superimpose, which 

means that the broken translational symmetry is periodic. 

http://physics.berkeley.edu/people/faculty/norman-yao


1 A break in time 

.ǳǘ ǿƘŀǘ ƛŦ ŀ ƳŀǘŜǊƛŀƭ ŎƻǳƭŘ ōǊŜŀƪ άǘƛƳŜ-ǘǊŀƴǎƭŀǘƛƻƴέ ǎȅƳƳŜǘǊȅ ς the 

symmetry that makes the system unchanged if you shift it forward by an 

arbitrary amount of time? In his original 2012 proposal, Wilczek considered 

a ring of quantum particles ς the simplest 1D system without edges. He asked 

if there might be circumstances in which the lowest-energy state of this ring 

breaks time-translational symmetry such that it changes in time, but returns 

to the original state at periodic intervals (figure 1). 

If a system could indeed break time symmetry, Wilczek reasoned, that 

periodic change might not necessarily entail the motion of the atoms 

themselves. Instead, it could perhaps be a periodic cycling of some other 

property, such as the orientation of their spins. Just as moving through space 

https://physicsworld.com/wp-content/uploads/2018/07/PWJul18Ball-figure1_1200.jpg
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.160401
https://physicsworld.com/wp-content/uploads/2018/07/PWJul18Ball-figure1_1200.jpg


in an ordinary crystal seems to take you away from and then back to where 

you started ς you come to another atom identical to the one you began at ς 

so moving through time at some location in a time crystal will trigger a 

periodic departure from and return to your initial state. 

{ǳŎƘ ǎǇƻƴǘŀƴŜƻǳǎΣ Ŏƻƴǘƛƴǳŀƭ ŎƘŀƴƎŜ ǎƻǳƴŘǎ άǇŜǊƛƭƻǳǎƭȅ ŎƭƻǎŜ ǘƻ ŦƛǘǘƛƴƎ ǘƘŜ 

ŘŜŦƛƴƛǘƛƻƴ ƻŦ ŀ ǇŜǊǇŜǘǳŀƭ Ƴƻǘƛƻƴ ƳŀŎƘƛƴŜέΣ ²ƛƭŎȊŜƪ ŀŘƳƛǘǘŜŘ ƛƴ Ƙƛǎ 2012 

paperΦ .ǳǘ ƛǘ ƴŜŜŘƴΩǘ ŀŎǘǳŀƭƭȅ ōŜ ǘƘŀǘΦ !ŦǘŜǊ ŀƭƭΣ ǿŜ ŀƭǊŜŀŘȅ ƪƴƻǿ ƻŦ ƻƴŜ ǘȅǇŜ 

of quantum-mechanical ground state that supports a kind of motion 

indefinitely: a current circulating forever around a ring of superconducting 

ƳŀǘŜǊƛŀƭΦ .ǳǘ ǘƘŀǘΩǎ ǳƴƛŦƻǊƳ ƳƻǘƛƻƴΦ Lƴ ŀ ǘƛƳŜ ŎǊȅǎǘŀƭΣ ǘƘŜ Ƴƻǘƛƻƴ ǿƻǳƭŘ 

oscillate ς like, say, a Mexican wave of flipped spins circulating around 

²ƛƭŎȊŜƪΩǎ ǊƛƴƎ ƻŦ ǎǇƛƴǎ ŦƻǊŜǾŜǊΦ 

Question time  
So far so good for time crystals, but in 2015 physicists Haruki 

Watanabe from the University of California, Berkeley, and Masaki 

Oshikawa ŦǊƻƳ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ ¢ƻƪȅƻ ŀǊƎǳŜŘ ǘƘŀǘ ǘƘŜ ƛŘŜŀ ǿƻƴΩǘ ǎǘŀŎƪ ǳǇΦ 

They showed that no physical system in its lowest-energy state can form a 

time crystal of the kind envisaged by Wilczek (Phys. Rev. 

Lett. 114 251603). A similar objection had been previously stated more 

briefly by Patrick Bruno of the European Synchrotron Radiation Facility in 

Grenoble, France (Phys. Rev. Lett. 110 118901). 

