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Novel Quantum States

In condensed matter
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Yukawa Institute, Kyoto (2011)

Organizers: Kawakami, Tohyama, Totsuka, etc

" Nov. 7-11: frustration )
Nov. 14-18: frustration / topology
Nov. 21-25: topology / correlation

Nov. 28- Dec.2: correlation / superconductivity
\_ Dec. 5-9: all topics Yy,
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[ Emergence: Novel Quantum States ]
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7 ) ®latforms of Topological Phenomena

/. Solid state  maeno (MEXT #7218

Semiconductors, Superconductors,
Correlated systems, Spin systems, etc

B Cold atoms Takanhashi (EXP), Fujimoto (Theory)
Tunable parameters, Synthetic gauge, etc

B Quantum walk
Real Time dynamics

A

L/ etc

What’ going on? N
QU BFo+—57
: ) Google Scholar

Condensed matter? | (since 2009)
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Quantum walk,

Quantum version of random walk

quantum mechanical time-evolution of particles

Random walk |

Quantum walk |
Ry
A A
DD

Walkers move to right (left ) with probability p (1-p)
l—p p
-3 -2 -1 0 1 2 3
| : O : o | —>

Position

Walker’s position att . Gaussian
(Random walks) variance g2 oc t

100

0.01

Probability
variance

D 1 1 1
200 -100. 0 100 200 0 _
walker’s position Time

100




Quantum walk | Discrete-time QW
A walker at n: ‘ ‘ ‘@‘ ‘
Internal degrees [L>, |R>

|

|

| * R )

| otate Spin
1o |

|

|

@

{Coin operator |

rotate spin, mix |L> and |R> | Move spin down Move spin up
. | to the left to the right
C - cps 6, —sméb, | ‘ \
smé, cos 6, |
: |
OShift operator . | ‘©‘ ‘®‘ 1
AAAAAAAAAAAAAAAAAAAAAAAA spin-selective motion $ Repeat
W= D (n =1Ly Ll +n+ 1. R)(n. RI)
Z ¥ left 1 right

{OTime evolution operator |

U=W [Z n)(n| @ Cn]



@ Time-evolution of QW with @ = 7/4: Hadamard walk

A L)/2v/2 ;@/2\/5 (—[2R) + |L))/2V2  |R)/2V/2
|L)/2 (—|R) + |L))/2 R) /2
. o~ ~

Time step

L) /2 R)/V2
o

|R) Position

0.05 — 11— o QW have two peaks at the edges, and
oo | . their variance is proportional to #-.
003 \

1 e Then, QW can evolve faster than the
| 1 classical random walks.

o QW is useful for quantum computations.

il

0 LRI b s bt it il L L
-200 150 100 50 0 50 100 150 200

Mathematics, Quantum information

ST [EFo+r—ODIE] (2008)




(Progress in experiments
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Quantum Walks

Experiments and proposals

O Trapped ions
{ Cold atoms
<{ Photons

< NMR

< Photosynthetic energy transfer
(excitons)

etc

Kyoto University




Quantum Walk in Position Space with Single

Optically Trapped Atoms Science 2009
Michal Karski, et al.
Science 325, 174 (2009);

A | Cold atoms
0 5 Initial image (Cs atoms)
1 im
2 =

N 3. IL>, [R>
4 4 F=4, m=4
5 = Final image F=3, m=3
y ke 8

E—— 1D

04D | symmetric [ E | antisymmetric 1 Opt.l(?al fattice
> ) (Position space)
£ 03} 1t i -
3 A\ J 1l / .
2 02F ;f - -~ = il 7 = &
S | V| PN \_ 10 steps

01F o ==l A= |l  Fis b

T \ =/ .
o L 0 U5l I T s I O N I == (e I Tl 1 L W
-4 4 4 -2 0 2 4 N2=433 nm

Position (A/2)



Realization of a Quantum Walk with One and Two Trapped Ions

F. Zihringer,"”> G. Kirchmair,'

0.4
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2 - 1,2 3
R. Gerritsma, ~ E. Solano,

“4 R. Blatt,"

step 0 /\ ]
step 1: /\/\ ’
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_step 5I M : i
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step 1|1 f T T T \ T

T T
/
0 A

”\A_

-20

-10

0 10

20

2 1,2
and C.F. Roos ™ ||

PRL (2010)

