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Time crystals?
Concept proposed in 2012 by Frank Wilczek 

(Spatial) Crystal
– A diamond – 

Discrete time Crystal
– Artist’s impression –



Key element: a closed many-body system

From Khemani et al, A Brief History of Time Crystals

Perfect “single-mode” pendulum Perfect many-body pendulum 



• Periodically driven Floquet Hamiltonian

• Closed interacting many-body quantum 
system

• DTC breaks discrete time translation 
symmetry: subharmonic response.

• Out-of-equilibirum phase of matter: robust 
to perturbations of the parameters.

• Stable: Prevent heating. Breaking ergodicity 
through many body localization (MBL).

• Eigenstate order: Spatio-temporal order from 
all initial states. 

The Discrete Time Crystal (DTC) phase 

See: 
M. Ippoliti et al.,  PRX Quantum 2, 030346 (2021)
V. Khemani, arXiv:1910.10745 (2019)
D. V. Else, Annu. Rev. Condens. Matter Phys.11, 467(2020)
Zaletel et al., Rev. Mod. Phys. 95, 031001 (2023)



A concrete example: a 1D chain of spins 

Even period

Odd period

J12 J23 ...

Periodic
Drive

𝜋𝜋 +  𝜀𝜀2𝜋𝜋 +  𝜀𝜀1
...

• Imperfect drive, closed system

• Disordered couplings

• Low dimensional system and short range 
interactions required (debate on exact 
requirements). 

• Exponential growth of stability by only
increasing the size of the chain for any 
initial state

Note: these are open theoretical questions!



Numerical example of a length L spin chain

Theory shows  long-lived response with 
exponential growth in system size

Consistent with the concept of DTC phase

Simulation by Francisco MachadoJ. Randall et al., Science 374, 1474 (2021)



System: 13C nuclear spins + NV center in diamond

NV- electron 
spin (S=1, qutrit)

14N nuclear
spin (S=1, qutrit)

NV center in diamond

13C nuclear spins
(1.1% abundance)



Outline

(2) 1D: Discrete time crystals

(1) System: a programmable diamond 
quantum simulator

(3) Going 3D: ‘Critical’ Time Crystals



Fluorescence image

Solid immersion
lens

Microwave line

Electron microscope

10 μm

NV- electron 
spin (S=1)

Gates to 
tune wavelength

ms=0 ms=-1

Pioneering work by Stuttgart, 
Harvard, Chicago, Ulm, HP and many others

Temperature = 4 K

Our diamond devices



T1= 1.00(8) hours

10 minutes

Abobeih et al., Nat. Commun. (2018)

Electron spin relaxation (T1): a highly isolated system

”Clean” system: ground state physics 
is purely spin–spin interactions.



Background: Spin coherence

Fluctuating bath 
of 13C nuclear spins
(1.1% abundance)

T2* = 1 us – 5 us 

Electron spin dynamical decoupling (T2)

Decoupling pulse sequence (e.g. CPMG, XY8)

11 seconds
24,000 pulses

Yamamoto et al., arxiv:2604.07439
Bartling et al., Phys. Rev. Applied 2025

Minutes for nuclear spins



1.1% natural abundance
of  13C nuclear spins

More spins: 13C nuclear spins



More spins: 13C nuclear spins



Zeeman Hyperfine 
coupling

13C spin Hamiltonian:

Taminiau et al., Phys. Rev. Lett. 109, 137602 (2012)
Taminiau et al., Nature Nano. 9, 171-176 (2014)

(SzIx   interaction)

Controlling nuclear spin qubits (quantum picture) 



Abobeih et al., Nat. Commun. (2018)

Dynamical decoupling: probing the spin environment



13C nuclear 
spin environment

(diamond)

NV center

Atomic-scale imaging of your quantum simulator

1. Measure the nuclear-nuclear 
interactions. 

2. These reveal the 
interconnectivity of the 
processor.

3. Transform the measured 
couplings into 3D structure.
(= the Hamiltonian)

For imaging using electron-nuclear interation see:
Cujia et al., Nature Comm. 13, 1260 (2022)

Electron spin field gradient tags the nuclear spins
Nuclear-nuclear interactions reveal structure



Measure nuclear-nuclear couplings (SEDOR)

Abobeih et al. Nature 2019



A 52-spin-qubit quantum system

All 1225 nuclear-nuclear spin interactions 

DTF calculations give full hyperfine 
tensors:

Takács Comm. Physics,2024 



Abobeih et al., Nature 2019
Bradley et al., PRX 2019
Bartling et al., PRX 2022

A characterized
quantum simulator








hyperfine frequency 
shifts

dipolar interactions RF rotations : tunable rotation 
angle & axis

ZZ interactions only

ZZ + flip-flop interactions

selective: individual qubit control

global qubit control

disorder

no disorder 21

The basic Hamiltonians

~50 hyperfine 
tensors known.



