Time crystals
with spins in diamond
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Time crystals?
Concept proposed in 2012 by Frank Wilczek
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Discrete time Crystal
— Artist’s impression —

(Spatial) Crystal
— A diamond —



Key element: a closed many-body system

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

From Khemani et al, A Brief History of Time Crystals



The Discrete Time Crystal (DTC) phase

Periodically driven Floguet 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.

H(t) Floquet Hamiltonian: H(t + T) = H(1)

Subharmonic response: O(t + kT) = O(t)
O(t) k>1

< > f
2T

See:

M. lppoliti 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

L
y, Hiw = Y (B+ hj)o;
Periodic\f?}?ifg;,n n 81/ T+ & J
Drive i ’
* Imperfect drive, closed system
Even period ¢ <> é é _Si? « Disordered couplings
J12 J23 see
* Low dimensional system and short range
interactions required (debate on exact
requirements).
_ /‘.R v * Exponential growth of stability by only
Odd period S\ﬁ - increasing the size of the chain for any
initial state

Note: these are open theoretical questions!



Numerical example of a length L spin chain
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J. Randall et al., Science 374, 1474 (2021)

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

Consistent with the concept of DTC phase

Simulation by Francisco Machado



O A=

D

System: 13C nuclear spins + NV center in diamond

NV center in diamond <>

" eg e 4

NV- electron
spin (S=1, qutrit)
14N nuclear
spin (S=1, qutrit)
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Outline
(1) System: a programmable diamond (3) Going 3D: ‘Critical’ Time Crystals
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(2) 1D: Discrete time crystals
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Our diamond devices

“ /. Electron microscope
Gates to

NV- electron tune wavelength
spin (S=1) ?
Solid immersion
lens Temperature =4 K
Microwave line —— 10 um
;.—_;_

ms=0 ms=-1

[t 1)

High fidelity spin control Fluorescence image
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Pioneering work by Stuttgart,

Science 330, 60 (2010) Harvard, Chicago, Ulm, HP and many others




Electron spin relaxation (T1): a highly isolated system
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”Clean” system: ground state physics

is purely spin—spin interactions. .
Abobeih et al., Nat. Commun. (2018)



<> Background: Spin coherence

<> ¢ Fluctuating bath .
Decoupling pulse sequence (e.g. CPMG, XY8)

of 13C nuclear spins
4) “ ) (1.1% abundance) T 21T T T 21 T
T2*=1us-5us I I I I

<><><f> m m m m

Electron spin dynamical decoupling (T2)
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Yamamoto et al., arxiv:2604.07439

Bartling et al., Phys. Rev. Applied 2025



More spins: 3C nuclear spins

éj? s %55
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1.1% natural abundance






Controlling nuclear spin qubits (quantum picture)

b b 13C spin Hamiltonian:

HO - waz
Hy =lwp | +Hws, [cos(@)fz + Sin(e)fx}

% . Zeeman Hyperfine
% % coupling

I

(S,!, interaction)

= —
= v
= —
| m—

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



State fidelity
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Dynamical decoupling: probing the spin environment

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



Atomic-scale imaging of your quantum simulator

1. Measure the nuclear-nuclear

interactions. 13C nuclear

‘ spin environment
2. These reveal the # g g (diamond)

interconnectivity of the

processotr. # # #

3. Transform the measured

couplings into 3D structure. M

(= the Hamiltonian) NV center

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

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



Measure nuclear-nuclear couplings (SEDOR)

Polarize Double resonance Detect

Nuclear-spin
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Abobeih et al. Nature 2019



A 52-spin-qubit quantum system

e  TTTTTrrYees All 1225 nuclear-nuclear spin interactions
e -10

Spin number
Hz

Z (nm) 0

Spin number

DTF calculations give full hyperfine
tensors:

Takdcs Comm. Physics,2024

Guido van de Stolpe



A characterized
qguantum simulator

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










The basic Hamiltonians

~50 hyperfine
tensors known.