The argument against time crystals is that there is no way to prevent such an 

oscillating system from dissipating energy, meaning that the oscillating state 

must gradually decay ς ƛǘΩǎ ƴƻǘ ƛƴ Ŝǉǳƛƭibrium. Systems in thermal equilibrium 

cannot therefore have any interesting time dependencies ς there will be 

nothing interesting that changes with time. So were time crystals just the 

futile fantasy of a Nobel-prize-winning theorist? 

Not quite. Watanabe and Oshikawa admitted that there is a loophole in their 

ŀǊƎǳƳŜƴǘ ŀƎŀƛƴǎǘ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ƻŦ ǘƛƳŜ ŎǊȅǎǘŀƭǎΦ tŜǊƛƻŘƛŎ άǘƛƳŜ-ŎǊȅǎǘŀƭέ 

behaviour could exist, they said, in a system that is pushed out of equilibrium 

by some driving force. In effect, says David Huse of Princeton University, 

Watanabe and Oshikawa showed that to break time symmetry (and so get 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.160401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.160401
https://sites.google.com/site/hwatanabephys/home-en
https://sites.google.com/site/hwatanabephys/home-en
http://oshikawa.issp.u-tokyo.ac.jp/oshikawacv.html
http://oshikawa.issp.u-tokyo.ac.jp/oshikawacv.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.251603
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.251603
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.118901
https://phy.princeton.edu/people/david-huse


time-ŎǊȅǎǘŀƭ ōŜƘŀǾƛƻǳǊύ ȅƻǳΩŘ ŀƭǎƻ ƘŀǾŜ ǘƻ ōǊŜŀƪ ǎƻƳŜ ƻǘƘŜǊ ǎȅƳƳŜǘǊȅ ǘƻƻΣ 

as with a periodic driving force. 

The fact that you could get time-periodic behaviour out of equilibrium might 

not seem that surprising. After all, oscillatory non-equilibrium states are well 

known already, as Watanabe and Oshikawa pointed out. Such states occur, 

for example, in the population cycles of ecosystems and in oscillating 

chemical reactions such as the well-ƪƴƻǿƴ άŎƭƻŎƪ ǊŜŀŎǘƛƻƴέΣ ǿƘƛŎƘ Ŏŀƴ ƪŜŜǇ 

switching states (and colours) indefinitely if continuously supplied with fresh 

reagents. 

Given that such states exist, they shƻǳƭŘƴΩǘ ōŜ ŀǿŀǊŘŜŘ ǘƘƛǎ ŦŀƴŎȅ ƴŜǿ ƭŀōŜƭ 

ƻŦ ǘƛƳŜ ŎǊȅǎǘŀƭǎ άǿƛǘƘƻǳǘ ŀ ŦǳǊǘƘŜǊ ƧǳǎǘƛŦƛŎŀǘƛƻƴέΣ ǘƘŜ ǘǿƻ ǇƘȅǎƛŎƛǎǘǎ ǿŀǊƴŜŘΦ 

And in fact, quantum systems subject to some periodic driving force had 

been thought about long before Wilczek came to the idea of time crystals. 

¢ƘŜȅ ōŜƭƻƴƎ ǘƻ ŀ ōǊƻŀŘŜǊ Ŏƭŀǎǎ ƪƴƻǿƴ ŀǎ άCƭƻǉǳŜǘ ǎȅǎǘŜƳǎέΣ ƴŀƳŜŘ ŀŦǘŜǊ ǘƘŜ 

19th-century French mathematician Gaston Floquet who worked out the 

maths needed to analyse them. 

A discrete business  
Lƴ ƻƴŜ ƻŦ ǘƘƻǎŜ ŘŜƭƛƎƘǘŦǳƭ άǎƻƳŜǘƘƛƴƎ ƛƴ ǘƘŜ ŀƛǊέ ŎƻƴǾergences that science 

occasionally produces, the states that Floquet systems can adopt were being 

clarified at just the same time as, but independently of, the notion that such 

non-equilibrium time crystals can exist. In 2016 a team at Princeton and at 

the Max Planck Institute for the Physics of Complex Systems in Dresden, 

Germany, showed that Floquet systems containing disorder can, 

paradoxically, give rise to phases that are periodically ordered in time (Phys. 