hyperfine frequency 
shifts

dipolar interactions RF rotations : tunable rotation 
angle & axis

ZZ interactions only

ZZ + flip-flop interactions

selective: individual qubit control

global qubit control

disorder

no disorder 22

All 1225 nuclear-nuclear spin interactions 

The basic Hamiltonians



Initialization and measurement of a 40-spin qubit system

See Schwartz et al., Science Advances 4.8 (2018) for Pulsepol (unpublished)



Outline

(2) 1D: Discrete time crystals

(1) System: a programmable diamond 
quantum simulator

(3) Going 3D: ‘Critical’ Time Crystals



J. Randall et al., Science 374, 6574 (2021)

Programming a 1D spin chain

Collaboration with:

Norman 
Yao

Francisco
Machado

1

2
3 4

5

6

7

8

9

Approx. 1D dipolar interactions

Disordered couplings



Programming the DTC Hamiltonian

J. Randall et al., Science 374, 6574 (2021)



no interactions

Experiment: Tuning through the DTC phase transition

in
te

ra
ct

io
n

J. Randall et al., Science 374, 1474 (2021)



no interactionsweak interactions
in

te
ra

ct
io

n

Experiment: Tuning through the DTC phase transition

J. Randall et al., Science 374, 1474 (2021)



no interactionsweak interactionsstrong interactions
in

te
ra

ct
io

n

Experiment: Tuning through the DTC phase transition

J. Randall et al., Science 374, 1474 (2021)



Signatures of MBL DTC order

J. Randall et al., Science 374, 1474 (2021)



See also superconducting qubits: 
Mi et al., Nature 601, 531 (2022)
Frey and Rachel., Sci. Adv.8, eabm7652 (2022)

1/e value: 472(17) cycles

even N

odd N

J. Randall et al., Science 374, 1474 (2021)

Observing the signatures of MBL DTC order



Comparing to the theoretical DTC lifetimes

Experiment is not limited by finite-size 
effects

Experiment can be distinguished from 
the cases that are certainly not a MBL DTC:

• Weak or no interactions
• Weak or no Ising-even disorder
• Higher dimensional system, such as 

3D (?)

12 days lifetime
(3 years per data point?)

Experiment



Outline

(2) 1D: Discrete time crystals

(1) System: a programmable diamond 
quantum simulator

(3) Going 3D: ‘Critical’ Time Crystals



What about 3D? The “critical time crystal”

• No MBL expected in 3D

• No true phase transition into a Discrete Time Crystal

• Slow thermalization in 3D disordered dipolar-coupled systems predicted

Literature:
NV ensemble (3D, “Observation of discrete time-crystalline order in a disordered dipolar many-body system”, Choi et al. (2016))
“Critical Time Crystals in Dipolar Systems”, Ho et al.
“Critical Thermalization of a Disordered Dipolar Spin System in Diamond”, Kucskoo et al.
“Critical prethermal discrete time crystal created by two-frequency driving”, Beatrez et al. (2023))
 “Probing Quantum Thermalization of a Disordered Dipolar Spin Ensemble with Discrete Time-Crystalline Order”, Choi et al.)



3D dipolar-coupled nuclear-spin system

Global pulses  “all” spins participate

Microscopic control/observation  40 individual spins

Microscopic knowledge  model individual spin dynamics



Programming the 3D Critical Time Crystal Hamiltonian

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑠𝑠=0 = �

𝑗𝑗≠𝑖𝑖

𝑁𝑁

𝐶𝐶𝑖𝑖𝑖𝑖 (𝐼𝐼𝑖𝑖𝑧𝑧 𝐼𝐼𝑗𝑗𝑧𝑧 −
1
2 (𝐼𝐼𝑖𝑖+ 𝐼𝐼𝑗𝑗− + 𝐼𝐼𝑖𝑖− 𝐼𝐼𝑗𝑗+ ))

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑠𝑠=−1 = �

𝑗𝑗≠𝑖𝑖

𝑁𝑁

𝐶𝐶𝑖𝑖𝑖𝑖 (𝐼𝐼𝑖𝑖𝑧𝑧 𝐼𝐼𝑗𝑗𝑧𝑧 −
1
2 (𝐼𝐼𝑖𝑖+ 𝐼𝐼𝑗𝑗− + 𝐼𝐼𝑖𝑖− 𝐼𝐼𝑗𝑗+ ))

Flip-flop termIsing

Hypothesis: 
No memory of initial state except 
for special states

Hypothesis:
Time crystal-like response possible

Hint
Hint



Global response (averaged signal) 

