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Can a magnetic field in 1D be interesting?

/In 2 or more dimensions: \ ﬂn 1 dimension: \

non-trivial loops no loops with flux

P34 P12 ©23
—¥12 —@23
P41 q>/ a3
P = 12 + Y23 — P23 — p14 =0
/ P12

unless we consider long-
. range hopping with
Pij = / dr - A(r) generic Peierls phases:

Q= 12 + Y23 + Y314 + a1 12 P23

A

—@13
\ / K Q= 12 + P23 — Y13 /
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Possible platforms

1. Cold atoms in optical lattices

= typically only nearest-neighbor hopping
= artificial gauge fields already exist in 2d lattices
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Possible platforms

2. Trapped ions

= linear arrangement
= long-range spin-spin interactions (mediated by phonons)

3. Cold atoms coupled to a nanophotonic fiber

= Similar properties as for the ions:
linear, long-range interaction (mediated by photons)
» Less developed than trapped ions,
but with the prospect of better scalability (>1000 atoms)
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1. Mapping: spin-flip interactions << hopping

2. Model: XY chain with nearest and
next-to-nearest neighbor interactions

= Mapping onto triangular ladder
= Magnetic flux via complex interaction strength

Results:

= Fractal energy spectrum

» Topological bands

= Topological many-body states

3. Realization of the model with ions or atoms
= Engineering interactions via periodic driving
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Mapping: Hopping > XY model

/Hopping: H=-J) ala A

]

O eO00 - O0Oe0

/Spin flip: H=-J) ofo;

8 A A A B B B 2

/
N
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Mapping: Hopping €2 XY model

/Hopping: H=-J) ala

(¥

-

> OO @0

/Spin flip: H=-J) ofo;

B AR A

e

/
N

A A

fFor XY chain with nearest-neighbor\
interaction:

> Jordan-Wigner transformation:
equivalence of spin flip model
and free fermion model

- J
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Mapping: Hopping €2 XY model

/Hopping: H=-J) ala

(¥

O @ OO » OO0O@O
-
(A _

Spin flip: H=-J> o 0;

8 A A A B B B 2

fln the presence of interactions beyond nearest \
neighbors:

/
N

> Jordan-Wigner does not work
> Spin flips operators o are bosonic
\ > Hard-core constraint: strong interactions /
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XY model with magnetic fluxes

XY chain with NN and NNN interactions:
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XY model with magnetic fluxes

XY chain with NN and NNN interactions:

Jeiﬂ Jeiﬂ Jefiﬂ Je?'ﬂ

P P P
Je'"q /] ,JeSWtz\ J Je5”q\
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XY model with magnetic fluxes

XY chain with NN and NNN interactions:

Jeiﬂ Jeiﬂ Jefiﬂ Je?'ﬂ

P P P
Je'"q /] ,Je3”q\ J Je5”<{

] & f’

€ r, —— J, ey ’t. ]

A s A A s & — 277
™ ."q - ¢'-b - .*
- - ‘o - D 'o. - - ¢ q
1T = ' 3w & ¢ S &

Ji q Je,g q 'JQE q
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Butterfly spectrum

System
_ R z
H=— Jijo; o —I—hE of
1%£] 7
Jeiﬂ J 0
—o——>—0— o
A7 AT A3
J .?377"51—’ "‘JeSz'.’rI—’ e JQS;Z':rg
o - @
Jezﬂ Je?ﬁ

For a single spin-flip ( S, = N — 2 ), the spin
chain realizes the Hofstadter model on a
triangular ladder.

Fractal energy spectrum?
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Butterfly spectrum

System Result
_ P, z
H = _ZJWUi o —I—hZO‘Z
1#] 7
>
Je' Je' &0
—0 — - Q
- Ll

For a single spin-flip ( S, = N — 2 ), the spin
chain realizes the Hofstadter model on a
triangular ladder.

Fractal structure
disappears for a square
ladder structure.

Fractal energy spectrum?
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Butterfly spectrum

System
_ R z
H=— Jijo; o —I—hE of
Je'ie J 16
—Q.] - QJ O
A7 A7 A
7 iR "o Je2'z'7r-‘§ " Jes}wg
o 0
Jezﬁ Jeze

For a single spin-flip ( S, = N — 2 ), the spin
chain realizes the Hofstadter model on a
triangular ladder.

Fractal energy spectrum?

Result
8 ' f s
fon I
i ||| ||| N
4 I [
>
&DO
=
a8
4 |
il Tt
i i
_8 SIS |
0 0.5 1
()

Finite system (N=100 spins), with one (blue)
and two (red) spin flips
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Topological bands

System Edge states
For 100 spins with a single spin flip
_ + _— z
H = _Z‘]’iﬂ'ai 9 +hZ<f@- & = 27(p/q) = 27/3 b = 2r/4
7 i IR

. N
Je'? Jetf =
"'] ’ ?’4J _:'au"o
A e -I.....; A ....’-- A 0.‘..:-1
S e e g e
Je? Je'? N
=

[l

1 50 100

site index
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Topological bands

HHELLLLLULLLLLH

. 2
O T s WIS & | SN s

site index
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Topological bands

System Edge states

For 100 spins with a single spin flip

_ R E z
i#j 7 ) (c) PBC
Jet? Jet? SO
_?. ] ’ Q4J ?u" _2
A e, ..: A ‘ o.’: A ’ ‘.oz;:‘
7 iR "o Je3'z'w§ " 7 Sim B 2
o S, ALY
Je'? Jet? S 0

