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N-V spin impurities in diamond 

Spin chain of interacting 171Yb ions 

Spin Systems 
[s = Tresponse/Tdrive = 2 for spin-1/2]



Spin Systems 
[s = Tresponse/Tdrive = 2 for spin-1/2]

Other Time-Crystal Experiments using Spin Systems

NMR (1H, 13C, 29Si

in TMP, TTSS)

NMR (31P) in ADP



o Ultracold atoms with particle interactions (g1DN) bouncing on an oscillating mirror (w)

o Transverse harmonic confinement (ŵ ) ᵼquasi-1D system

o Can have dramatic breaking of time-translation symmetry for sufficiently large attractive interactions

ᵼBIG time crystals (e.g., for s = Tbounce/T å 40 )

o Platform for non-equilibrium condensed matter phenomena in the time domain [K. Sacha talk]
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Design of experiment:  K. Giergiel, A. Kosior, PH, K. Sacha, PRA 98, 013613 (2018)



The Atomic System
39K: 93%, I=3/2, 767 nm (D2) 

g

l abg=-29a0

39K

B¤=403GB0=351 G

D=-52G

Precisely controllable as: das = ±0.1a0 corresponds to dB= ±180 mG
70 times better than 85Rb Feshbachresonance

Magnetic Field (G)

Broad Feshbachresonance at 403 G 

| F=1, mF=1ð

as(B) = abg[1 -D/(B-B¤)]
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Choice of Parameters for 39K

Single-particle calculations (no interactions)
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Choice of Parameters for 39K

Single-particle calculations (no interactions)



I - Is

(action)

Stable resonance islands for l=5 nm for 39K
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l=5 nm 
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K. Giergiel, A. Kosior, PH, K. Sacha, PRA 98, 013613 (2018)

o Atoms perform irregular motion with stable resonant islands located 
around periodic orbits whose periods match sT(s integer).

Choice of Parameters for 39K (s=40)

Single-particle calculations (no interactions)
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h=210 mm

Tbounce=13 ms

nbounce=55

ttunnel=0.7 s

sz=1.3 mm

39K

w/2p=3.0 kHz

l=5 nm 

o Trap ŵ /2p= w||/2p=77 Hz forsz=1.3 mm to match wavepacket at turning pt.

o Mirror w/2p= ½s(g/2h)1/2  = 3.0 kHz (s=40, h=210 mm) Ý tunnel J =4.3 s-1    

(a) wlarge enough for ttunnel <tcoh (º1 s for bouncing BEC).

(b) wsmall enough for J<<Egap (= 9.5J) between lowest band and 

first excited band, for tight-binding model to hold.

Choice of Parameters for 39K (s=40)

Single-particle calculations (no interactions)
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h=210 mm

Tbounce=13 ms

nbounce=55

ttunnel=0.7 s

sz=1.3 mm

39K

w/2p=3.0 kHz

l=5 nm 

s=40

1st excited 
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Egap=9.5J

Number of level

Choice of Parameters for 39K (s=40)

Single-particle calculations (no interactions)

o Trap ŵ /2p= w||/2p=77 Hz forsz=1.3 mm to match wavepacket at turning pt.

o Mirror w/2p= ½s(g/2h)1/2  = 3.0 kHz (s=40, h=210 mm) Ý tunnel J =4.3 s-1    

(a) wlarge enough for ttunnel <tcoh (º1 s for bouncing BEC).

(b) wsmall enough for J<<Egap (= 9.5J) between lowest band and 

first excited band, for tight-binding model to hold.



Attractive interaction:

g1DN=-0.12

Single localized wavepacket

g1DN=-0.01

g1DN=-0.003
(g1DN)crit = -0.0016 

s=40

Interaction

g1DN=2ŵasN

w/2p=3.0 kHz 

l=5 nm

Occupation 

probability

Wavepacket number, i

Preparation of Initial State: Mean-Field Calcs with Interactions

Lowest energy solutions within tight-binding approximation (s=40)      

K. Giergiel, A. Kosior, PH, K. Sacha, PRA 98, 013613 (2018)



Preparation of Initial State: Mean-Field Calcs with Interactions

Lowest energy solutions within tight-binding approximation (s=40)      

