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Outline

Realizing Artificial Gauge Fields

0 Realizing the Hoftstadter &
Quantum Spin Hall Hamiltonian

e ‘Meissner’-currents in bosonic flux ladders
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Outline
Realizing Artificial Gauge Fields

a Realizing the Hoftstadter &
Quantum Spin Hall Hamiltonian

e ‘Meissner’-currents in bosonic flux ladders

Probing Topological Features of Bloch Bands

0 Probing Zak Phases in Topological Bands

G An ‘Aharonov Bohm' Interferometer for
measuring Berry curvature
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Realizing Artificial Gauge Fields

In Optical Lattices
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Gauge Fields y State of the Art

|) Rotation

In rapidly rotating gases, Coriolis force is
equivalent to Lorentz force.

FL=gvxB {—=> Fc =2mv x Qy

K. Madison et al., PRL (2000)
J.R.Abo-Shaeer et al. Science (2001)

2) Raman Induced Gauge Fields

Spatially dependent optical couplings lead to a Berry
w‘ phase analoguous to the Aharonov-Bohm phase

Y. Lin et al., Nature (2009)
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Gauge Fields State of the Art

I) Rotation

In rapidly rotating gases, Coriolis force is
equivalent to Lorentz force.

V >< Qrot

. . al., PRL (2000)
Problem in both cases: small B-fields [, - Go0n

(large v>1000 for now), heating...

Spatially dependent optical couplings lead to a Berry
phase analoguous to the Aharonov-Bohm phase

Y. Lin et al., Nature (2009)
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Gauge Fields t B-Fields with Ultracold Atoms

Controlling atom tunneling along x with Raman lasers leads to effective tunnel
coupling with spatially-dependent Peierls phase ¢@(R)

A =-Y (Ke® aldp,q, +J8hap.q ) +he

R
dx
_é) O O C Magnetic flux through a plaquette:
. dy
—O O Kel(pzr\ Ve ¢ — BdS — (Pl — ¢2
J A A A S I:I
)| () |

D. Jaksch & P. Zoller, New |. Phys. (2003)
—O O——-0 O— F Gerbier & J. Dalibard, New J. Phys. (2010)
Ke'® N. Cooper, PRL (201 1)
E. Mueller, Phys. Rev. A (2004)
L-K. Lim et al. Phys. Rev.A (2010)

see also: lattice shaking
X E.Arimondo, PRL(2007) , K. Sengstock, Science (201 I),
M. Rechtsman & M. Segev, Nature (2013)

) O O <|)_ A. Kolovsky, Europhys! Leet\(20111)
. Kolovsky, Europhys. Lett.
y| T T T
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Gauge Fields

Controlling atom tunneling along x with Raman lasers leads to effective tunnel
coupling with spatially-dependent Peierls phase ¢@(R)

R
dx
_(J> O O ¢ Magnetic flux through a plaquette:
. dy
—O o Kel(Pzr\ C ¢ — B dS — (Pl o QDZ
J Ay A \ I:I
5| (4) |4

D. Jaksch & P. Zoller, New ]. Phys. (2003)
—O J O O— F Gerbier & ). Dalibard, New J. Phys. (2010)
Ke'® N. Cooper, PRL (201 1)
E. Mueller, Phys. Rev. A (2004)
L.-K.Lim et al. Phys.Rev.A (2010)

A. Kolovsky, Europhys. Lett. (2011)
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see also: lattice shaking
X E.Arimondo, PRL(2007) , K. Sengstock, Science (201 1),
M. Rechtsman & M. Segev, Nature (2013)
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Gauge Fields ’I/ B-Fields with Ultracold Atoms

Controlling atom tunneling along x with Raman lasers leads to effective tunnel
coupling with spatially-dependent Peierls phase ¢@(R)

A =-Y (Ke® aldp,q, +J8hap.q ) +he

R
dx
_(]> O O C Magnetic flux through a plaquette:
. dy
—O O KeKPz’\ Ve ¢ — BdS — (Pl — ¢2
7 / A \ .
5| () |

D. Jaksch & P. Zoller, New |. Phys. (2003)
—O 9 O O— F Gerbier & J. Dalibard, New J. Phys. (2010)
Ke'® N. Cooper, PRL (201 1)
E. Mueller, Phys. Rev. A (2004)

J

see also: lattice shaking
X E.Arimondo, PRL(2007) , K. Sengstock, Science (201 I),
M. Rechtsman & M. Segev, Nature (2013)

L A g J L.-K.Lim et al. Phys.Rev.A (2010)
A. Kolovsky, Europhys. Lett. (2011)
y| Tt
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Gauge Fields

Controlling atom tunneling along x with Raman lasers leads to effective tunnel
coupling with spatially-dependent Peierls phase @(R)

A--F

Fluxes corresponding to
severals thousand Tesla
magnetic field strength are

possible!

& P. Zoller, New |. Phys. (2003)
& ). Dalibard, New |. Phys. (2010)
N. Cooper, PRL (2011)

E. Mueller, Phys. Rev. A (2004)
L.-K.Lim et al. Phys.Rev.A (2010)
A. Kolovsky, Europhys. Lett. (2011)

O
y
see also: lattice shaking

X E.Arimondo, PRL(2007) , K. Sengstock, Science (201 1),
M. Rechtsman & M. Segev, Nature (2013)
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e arperHamiltonian and Hofstadter Butterfly

Harper Hamiltonian: /=K and ¢ uniform.

Tr N - = ; 7
—(') ’L J\ J>_ \\“‘:“7;*‘;’:”// P
®lele st N\ e d A
NG < </
—0O O O O— e }%55:.\ ¥ r };Q
N O O ( __&_?f fi"i_ k _g{t
—O @, O O— 025/ V é_iﬁ- {
®®® S AEECN
R . ; a
E/J

The lowest band is topologically equivalent to the lowest Landau level.

D.R. Hofstadter, Phys. Rev. B14,2239 (1976)
see alo Y.Avron, D. Osadchy, R. Seiler, Physics Today 38,2003
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Artificial magnetic fields / Expe rimental method

* Atoms in a 2D lattice
* Tunneling inhibited along one direction using energy offsets

e.g. by using a linear potential

[

M.Aidelsburger et al., PRL (201 I); M. Aidelsburger et al., Appl. Phys. B (2013)
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Artificial magnetic fields p / Experimental method

* Atoms in a 2D lattice
* Tunneling inhibited along one direction using energy offsets

wz‘ (wg —wy = A/h)

1 e.g. by using a linear potential

X

* Induce resonant tunneling with a pair of far-detuned running-wave beams

— Reduced heating due to spontaneous emission compared to Raman-assisted tunneling!
— Independent of the internal structure of the atom

M.Aidelsburger et al., PRL (201 I); M. Aidelsburger et al., Appl. Phys. B (2013)
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Artificial magnetic fields 4 Experimental method

* Interference creates a running-wave that modulates the lattice
* The phase of the modulation depends on the position in the lattice

o

Bl | T La;tice modulation:
Kz, @2 ,L,** Vicos(wt + ¢(r))

i with spatial-dependent phase
..‘----'—--- -

1"“’” o(r) =06k -r

Y Q----@----@---

ok = ko — ky
W= wy —Wwq

* Realization of time-dependent Hamiltonian, where tunneling is restored
* Discretization of the phase due to underlying lattice — qu,n