hyperfine frequency dipolar interactions

RF rotations : tunable rotation
shifts

angle & axis

.HH - @

H(m,=1)=> hI7H> ) sz Iz I - _>~< >< D Qi(t) [cos(di) I + sin(¢) 1]
i=1 ]

i=1 j=1 i=1
disorder ZZ interactions only selective: individual qubit control
H(m, =0) = - f-|-ZZJw [IZIZ S (I +17 I*)] —I—ZQ [cos(i) I} + sin(¢;) 1]
7 i=1 j=1

no disorder  ZZ + flip-flop interactions global qubit control 1



The basic Hamiltonians

All 1225 nuclear-nuclear spin interactions

-10
-8
hyperfine frequency
. -6
shifts N
‘ T
-4
-2
N i
D> i O I 4 sin(en) 1]
v] 2 ) 4q
i=1j=1 Spin number
ZZ interactions only selective: individual qubit control

N i
YO i [1;1; - % (1717 + I;I;’)] + Z Q;(t) [cos(¢i ) IF + sin(;) I}

i=1 j=1

no disorder  ZZ + flip-flop interactions global qubit control 99



Initialization and measurement of a 40-spin qubit system
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. Carbon Label
See Schwartz et al., Science Advances 4.8 (2018) for Pulsepol (unpublished)



Outline
(1) System: a programmable diamond (3) Going 3D: ‘Critical’ Time Crystals
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Programming a 1D spin chain

L

Hine =Y (B+hj)oi +>_ Joio;

J

L

j<k

Collaboration with:

Norman
Yao

Francisco
Machado

Disordered couplings
B >0
B /<O

==
oNbOOER

Ujk' (Hz)

Site Distance

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

Ml (Hz)



Programming the DTC Hamiltonian

Initialize Floguet Sequence

Uin(T)[|Rx(8) || Uin(T)

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



Experiment: Tuning through the DTC phase transition

[T

T
1.0 no interactions
S <
b= DTC S
(S} =
o N
et b
c c
= o
©
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no DTC (=0 : . . : : .
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| Tt 0 Floguet cycle, N
0 =0.95n

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



Experiment: Tuning through the DTC phase transition

[T

T
1.0 weak interactions
S é =
S : S 054}
O DTC S ?“n o°
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J. Randall et al., Science 374, 1474 (2021)



Experiment: Tuning through the DTC phase transition
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J. Randall et al., Science 374, 1474 (2021)



Signatures of MBL DTC order
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Observing the signatures of MBL DTC order

1.0 —
1/e value: 472(17) cycles —
NS 4 =
051 .‘:{iﬂ =TT
. L s S| By
¢ e =N Z 7| B
S even N T—g @ =
B 0.0 . 8 oE
et A
= & ==y > =
— — ——— !
S & T ¥ = =
3 ‘____!r' i c 21 =
- ’J,""q-’. w | ]
—0.5 A ;‘/i < E odd N =
l'?// -4 =
i — PP
-1.01, =

0 200 400 600 800
Floquet cycle, N

See also superconducting qubits:

Mi et al., Nature 601, 531 (2022) v =15 (6%(N))sgn[(c%(0
Frey and Rachel., Sci. Adv.8, eabm7652 (2022) X LZ7:1< ]( )> [< ]( )>] ]
J. Randall et al., Science 374, 1474 (2021)



Tr[o?(t)o*(0)] /2%

Comparing to the theoretical DTC lifetimes

Period

Experiment

12 days lifetime
(3 years per data point?)

T=95
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@ 0 O
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|

© 0o =

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 (?)
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What about 3D? The “critical time crystal”

Critical Time Crystals in Dipolar Systems Observation of discrete time-crystalline order in a
disordered dipolar many-body system

Soonwon Choi'*, Joonhee Choil-?*, Renate Landig'*, Georg Kucsko!, Hengyun Zhou'!, Junichi Isoya?, Fedor Jelezko?,
Shinobu Onoda®, Hitoshi Sumiya®, Vedika Khemani!, Curt von Keyserlingk’, Norman Y. Yao®, Eugene Demler! &

Phys. Rev. Lett. 119, 010602 - Published 6 July, 2017 Milhail D Luldn?
Nature 543, 221-225 (2017)

