Time Crystals Experiment
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suchas:a new kind/of atomic clogR5]

Yale physicists have uncovered hints of a time:crystal form of matter that "ticks"
when exposed toan electromagnetic putsén the last place/they expected: acrystal you
might find in a child's toy[24]

The research shows that.concentrated-electrolytes in solution affect bgen /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 aeskers at
A*STAR[22]

The breakthrough.wasmade:inithe lab of Andrea Alu,-director /of the ASRC's Photonics
Initiative. All and/his colleagues fm The(City College of-New Y.ork; University of Texas
at Austin and Tel'/Aviv/University were:inspired by the seminal work of three British
researcherswhowon'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 lllinois at Urbax@hampaign have developedanew
technology/ for:switching heat flows 'on';or '0ff20]

Thermoelectric:materials can use thermal differences to.generate electricity. Now:there
is an/inexpensive and environmentallsigndly way of producing themuwith/the  simplest
tools: @;pencil; photocopy paper; and:-conductive pajhf)]

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 demthre hypothetical agenthat
extracts work from a system by decreasing the system's entropywhich 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 wento 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 tolaile as any law we
know. In this universe, chaos reigns supreme.

[13]

Physicists have shown that the three main types of engines (&troke, twostroke, and
continuous) are thermodynamically equivalent in a certain quantum regime, but not at
the clasgcal level. [12]

For the first time, physicists have performed an experiment confirming that
thermodynamic processes are irreversible in a quantum systemeaning that, even on
the quantum level, you can't put a broken egg back into its shell. The rebalie
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 am 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 quamh 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 oagtum
technologies. [9]

Today, we are capable of measuring the position of an object with unprecedented
accuracy, but guantum physics and the Heisenberg uncertainty principle place
fundamental limits on our ability to measure. Noise that arises as a restithe

guantum 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 kilometeale gravitational wave detegor

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 WeRarticle Duality and the
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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 fran 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 seffaintaining electromagnetic
potential explains also the Quantum Entanglement, giving it asadural part of the
relativistic quantum theory.
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Preface

Physicists i@ continually looking for ways to unify the theory of relativity, which describes
largescale phenomena, with quantum theory, which describes ssnale phenomena. In a new
proposed experiment in this area, two toasteized "nanosatellites” carrying emgled
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%. Expatiamlly 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 betasscr
independentlyg instead, a quantum state may be given for the system as a whole. [4]

| 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 Qrystals

5NBF YU dzlJ 68 (KS LIKeaAaAda b2oSt fFdz2NBFGS CNFXyil 2Af
moving from theory to experimerg and could also lead to applications such as a new kind of

atomic clockPhilip Ball explains

¢ KSNBEQa y2 thatkhyg dppekl yf aRidey i@ dcigride 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 Bactor Whestyle

NBaz2yllyOS 2F GKS LIKNI &S fisstpropoSedi ONE & G | f & ¢
2012 by the Nobeprize-winning physicist Frank WilczéRhys. Rev.

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

some deep temes in physicg 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 disordeg 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 hawmg a periodicity in space, time crystals exhibit a

periodicity in time. They display a dynamical, egleanging mode of

0SKI @A2dzNJ GKFG NBLISEFGa NBIdz F NI @ ! f (K3
crystals as materials that show spontaneous temporalqukeity has been
AYyOEtARFGSRE AdQa LlRraaArotsS (G2 LINRRdAzOS |
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
varietieshave been spotted, raising the possibility that thtigstal

behaviour might be a rather common property of materials.

CKFGQa tf OSNEB ¢Stttz o0dzi INBE GAYS ONER:
researchers think they could be used to make highly sensitive etiggield

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,
saysNormanYao2 ¥ G KS ! YAOGSNBAGE 2F [/ FEAFT2NYAL
S KI @S  ySg LI @3INRdzyRe @

Time for a break
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Diamond, say, breaks spatial symmetry because not every location is
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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 superimpo$égiw

means that the broken translational symmetry is periodic.


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

space
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= an ordinary crystal
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time

time-translation symmetry

1 A break in tira

VN

Ldzi 6 KEGO AT I Y GOSNNRAYEE € FQRAdA yiE  0EANEBYE Y| S GANGEA
symmetry that makes the system unchanged if you shift it forward by an

arbitrary amount of time? Irinis original 2012 proposal, Wilczek considered

a ring of quantum patrticlesthe simplest 1D system without edges. He asked

if there might be circumstances in which the lowestergy state of this ring

breaks timetranslational 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 cyclingroé saiher

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 startedg you come to another atom identical to the one you began at
so moving throughime at some location in a time crystal will trigger a
periodic departure from and return to your initial state.