M.Aidelsburger et al., PRL (201 I); M. Aidelsburger et al., Appl. Phys. B (2013)
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Artificial magnetic fields / Expe rimental method

* Time-dependent Hamiltonian:

A=Y (—Ja, &b 1 ntimn — Jy @4 i+ h.c.)

m,n

+3 [mA + VE cos(wt + $mn)] frmun

m,n

Sunday 22 June 14

. . . I/ L3
Artificial magnetic fields / Expe rimental method

* Time-dependent Hamiltonian:

an =% (—Jm &t 1 nlmn — Jy 8, G h.c.)

m,n

+ Z [mA + VI% cos(wt + ¢m,n)] T,

m,n

» Can be mapped on an effective time-averaged time-independent Hamiltonian
for hw > Jg, J,,U

Hiyr=3 <_ Ke¥mn ab | mn = J a6, @+ h.c.)

m,n

* To avoid excitations to higher bands

huw has to be smaller than the band gap F- Grossmann and P Hanggi, EPL (1992)

M. Holthaus, PRL (1992)

A. Kolovsky, EPL (201 I); A. Eckardt, PRL (2005)

A. Eckhardt, EPL (2007); P. Hauke, PRL (2012)
A.Bermudez, PRL (201 I); A. Bermudez, NJP (2012)
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Artificial magnetic fields Expe rimental method

* Time-dependent Hamiltonian:

A=Y (—Jm &b 1 ntimn — Jy @4 i+ h.c.)

m,n

+ Z [mA + V2 cos(wt + qu,n)] T,

m,n

Note: Corrections could be important! |
see e.g. N. Goldman & ). Dalibard arXiv:1404.4373  ['an
& related work A. Polkovnikov

» Can be mapped on an
for hw > Jg, J,,U

i Om,,n ~1 ~ AT S
—Kei®m, 8oy 1, nGmm = J 8py y1Gmn + hec.

* To avoid excitations to higher bands

huw has to be smaller than the band gap F- Grossmann and P Hangg, EPL (1992)

M. Holthaus, PRL (1992)

A. Kolovsky, EPL (201 1); A. Eckardt, PRL (2005)

A. Eckhardt, EPL (2007); P. Hauke, PRL (2012)
A.Bermudez, PRL (201 I); A. Bermudez, NJP (2012)
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Artificial magnetic fields Effective coupling strength

Effective coupling strength: — T T T 1

iy, Ky
o

Ty (;p) : Bessel-functions of the first kind

VO -0.5F R 1 R 1 R 1 R 1 R
and 1z — f (TZ K 0 2 N 8 10
1) : Phase difference of the modulation 2 ' ]
between neighboring bonds 150 |
05} -
0 1 1 n
0 0.5 15 2

y
m ()

see also: H. Lignier et al. PRL (2007)

Sunday 22 June 14



7
4

Artificial magnetic fields Experi mental setu P

a4

Experimental parameters:

k1| =~ [ko| =

k1, o1
d y

T
= ¢m,n = 5

™

2d

(m+mn)

Sunday 22 June 14

Artificial magnetic fields Experimental setup

Experimental parameters:

k1, w1
d y

Flux through one unit cell:

P =bmant1 — Pmn =75

s

2

depends only on phase
difference along y!
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7

Artificial magnetic fields /, Expe rimental setu P

Experimental parameters:

k1, o1
d y

T
k1| ~ |[ko| = 24

T
= Qmn = §(m+n)

Flux through one unit cell:

T
O = ¢m,n+1 - Qbm,n ==

2

depends only on phase
/2 difference along y!

The value of the flux is fully tunable by changing the geometry of the driving-beams!

Sunday 22 June 14

72
Uniform flux y Laser-assisted tunneling

Study laser-assisted tunneling in the presence of a magnet field gradient

+ Initial state: atoms (87Rb) in 3D lattice only populate even sites

even odd

___—— il B’x

M.Aidelsburger et al, PRL 111, 185301 (2013)
similar work: H. Miyake et al, PRL 111, 185302 (2013)
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Uniform flux LLaser-assisted tunneling

Study laser-assisted tunneling in the presence of a magnet field gradient

+ Initial state: atoms (87Rb) in 3D lattice only populate even sites

even odd

M.Aidelsburger et al, PRL 111, 185301 (2013)
similar work: H. Miyake et al, PRL 111, 185302 (2013)
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Uniform flux y LLaser-assisted tunneling

Study laser-assisted tunneling in the presence of a magnet field gradient

+ Initial state: atoms (87Rb) in 3D lattice only populate even sites

even odd

* Atom population in odd sites vs. modulation frequency

N L L L

Nodd o

o,
000
o 270

kHZ) M.Aidelsburger et al, PRL 111, 185301 (2013)
similar work: H. Miyake et al, PRL 111, 185302 (2013)
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Uniform flux 4 LLaser-assisted tunneling

s

Study laser-assisted tunneling in the presence of a magnet field gradient

+ Initial state: atoms (87Rb) in 3D lattice only populate even sites

even odd 1 T y T " T |
N
<
B [ = 38
E
S S, S al
0
S 4
S S S 3
A B’x 0 . 1 . 1 . 1 .
0 10 20 30 40
B’ (mG/um)
* Atom population in odd sites vs. modulation frequency
05T ——T 71—
§ ] | Large range of values accessible! '
C 0%, 0>
Ol
w/(2m) (kHZz) M.Aidelsburger et al, PRL 111, 185301 (2013)
similar work: H. Miyake et al, PRL 111, 185302 (2013)
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Uniform flux p Hamiltonian

p’

Realization of the Hofstadter-Harper Hamiltonian

== (Kewm,najn b T +1dm,n> e

m,n

‘ ka2, w2
ki ot __Q Q Q | Scheme allows for the realization
- O +T§E of an effective uniform flux of

¢ JOI010] (@ =7/2)

M.Aidelsburger et al, PRL 111, 185301 (2013)
similar work: H. Miyake et al, PRL 111, 185302 (2013)
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Uniform flux ) Local observable

e Classical:

Charged particle in magnetic field

Sunday 22 June 14

Local observable

Uniform flux

e Classical: T
e
Charged particle in magnetic field
B
°* Quantum Analogue:
. D C
* [nitial State:
* Single Atom in the ground state V2

of a tilted plaquette. A B
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Uniform flux Local observable

e Classical: T
e
Charged particle in magnetic field
B
°* Quantum Analogue:
. D C
* [nitial State:
(e s 2
e Single Atom in the ground state J J Vo) = 2
of a tilted plaquette. A B
D@ Ke® _c
* Switch on running-wave to
. . 11| OXE
induce tunneling
A K B

Sunday 22 June 14

Uniform flux , A Lattice of Plaquettes

Using two superlattices, we realize a lattice whose elementary cell is a 4-site plaquette.

