“Is there life after optical lattices?”
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AMO Hubbard Models with Optical Lattices: Issues?
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Answer 1: Let atoms or molecules “make” a sub-wavelength lattice

* Nonlinear Optical (Sub-Wavelength) Lattices
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* Cold Atoms and Molecules in Self-Assembled Dipolar Lattices

aiom or molecule

molecules

self-assembled dipolar crystal of molecules Pl B
as a “floating nano-structure” for cold atoms 3 :

v" AMO Hubbard + phonons

G. Pupillo A. Griessner, A Micheli, M. Ortner, D-W. Wang, and P. Zoller, FRL 2008



Answer 2: Near field & close to surfaces / nanostructuring

¢ Nano-plasmonic Lattices for Cold Atoms
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Subwavelength confinement of light associated with the near field of plasmonic
systems creates a nanoscale optical lattices for ultracold atoms.

_.Trap position

coupling

¥~ strongly coupled atom-plasmon system
¥~ coherent: interaction via plasmonic nanosphere
¥ dissipative: decoherence close to surface

M. Gullans, T. G. Tiecke D. E. Chang, J. Feist, J. D. Thompson, J. | Cirag P Zoller, and M. . Lukin,
FREL 2012

Experiments see, for example, C. Stehle et a. Nat. Photonics 2011,



This talk ...

¢ Nano-scale Superconducting Vortex Lattices for Cold Atoms

An array of holes (antidots) with vortices
creates a magnetic field to trap atoms

¥~ purely magnetic trapping & manipulations
¥ [no laser]

magnetic nano-lattice

O. Romero-lsart, C. Mavau, A. Sanchez, F. Zoller, J. . Cirac, arxiv: 1302 3504

Mesoscopic magnetic traps: Pfau, Hannaford, Spreeuw, ...
Mesoscopic superconducting traps: Zimmermann, Dumke, Haroche, ...



Superconducting vortices In thin films



Vortices In type-ll superconductors

* type-ll superconductor

H A (b) Superconducting vortices
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Vortices In Thin Films: Pearl VVortex

* Thin film

thin film T
penetration depth

Nanometer regime
Pearl , Clem

e Pearl| vortex

supercurrent j = —w [ V +Eeﬂ}w +c.c with vortex 1 = /ng e'?

wave TUHE’IIV@
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Magnetic Field of a Pearl Vortex

magnetic field:

By(p,2>0) = [7° 32k hi(kp)e %,

Bz(p,z>0) ffg :Mm+1ﬂ']r (kp)e™*.
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Magnetic Field of a Pearl Vortex

magnetic field:

By(p,2>0) = [7° 32k hi(kp)e %,

B:(p,z>0) ffg :Mm+1ﬂ']r (kp)e™*=.

Above thin film, like magnetic chargel



Magnetic Field of a Pearl Vortex

Z A magnetic field:
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Manipulation of Vortices: Pinning & Interaction

* Pinning by artificial defect: antidot v Analytics with London approximation

@ Mordbourg and Vinokur PRE 62 12408 (2000)

v Vortex-Vortex interaction
Laviz)

B v = g (70 (51) + %0 (55)

2 like
2 for 75 > A monopoles!

® « How near can two pinned vortices be?
UVV(Tij) = U{} # rij = A

Brandt PRE 2009, Priour & Ferig PRE 2003
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Manipulation of Vortices: Pinning & Interactions

* Pinning and vortex lattice

T

Fi 1. SEMmages of (2l an antadot bitice (4 = | pm and radins
r=0 pmband (b an antadot (r =1 pmb ix YECD fdlms on

=pphae.

Physica C 322, 27 (2000)

¥y~ Without pinning: triangular |attice
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¥ Density of vortices
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¥ Interplay between vortex-vortex and vortex-antidot
interaction (London approximation)

I B,
A D,
* Can be loaded by field cooling

* Commensurability, interstitial vortices, ...

Brandt PRB 79, 134526 (2009)
* Elasticity:  Upw(r) = Dy (0) + ,;{-.rliﬂ]l%2

%

kp = ;{'-’m}' = Dt Aa?