{ dZOK alLRyidlyS2dzas O2yiAydzat OKIy3aS a2 dz
RSTFAYAOGAZ2Y 2F | LISNLISGdzZ £ Y2022y YI OKA\
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of quantummechanical ground state that supports a kind of motion

indefinitely: a currentirculating forever around a ring of superconducting
YFEOGSNAFE & . dzi GKIFGQa dzyATF2NY Y20GA2y ® L\
oscillateg like, say, a Mexican wave of flipped spins circulating around

2Af 01 S1Qa NAYy3I 2F aLlAya TFT2NBISNWD

Question time
So far s good for time crystals, but in 2015 physicistsuki

Watanabe from the University of California, Berkeley, avdsaki

OshikawaF NP Y GKS ! YAGSNEAGE 2F ¢21&2 I NHAZS
They showed that no physical system in its lowerstérgy state can form a

time crystal of the kind envisaged by Wilc£ekys. Rev.

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

briefly by Patrick Bruno of the European Synchrotron Radiation Facility in

Grenoble, Francéhys. Rev. Lett. 110118901).

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 decagA (0 Q& vy brium.SysterSdjindttferimal equilibrium
cannot therefore have any interesting time dependenaekere will be

nothing interesting that changes with time. So were time crystals just the
futile fantasy of a Nobgbrizewinning theorist?

Not quite. Watanab&nd Oshikawa admitted that there is a loophole in their

I NBdzYSyd F3FAyad GKS SEA&GONBESG I2(F¢ GAYS
behaviour could exist, they said, in a system that is pushed out of equilibrium

by some driving force. In effect, sayavid 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
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as with a periodic drivimp force.

The fact that you could get timeeriodic behaviour out of equilibrium might

not seem that surprising. After all, oscillatory requilibrium states are well

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

for example, intie population cycles of ecosystems and in oscillating

chemical reactions such asthewgly 2 6y a Of 201 NBIFOlGA2y ¢z
switching states (and colours) indefinitely if continuously supplied with fresh
reagents.

Given that such states exist, theygsdzf Ry Qi 6S F 61 NRSR (KA a
2F GAYS ONRadlfa agAlK2dzi | FdzZNI KSNJ 2 dz
And in fact, guantum systems subject to some periodic driving force had

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

¢tKSe o0St2y3a G2 | ONRIFIRSNI Otlaa (yz26y I :
19th-century French mathematician Gaston Floquet who worked out the

maths needed to analyse them.

A discrete business

Ly 2yS 2F (0K2&aS RSt A 3 Keigéndes that sci2néeS G KA y 3 )
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(fnes.

Rev. Lett. 116 250401).

“ oscillations at period 27 >

2999999999  Hogodddodh  J000000000  IoPiFS3000 2999999999

spin-flip interactions and spin-flip interactions and spin-flip
pulse random disorder pulse random disorder pulse

4¢———— dnve period] ——————»

2 First siga


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 opautecersions

2F 2Af 01 SENBOBAY I Rz ¥ydzy LI NI AOEf Sad ac
GKS O02yySOiA2yONEa (RIAtt CRASH QXa &M2WSz ¢ al & a
soon pointed out by otherg specifically byChetan Nayak of Microsoft

Research in Santa Barbara andmmrkers(Phys. Rev. Lett. 117 090402),

who also proposed how they might be created (figure 2). Yao and colleagues
subsequently dubbed these nedilj dzA £ A 6 NA dzy aidlF 6Sa daRAaON
or DTC¢Phys. Rev. Lett. 118 0304010 @ ¢ KS AGRAAONBGSe 0O2YS
that their periodicity is a discrete, integer multiple of the driving period.

ANOEI EAOEOIi h AOO OEAUGOA 110 OAAIIT U
Chris Monroe, University of Maryland

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

about DTCs in Floguet systems that makes them different from chemical

waves or other periodic neaquilibrium states. Although they are being
endfNHSGAOIf & RNAGSYS>S (KS& R2y Qi I Oddz f ¢
SYSNHe&® aLOQA I @SNE ChrdzbldnfosSof tie2 y OS LIG = ¢ ¢
' YAOBSNBAGE 2F alNEflIyR® a¢cKS3buaeaidsSya
I KS@QNBE y20 NBIFffeodé



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 Marylé@durtesy: 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

0 NJ LILISR 2 Ma partieu@rd nordqlil®rivid state(Ann. Rev.

Cond. Matt. Phys. 6 150 @ ¢ KA & AGNF y3IS dddyidzr GA2Yy > R
f20FfATFOA2YEéY 2SR GRATNSYA AFNY KBy f R X
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

iKS SySNEHeé fSgSfad aLT &2dz RNWatS A G |0
be exactly resonant with any energy differences and the system may remain

f 20t AT SR YR FFAf (2 adSIFIRAf&@ | 06a2NDb !
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 dzy (0 At sS@enfhatdahy pdssibility of @elrdered 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 imieh he specializes: ions held in
electromagnetic traps. He and others have manipulated such ions as
guantum bits (qubits) for quantum computing, with binary information
encoded in their energy levels.