Sunday 22 June 14



Uniform flux Mean atom position

e Site resolved detection along one direction
o~ band-
mapping
S. Folling et al., Nature (2007); J. Sebby-Strabley et al,, PRL (2007)
Sunday 22 June 14
Uniform flux Mean atom position

o Site resolved detection along one direction

w \J/\\%/ band-
 — —_— .
mapping

S. Folling et al., Nature (2007); J. Sebby-Strabley et al,, PRL (2007)

o Site resolved detection in plaquettes

D C
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Uniform flux : Mean atom position

e Site resolved detection along one direction

A~ band-
mapping

S. Folling et al., Nature (2007); J. Sebby-Strabley et al,, PRL (2007)

o Site resolved detection in plaquettes

D C

® Mean atom position along x and y

(X) —Na+Np+Nc—Np and <Y>:_NA_NB+NC+ND

dy 2N dy 2N

Sunday 22 June 14

Uniform flux

cyclotron orbit O

Quantum analogue of 3 g Do---- C
: m |

) B
\/\/\/\/\/ v
i
0.1 uy ) ) ) ) L=
Parameters:
= O o © -
2 J/h=0.5kHz
2'/-0_1 - . K/h=0.3kHz
L Time (msimmER i
-0.2 ul " 1 " 1 " 1 1 |

-04 -0.3 -0.2 -0.1. 0 | 0.1
(X)/dx
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Uniform flux Uniformity of the flux

Observation of the uniformity of the effective flux:

* Superlattice potential shifted by one lattice constant NS\ — NN

Sunday 22 June 14

Uniform flux Uniformity of the flux

Observation of the uniformity of the effective flux:

* Superlattice potential shifted by one lattice constant AWVAWVAY —— -

| NN
ﬂ """ Bl = janEn
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Uniform flux Uniformity of the flux

Observation of the uniformity of the effective flux:
* Superlattice potential shifted by one lattice constant S — NSNS
RN o
&. &--—-’"
4 J 5y P ____ e p=
0'1 H T T T T L
- Oor o ©o .
o
Z o1t -
00 K Time (msmmmER
04 03 02 01 0 04
(X)/dx
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Uniform flux , Uniformity of the flux

Observation of the uniformity of the effective flux:

* Superlattice potential shifted by one lattice constant AWVAWVAY —— -

s Py 4 Py
ey I
& &
— e —& ~ —r
T ? - A +
0'1 H T T T T T T T T T T T
01 1
>~ Or o ] > 3 |
9 2 or 7
=~ ~
= > -
~-0.1F E ~
| -01F 1
)] Time (ms)EEA o] Time (msS) I PA
02b_ .+ 1+ 4 e O | s | B O | W S|
-04 -03 -02 -01 0 0.1 -04 -03 -02 -01 0 0.1
(X)/dx (X)/dx
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Uniform flux / y Uniformity of the flux

Observation of the uniformity of the effective flux:

* Superlattice potential shifted by one lattice constant NS\ — NN

>

s
————&

( Same
k chirality!! ——

0.1F g T g T g T g T g T
.. Of oo 2
O 4
Z-/-0.1-
Lo Y _ o HEEE -
.-0.4 -0.3 -0.2 -0.1 0 0.1 -04 -03 -02 -0.1 0 0.1
(X)/dx (X)/dx
Sunday 22 June 14
1/ L L Ld
Uniform flux S Quantum Spin Hall Hamiltonian

Value of the flux depends on the internal state of the atom

o [1) = |F =1,mp = 1)

B-field gradient

|

tilted lattice potential
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Uniform flux Quantum Spin Hall Hamiltonian

Value of the flux depends on the internal state of the atom

o [N =[F=1mp=-1) o 1) =|F=2,mp=-1)
4_
B-field gradient B-field gradient

| '
v\/\/\/\/* A \/\/\/\/\ﬂ A

tilted lattice potential tilted lattice potential f

Sunday 22 June 14

Uniform flux Quantum Spin Hall Hamiltonian

Value of the flux depends on the internal state of the atom

* |T>:‘F:1amF:_1> ¢ |\L>:|F:27mF:—1>
4_
B-field gradient B-field gradient

| !
\/\/\/\/\/* A WV\/\/¢ A

tilted lattice potential tilted lattice potential

Spin-dependent optical potential: A <— —A
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Uniform flux

Value of the flux depends on the internal state of the atom

o [N =[F=1mp=-1) o 1) =|F=2,mp=-1)
4_
B-field gradient B-field gradient

| '
V\/\/\/\/* A \/\/\/\/\ﬂ A

tilted lattice potential tilted lattice potential |

Spin-dependent optical potential: A <— —A
Spin-dependent complex tunneling amplitudes: Kelomn = Ke~t®mn

Sunday 22 June 14

Uniform flux

Value of the flux depends on the internal state of the atom

e ) =|F=1mp=-1) o [J)=|F=2mp=—1)
g
B-field gradient B-field gradient

| !
v\/\/\/\/* A \/\/\/\/\ﬂ A

tilted lattice potential tilted lattice potential

Spin-dependent optical potential: A <— —A
Spin-dependent complex tunneling amplitudes: Ke'fmn = e i®mn
Spin-dependent effective magnetic field: ® = 7T/2 — O = —7T/2
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Uniform flux fQuantum Spin Hall Hamiltonian

Time-reversal-symmetric quantum spin Hall Hamiltonian:
fIT%L N Z <Keii¢m’ndin+l,n&m,n + den,n—i—ldm,n) + h.c.
m,mn
Bernevig and Zhang, PRL 96, 106802 (2006); N. Goldman et al,, PRL (2010)
Sunday 22 June 14
7
Uniform flux *Quantum Spin Hall Hamiltonian

Time-reversal-symmetric quantum spin Hall Hamiltonian:

N did, A R R R
HT?J’ i Z (Ke e a’jr.n—i—l,nam,n + Jain,n—i—lam,n) + h.c.

m,n

DR 2

Bernevig and Zhang, PRL 96, 106802 (2006); N. Goldman et al,, PRL (2010)
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Uniform flux fQuantum Spin Hall Hamiltonian

Time-reversal-symmetric quantum spin Hall Hamiltonian:

" tig A R ) R
HT%L i Z (Ke i ain—l—l,nam,n + Jajn,n—i—lam,n) et

m,n

DR 2 D !
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Uniform flux

e Spin up: 04F . . . . —
gﬁ Lo-m | | . |
O g -
<
' @ ¢ &9, < 04t .
AV AV AV e LI 2.1

-04 -03 -02 -0.1 0 0.1

|U4) = (14) + D)) /v2 (Xy/dx
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Uniform flux

e Spin up:
00 b
ANV

|01) = (14) + D))/ V2

e Spin down:

,) = (1B) +1C))/v2

Spin-dependent cyclotron orbit

0-1 uy T T T T L

or o ©o e

0.1 .
] Time (ms)mmPX
—0.2 ul 1 1 1

-04 -03 -02 -0.1

(X)/dx

1 1
0 0.1
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Uniform flux

e Spin up:
ety o

U1) = (14) + D))/ V2

e Spin down:

Spin-dependent cyclotron orbit

0-1 H T T T T T -
or o ©o E
-0.1 .
K] Time (ms)mmPX
'0.2 ul 1 1 1 1 |
04 03 02 01 0 01
(X)/dx
0-1 T T T T T
0 -
-0.1 ;
Y Time (ms) PN
02+ v 4 .y
01 0 01 02 03 04
(X)/dx
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Uniform flux SSpin-dependent cyclotron orbit

® Spin up: 01F . . . . ™3
% D@ oC 0'_ — ]
T |
w8 2] -
04 -03 02 01 0 0.1
U3) = (|4) + |D))/V2 (X)/dy
Opposite chirality!
e Spin down: 01 : . . . =
---------------- D ___ I
%::i::::ﬁ Iom g @ |
................ L -
01 0 01 02 03 o4
[Ty) = (1B) +1C))/V2 (X