¥ Vortex |attices in thin films (London approx. )

Fogosav, Rakhmanov, and Mcehchalkov, PRE 67, 014532 (2003)
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Manipulation of Vortices: Vortex Dynamics

* Vortex dynamics

F

TRy + amit X Xy + kX = Fog + FTj

Fompeo and Silva PREB 78, 0294503 (2008)

He
v Drag viscosity 7~ #ﬂp_g%d
. . ff [I,E
¥ Pinning force  kp = Upy(0) = 2oha?

L k
v Depinning frequency wy = -2 ~ 27 x 10* Hz
i
¥ Inertial vortex mass irrelevant far from Tc, pinned vortices and low frequencies
Golubchik, Polturak and K oren PRB 85, 080504(R) (2012)

v Thermal force
(FLt)FL(") = 6:2ksTns(t — ¢')

D3 i+ D0 = kT ()
.:Ffl-{lil‘.}} =1 an =0
Foxi =10 15



Nano-scale magnetic lattice for ultracold atoms
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Magnetic nano-lattice for ultracold atoms

 Superconducting vortex lattice

-e

¥" Magnetic potential for ultracold atoms

« Atomic magnetic moment parallel to instantaneous direction of the magnetic field
Vlat(r:l 3) = HmFIB(I',EH Hmp = Mpgrip

* Low-field-seeker atomic states can betrapped grmp = 1)
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Magnetic nano-lattice for ultracold atoms

 Superconducting vortex lattice

¥v" Total magnetic field to create the lattice:

« Field created by the array of vortices > By(r,z) = ZBR[r, z)
R
» Perpendicular biasfield to confine atomsalong z  ——» B4

« Parallel time-dependent field to avoid Majorana [osses —» BM{t)
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Magnetic field generated by array of vortices

* Magneticfield created by array of vortices —> By(r,z) = ZBR[r, z)
R

v v

¥ Bravais lattice (non-periodic also possible) R = nyja; + neas

v Monopole approximation

v Solve Poisson eguation ?zqﬁ'(r 2) = —p(r, 2)
BV{I‘: 3) = _?qﬁ{r: 3)
plr,2) = 2008 (2 + da) 36 (£ — R)
R

v Solution: ...
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Magnetic field generated by array of vortices

* Magneticfield created by array of vortices —> By(r,z) = ZBR[r, z)
R

Br-{*u}( ,z) = By Z {y} sin(K - I_}E—.-'l,]l{]fﬁ:’
B{(r,z) = By + Bo » _ cos(K - r)e” Ik,
K#0

—

v x-y components are zero on top of the vortices B:f,{’“? r=R.2)=0

v In the long-distance limit (infinite plane) |Bv(r.z — oo)| = By

v Important parameters: ‘A = 2,:;{5 _|_ d ) > 2kdy, = Apin )i’r )QE il ]
a
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Perpendicular bias field

* perpendicular bias field to confine atoms alongz ——» B;

"By =By(0,0,-1))

v Should not create vartices:  Bi < B +min By(r,0)  B* =

4 A2

v Homogeneous provided thin film

v Trapping at zp depending on B,




Perpendicular bias field

* perpendicular bias field to confine atoms alongz ——» B;

"B, = By(0,0,-1))




Perpendicular bias field

* perpendicular bias field to confine atoms alongz ——» B;

"By =By(0,0,-1))

v Should not create vartices:  Bi < B +min By(r,0)  B* =

v Homogeneous provided thin film

v Trapping at zp depending on B,
v Total field has 3D local minima  Bp,(r, z) = By(r, z) + B,

v Zerofield minimal (Majorana |osses)

Dy
4w A2
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Parallel time-dependent field

* Parallel time-dependent field to avoid Majorana loss

v Use TOP traps (like in standard magnetic traps)
Bl;uta](r: 5:t:' — B]Ett(r! 3:' + BM(mth: Elll'lu.'mt,ﬂ:'

v Using By = max B (T, 2|
Wi € wy € WL = fm e Bu /R

|Bias (r, 2)|*
2B

v Time-averaged field experienced by atoms is (| Brotal (1 2, )]) = By +

fr‘_
v Time-averaged potential Viat(Z, ¥, 2) = o By + %|Bl&t{ma Y. 3]|2- J

ae— r——_mmr —
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Magnetic lattice potential

* Atomic lattice potential

Dense |attice with higher Fourier components!