Attractive interaction:

g1DN=-0.12

Single localized wavepacket

g1DN=-0.01

g1DN=-0.003
(g1DN)crit = -0.0016 

s=40

Interaction

g1DN=2ŵasN

o For (g1DN)crit>-0.0016, symmetry is not broken and lowest energy solutions are uniform

o Difficult to prepare single Schrödinger cat-like state, i.e., superposition of 40 wavepackets

o Easier to prepare single BEC in which all atoms occupy single (Wannier) localized wavepacket

moving periodically along 40 : 1 resonance orbit 
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K. Giergiel, A. Kosior, PH, K. Sacha, PRA 98, 013613 (2018)

w/2p=3.0 kHz 

l=5 nm



Preparation of Initial State: Mean-Field Calcs with Interactions

Lowest energy solutions within tight-binding approximation (s=40)      

Attractive interaction:

g1DN=-0.12

Single localized wavepacket

g1DN=-0.01

g1DN=-0.003
(g1DN)crit = -0.0016 

s=40

Interaction

g1DN=2ŵasN

o For (g1DN)crit>-0.0016, symmetry is not broken and lowest energy solutions are uniform

o Difficult to prepare single Schrödinger cat-like state, i.e., superposition of 40 wavepackets

o Easier to prepare single BEC in which all atoms occupy single (Wannier) localized wavepacket

moving periodically along 40 : 1 resonance orbit 

o Monitor evolution of wavepacket for: 

(a) g1DN=0 (tunnelling to neighbouring wavepackets) 

(b) g1DN=-0.12  (e.g., as=-1.2a0, ŵ /2p=77 Hz, N=5000) 
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Wavepacket number, i

K. Giergiel, A. Kosior, PH, K. Sacha, PRA 98, 013613 (2018)

w/2p=3.0 kHz 

l=5 nm



Attractive interaction:

g1DN=-0.12

Single localized wavepacket

Wavepacket number, i

g1DN=-0.01

g1DN=-0.003
(g1DN)crit = -0.0016 

s=40

w/2p=3 kHz 

l=5 nm

o Stability against óbosenovaô collapse (as<0):
need interactn energy/atom at turning pt<ŵ Ý widthsz  >|as|N;  e.g., as=-1.2ao, sz=1.3 mm, Nmaxº17,000

o Quasi-1D regime:
need mean-field interaction en<ŵ Ý width ŝ >|as|N;  e.g., as=-1.2ao, ŝ=sz=1.3 mm, Nmaxº17,000
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w/2p=3.0 kHz 

l=5 nm

Preparation of Initial State: Mean-Field Calcs with Interactions

Lowest energy solutions within tight-binding approximation (s=40)      



Attractive interaction:

g1DN=-0.12

Single localized wavepacket

Wavepacket number, i
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s=40

w/2p=3 kHz 

l=5 nm

o Stability against óbosenovaô collapse (as<0):
need interactn energy/atom at turning pt<ŵ Ý widthsz  >|as|N;  e.g., as=-1.2ao, sz=1.3 mm, Nmaxº17,000

o Quasi-1D regime:
need mean-field interaction en<ŵ Ý width ŝ >|as|N;  e.g., as=-1.2ao, ŝ=sz=1.3 mm, Nmaxº17,000

o Stability against break-up into bright solitons:

need longitudinal width of bouncing atoms (sz = 1 - 5 mm) <length of bright soliton (~4/|g1DN| ¹22 mm)

o 3-body recombination:t3b = [K3<n
2>]-1´s6/N2 º20 s  [K3º1.3³10-29 cm6 s-1, N=5000] 

Attractive interaction:

g1DN=-0.12

Single localized wavepacket

Wavepacket number, i

g1DN=-0.01

g1DN=-0.003
(g1DN)crit = -0.0016 

s=40

Interaction

g1DN=2ŵasN
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Preparation of Initial State: Mean-Field Calcs with Interactions

Lowest energy solutions within tight-binding approximation (s=40)      
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Mean-Field Calculation of Discrete Time Crystal (s=40)

(a) g1DN = 0: atoms tunnel to neighbouring wavepackets in times ttunnelº2.4/J º0.7 s for s=40, h=210 mm, 

as indicated by decrease in overlap between y(t) and initial Wannier wavepacket: |àw1(t)|y(t)ð|2.

(b) g1DN = -0.12: atoms form discrete time crystal which evolves with period 40T for long times (>>1.6 s)   

without tunnelling.
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1.6 s

Non-interacting

g1DN=0

(tunnelling)

0.7 s

t/T=5010

Non-interacting

g1DN=0

(tunnelling)

Interacting

g1DN=-0.12

mirror turning ptz/l0
[l0=0.647 mm for 39K] 

K. Giergiel, A. Kosior, PH, K. Sacha, PRA 98, 013613 (2018)
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Evolution of Discrete Time Crystal (s=40)
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Snapshots after 55 bounces
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[l0=0.647 mm for 39K] 
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