Sunday 22 June 14

*Observation of chlral_currents in

f 3 bosonlic flux' ladders

\

b k:

M. Atala et al., arXiv:
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Flux Ladder

‘ ka, ©; * resonant laser-assisted tunneling:

wl—wng/h

o
|
3
o
o
|
X
o
o
|
X
o

@ @ @ P * Spatial dependent phase factors

-13] o] 16 oo

| @ @ @ e Uniform flux

Y T -
K

P Experiment: M.Atala et al., arXiv:1402.0819 (2014)
Theory: D. Hiigel, B. Paredes, PRA 89,023619 (2014)

E. Orignac & T. Giamarchi PRB 64, 144515 (2001)

A.Tokuno & A. Georges arXiv:1403.0413

R.Wei & E. Mueller arXiv:1405.0230

Sunday 22 June 14

Flux Ladder Eluxiladder: experimental realization

‘ ko, @ * resonant laser-assisted tunneling:

wl—wng/h

ent phase factors

/2

Minimal System
-9--¢----o-A  for orbital magnetism

I poiie -9l (@ = 2)
L\/K\/\/\/\/\/M .

P Experiment: M.Atala et al., arXiv:1402.0819 (2014)
Theory: D. Hiigel, B. Paredes, PRA 89,023619 (2014)

E. Orignac & T. Giamarchi PRB 64, 144515 (2001)

A.Tokuno & A. Georges arXiv:1403.0413

R.Wei & E. Mueller arXiv:1405.0230
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Flux Ladder Flux Ladder Hamiltonian

Hamiltonian of the system written in a simpler theory gauge

o
®
O \
e

=

Il

|
<

_itpat 4 0ot
Jeo| () |vee | ( Z (e agy bt e (pa£+1;RaZ;R)
o & i ¢
IJe«p Olver | - Ky (af1ayr ) +he.
¢

Sunday 22 June 14

Flux Ladder Flux Ladder Hamiltonian

Hamiltonian of the system written in a simpler theory gauge

_ —ilp T ~ il ~ T -
H=- JE : (6 Qpy1;0%;0 + € 70y, RALR
¢

~KY_ (af100m ) +he.
b4
Flux: | ¢ = 20p '

Define: &q;uz E ezqz&g;w
14

and solve for the ansatz |77Dq> = (qu&q;L + BQ&L;R) |O>
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Flux Ladder y Ladder Band Structure

€q = 2Jcos(q)cos(p) £ \/K2 — 4.J2sin?(p)sin?(q)

Jeo| () |ver

Sunday 22 June 14

Flux Ladder y Ladder Band Structure

Two energy bands

€q = 2Jcos(q)cos(p) £ \/K2 — 4.J2sin?(¢)sin’(q)

o0
(O]
Je'e O Je

¢
K
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Flux Ladder

Ladder Band Structure

Two energy bands

€q = 2Jcos(q)cos(p) £ \/K2 — 4.J2sin?(p)sin?(q)

K/J=0

[¢:2<p:7r/2) 2f"

1k

1
Jeto| () |uee 3o
oo g,

K 2

K/J=0.2
2
s
B o
2
4
, -2
05 0 05 1
q (n/d)
K/J=2
S
3
9]
v
w05 0 05 1
q (n/d)

<

'
EN

-0.5 0 0.5
q (v/d))

=

b Lo 2w
Trrrrrrr-T—T

K

'
EN

-0.5 0.5

=

0
q (vd)
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Flux Ladder

Two energy bands

4 Ladder Band Structure

€, = 2Jcos(q)cos(p) £ \/K2 — 4.J2sin?(¢)sin’(q)

K/J=0.2

/7' =
>

A\

s
B o
d 5
|<—X>| IE Ak
L, R A
R S— Y o5 0 05 9
dy[ O q (wd)
f-o—0
O K/J=0.8 K/J=2
2L
o—O ]
Je'® O Je'* 8 of 5
e ° & 4 &
K A
0.5 (IJ 0.5 1
q (w/d)

'
L

alk
1

o5 0 05
q (v/d))

L Lo 2 v ow
rTrrrrrrrrr -7

(

'
ES

-0.5 0 0.5
q (w/d)

=
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Flux Ladder y Probability Currents in Ladder

- Current along the legs:

% J P O. of j?;u - _% <&E+1;udf;uH€—>£+1;u - h'c>
g p = (L=left,R=right)
Jeio O Jei In the experiment total current is measured
?7? jL=N l;; ;jﬁ

Chiral current: JC — jL —jR

Sunday 22 June 14

Flux Ladder Phase Diagram

0 Chiral current / (a.u.) 1
T =
3.5
3 4
25 B
2 - -
S L
1.5+ —
1 -
| Vortex
hase
0.5 L
T 1 n 1 n 1 n 1 n
0 0.2 0.4 0.6 0.8 1
Flux ¢ ()

see E. Orignac & T. Giamarchi PRB 64, 144515 (2001)
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Flux Ladder Phase Diagram

0 Chiral current j, (a.u.) 1
|
35
3k 4
25+ E
2 - -
N L J
X
1.5 _ . 00 - =
1 -
| Vortex
05k phase
0 == 1 n 1 n 1 n 1 n ]
| k= ' i
. A
0 . I . I . I s | R
0 0.2 04 ¢, 06 0.8 1
Flux ¢ (n)
see E. Orignac & T. Giamarchi PRB 64, 144515 (2001)
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Flux Ladder Phase Diagram

0 Chiral current / (a.u.) 1
|
3.5 T T T
L 1t o=1/
3+ 4 F -
25+ < 4L i
2 4 - -
le
15F 4 F 413
[ 77 7 O T ES
1F .
Vortex
hase
05F 4 p i i
I
L ; 11 .
T 1 s 1 | | s 1 s 1
0 0 1
1 - T T T T : T T T T -
—~ K/J=\2
2 1
S | b
0 N | N I ; I " | A
0 0.2 04 ¢, 0.6 0.8 1
Flux ¢ (7)

see E. Orignac & T. Giamarchi PRB 64, 144515 (2001)
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Flux Ladder | Phase Diagram

0 Chiral current j (a.u.) 1
B |
35 T ! T Meissner phase
1t o=n/
sl : 11 4 L
. ' ll O TTITTIITTITITITITIT,
25 = 4L i
2 1r . Vortex phase
§ 4 S 3 T
Ee o ] = HECHERENT 4 IEEEN
2 _ =
T @ Vortex i - -
| h -
05 ——— y © [ | {omit | [ | 1t | |
P — _ _ .
- 0 L E L 0 Atom density (a.u.) 1

Flux ¢ (n)

see E. Orignac & T. Giamarchi PRB 64, 144515 (2001)
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Flux ladder pin=orbit coupling - short digression

* The flux ladder Hamiltonian can be mapped into a spin-orbit coupled system

* Left right legs are mapped into pseudo-spins:

GesR = Ge;y Gosp — Qg

Spin-Momentum locking: D. Hiigel, B. Paredes, PRA 89,023619 (2014) Continuum: |. B. Spielman Nature 471,83 (2011)
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Flux ladder pinForbit coupling - short digression

* The flux ladder Hamiltonian can be mapped into a spin-orbit coupled system

* Left right legs are mapped into pseudo-spins:

GoR = Qg Ge;1, — Gest

Yoo

L=i) R=Ih

ki1, o4

Spin-Momentum locking: D. Hiigel, B. Paredes, PRA 89,023619 (2014) Continuum: |. B. Spielman Nature 471,83 (2011)
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Flux ladder pinForbit coupling - short digression

* The flux ladder Hamiltonian can be mapped into a spin-orbit coupled system

* Left right legs are mapped into pseudo-spins:

Qe R — el Qe — Qg
‘kz, (o)) ‘kzl (O))
L=[1) R=|) L=1) R=[)

ki, o4 k1, o1

IPl]

Spin-Momentum locking: D. Hiigel, B. Paredes, PRA 89, 023619 (2014) Continuum: |. B. Spielman Nature 471,83 (201 1)
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Flux ladder SpIn=orbit coupling - short digression

* The flux ladder Hamiltonian can be mapped into a spin-orbit coupled system

* Left right legs are mapped into pseudo-spins:

&g;R — &&i dg;L — dﬁ;T

Spin-Momentum locking: D. Hiigel, B. Paredes, PRA 89,023619 (2014) Continuum: |. B. Spielman Nature 471,83 (2011)
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Flux Ladder urrent Measurements: Sequence

How to measure currents in our setup?
— project the state into isolated double wells

S.Trotzky et al. Nature Physics 8, 325 (2012)
S.Kessler & F. Marquardt, arXiv:1309.3890 (2012)

Groundstate

[ Josephson oscillations in double wells ]
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Flux Ladder pGurrentiVieasurements: Sequence

How to measure currents in our setup?
— project the state into isolated double wells

S.Trotzky et al. Nature Physics 8, 325 (2012)
S.Kessler & F. Marquardt, arXiv:1309.3890 (2012)

B2 e W
¢
0—o Project o- -0
mp @ >
9 Isolated -0
J @ doublewells H H
o o 4 8
K
Groundstate

[ Josephson oscillations in double wells ]
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Flux Ladder pGurrent Measurements: Sequence

How to measure currents in our setup?
— project the state into isolated double wells

S.Trotzky et al. Nature Physics 8, 325 (2012)
S.Kessler & F. Marquardt, arXiv:1309.3890 (2012)

o F 9
@ H l * Hold in double wells
—0 Project o - for a time t
mp @ N
OO Isolated -0
J @ doublewells H H
oo 4__ 4
K
Groundstate

[ Josephson oscillations in double wells ]
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sirrent Measurements: Sequence

Flux Ladder
How to measure currents in our setup?
— project the state into isolated double wells
S.Trotzky et al. Nature Physics 8, 325 (2012)
S.Kessler & F. Marquardt, arXiv:1309.3890 (2012)
& & - -6
@ H H * Hold in double wells
0—0 Project 0--0 for a time t
mp |@ > .
¢ Isolated -0 * Measure even-odd
s (@) doublewells population in double well
o0 & _&
K
Groundstate
[ Josephson oscillations in double wells ]
Sunday 22 June 14
Flux Ladder pouble well oscillations - currents

In the experiment we measure the average of all the oscillations on either side of

the ladder:

1

Neven;yu(?)

= 5[1 =+ (neven;,u,(o) i nodd;u(o))cos(zwt) -

I
msm@wt)]

L R
H - H Even site
— — @ Odd site

| |

| |
- — Even site
H - H Odd site
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Flux Ladder Oscillations in double wells

* Prepare ground state of the flux ladder with K/J=2 and project into isolated
double wells

0 05 1 15 2
Time (ms)

Sunday 22 June 14

Flux Ladder Oscillations in double wells

* Prepare ground state of the flux ladder with K/J=2 and project into isolated
double wells

Reversed flux

O=-m2 4
tQ[ &
05F
1Al 2
. . . . TOLCOA-I.I.I.I.I
0 05 1 15 2 0 05 1 15 2
Time (ms) Time (ms)

When inverting the flux the current gets reversed
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Zero flux ladders

* Prepare ground state of the ladder with zero flux
* project into isolated double wells

0=0 " o6
:: 0.5h g .
S
04F , . . .
0 0.5 1 1.5 2
Time (ms)
Flux Ladder py Extracting the Chiral current

The chiral current can be reliably calculated by

eeny(£) = 11+ (tevens (0) = Mo (0))os(2t) — F¥csin(2ut)]

[neven;L(t) — Neven:R(t) = %sin(th)
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Flux Ladder Extracting the Chiral current
The chiral current can be reliably calculated by
o .
Neven:L(t) — Neven:r (t) = msm@wt)
[ T [ T [ T [
0.12 [~ —
R i Vortex phase | o | L ‘ |
E! ASED !
;?o 0.08 — —
5t ¢ | _
= Meissner phase
(&)
r 0.04 _
=
O - -
O — —
| | L | |
0 1 K/J 2 3
Sunday 22 June 14
Flux Ladder
| ' | ' | ' |
05 Vortex phase Meissner phase
ol bbb
T L © + ]
2 6
c 0.3 —
e
"é n P 4
] o 0.5
g). 0.2 2 I \ —
- X 4
§ g O<_i .
;3 0.1 :JE, I —
I g—O.S |/ 1 1 i
0 S 0 1 oy 3 _|
| \ |
0 1 2 3
K/J
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suuwwy': nd Outlook

New detection method for probability currents
Measurement of Chiral Edge States in Ladders

Identification of Meissner-like effect in bosonic ladder

Outlook:

¢ Entering the strongly correlated regime

¢ Chiral Mott Insulators

* Spin Meissner effect

e Connection of chiral ladder states to

Hoftstadter model edge pLates E. Orignac & T. Giamarchi PRB 64, 144515 (2001)

* Spin-Orbit Coupling in ID Dhar,A et al, PRA 85,041602 (2012)
Petrescu,A. & Le Hur, K. PRL 111, 150601 (2013)
ATokuno & A Georges, arXiv:1403.0413
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Probing Band Topology
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Measuring the Zak-Berry’s Phase of
Topological Bands

M. Atala et al., Nature Physics (2013)

Sunday 22 June 14

Berry Phase berry:Phase in Quantum Mechanics

[\Ij(R) — ei(@Borry‘i_SOdyn) \Ij(R)]

Adiabatic evolution through closed loop

[SOBerry = ]iAn(R)dR = ifém(R)WRW(RD dR]

PBerry = %4 Q,(R)dA Berry Phase

M.V.Berry, Proc. R. Soc. A (1984) Example: Spin-1/2 particle

in magnetic field
Berry connection

An(R) = i(n(R)|V r|n(R))

Berry curvature

9 9
Qo (R) = =2 Ay — =2 A,
ar(B) = gpuny = g Ann <5>
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// ° o °
Berry Phase Berry Phase for Periodic Potentials

\I!k(r) = eikruk (I‘) Bloch wave in periodic potential
Adiabatic motion in momentum space generates Berry phase!
o ©
kx
Mention Problem with
going on a line is
generally NOT A LOOP
IN PARAMETER SPACE!
| u
Sunday 22 June 14
// L L4 L4
Berry Phase serry Phase for Periodic Potentials

\I!k(r) = eikruk (I‘) Bloch wave in periodic potential

Adiabatic motion in momentum space generates Berry phase!