Rev. Lett. 116 250401). 

2 First signs 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.250401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.250401
https://physicsworld.com/wp-content/uploads/2018/07/PWJul18Ball-figure2_1200.jpg
https://physicsworld.com/wp-content/uploads/2018/07/PWJul18Ball-figure2_1200.jpg


Those researchers considered chains of spins, rather like opened-out versions 

ƻŦ ²ƛƭŎȊŜƪΩǎ ǊƛƴƎ ƻŦ ƛƴǘŜǊŀŎǘƛƴƎ ǉǳŀƴǘǳƳ ǇŀǊǘƛŎƭŜǎΦ ά¢ƘŜ ŀǳǘƘƻǊǎ ŘƛŘƴΩǘ ƴƻǘƛŎŜ 

ǘƘŜ ŎƻƴƴŜŎǘƛƻƴ ǘƻ ²ƛƭŎȊŜƪΩǎ ǘƛƳŜ-ŎǊȅǎǘŀƭ ŘƛǎŎǳǎǎƛƻƴΣέ ǎŀȅǎ IǳǎŜΣ ōǳǘ ǘƘŀǘ ǿŀǎ 

soon pointed out by others ς specifically by Chetan Nayak of Microsoft 

Research in Santa Barbara and co-workers (Phys. Rev. Lett. 117 090402), 

who also proposed how they might be created (figure 2). Yao and colleagues 

subsequently dubbed these non-ŜǉǳƛƭƛōǊƛǳƳ ǎǘŀǘŜǎ άŘƛǎŎǊŜǘŜ ǘƛƳŜ ŎǊȅǎǘŀƭǎέΣ 

or DTCs (Phys. Rev. Lett. 118 030401ύΦ ¢ƘŜ άŘƛǎŎǊŜǘŜέ ŎƻƳŜǎ ŦǊƻƳ ǘƘŜ ŦŀŎǘ 

that their periodicity is a discrete, integer multiple of the driving period. 

$ÉÓÃÒÅÔÅ ÔÉÍÅ ÃÒÙÓÔÁÌÓ ÁÒÅ ÖÅÒÙ ÓÕÂÔÌÅȢ 4ÈÅÓÅ ÓÙÓÔÅÍÓ ÌÏÏË ÌÉËÅ ÔÈÅÙȭÒÅ ÉÎ 

ÅÑÕÉÌÉÂÒÉÕÍȟ ÂÕÔ ÔÈÅÙȭÒÅ ÎÏÔ ÒÅÁÌÌÙ 

Chris Monroe, University of Maryland 

Despite the reservations of Watanabe and Oshikawa, there is something odd 

about DTCs in Floquet systems that makes them different from chemical 

waves or other periodic non-equilibrium states. Although they are being 

eneǊƎŜǘƛŎŀƭƭȅ ŘǊƛǾŜƴΣ ǘƘŜȅ ŘƻƴΩǘ ŀŎǘǳŀƭƭȅ ŀōǎƻǊō ŀƴŘ ŘƛǎǎƛǇŀǘŜ ŀƴȅ ƻŦ ǘƘŀǘ 

ŜƴŜǊƎȅΦ άLǘΩǎ ŀ ǾŜǊȅ ǎǳōǘƭŜ ŎƻƴŎŜǇǘΣέ ǎŀȅǎ ǇƘȅǎƛŎƛǎǘ Chris Monroe of the 

¦ƴƛǾŜǊǎƛǘȅ ƻŦ aŀǊȅƭŀƴŘΦ ά¢ƘŜǎŜ ǎȅǎǘŜƳǎ ƭƻƻƪ ƭƛƪŜ ǘƘŜȅΩǊŜ ƛƴ ŜǉǳƛƭƛōǊƛǳƳ, but 

ǘƘŜȅΩǊŜ ƴƻǘ ǊŜŀƭƭȅΦέ 

http://www.physics.ucsb.edu/people/chetan-nayak
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.090402
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.030401
http://iontrap.umd.edu/


Time in his hands: Chris Monroe at the University of Maryland. (Courtesy: John T 

Consoli/University) 

A local affair  

This ability to be driven without absorbing energy arises because the disorder 

in the system makes the energy states isolated from one another. Unable to 

exchange energy, the system cannot therefore equilibrate. Instead, it gets 

ǘǊŀǇǇŜŘ ƻǊ άƭƻŎŀƭƛȊŜŘέ in a particular non-equilibrium state (Ann. Rev. 