Trapped lons
40Ca+
IL>, |R>

Sy, M=1/2
D/, m=3/2

Position:
Phase space
23 steps

Jaynes-Cummings
Hamiltonian



- - Kyoto University
Discrete Single-Photon Quantum Walks with Tunable Decoherence |

M. A. Broome," A. Fedrizzi,' B.P. Lanyon,' I. Kassal,” A. Aspuru-Guzik,” and A. G. White'
G & 5 G S

PRL (2010)

—i—

Photons

IL>, |IR>
Polarization

N PBS

_ Half-wave plate
== | ong-pass filter

\‘ Calcite beam-displacer F) 0S | t | on:
Quarter-wave plate P Single-photon detector

spatial modes
— 6 steps

d (70 steps, 2011
". Erlangen)

g

Quantum

g

; Classical

g 8

Photon Counts [ 5]

Photon Counts [ )

8

Decoherence

temporal-
disorder

Quantum
to Classical




ZitterbewegunglIBloch Oscillationslanc Landau-Zener Tunnelingl in a Quantum Walk

Alois Regensburger,’? Christoph Bersch,'? Benjamin Hinrichs,»? Georgy
Onishchukov,? Andreas Schreiber,? Christine Silberhorn,? ® and UIf Peschel': *

70 steps
Photonic systems

2011 Erlangen group

SOA

[ T)

PD
—D pPM '__I-L
‘i .:Il |‘J’) SO_A I3
——
Ewens

PM: Phase modulator

Simulation

Measurement

-1
_, Zitterbewegung

-3
Measurement Simulation
0 D
20
-1
40 , Bloch Oscillation
60
Simulation

Measurement

' Landau Zener




Quantum ‘Wa[,{ Experimental realization

M. Karski etal., Science 325, 174 (2009)
H. Schmitz et al., PRL 103, 090504 (2009)
F. Zahringer et al., PRL 104, 100503 (2010)

M. A. Broome et al, PRL104, 153602 (2010) Cold atoms
A. Peruzzo etal., Science 329, 1500 (2010) Trapped ions
M. Hilley, Science 329, 1477 (2010) Photons

R. Gerritsma et al., Nature 483, 68 (2010) - etc

A. Schreiber et al, PRL106, 180403 (2011)
Kitagawa, et al., Nature Commun. 3, 882 (2012)
A. Schreiber et al., Science 336,55 (2012)

A. Schreiber et al., Science 336, 6077 (2012)

J. Matthews et al., Nature 484, 47 (2012)

A. Asupuru-Guzik., Nature Physics 8, 285 (2012)
.. etc



Quantum Walk,

ODeveloped in Quantum Information

Mathematical
e.g. Konno et al.

{OCondensed Matter Physics

.

ew arena to study
topological states

/ 1.Toplogical insulators: | tuning the {Cﬁ:ﬂ oper'a‘l'or'\

S

All the possible topological insulators (1D, 2D)

Kitagawa et al 2010

2.Applications to breakdown of Mott insulators |

Correlated electroa
ystems

> Zener Tunneling: modeled by QW

T.Oka et al 2005

> Non-equilibrium dynamics of Mott phase

¢/ 1D Non-Hermitian Hubbard: Exact solution T. Fukui-NK 1998
T.Oka et al. 2010




Quantum Walk,

Systematic Studies of Topological Insulators

Complementary to solid state physics

1.Dynamics of 1D Quantum Walks

Topological insulating phases
2. Static and dynamical random defects

How robust topological edge states are ?



nsulator

minimum,

""""""
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( Band Insulators> e.g. semiconductor

Characterized by energy gap

AP\ /= & electron
L /% Gap-~1leV

j ‘ e I Energy gap

- P
-2 La‘
-3
K;
Xa\ - ‘

-4
. I j hole

L A r Ak X K

> momentum

energy

[T 1T 1\

(Topological Insulators)

"Characterized by energy gap A < Quantum Hall effect,
< Polyacetylen,

< Quantum Spin Hall effect

_Gapless edge excitations ) <& Z, topological insulator

Topological number (Z or Z2)




(Topological number) )

topological property of the manifold of occupied states

Bloch wave function
lJu(k) ) : Brillouin zone (a torus) > Hilbert space

Chern numi)er: Thouless et al, 1982
N :2—721 Bzdzk'<ka(k)|X|ka(k)>= Integer

Non-trivial

Trivial Insulator
Topol. Insulator : n #O -
Analogy: Genus of asurface: G =# of holes