~ Qi‘

kx kX

A\ 4

Mention Problem with
going on a line is
generally NOT A LOOP
IN PARAMETER SPACE!

&

| 3
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Berry Phase serry Phase for Periodic Potentials

\I!k(r) = eikruk (I‘) Bloch wave in periodic potential

Adiabatic motion in momentum space generates Berry phase!

~ Qi‘ ~

kX kX kX

Y

Mention Problem with
going on a line is
generally NOT A LOOP
IN PARAMETER SPACE!

y

Sunday 22 June 14

Berry Phase 5erry Phase for Periodic Potentials

\Ilk(r) = eikruk (I‘) Bloch wave in periodic potential

Adiabatic motion in momentum space generates Berry phase!

- Q - - Berry phase is fundamental to

~ 7 ~ :
characterize topology of energy bands
kX kX kx
NCh = i Apdk = i Qg d?k “ Oxy = NCh 62/h
ern — - Ty — ern
21 Jpz T JBZ

Chern Number (Topological Invariant) Quantized Hall Conductance

Thouless, Kohmoto, den Nijs, and Nightingale (TKNN), PRL 1982
Kohmoto Ann. of Phys. 1985
Mention Problem with
going on a line is
generally NOT A LOOP
IN PARAMETER SPACE!

y
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Berry Phase serry Phase for Periodic Potentials

\I!k(r) = eikruk (I‘) Bloch wave in periodic potential

Adiabatic motion in momentum space generates Berry phase!

~ Qi‘

Berry phase is fundamental to
characterize topology of energy bands

| -
»

kX kX kx
NCh = i Apdk = i O d2k “ Oxy = NCh 62/h
ern 27_‘_ BZ 27'(' BZ ry ern
Chern Number (Topological Invariant) Quantized Hall Conductance

Thouless, Kohmoto, den Nijs, and Nightingale (TKNN), PRL 1982
Kohmoto Ann. of Phys. 1985 Mention Problemwith
going on a line is
generally NOT A LOOP
IN PARAMETER SPACE!

What is the extension to |D?

J

Sunday 22 June 14

Berry Phase Zak Phase

2D Brillouin Zone

O

kx
going straight means going around! Band structure has torus topology!

Sunday 22 June 14



Berry Phase p Zak Phase

2D Brillouin Zone

kx
going straight means going around! Band structure has torus topology!

ko+G Zak Phase -
YZak — Z/ <uk]8k|uk) dk the ID Berry Phase
ko J. Zak, Phys. Rev. Lett. 62, 2747 (1989)
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Berry Phase p Zak Phase

2D Brillouin Zone

kx
going straight means going around! Band structure has torus topology!

Zak Phase -

the ID Berry Phase
J. Zak, Phys. Rev. Lett. 62, 2747 (1989)

ko+G
PZak = Z/ (ug|Ok|uk) dk
k

0

Non-trivial Zak phase:
. R.Jackiw and C. Rebbi, Phys. Rev. D 13,3398 (1976)
*Topological Band J. Goldstone and F. Wilczek, Phys. Rev. Lett. 47, 986 (1981)
*Edge States (for finite system)

*Domain walls with fractional quantum numbers
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Berry Phase 3 ﬁ-Shrieffer-Heeger Model (SSH)

' . . . H H Polyacetylene @
R /c\ /c\ /c\ /c\‘:/c W.P Sy, ].R. Schrieffer & A.]. Heeger
Phys. Rev. Lett. 42, 1698 (1979).

[ Hgsy = —Z {J&i@n _|_J’d;flgn_1 +h.C.}
n

Sunday 22 June 14

Berry Phase » G-Shrieffer-Heeger Model (SSH)

; . . | . H Polyacetylene @
AN N N N /c\c/c W.P.Su,].R. Schrieffer & A. ). Heeger
Phys. Rev. Lett. 42, 1698 (1979).

Two topologically distinct phases:

DI: J>J D2: J' > J
o0 ® 00 0 O QD) QOumn ) O
J J/ J J/ Jf J JP J JP J
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Berry Phase Su=Shrieffer-Heeger Model (SSH)

l . H ' . H Polyacetylene @
/c\ /c\ /c\ /c\ /c\c/c W.P Sy, ].R. Schrieffer & A.]. Heeger
Phys. Rev. Lett. 42, 1698 (1979).

[ Hgsy = —Z {]&Zén +J’djll;n—1 +h.C.}
n

Two topologically distinct phases:

DI: J>J D2: J > J
(0,0 ® 0@ 0] O o 0 o0 O
J/ JF J JF J J J’ J J’ J

D2

[ 590Zak — SOZZ?;k — Qg =T domain wall features fractionalized

] Topological properties:
excitations

Zak phase difference 0 7 is gauge-invariant

Sunday 22 June 14

Berry Phase SSSHEnergy Bands - Eigenstates
SWAVVAVVAVNAN

X <« d ——>
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Berry Phase SSH Energy Bands - Eigenstates
NAVVAVVAVVAN

<« d ——>

X
an-1 bn-1 an bn an+1 bn+1
J’ J J’ J J’ J J’
. «
__ ikx k
..ABABA... Lattice Structure.... E :\Ijl‘ . E :6 % 5 ikd/2
kL €
X X
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Berry Phase SSHEnergy Bands - Eigenstates
RAVNAVVAUNAN

«—d ——>

X
an-1 bn-1 an bn an+1 bn+1
J’ J J’ J J’ J J’
. o
s ikx k
..ABABA... Lattice Structure.... E :\IJJ»‘ B E :6 X 8 ikd/2
L €
X T

2x2 Hamiltonian:

with P = Jez’kd/2 + J/e—z’kd/2 - |€k’€wk
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Berry Phase

SHEnergy Bands - Eigenstates

..ABABA... Lattice Structure.... Eigenstates
; 073 o 1 +1
\ij = 6ka X . ’:F> = — ( _ s
A /_\ /4 1
% 1
) N
3 S o——— ——
L \/
L 1 _n/4 [ T 1
—r/d 0 rt/d -r/d 0 m/d
Quasimomentum k Quasimomentum k
Sunday 22 June 14
Berry Phase SH'Energy Bands - Eigenstates

...ABABA... Lattice Structure....

Z\Ifw = Zeikx X {g: pikd/2

A

Energy

e
4

>»>
—n/d 0 n/d
Quasimomentum k

Eigenstates
B+ Vo
ni/4 <+
S of—+—— ——
-nt/4 . T .
-n/d 0 n/d

Quasimomentum k

Adiabatic evolution in momentum space
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Berry Phase

SH'Energy Bands - Eigenstates

..ABABA... Lattice Structure.... Eigenstates
; A o 1 +1
\ij = 6ka X . ’:F> — —— ( _ s
A /_\ /4 +
_ 4
) Q
z = ot l —+—
(5 \/‘
1 1 _n/4 1 T [
—mt/d 0 w/d —rt/d 0 n/d
Quasimomentum k Quasimomentum k
Adiabatic evolution in momentum space
Sunday 22 June 14
Berry Phase SSHEnergy Bands - Eigenstates

...ABABA... Lattice Structure....