Cond. Matt. Phys. 6 15ύΦ ¢Ƙƛǎ ǎǘǊŀƴƎŜ ǎƛǘǳŀǘƛƻƴΣ ŘǳōōŜŘ άƳŀƴȅ-body 

ƭƻŎŀƭƛȊŀǘƛƻƴέΣ ƎƻŜǎ ōŀŎƪ ǘƻ ǿƻǊƪ ƻƴ ŘƛǎƻǊŘŜǊŜŘ ǎȅǎǘŜƳǎ ƛƴ ǘƘŜ ƭŀǘŜ мфрлǎ ōȅ 

Philip Anderson, who would later go on to win a physics Nobel prize. 

Many-body localization, says Huse, arises because of the quantized nature of 

ǘƘŜ ŜƴŜǊƎȅ ƭŜǾŜƭǎΦ άLŦ ȅƻǳ ŘǊƛǾŜ ƛǘ ŀǘ ŀ ǇŀǊǘƛŎǳƭŀǊ ŦǊŜǉǳŜƴŎȅΣ ǘƘƛǎ ŘǊƛǾŜ ǿƛƭƭ not 

be exactly resonant with any energy differences and the system may remain 

ƭƻŎŀƭƛȊŜŘ ŀƴŘ Ŧŀƛƭ ǘƻ ǎǘŜŀŘƛƭȅ ŀōǎƻǊō ŜƴŜǊƎȅ ŦǊƻƳ ǘƘŜ ŘǊƛǾŜΣέ ƘŜ ǎŀȅǎΦ ¢ƘŀǘΩǎ 

crucial, says Yao, because if the system absorbs energy then it slowly heats 

https://physicsworld.com/wp-content/uploads/2018/06/PWJul18Ball-monroe_1200.jpg
https://physicsworld.com/wp-content/uploads/2018/06/PWJul18Ball-monroe_1200.jpg
https://www.annualreviews.org/doi/abs/10.1146/annurev-conmatphys-031214-014726
https://www.annualreviews.org/doi/abs/10.1146/annurev-conmatphys-031214-014726
https://physicsworld.com/wp-content/uploads/2018/06/PWJul18Ball-monroe_1200.jpg


ǳǇ ǳƴǘƛƭ ŜǾŜƴǘǳŀƭƭȅ ƛǘΩs so hot that any possibility of well-ordered phases 

vanishes. 

Such behaviour seemed to require two key ingredients: some disorder among 

the components, and strong interactions linking their behaviour. That made 

Monroe think about the kinds of systems in which he specializes: ions held in 

electromagnetic traps. He and others have manipulated such ions as 

quantum bits (qubits) for quantum computing, with binary information 

encoded in their energy levels. 

Actually, such systems are rather too perfect, says Monroe: to get DTC 

ōŜƘŀǾƛƻǳǊΣ ǘƘŜȅ ƴŜŜŘŜŘ ǘƻ ƛƴƧŜŎǘ ǎƻƳŜ ŘƛǎƻǊŘŜǊ ƛƴ ǘƘŜƛǊ ƛƻƴ ŀǊǊŀȅǎΣ άƳŀƪƛƴƎ 

ŜŀŎƘ ƛƻƴ ǉǳōƛǘ ŀ ƭƛǘǘƭŜ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ ǘƘŜ ƻǘƘŜǊǎέΦ LǘΩǎ ǇǊŜŎƛǎŜƭȅ ōŜŎŀǳǎŜ ǘƘŜȅ 

could introduce this in a controlled way that the trapped ions seemed such 

an ideal test-bed for comparing with other disordered Floquet systems in 

which there is more messy, uncontrolled disorder. 