Actually, such systems are rather too perfect, sayside: to get DTC
0SKI@A2dz2NE GKS& ySSRSR G2 Aya2aSOu az2ysS
SIFOK A2Y ljdooAld I fAGGES RAFTFSNBY(H FTNRY
could introduce this in a controlled way that the trapped ions seemed such

an idealtest-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 anothefNature 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.

G, 2dz RNAGS (KS &aeadsSYy Ay GAYS Ay | gl @&
I f gl 28& NBalLRyR& Ay (GKS &lyYS g4l eo

At the same time, a team at Harvard University ledvbihail Lukin saw

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

come from impurities distributed redomly 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 temperaturgNature 543 221). They used microwaves to

manipulate and drive the spin statedasically the procedure used for

electron spin resonance (ESR) spectrosepipya 300 nrrdiameter region of

I YAONRAO2LIAO 0SI Y Ylfirlpcledr#f theRDVE phasg RP® & L {



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

molecules in solution, probed by nuclear magnetic resonaNd4R)

spectroscopyPhys. Rev. Lett. 120 180602). Given the previous work on

ALIAY NBazylkyOS Ay RAIFIY2YR RST¥FSO0aszx al &:
somesenseanatural@S G2 f221 F2NJ 6KS &l Y$S LKea,

They saw the tellale 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,

GOGKS 220AtfF0A2Y GAYS LIRNNSE Ropdrties a G 6t S
YR 20KSNJ LISNIdzNDb Il GA2yaeéd ¢KS&aS NBadzZ i
phenomena can be observed in simpler systems than what has been studied

LINS OA 2dzaf &€ @


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 sdeze

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

dihydrogen phosphate (ADP). When they heard about the earlier
SELINAYSyiGa tFrad @8SFENE . FNNBGG SELX Ay
of ADP already under study in our NMR &pemeter for a completely

different purpose, to do with magnetil5 & 2 y I yOS A Yl 3Ay3I 2F 0
have seen DTC behaviour by driving transitions in the phosphorus spins using

a sequence of radifrequency pulseghys. Rev.

Lett. 120 180603 andPhys. Rev. B97 184301).

L2 area A0Qa LlRaaroftsS GUKFEG GKSaAS baw @
transient time crystals, since they are expected to eventually relax to thermal
equilibrium over long timescalesa process still to be understood.

Importantly, however, neither the ADP crystals nor the staaped


https://physicsworld.com/wp-content/uploads/2018/06/PWJul18Ball-yale_1200.jpg
https://physicsworld.com/wp-content/uploads/2018/06/PWJul18Ball-yale_1200.jpg
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molecules studied by the Pune group have mBch & 2 NRSNX» &{ 2 SA 0K
body localization is a broader phenomenon than previously thought, or it is
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This notion of DTCs thatocQ i RSLISYR 2y RA&2NRSNI Aa | f
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 ptbermalization. Monroe is noweging if it

can be realized with his trappadn qubits.

Practical applications

The ability to get such a regular and robust time response out of a disordered
adeaidsSy O2dA R dzt GAYFGSte LRAYyG G2 F LILIK A
systems with disorderto have a property emerge that is very stable could
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case where regularly applied pulses make densely mhat@ns or spins
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behaviour better, then it might be used to improve quantum technologies
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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 robugtentangled. That means they not only resist the
GRSO2KSNBYy OS¢ (GKI (O dzadzZrffte oNBlI1a& R24Y
sensitive to perturbations such as magnetic fields. They could therefore be

used to make tiny magnetic sensors: the more particles tlaeeain the

entangled group, the better the sensitivity. Indeed, Lukin, Yao and their
collaboratorSoonwon Choi reckon that sensors like this could be made

either from nitrogenvacancy defects in diamd or other defects (such as
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carbonl13 atoms) in layered materials such as graphene
(arXiv:1801.00042).

Yao sees another enticing possible application too. Researchers at Microsoft

and elsewhere are currentltrying to make qubits for quantum computing
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fundamental geometric constraints on the mahgdy states that would give

rise to robust topological qubits. So far, though, making tltEmands

extremely low temperatures, of the order of millikelvins. But Yao says that
Cft2ldzSG LKIFIasSa 2F 5¢/a O02dzZ R 2FFSNI GKS
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