Wen Wei Ho', Soonwon Choi?, Mikhail D. Lukin?, and Dmitry A. Abanin’

* 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

|II

Global pulses = “all” spins participate

Microscopic control/observation = 40 individual spins

Microscopic knowledge = model individual spin dynamics

PhD Candidate
Christina loannou



Programming the 3D Critical Time Crystal Hamiltonian
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Global response (averaged signal)
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No long-lived response
No time crystal (?)
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Three dynamical regimes

II. Critical time crystal
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Microscopic: dynamical regimes

II. Critical Time Crystal
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Individual spins are constrained by simple
decoherence model



Microscopic: dynamical regime control experiment

II. Critical time crystal
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N1/e reg.

Microscopic: dynamical regime control experiment

I1. Critical Time Crystal I1I. Large tau / dephasing
800 - o 800 -
c30 t=30 ms
400 - W.Eczz o2 L ce | 400 - n=238 c |
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Large spread of individual lifetimes including Each spin completely decoheres between pulses

long-lived spins

Not explainable by decoherence alone.



Microscopic: Relaxation mechanism and resonances

Two-spin picture

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



Microscopic: Relaxation mechanism and resonances
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Critical time crystal (3D)

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

P99

Initial state dependence

=

Christina loannou

Matgorzata (Gosia) Kucharska

Outlook: understanding microscopic the dynamics

Discrete time crystal (MBL)

e What limits the lifetime?

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

sedy H40
Connectivity 45 C{? <>
¢ ¢



Outlook: engineering coupled electron-spin devices

Coupled electron spins Diamond growth Silicon-carbide devices
(delta doplng of NV)

Matgorzata (Gosia) Kucharska s - Lin Jin









Programming the 3D Critical Time Crystal Hamiltonian

K C4o_

PulsePol

Local spin rotations

Free evolution
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Optical measurements of the electron spin at 4K

Readout fidelities: ~98%
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State (in)dependence? (theory)
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Energy Density, &

Energy Density, &
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Our spin chain

Disorder removed



Coherence and where does the observed decay come from

Normalized Correlation, ¥
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An interacting many-body system (?)
Initial state

[cos(m/8) |1) + sin(m/8) 1]

0.5 A
< 0.0 - ‘ " X =15 (cf(V))sgn[(c? (0)]
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Floquet cycle, N



Experiment: An isolated interacting system?
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m = 0) Global Rabi driving
WL
4 - T ) P (7) 7 (5)
‘ Dipolar Hamiltonian: Hdip = Z S#apyju
H,V=I, Y,z
I
Qrr gy Oy
Qyr  OQyy  Qyy
Az Oézy Xz
‘Enhanced’ g-factor:
1 it o) a;%) o)
g’(ms) = 1 ——(2=-3Ims|) | oY) oY) o
[TAVAN
1 0 0 0
Relative Rabi frequency enhancement (perturbation theory):
Qo . 2 2
0= [no.,sing + (1 +na,)ecosp|” + [na.,cosp + (1 +na,,)sing]
¢: polarization RF field
See e.g. “Coherent Dynamics of Coupled Electron and Nuclear Spin Qubits in Diamond”, Childress et al. e

77:
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Global Rabi driving: enhanced g-factors

025 - i i 1 T T T T T i T T T T T T T T T L i T T L T T T i T T T i 1 T T T i i T T T T ]

[ 1 Experimental 1
0.20 | I DFT-perturbation | ]

[ 3 QuTiP ]
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o,oof— m]ﬁ, fn & _ LI ﬁ ,ﬁ_ﬁ g g & ]

Relative Rabi Enhancement
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Carbon Number
'-’\ T T T T
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| E; X e
I_I = 5 o o . 4 N
. . ;: °® 36 DZS N 27 ¢ 24
Stripline siM 2 ot Y ekd 1 Just one free parameter:
)] 25 8
2 , RF field polarisation!
f v '
B, 2 @0
—10f B, 1
1 1 1 1 =
B, 10 -5 0 5 10

X position (A)

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