G=0
AL

N -
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‘Quantum Hall effect |

2D electrons in high fields GaAs/AlGaAs

 Gaks/AlGahs — ngh field B

FT=05K

7
:; N=42 x108m |_|
:3;— ~—fi=53
o Chiral edge state

O-uuuu ) O Y R B W B O LN

e R Bulk-edge correspondence|
Magentic field ‘ — —

Hall Resistance

Em,v

Hall conductivity Fuc
c,, =N e?h

n: Chern number
# of edge modes

d°k
1= j (27)°

£ F ()



‘Quantum Spin Hall effect |

ﬁB

up spin
4 B Time reversal symmetry A /zﬁ‘vﬁvi
)

HE Spin-orbit coupling m\

KlGapIess helical edge state/ down spin -B
S, is not conserved: ?
Topological index band
£ '”tezger:%evg%-odd } %edge state

[ Z, Topological insulator } [3
Kane-Mele, S.C.Zhang HgTe/CdTe well (2008)




Topological Insulators

HTopologically nontrivial
Topological number

1D: polyacetylene
2D: HgTe/CdTe quantum well

3D: BiSb, BiSe, etc

Topologically protected edge states Observed !

~_-

Spintronics, Quantum informw
unique approach

How robust topological Real-time dynamics
Randomness, impurity, etc







Topological nature of QW

[ Coin operator ] oo cosf, —sind, coin ?
e sinf, cos#, | @
[ Shift operator in momentum space]
W= Z (In + 1)(n| @ [R)}R| + | — 1){(n| @ |L){L]) ps
~( eF 0 shift ¥
= ;( 0 ik )® 153 ;

Hamiltonian [ = exp [-iH 1] 21T periodicity: Floquet energy

H = f dk [w(k)d(k) - o @ |k){(K] .
d(k)

w(k) = =zarccos[cos(k)cos(H)] + 2nn.

[sin(#) sin k, sin(#) cos k, — cos(H) sin k] / sin w(k),




Dispersion relation

3

H = f dk [w(k)d(k) - o @ |k)}{K]],
d(k) = [smn(#)sink,sin(f)cosk, —cos(H)sin k] / sin w(k)

_ w(k) = =arccos[cos(k)cos(H)] + 2nm.
L) ®
shift ¥ 6 =0,n: 6+ 0, coin v
o l# | " | | | " | | | )

‘heHcaIcﬂ or 3} Woor 1| Massive
[ | /\ SO coupling
—1TT | —Tr ! | !
k k

d(k):

Z=1 Topological Insulator

1D chiral orthogonal class




Topological insulators: d=1, 2, 3
Schnyder, Ryu, Furusaki, Ludwig, PRB 08, NJP '10; Kitaev AlIP conf. '08.

System Cartan nomenclature || TRS | PHS
standard A (unitary) 0 0
(Wigner-Dyson) Al (orthogonal) +1 0
ATl (symplectic) 0
chiral
(sublattice)
BdG

1D Quantum Walk: chiral orthogonal BDI
Time reversal symmetry
Particle- hole symmetry
Sublattice symmetry




Quantum walks|  Clean system

{Coin operator

COS 9}7 - Sin 9;?
C, = )
sinf, coséb,

chiral orthogonal

Hadamard walk
0.=m/4

- el 7

0.2 .
0.05 —— quantum :
0.04 1 . \ i 0.15 |
classical
e 003 Ir'“'-.l —
= [\ o
o’ | |I —
2002 g o1}
=
001 |
0 J 0.05 |
=200 -150 -
D 1
-300 -200 -

Initial state:
U(0) = (10, Ry + 0, L))/ V2.

100 0] 100 200 300



reflecting boundary condition

Position
3 -2 _1 \0/7 1 2 3

| | | | i | —>
C_s Cos C_A/CE C, Gy Cs

Completely reflecting (hard wall)

(" )
® ;
\, 2 4 ——

Edge state at x=0 ?