Analytical

MNumerical 3 x 3

%A

258



Quantum simulation of Hubbard models

e Hubbard Hamiltonians

Viat (r, ) = Vp[sin® (kz) + sin” (ky)]

4

A=t (ala; +ala;) +U Y a2

(ij)

v Formulas from Optical Lattices

2 k2
» Recoll energy Br = it
« Trapping frequency &t = ;’ u
| 2En [ Vi 3/4 Ve 1/2
» Tunneling rate L= V.3 (E_R,) exp {—2 (E_ﬂ,)

- On-site repulsion U~ ﬁEﬂaﬂk (&)3.-"4
m ER
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Quantum simulation of Hubbard models

e Hubbard Hamiltonians

Viat (r, 2) ~ Vp[sin® (kz) + sin’ (ky)]

\ 4

A=t (ala; +ala;) +U Y a2

(id)

v Analogous in Superconducting Vortex Lattice

882
r_vﬂ— B FHHFEKP[_E‘&]

« Twice the inter-vortex distance 2{1

« The strength of the perpendicular field B4

« Optical wavelength

« Laser intensity

27



Quantum simulation of Hubbard models

e Hubbard Hamiltonians

Viat (r, ) = Vp[sin® (kz) + sin” (ky)]

4

A=ty (ala, + &*&,_)+UZ 2

* Inthin films of MgB: A ~ 40 nm

APL102,072603 @013) & ~ 4 — 6 nm

« Analogous in superconducting Vortex Lattice with potentially larger energy scales
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Decoherence of atoms
close to [superconducting] surfaces
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Magnetic field fluctuations

Loss and heating of particles in small and noisy traps

: |i=
s i iy 1= | 3 e uco

C. Henlzl, S. Pétting, M. Willens R A TR G P -m'*lj,f
S X ."--.__" ___.-' # ; T

Appl Phys E 69, 370357 (1909 ocuting fietd heating fue

swavet i A0 R
* Heating ¢ Spin flips
Vir.ty = —x-F(r,t)= —a(b+b")n-F(r,1) Vz(r.t) =—p-B(r. 1)
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Magnetic field fluctuations due to thermal jiggling of vortices

v Magnetic field fluctuations experienced by the
atom dueto vortex position fluctuations

Bl&tt{r= sy t} — EBR{L‘: Zy t}
R
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¥ Using vortex dynamics  ("g(t)rk. (t + 7)) =

v Estimate heating and spin-flip rates
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Magnetic field fluctuations due to thermal jiggling of vortices

v Magnetic field fluctuations experienced by the
atom dueto vortex position fluctuations

Bl&tt{r= sy t} — EBR{L‘: Zy t}
R
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BH‘.(I'1 31t:'

¥ Using vortex dynamics (rr(t)rk.(t + 7)) = —v—

v Estimate heating and spin-flip rates
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Other imperfections

e Positioning of vortices
v Low error 1~2 %

v Disordered many-body physics

v Triangular |lattices without pinning

* Randomness in size and shape of antidots

v Fluxin each of them fixed by naturel

* Time dependent bias fields

¥ Parallel and  wwr <€ wq
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Towards an all-magnetic toolbox
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Magnetic local addressing

* Approach a magnetic dipole

v Avoid the creation of a vortex

=« Wei efal PREBE 54, 15429 (1596)

(a.l _ A\/ Hotria

Dy Aln(A/E) p——
A = 10¢ = 100 nm v Field above the film compared with the one without
ma ~ 10%up
1.0
v Coupling to atom (to neighbors reduced 0.8
by ~ factor 2} .
a 0.6
ad s - E
2 s 04 /7
L = 3 i""f.‘ 11111111 zﬂ _I_ 4
DE i'-'r: rrrrrr L:4 L = d
= BE : .
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Summary

* Fundamental length scales in superconducting vortex lattices

A
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Nanometer regime

* Exploit nano-engineering and structuring of vortex matter lattices

* Towards all-magnetic quantum simulation & computation with cold atoms
s (Can one use superconductivity to enhance interactions?

* AMO issues: loading, measurement

0. Romero-I1sart, C Mavau, A. Sanchez, P. Zoller, and J. . Cirac arXiv: 1302 3504
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