Time crystals in the lab  

Last year Monroe and his coworkers reported the characteristic signature of 

a DTC in an array of 10 ytterbium ions held in a trap, where their spins 

interact with one another (Nature 543 217). When they drove the system 

with laser pulses to excite transitions between the spin states of the ions, the 

spin orientation of each atom in the chain started oscillating with a period 

that was an integer multiple of the driving period. And, crucially, this 

response frequency is robust. These are the signs of a DTC, says Monroe. 

ά¸ƻǳ ŘǊƛǾŜ ǘƘŜ ǎȅǎǘŜƳ ƛƴ ǘƛƳŜ ƛƴ ŀ ǿŀȅ ǘƘŀǘΩǎ ŀ ōƛǘ ǿƻōōƭȅΣ ƴƻǘ ŎƭŜŀƴΣ ōǳǘ ƛǘ 

ŀƭǿŀȅǎ ǊŜǎǇƻƴŘǎ ƛƴ ǘƘŜ ǎŀƳŜ ǿŀȅΦέ 

At the same time, a team at Harvard University led by Mikhail Lukin saw 

another way to create a quantum system with the requisite disorder: it could 

come from impurities distributed randomly in a diamond crystal lattice. Lukin 

and colleagues described a DTC made from coupled electron spins present in 

defects composed of a nitrogen atom next to a vacant lattice site in diamond 

at room temperature (Nature 543 221). They used microwaves to 

manipulate and drive the spin states ς basically the procedure used for 

electron spin resonance (ESR) spectroscopy ς in a 300 nm-diameter region of 

ŀ ƳƛŎǊƻǎŎƻǇƛŎ ōŜŀƳ ƳŀŘŜ ƻŦ ŘƛŀƳƻƴŘΦ άLǘ ǿŀǎ ƴƻǘ fully clear if the DTC phase 

https://www.nature.com/articles/nature21413
https://www.physics.harvard.edu/people/facpages/lukin
https://www.nature.com/articles/nature21426


ŎƻǳƭŘ ŜǾŜƴ ŜȄƛǎǘ ƛƴ ƻǳǊ ǎȅǎǘŜƳΣέ ǎŀȅǎ [ǳƪƛƴΦ ά.ǳǘ ǿŜ ŘƛǎŎƻǾŜǊŜŘ 

ŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ǘƘŀǘ ǘƘƛǎ ǇƘŀǎŜ ƴƻǘ ƻƴƭȅ ŜȄƛǎǘǎΣ ōǳǘ ƛǎ ŀƭǎƻ ǊŜƳŀǊƪŀōƭȅ ǊƻōǳǎǘΦέ 

We discovered experimentally that discrete time crystals not only exist, 

but that this phase is also remarkably robust. 

Mikhail Lukin, Harvard University 

The class of materials that act as DTCs has been recently broadened. Earlier 

this year Ganesh Sreejith and colleagues from the Indian Institute of 

Science Education and Research in Pune reported it in the interacting nuclear 

spins of hydrogen, carbon and silicon atoms in three star-shaped organic 

molecules in solution, probed by nuclear magnetic resonance (NMR) 

spectroscopy (Phys. Rev. Lett. 120 180602). Given the previous work on 

ǎǇƛƴ ǊŜǎƻƴŀƴŎŜ ƛƴ ŘƛŀƳƻƴŘ ŘŜŦŜŎǘǎΣ ǎŀȅǎ {ǊŜŜƧƛǘƘΣ άbaw ǎȅǎǘŜƳǎ ǿŜǊŜ ƛƴ 

some sense a natural plaŎŜ ǘƻ ƭƻƻƪ ŦƻǊ ǘƘŜ ǎŀƳŜ ǇƘȅǎƛŎǎέΦ 

They saw the tell-tale signature of a DTC phase in the way that the oscillation 

period of the spins is twice that of the driving pulses. And again, says Sreejith, 

