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* Creating crystalline structures in time

* Spontaneous formation of time crystals

e Towards time-tronics



Creating crystalline structures
In time



Crystalline structures in time
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A. Buchleitner, D. Delande, J. Zakrzewski, Phys. Rep. 368, 409 (2002).



Crystalline structures in time

s: 1 resonance
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KS, Sci. Rep. 5, 10787 (2015).
Phase space crystals: L. Guo, M. Marthaler, G. Schon, Phys. Rev. Lett. 111, 205303 (2013).



Anderson localization in the time domain

H'(t) is a perturbation that fluctuates in time but H'(t + sT) = H'(t)
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KS, Sci. Rep. 5, 10787 (2015).



Anderson localization in the time domain

H'(t) is a perturbation that fluctuates in time but H'(t + sT) = H'(t)
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D. Delande, L. Morales-Molina, KS, PRL 119, 230404 (2017).



Mott insulator phase in the time domain
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Multi-dimensional time lattices
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K. Giergiel, A. Miroszewski, KS, PRL 120, 140401 (2018).



Time-space lattices
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Time-space lattices
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Time-space lattices
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Shaking of 3D optical lattice — 6D time-space lattice

G. Zlabys, Ch-hui Fan, E. Anisimovas, KS, PRB 103, L100301 (2021);
Braver, Anisomovas, KS, PRB 108, L020303 (2023).



Time crystalline structures

* Anderson localization in the time domain,
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Spontaneous formation of
time crystals



Brief history

* F. Wilczek, PRL 109, 160401 (2012).
ldea of time crystals.

e K. Sacha, PRA 91, 033617 (2015).
Discrete time crystal in a driven atomic system.

e V. Khemani et al.,, PRL 116, 250401 (2016).
D. V. Else et al., PRL 117, 090402 (2016).
Discrete time crystals in driven spin systems.
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* J.Zhang et al., Nature 543, 217 (2017).
S. Choi et al., Nature 543, 221 (2017).
First experimental realizations.




Formation of space crystals

|H, T|=0

T —translation operator of all particles by the same arbitrary vector
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Formation of time crystals?

Eigenstates of a time-independent Hamiltonian H are also eigenstates of the time translation operator e ~1ft
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F. Wilczek, PRL 109, 160401 (2012).

P. Bruno, PRL 111, 070402 (2013).

H. Watanabe and M. Oshikawa, PRL 114, 251603 (2015).

A. Syrwid, J. Zakrzewski, KS, PRL 119, 250602 (2017).

V. K. Kozin and O. Kyriienko, "Quantum Time Crystals from Hamiltonians with Long-Range Interactions”, PRL 123, 210602 (2019).



Periodically driven closed systems
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Periodically driven closed systems

(H® = ih =) W () = Byl (0)

Yt +T)) = [Pn (D))
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Discrete time crystals

Bosons with attractive interactions (2: 1 resonance)

no measurement

é‘o,m =0
5]
v b (o
oy g o 4
0g® 20031 T2 ] N = 10
' Z M /\
o p—
< o | :
} S 003} T
—_
) o
mﬁ L o /'\
,,‘“““‘““7'$T g 0,03} 3172
—
% ________ L 3
Ve Q 1 |
D _7 L 0 | 2T
%00,03— §
% 10 20

<

N, 0) + [0, N)
VZ

)

KS, Phys. Rev. A 91, 033617 (2015).



Discrete time crystals

Bosons with attractive interactions (2: 1 resonance)

results of measurement
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Discrete time crystals

Many-body localized spin systems
V. Khemani, A. Lazarides, R. Moessner, L. S. Sondhi, Phys. Rev. Lett. 116, 250401 (2016).
D. V. Else, B. Bauer, C. Nayak, Phys. Rev. Lett. 117, 090402 (2016).

Chain of spins,

H= z(liUiZUiZﬂ + hio{ + hio;")
i

But every period T, there is a spin flip,

.TT
1—

U =292



Discrete time crystals

Many-body localized spin systems

V. Khemani, A. Lazarides, R. Moessner, L. S. Sondhi, Phys. Rev. Lett. 116, 250401 (2016).
D. V. Else, B. Bauer, C. Nayak, Phys. Rev. Lett. 117, 090402 (2016).
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Bosons on a ring

N N N
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K. Giergiel, J. Wang, B. Dalton, P. Hannaford, KS, PRB 108, L180201 (2023).