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑠𝑠=0 = �

𝑗𝑗≠𝑖𝑖

𝑁𝑁

𝐶𝐶𝑖𝑖𝑖𝑖 (𝐼𝐼𝑖𝑖𝑧𝑧 𝐼𝐼𝑗𝑗𝑧𝑧 −
1
2 (𝐼𝐼𝑖𝑖+ 𝐼𝐼𝑗𝑗− + 𝐼𝐼𝑖𝑖− 𝐼𝐼𝑗𝑗+ ))

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑠𝑠=−1 = �

𝑗𝑗≠𝑖𝑖

𝑁𝑁

𝐶𝐶𝑖𝑖𝑖𝑖 (𝐼𝐼𝑖𝑖𝑧𝑧 𝐼𝐼𝑗𝑗𝑧𝑧 −
1
2

(𝐼𝐼𝑖𝑖+ 𝐼𝐼𝑗𝑗− + 𝐼𝐼𝑖𝑖− 𝐼𝐼𝑗𝑗+ ))

ms=-1

ms=0

• Long lived response
• “Critical” time crystal

• No long-lived response
• No time crystal (?)

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑠𝑠=−1

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑠𝑠=0

Complete dephasing



Three dynamical regimes

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑠𝑠=−1

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑠𝑠=0

Complete dephasing

I. Coherent rotations (no interactions)

I. III.II.



Three dynamical regimes

II. Critical time crystal

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑠𝑠=−1

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑠𝑠=0

Complete dephasing

I. III.II.

III. Dephasing (long tau) 



Microscopic: dynamical regimes

II. Critical Time Crystal III. Large tau / dephasing

Large spread of individual lifetimes including
long-lived spins
 

 
Individual spins are constrained by simple 
decoherence model 
 



II. Critical time crystal

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑠𝑠=−1

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑠𝑠=0

Complete dephasing

I. III.II.

III. Dephasing (long tau) 

Microscopic: dynamical regime control experiment



Microscopic: dynamical regime control experiment

II. Critical Time Crystal III. Large tau / dephasing

Large spread of individual lifetimes including
long-lived spins

Not explainable by decoherence alone.
 

 
Each spin completely decoheres between pulses

 



Microscopic: Relaxation mechanism and resonances

1

2C12

h1

h2

C1j

j
hj

For theory see Ho et al. Phys. Rev. Lett. 2017

h1 = ∑ C1j sj
Two-spin picture



Two-spin picture

Double-flip Spin 1 flipSpin 2 flip

Microscopic: Relaxation mechanism and resonances
N= 30



Outlook: understanding microscopic the dynamics 

Critical time crystal (3D)

• Can we understand the microscopic dynamics of the 
experiment based on our microscopic knowledge of the system. 

Discrete time crystal (MBL) 

• What limits the lifetime?

• Transition from a  ng-lived phase to the 
crystal melting?

Initial state dependence  

Connectivity



Outlook: engineering coupled electron-spin devices 

Coupled electron spins Diamond growth
(delta doping of NV)

Silicon-carbide devices







Programming the 3D Critical Time Crystal Hamiltonian
Example (ms=-1)

7.5 ms

No interaction time





<n>=8.5 <n>=0.06

Readout fidelities: ~98%

Optical measurements of the electron spin at 4K 



State (in)dependence? (theory)

Our spin chain

Disorder removed



Coherence and where does the observed decay come from



An interacting many-body system (?)
Initial state



Experiment: An isolated interacting system?



Global Rabi driving

Dipolar Hamiltonian: 

See e.g. “Coherent Dynamics of Coupled Electron and Nuclear Spin Qubits in Diamond”, Childress et al.

‘Enhanced’ g-factor:

Relative Rabi frequency enhancement (perturbation theory):

Ω0
Ω

= 𝜂𝜂𝛼𝛼𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙 + 1 + 𝜂𝜂𝛼𝛼𝑥𝑥𝑥𝑥 𝑐𝑐𝑐𝑐𝑐𝑐𝜙𝜙 2 + 𝜂𝜂𝛼𝛼𝑥𝑥𝑥𝑥𝑐𝑐𝑐𝑐𝑐𝑐𝜙𝜙 + 1 + 𝜂𝜂𝛼𝛼𝑦𝑦𝑦𝑦 𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙 2 

𝜙𝜙: polarization RF field
𝜂𝜂 = −2𝛾𝛾𝑒𝑒

𝛾𝛾𝑐𝑐 Δ𝑍𝑍𝑍𝑍𝑍𝑍
 



Global Rabi driving: enhanced g-factors

DFT: Accurate Hyperfine Tensors for Solid State Quantum Applications: Case of the NV Center in 
Diamond”, Takacs et al.

Just one free parameter: 
RF field polarisation!



Layers of different 13C concentration

Growing diamonds by chemical vapor deposition (CVD)

SIMS measurements


	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Slide Number 55
	Slide Number 56
	Slide Number 57
	Slide Number 58