άǘƘŜ ƻǎŎƛƭƭŀǘƛƻƴ ǘƛƳŜ ǇŜǊƛƻŘ ƛǎ ǎǘŀōƭŜ ŀƎŀƛƴǎǘ ŎƘŀƴƎŜǎ ƛƴ ǘhe pulse properties 

ŀƴŘ ƻǘƘŜǊ ǇŜǊǘǳǊōŀǘƛƻƴǎέΦ ¢ƘŜǎŜ ǊŜǎǳƭǘǎΣ ƘŜ ŎƻƴŎƭǳŘŜǎΣ άƛƴŘƛŎŀǘŜ ǘƘŀǘ ǘƘŜ 

phenomena can be observed in simpler systems than what has been studied 

ǇǊŜǾƛƻǳǎƭȅέΦ 

http://www.iiserpune.ac.in/people/faculty-details/22
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.180602


Crystal catchers: Sean Barrett and colleagues at Yale University. (Courtesy: Michael Marsland/Yale 

University) 

Sean Barrett at Yale University and his colleagues had much the same idea 

of using NMR, in their case to look at crystals of the salt ammonium 

dihydrogen phosphate (ADP). When they heard about the earlier 

ŜȄǇŜǊƛƳŜƴǘǎ ƭŀǎǘ ȅŜŀǊΣ .ŀǊǊŜǘǘ ŜȄǇƭŀƛƴǎΣ άƧǳǎǘ ōȅ ŎƘŀƴŎŜ ǿŜ ƘŀŘ ŀ ƴƛŎŜ ŎǊȅǎǘŀƭ 

of ADP already under study in our NMR spectrometer for a completely 

different purpose, to do with magnetic-ǊŜǎƻƴŀƴŎŜ ƛƳŀƎƛƴƎ ƻŦ ōƻƴŜǎέΦ ¢ƘŜȅ 

have seen DTC behaviour by driving transitions in the phosphorus spins using 

a sequence of radio-frequency pulses (Phys. Rev. 

Lett. 120 180603 and Phys. Rev. B97 184301). 

¸ŀƻ ǎŀȅǎ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƘŀǘ ǘƘŜǎŜ baw ǎȅǎǘŜƳǎ ƳƛƎƘǘ ǇǊƻǾŜ ǘƻ ōŜ ƻƴƭȅ 

transient time crystals, since they are expected to eventually relax to thermal 

equilibrium over long timescales ς a process still to be understood. 

Importantly, however, neither the ADP crystals nor the star-shaped 

https://physicsworld.com/wp-content/uploads/2018/06/PWJul18Ball-yale_1200.jpg
https://physicsworld.com/wp-content/uploads/2018/06/PWJul18Ball-yale_1200.jpg
https://physics.yale.edu/people/sean-barrett
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.180603
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.180603
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.97.184301
https://physicsworld.com/wp-content/uploads/2018/06/PWJul18Ball-yale_1200.jpg


molecules studied by the Pune group have much ŘƛǎƻǊŘŜǊΦ ά{ƻ ŜƛǘƘŜǊ Ƴŀƴȅ-

body localization is a broader phenomenon than previously thought, or it is 

ƴƻǘ ǊŜǉǳƛǊŜŘ ŦƻǊ 5¢/ ǎƛƎƴŀǘǳǊŜǎ ǘƻ ōŜ ǎŜŜƴΣέ ǎŀȅǎ .ŀǊǊŜǘǘΦ άL ǘƘƛƴƪ ǘƘŜƻǊƛǎǘǎ 

ŀǊŜ ǿƻǊƪƛƴƎ ƘŀǊŘ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǿƘŀǘ ǘƘƛǎ ƳŜŀƴǎΦέ 

This notion of DTCs that doƴΩǘ ŘŜǇŜƴŘ ƻƴ ŘƛǎƻǊŘŜǊ ƛǎ ŀƭǊŜŀŘȅ ƻǳǘ ǘƘŜǊŜΣ ǎŀȅǎ 

Monroe. What you need is merely enough complexity in the interactions. 

Under certain conditions such a system can never relax to an equilibrium 

state: a phenomenon called pre-thermalization. Monroe is now seeing if it 

can be realized with his trapped-ion qubits. 