Z\Ifw = Zeikx X {g: pikd/2

A

Energy

N
~—

>»>
—n/d 0 n/d
Quasimomentum k

Eigenstates

/4

0,/2
o

—nt/4

(

Ok,

Bk,

)-3

+1
e~ 0k

—n/d

0

a/d

Quasimomentum k

ko+G
PZak = 7//
ko

(apOkak + B;0kBk) dk

Zak Phase
SSH Model
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Berry Phase

SHEnergy Bands - Eigenstates

..ABABA... Lattice Structure.... Eigenstates
ikx 1873 QL 1 +1
\Ijm = e % X . T+ = —— ]
O R (P e e 1
A /—\ /4 +4
_ 1
) N
Q = or— } } }
(5 \/‘
1 1 _n/4 [ T L
—n/d 0 n/d —n/d 0 n/d
Quasimomentum k Quasimomentum k
1 G+I€O
PZak = 5/ OO dk
ko
Berry Phase SH'Energy Bands - Eigenstates

...ABABA... Lattice Structure....

Z\Ifm:Zeikx x{

Ok
Bk eik:d/2

Energy

1 1 }
—n/d 0 nt/d
Quasimomentum k
Di: J>J |, p1 _T
YZak = 9

Eigenstates
B+ Vo
/4 T pI:
S\ 1 1 . 1 1
g O I I ! !
-nt/4 . T .
-n/d 0 n/d

Quasimomentum k
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Berry Phase SH Energy Bands - Eigenstates

Eigenstates

...ABABA... Lattice Structure....

; 073 a 1 =1
\ij = elkx X . k’:F = — .

A /4
>
o S

2 S 0
(I

—nt/4

1 1 }
-n/d 0 n/d —n/d
Quasimomentum k

pi: J>J ( p1 _ 7} D22 J >J( p2 _ T
ngak‘_2 PZak = 92

Sunday 22 June 14

0 w/d
Quasimomentum k

ealization with ultracold atoms

Hgsy = — Z {Ja,ibn —|—J’a;bn_1 + h.c.} IZ(;Z ::
DI: J > J/ D2: J > J
NOVAVUYANSZN VANOVANUYAN

Phase shift

\VVAVVAVVERRNVAVVAVVAV

O——COm=0 OO O
J J JJJ

D1 D2
590Zak — ¥PZak — PZak — T
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Berry Phase

Spin-dependent Bloch oscillations + Ramsey interferometry

DI: J > J'

n/4

A

Energy

—/4

0
Quasimomentum k

—n/d

0
Quasimomentum k

m/d —n/d

Prepare BEC in state |0, k) = |],0), with o =1,

Sunday 22 June 14

—n/d
Quasimomentum k

Quasimomentum k

— I

MW m/2-pulse

1
Create coherent superposition —— ,0)+ 14,0
75 (11.0) +11,0)

Berry Phase
DI: J > J'
A /—\ 1728 N
S
2
L \/
—nt/4 *
1 1 ) 1 1
0 a/d —n/d 0 n/d
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Berry Phase

DI: J > J'

.TC/4 )

A

Energy

—nt/4 )

' >»
-n/d 0 n/d —n/d 0
Quasimomentum k Quasimomentum k

S| — Spin components with

MW n/2-pulse opposite magnetic moments!

1
Create coherent superposition —— ,0)+ 14,0
75 (11,0 +14,0)

Sunday 22 June 14

Berry Phase
DI: J > J'
A /\ /4
>
) N
2 s 0
LLl \m/
-n/4
1 1 } 1 1
-n/d 0 n/d

0 /d
Quasimomentum k

| @ Closed Loop in

—r/d
Quasimomentum k

k-Space

Apply magnetic field gradient —> adiabatic evolution in momentum space
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Berry Phase

DI: J > J'

A /\ wal . 1
\\ L 3
\
N\ -
\

Energy
0,/2
o
/

. -nt/4 T '
—nt/d 0 mt/d —n/d 0 mt/d
Quasimomentum k Quasimomentum k
Closed Loop in
k-Space

Apply magnetic field gradient —> adiabatic evolution in momentum space

Sunday 22 June 14

Berry Phase

DI: J > J'

A /\ /4 N =4
\\ L 3
\
N 4
N

Energy
0,/2
o
/

. -nt/4 T X
—n/d 0 mt/d —n/d 0 m/d
Quasimomentum k Quasimomentum k

‘/‘I

|5§0Zak — SplZ);k =+ Pdyn + SDZeeman'
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Berry Phase

DI: J > J'

A /\ /4 N -+
\\ L 3
\
\ -
\

Energy
0,/2
o
/

. -nt/4 T '
—nt/d 0 /d —n/d 0 mt/d
Quasimomentum k Quasimomentum k

ALI
P — / E(t)/F dt

[&OZak = QZar + en + <pzeeman' E(k) = B(—k)
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Berry Phase

DI: J>J =» D2 J >J

A /—\ 1728 N
\\
\
\
N

Energy
0,/2
o

. . —nt/4

} 1
—n/d 0 n/d —n/d 0 m/d
Quasimomentum k Quasimomentum k

— I
MW m-pulse
\ANANA

Apply Spin-Echo pulse + dimerization change W
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Berry Phase

DI: J>J =» D2 J >J

A o/\ /4 0\
\
\
\
\
&> . S
3 S 0
L S
\/ ~
\
\
\
\
. —t/4 . 9
-n/d 0 n/d —n/d 0 a/d
Quasimomentum k Quasimomentum k

— I
MW r-pulse
ANANA

Apply Spin-Echo pulse + dimerization change
N\ANANS
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Berry Phase
D2: J' > J
A /\ 4|l @ 1
\\
\
\ -
\
> \\
o I So
o = or— F———+— }
) \/ )
N
N
T A Y
\
- \
-nt/4 T )
1 1 } 1 1
—n/d 0 mt/d —n/d 0 mt/d
Quasimomentum k Quasimomentum k

/_‘//'/—I

Apply magnetic field gradient —> adiabatic evolution in momentum space
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Berry Phase

D2: J > J
A /0\ /4 N
\
\
\
\
\
=) . S~
2 = Of————T———
L e
\/ \\
\
\
\
\
L 1 _n/4 L \l
—r/d 0 mt/d —r/d 0 mt/d
Quasimomentum k

Quasimomentum k

,Ll

Apply magnetic field gradient —> adiabatic evolution in momentum space
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Berry Phase
D2: J' > J
A /0\ /4 N
\
\
\
\
\
> \\
2 N So
o = or—t+—+——+— —— }
) \/ )
N
N
A Y
\
\\
-nt/4 N
1 1 } 1 | 1
—r/d 0 /d —n/d 0 /d
Quasimomentum k Quasimomentum k
D1 D2
0P Zak = OZak — PZak T PZeeman
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Berry Phase

D2: J > J
A /0\ /4 N
\
\
\
\
\
=) . S~
3 = 0 ———+————
L \\
\/ \\
\
\
\\
L 1 _n/4 L \l
—n/d 0 mt/d —r/d 0 mt/d
Quasimomentum k Quasimomentum k
Spin-Echo pulse
D1 D2
590Zak: — PzZak — PZak + SOZX"%E"
Sunday 22 June 14
Berry Phase
D2: J' > J
A /o\ no7% BN
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Detect phase difference D1 D2
with Ramsey interferometry 0pzak = PZak ~ PZak
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Berry Phase Reference measurement

Phase of reference fringe:

Fraction in |1)

ol ¥ | A | A | A
0 /2 7T 3n/2 21

Microwave pulse ¢,y ()