Bosons on a ring

N N N
H = 2% + goz 5(xl- — xj) + /lz cos(2x; — wt)
=1 =1

[ <j
Discrete time and space translation symmetries:

2T
t>t+— or Xi o Xx;+m
w

In the frame moving with the frequency w/2:

H =

N
i=1

2 N
[% + ﬂCOS(ZXi)] + 9o 2 5(Xl — X])

i<j

K. Giergiel, J. Wang, B. Dalton, P. Hannaford, KS, PRB 108, L180201 (2023).



lllustration for N = 9
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lllustration for N = 9
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Spontaneous formation of
time quasi-crystals



Spontaneous formation of time quasi-crystals

Fibonacci quasi-crystal: LRLLRLRLLR ...
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Spontaneous formation of time quasi-crystals

H(t+T)=H(t)

sy:1 and s,:1 resonances

RLRLRLRLRLRLR
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Spontaneous formation of time quasi-crystals

H(t+T)=H(t)

sy:1 and s,:1 resonances

RLRLRLRLRLRLR

K. Giergiel, A. Kuro$, KS, ”Discrete Time Quasi-Crystals”, PRB 99, 220303(R) (2019)



Spontaneous formation of time quasi-crystals

H(t+T)=H(t)
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Towards time-tronics



Towards time-tronics

Periodically driven systems

7

Condensed matter in time lattices

e Arbitrary 1D time lattices.

 Temporal disorder.

* Arbitrary effective long-range interactions.
* 2D or 3D time lattices.

 Even 6D time-space lattices.



Towards time-tronics

Periodically driven systems

7

Condensed matter in time lattices

Arbitrary 1D time lattices.

Temporal disorder.

Arbitrary effective long-range interactions.
2D or 3D time lattices.

Even 6D time-space lattices.

N\

Spontaneous formation

Big discrete time crystals evolving with periods even
100 times longer than the driving period — discrete
time crystals with many temporal sites.

Fractional time crystals.

Time quasi-crystals.



Towards time-tronics

Periodically driven systems

7 N

Condensed matter in time lattices Spontaneous formation
* Arbitrary 1D time lattices. * Bigdiscrete time crystals evolving with periods even
» Temporal disorder. 100 times longer than the driving period — discrete

Arbitrary effective long-range interactions.
2D or 3D time lattices.
Even 6D time-space lattices.

time crystals with many temporal sites.
* Fractional time crystals.

* Time quasi-crystals.

N\ 4

Time-tronics

Useful devices where crystalline structures in time play a crucial role.

Experiments: P. Hannaford (Melbourne), H. Taheri (UC Riverside).
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Many-body localization induced by temporal disorder

For example for bosons:

1
=——z(al+1al+hc)+2 (Tl:r& EZ

Many-body localization (MBL):
e absence of thermalization,

:>
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* logarithmic growth of the entanglement entropy,

M. Mierzejewski, K. Giergiel, KS, PRB 96, 140201(R) (2017).



Plaform for time crystal research
A particle which can perfom periodic motion in 1D:
Hy(x,p) — Hy() = I = const, 0 =Q()t + 0,

Time-periodic perturbation, H = Hy + H;, where:

H =f(Oh(x) — H = (2 fke“‘wt> (Z hne“w)

k n
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A particle which can perfom periodic motion in 1D:
Hy(x,p) — Hy() = I = const, 0 =Q()t + 0,

Time-periodic perturbation, H = Hy + H;, where:
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Topological time crystals
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Topological time crystals
Mirror oscillations « A cos(wt) + 1, cos (%t)

SSH model: s/2
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Giergiel, Dauphin, Lewenstein, Zakrzewski, KS, NJP 21, 052003 (2019).
Lustig, Sharabi, Segev, Optica 5, 1390 (2018).




6D time-space lattice

_pit+ps+ps
B 2

H + Vy[sin?(x — Acos wt) + sin?(y — Acos wt) + sin?(z — Acos wt)]
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6D time-space lattice
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+ Vy[sin?(x — Acos wt) + sin?(y — Acos wt) + sin?(z — Acos wt)]

Wf,?f (r,t) = Wi a, (x,t) Wiy .a, W, t) Wi a, (z,t)

Zlabys, Ch-hui Fan, Anisimovas, KS, PRB 103, L100301 (2021).
Braver, Anisomovas, KS, PRB 108, L020303 (2023).



Time engineering: Anderson molecules

Two atoms bound together not due to attractive interaction but due to destructive interference
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p, =A(0/. .\112=—(D



Time engineering: Anderson molecules

Two atoms bound together not due to attractive interaction but due to destructive interference

pi + p3 P{ + P5 Péu
H = Y ————+6(x1 — x3) f(t) — Herr = T"‘ Va(X; — X3) = T+p2 + Va(x)
t=0.03

5

p_ .i .ﬁ

6.25 x T 1.2

0

£=0.06 t012 )

0.75 X
Giergiel, Miroszewski, KS, PRL 120, 140401 (2018).

Matus, Giergiel, KS, PRA 103, 023320 (2021).




Time engineering: Anderson molecules

Two atoms bound together not due to attractive interaction but due to destructive interference

P + p3 P{ + P3 Péu
H = 5 ————+ 6(x; — x2) f(T) — Hefry =T+Vd(X1_X2) =T+P2+Vd(x)
on (20.03 S
p]::D/. =~ | n. i% ) r[. ﬁlz
0 0

t006 t012

2m
0
0.75 X
Giergiel, Miroszewski, KS, PRL 120, 140401 (2018).

Matus, Giergiel, KS, PRA 103, 023320 (2021).
Topological molecues: Kopaei, Tian, Giergiel, KS, PRB 107, 214302 (2023).