Practical applications  
The ability to get such a regular and robust time response out of a disordered 

ǎȅǎǘŜƳ ŎƻǳƭŘ ǳƭǘƛƳŀǘŜƭȅ Ǉƻƛƴǘ ǘƻ ŀǇǇƭƛŎŀǘƛƻƴǎΦ άLƴ ǘƘŜǎŜ ǾŜǊȅ ƳŜǎǎȅ ƴŀǘǳǊŀƭ 

systems with disorder, to have a property emerge that is very stable could 

Ǉƻƛƴǘ ǘƘŜ ǿŀȅ ǘƻ ǎƻƳŜ ƪƛƴŘ ƻŦ ŎƭƻŎƪΣ ŦƻǊ ŜȄŀƳǇƭŜΣέ aƻƴǊƻŜ ǎŀȅǎΦ .ŀǊǊŜǘǘ 

ǎŜŎƻƴŘǎ ǘƘŀǘ ƛŘŜŀΦ ά¢ƘŜ 5¢/ ƻǎŎƛƭƭŀǘƛƻƴǎ ǘƘŀǘ ŀƭƭ ŦƻǳǊ ŜȄǇŜǊƛƳŜƴǘǎ ǎŜŜ ƛǎ ŀ 

case where regularly applied pulses make densely packed atoms or spins 

ǎŜŜƳ ǘƻ ōŜƘŀǾŜ ŀǎ ŀ ǎȅƴŎƘǊƻƴƛȊŜŘ ǳƴƛǘΣέ ƘŜ ǎŀȅǎΦ άLŦ ǿŜ Ŏŀƴ ǳƴŘŜǊǎǘŀƴŘ ǘƘƛǎ 

behaviour better, then it might be used to improve quantum technologies 

ƭƛƪŜ ŀǘƻƳƛŎ ŎƭƻŎƪǎΦέ 

If we can understand this behaviour better, then it might be used to 

improve quantum technologies like atomic clocks. 

Sean Barrett, Yale University 

It would be poetically satisfying if time crystals were to let us measure time 

more reliably. But Lukin thinks that DTCs might instead be put to a different 

use, which is that the quantum states between the coupled particles in these 

systems are so robustly entangled. That means they not only resist the 

άŘŜŎƻƘŜǊŜƴŎŜέ ǘƘŀǘ ǳǎǳŀƭƭȅ ōǊŜŀƪǎ Řƻǿƴ ǎǳŎƘ ǎǘŀǘŜǎ ōǳǘ ŀǊŜ ŀƭǎƻ ƘƛƎƘƭȅ 

sensitive to perturbations such as magnetic fields. They could therefore be 

used to make tiny magnetic sensors: the more particles there are in the 

entangled group, the better the sensitivity. Indeed, Lukin, Yao and their 

collaborator Soonwon Choi reckon that sensors like this could be made 

either from nitrogen-vacancy defects in diamond or other defects (such as 

https://scholar.harvard.edu/schoi/home


carbon-13 atoms) in layered materials such as graphene 

(arXiv:1801.00042). 

Yao sees another enticing possible application too. Researchers at Microsoft 

and elsewhere are currently trying to make qubits for quantum computing 

ŦǊƻƳ ǉǳŀƴǘǳƳ ǎǘŀǘŜǎ ǘƘŀǘ ŀǊŜ ǊŜƴŘŜǊŜŘ ǎǘŀōƭŜ ōȅ άǘƻǇƻƭƻƎƛŎŀƭ ǇǊƻǘŜŎǘƛƻƴέΥ 

fundamental geometric constraints on the many-body states that would give 

rise to robust topological qubits. So far, though, making them demands 

extremely low temperatures, of the order of millikelvins. But Yao says that 

CƭƻǉǳŜǘ ǇƘŀǎŜǎ ƻŦ 5¢/ǎ ŎƻǳƭŘ ƻŦŦŜǊ ǘƘŜ ǎŀƳŜ ōŜƴŜŦƛǘǎ ŀǘ ƘƛƎƘŜǊ ǘŜƳǇŜǊŀǘǳǊŜǎΦ 
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