Chern numbers (single-particle bands)

2
for bands parametrized by k£ and 6 at & = mill
q

q Chern numbers _ 0.5

3 -1, -1, 2, 2, -1, -1 N |
4 -1, -1, -1, 6, -1, -1, -1 ! | 59 100
D —1, —1, —1, _17 4, 4’ _1’ _1’ _1’ | site index
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Topological bands

System Edge states
For 100 spins with a single spin flip
_ P, z
H = — Jijo; I +h E :O'é =7m(p/q) = 27/3 b =27/4
i#] ¢ (c) PBC

Je'ie J 0

—o——>—0-— o
A7 A7 AE
JemE e S e
~© ————
Jezﬁ Jeze

Chern numbers (single-particle bands)

Chern numbers

il <, B B el e
N - O (|
A Al il il 2l il S, =T

Ot = W

2
for bands parametrized by 1 =k and pus =60 at ¢ = il
q
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Bosonic Chern Insulator

Many-body Chern numbers g=3 g=4 7=5
.. ) 0.7 N=16 N=20
Winding with respect to — N=12
twisted boundary = 06
conditions and phase © 0 s | _
g N=24 —N=24 v
2 04 —= = N=I¢6 —== N=20
ﬂU’X q) B _ﬂ- 5 N=l2 =N=24 %N==30
q § 0.3 _E&e _f Nel6 — s
13 = e l— —_— J—
filling v = 2, neN s 0.2 I — —
24 0.1 — — =2
0 LEN=1 0 1 -2 0 -1 2 30
polarization 5, = N(1 - 2v) 116 1/3 1/8 14 3/8 1/10 1/5 3/10 2/5
Filling factor v
Chern numbers (single-particle bands)2
for bands parametrized by k£ and 6 at & = il
q Sufficiently far from half filling (i.e. S =0),
q Chern numbers _ _ z
the bosonic states are topologically
3 -1, -1,2,2, -1, -1 equivalent to fermionic filling of single-
4 -1, -1, -1, 6, -1, -1, -1 particle levels.
o5|-1, -1, -1, -1, 4, 4, -1, -1, -1, -1
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Periodic driving
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Periodic driving

Apply the shaking ideas to spin chains in order to modify the interaction parameter:

> Strength of J
> Sign of J
> Complex phase of J

XY model with _ PR B o
“shaken” field H(t) = Hxy + ;vz(t)% with Hxy = ; Jij(oj 05 +h.c.)

Gauge transform _ =i, xi(t)o? “h 1Y — (e (4
(Floquet basis) Ult) =e with xi(t) = Jo dt'vi(t')

T T
Average over _ eff [ _+ — off _ Jij 2i[xi (t)—x (t)
periodgT Heg = ;sz (o, 0 + h.c.) where J;' = - i dte?xi () =x; ()]
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Periodic driving

Apply the shaking ideas to spin chains in order to modify the interaction parameter:

) b) Looxa(t)
------ seanenens ()
— v1(t) . x1(t)
T12 7@9 A:Tlg T12 mA A—Tlg
I - el 4 > t—ta m—— e — > {
ta B ta tB
tB . / ’ .
A-v;(0) =nm = e2ba(t)=x2(t)] gy — eiP12m A with w12 = 2712(v1(0) — v2(0))
ta

XY model with _ PR B o
“shaken” field H(t) = Hxy + ;vz(t)% with Hxy = ; Jij(oj 05 +h.c.)

Gauge transform _ =i, xi(t)o? “h 1Y — (e (4
(Floquet basis) Ult) =e with xi(t) = Jo dt'vi(t')

T T
Average over _ eff [ _+ — off _ Jij 2i[xi (t)—x (t)
periodgT Heg = ;Jij (o, 0 + h.c.) where J;' = - i dte?xi () =x; ()]
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Periodic driving

Apply the shaking ideas to spin chains in order to modify the interaction parameter:

) b) Loox2(t)
SRR (1)
o : w1 (t) X (t)
T12 7@9 A—Tlg T12 mA A—Tlg
—— I ¢ ——————————— ¢
ta B ta tB
tB . / / .
A-v;(0) =nm = 2 () =x2(t)] gy — giP12m A with w12 = 2712(v1(0) — v2(0))
ta
Jeiﬂ J’iﬂ
_g'] - QJ O
A7 A ;!'
J .ifr-:;—’ ..'JeSWrE g JQS.?Zfrg
oo — g
1 11 1171 1V Vv VI VII
(-) 1 N . 1 1 1 // T > t
-
(n+1)A (n+1)A  mA mA (m+1)A (m+1)A (n+2m+2)A
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Summary

Idee:

= No loops with magnetic flux in short-ranged chains
= Long-range connections allow for loops with flux

Realization:

= Long-range spin chains, e.g. trapped ions or atoms coupled to nanophotonic devices
= Design of complex-valued interactions parameters via shaking

Results:

%

a5’
) i ‘@éﬁiﬁé
\%\ %@QE%W m%ﬁ ﬁg/

éw%a %Mmﬁ%gﬂ% A/
\ =<

Fractal energy spectrum
= Topological band structure

‘ﬁ%‘%@w:% W%ﬁi%

= Bosonic Chern insulator /ﬁﬁﬁﬁﬁﬂ %%%3
, ‘ﬁﬁ %ﬂm‘\

Phys. Rev. A 91, 063612 (2015) -

Tobias Grass, Christine Muschik, Alessio Celi, Ravindra Chhajlany, Maciej Lewenstein
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