5 0 Average of five individual measurements
Exp. imperfections: - Small detuning of the MWV-pulse

- Magnetic field drifts
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Berry Phase

Measured Topological invariant: D1 D2
Zak phase difference PZak — PZak =T

0.75

Fraction in |1)
o
(6)]

0.25

(e}

ol \ 1 \ 1 1 \ 1
0 /2 7 3n/2 2n

Microwave pulse gy ()

[5@2 =0 97(2)7T) obtained from 14

independent measurements
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Berry Phase

Measured Topological invariant: D1 D2
Zak phase difference PZak — PZak =T

21

Fraction in |1)

OPzak
JT
éﬁ
|

! 1 L L
0 /2 x 3n/2 21
Microwave pulse gy ()

0 5 10 15 0 2 4
Data set Occurences

btained from 14
—0.97(2 Ny
0pzak = 0.97(2) independent measurements
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Geometric Phase Fractional Zak Phase

2 12
WA wdf g

an bn an+1 bn+1 an bn a

n+1 bn+1
O ) @ e © ) =
d P d g i d 2Im (v )

2Re(x 52

o
»

= 025

35 ) Zak Phase becomes

8,' fractional for heteropolar
K dimerization!

T 025
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SSH 4 IVieasuring Fractional Charge
Probability Density of Eigenstates Lattice Topology
: \/\/\/JMA/\A/W
b
Topologically Trivial
3
b
Topologically Non-Trivial
Lattice site
Sunday 22 June 14
SSH Fractional Charge

Energy

R. Rajaraman & J. Bell, Phys. Lett B 1982, Nucl. Phys. B 1983

-n/d

>»
0 n/d
Quasimomentum k
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Fractional Charge

SSH

Energy

-n/d 0 n/d
Quasimomentum k

R. Rajaraman & J. Bell, Phys. Lett B 1982, Nucl. Phys. B 1983
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SSH i Fractional Charge
A /\ 1.0 .
_ g
21 Q Q 2 s X\A
:
0% 5 10 15 20 25
1 : > Lattice Site

-n/d 0 n/d
Quasimomentum k

R. Rajaraman & J. Bell, Phys. Lett B 1982, Nucl. Phys. B 1983
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SSH actional Charge

A /‘\ 10 '
5| O o =l
2 2 05
QO
Always one atomon the " * *
-w/d edge! -
Qua

)

N N N N N
@ JVAVIVAVEVAVIVAVEVAV IO

R. Rajaraman & J. Bell, Phys. Lett B 1982, Nucl. Phys. B 1983

‘Aharonov-Bohm’
Interferometer for Measuring

Berry Curvature




Real Space
Lattice: A and B degenerate sublattices

3
H=Hy~JY Y (agblq,+he.)
R i=1

Lowest energy bands:

Dirac points at the
corners of the first BZ

A. Castro Neto et al., Rev. Mod. Phys. 81, 109 (2009)

Band Topology / Hexagonal Lattices

cold atoms: hexagonal - K. Sengtsock (Hamburg),
brick wall - T. Esslinger (Ziirich)

LMU
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-
&

Band Topology

Band structure characterized by scalar & geometric features!

Eigenstates: Bloch waves [ Vqn(r) = eug., (l’))

Scalar Features Geometric Features

Berry connection
An(q) = i{uqn|Vglugn)
Dispersion relation Berry curvature
Q,(q) =Vq x An(q) -€;

(I ‘,}
we we we
" “ <
K
e Sk
T
o A
Y. we ~

Scalar & Geometric Features

LMU
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et asAnaronovibohm®Interferometer in Momentum Space

Real Space

(pAB:@]{A(r)drzﬁ/vXA(r) &r
hJc hJs

[ Pap = %/Bds - 27rCI>/CI>0]

Aharonov-Bohm Phase

Sunday 22 June 14

enhEne A naronoviBohm® interferometer in Momentum Space

Real Space Momentum Space

QA = g]{A(l')dl‘ = Q/V X A(l‘) d*r PBerry :%An(Q)dq = V x Ay(r) ds,
hJc hJs c S

[(pAB_%/BdS—27TCD/CDO] PBerry :/Qn(q)dsq

Aharonov-Bohm Phase Berry Phase
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Band Topology Serryleurvature in Hexagonal Lattices

Berry curvature concentrated to Dirac cones, alternating in sign!
Breaking time reversal or inversion symmetry gaps Dirac cones
and spreads Berry curvature out
Hexagonal Lattice Hamiltonian
" ’.

q) = f(q) —A e N Nr
Expanding momenta close to K Dirac point = ;‘; =
- 0 q’x_i_iqy ." ('i‘fK’

H(q) - ~ e 0 r
dx — gy
Ve A
Eigenstates & - &
1 . .
+= _ 2 (,i8(@)/2 4 ,—i0(q)/2
UK g > (e te
LMU
Sunday 22 June 14
Band Topology ’ Berry Phases in Graphene
Berry Phase around K-Dirac cone = 2
e e e
PBerry K = y{CA(q) dq=nm
s 4N
Ve TR
Berry Phase around K’-Dirac cone
k, T
o Pl
[ PBerry K/ = — 7 ] - —
Y X e n7
X

LMU
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Band Topology 4 The Interferometer

LMU

Sunday 22 June 14

Band Topology y The Interferometer

[Forces applied by lattice acceleration and magnetic gradients!]

[
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Band Topology The Interferometer

/2,0 7,0

LMU

Sunday 22 June 14

Band Topology The Interferometer

] ' ]
| |
| |
L@ @ @ @ .
k}T—>
x,0

LMU
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Band Topology 4 The Interferometer
NO) JRRNC) JEEEN©) RN, JEEEN O, )
kyI_»

7,0

/2, Pmw

J1

> t

/2,0

[Forces applied by lattice acceleration and magnetic gradients!]

LMU
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Band Topology
l T
R ® open loop ]
* closed loop
__osf
T_: 0.6
E L
s 04+ .
lE -
021
0 0 2 n

Pmw
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Band Topology

—
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e
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Fractionin I1,1)
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>

Interferometry Results
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Band Topology
l ' . openlot:p
[ e closedloop |
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Band Topology g Stuckelberg Interferometry

Lattice acceleration allows for
arbitrary path choice

110 T T T T T T T T T T T T T T

Fraction in the first BZ

® 100200 brward
——free fit 5.5 (2)kHz, phi=0.00 (6), t0=160us
——free it £5.7(2) kHz, phi=1.6(1), 10=200us.

01

® 100200 reverse

ool vy o o
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350
Time (us)

Has allowed us to detect
off-diagonal Berry connection
through Wilson loops!

\ 4/
Al
-
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Outlook

® Rectified Flux, Hofstadter Butterfly

® Novel Correlated Phases in Strong Fields,
Transport Measurements

® Adiabatic loading schemes

® Spectroscopy of Hoftstadter bands

® Novel Topological Insulators

® Image Edge States - directly/spectroscopica

® Measure spatially resolved full curren ;

® Non-equilibrium dynamics in

® Thermalization?
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Gauge Field Team

From left to right:

Christian Schweizer
Monika Aidelsburger
l.B.

Michael Lohse
Marcos Atala

Julio Barreiro
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Lucia Duca Tracy Li

Martin Reitter

IB Ulrich Schneider
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