Clean system: with boundary

w(0) = (10,R) + 1[0, L))/ V2

Topological

Initial state:
1 Non -topological | 0
10 107" -

= c
2-10‘3 - \—5-10'3 -
107 - 107 -
1 O_E-ESC-)O -200 -100 0 100 200 300 1 0_?3(:)0

n

Clean system

n=0 boundary
Cr?

| |
-200 -100 0 100 200 300

Clean system

n=0 boundary

Topological Insulator: edge state



Quantum Walk, with Randomness

Anderson transition
vs. topological priase

""""



Static disorder: with boundary

(spatial disorder) Topological Phase

c

/ Random Coin \ 10° ¢ | | : : .
| |® 10" F -
. * L i
COIIj # o2 i ; 005 —— quantun} .
ol C =
e B [ ' 1 / classical\
cos By, —sinb, 5 .t : e 003 -
Ch=1 . =102 F <::::> r =
" sinfd, costy, [ - Soel I
104 i i 001 ;.‘ I"-.,‘ Jh .
{Hﬂ — .FT/ 4 <:| :> %0 150 L """" """" % 15 20
- . 10 5 ] ] ] ]
éé} - JT’/4 -300 -200 -100 0 100 200 300
\_ J n

< Edge state: robust ?
<$ Anderson localization occurs ?
{ Extended state exists ?



Static disorder: with boundary

Recurrence probability P(t): Variance v(t):

P()= ) (0.cllOXg(®0, o)

o=R.L .

[

0= | nflwzdn—( [ mucopan|

clean

Protected [ 10° ———————

edge mode

A r—

\ ~10% |

P(t)

i

Extended

Pure QW ——— 102 LA

mode

1 disorder

O 1 IIIIIHISIDrIdI?IIrIﬁd F}?J}{IIIII 1 L1 I1lll P(t) 101 =
10 10" 102 10  10% 10°

Time steps ¢

107 —

§102 -

E

107 3

100

100

10" 102 10° 10
Time steps



Density of States of QW

@ Clean QW: m
2 T T

0
-3.14159

314

@ QW with spatial disorder (665 = n):

2

p(w)

0
-3.14159

= F

314159

¥ Edge state: robust = topological edge state.
& Divergence in DOS: w = =T11/2

Divergence




S’pati’allyy ’diso’rd’er’ed QW:

2

24|
o’
Q.

0

| Edge |

edge modes + localized modes + critical modes

Floquet delocalized |

-3.14159

\ eI . L F~al

Anderson
Localization-delocalization
Transition

(1D chiral class)

P(t)

Pure W ———
Efisordereld aw

10

102 10

3 .-ID

4

t

XI t0'2 _




[Other classes in one dimension} D

coin ¥
Chiral Orthogonal\/~ Chiral Unitary |/  Unitary \_-*
BDI AIII A
Topological Topological Trivial |

_( costy —sinby w cosfl, —sindy, B !0l cos Hn sin By
Cn = sinf, cost, Cn = sin fy, COS 0, " w sinf,, e_iﬁbln cos O
\ AN /AN 15

universality class TRS PHS CS d=1 d=2 d=3

Standard A 0 0 0 - Z

(Wigner-Dyson) Al +1 0 0 - -

All -1 0 0 Zn Zn

Chiral Alll 0 0 1 - Z

BDI +1 +1 1 - -

Cll —1 —1 1 Z - Zo

BdG D 0 +1 0 Zn Z -
C 0 —1 0 Z

DI -1 +1 1 Zn Zn Z

Cl +1 —1 1 - Z




' Observation of Edge States |

Kitagawa, Broome et al., Nature Commun. (2012)

a ,___/(b;\ S < T C
9‘2 l—3ﬁ/84.._ 0-, gﬂ{/S n/8 _,,‘97r,.""8\
R N E
mH
OFe
I Bulk
- states
\ _7'['—
8 7 b 1 0
/ﬂl \ 41 Casela @ |H) Caselb @ |V) | CEE
nm
SPDc\\f\‘_ ? []
g 2
»n 3 C
40 | 1|
054 B Experiment
2 [ Theory
. . 3
Topological # Topological # 2 L
0 0 T o[ ,
-4 0 2 4 - ’
1- 1+
Case3

> X

(91_ ’91_,_) => 1, 1







Temporal disorder: with boundary

Random Coin

4 A

a,,:<
{e)n = /4
00 = /4

cos By, —sinb, )

sinfd, costy,

o /

Topological Phase

T

Gaussian 7

S

10-5 i ] ] ] ]
-300 -200 -100 0 100 200

n

300

O Edge state: disappears
< approach Random walk

05— quantum [
004 | / .\
classical
0.03 - N A
002 | 1
001 | g
[ TRV ................ LA

0 g
-200 -150 100 50 O 50 100 150 200
n

Dephasing
Decoherence



Averaged Probability Distribution
at 10% time steps

0.003 I I |
> 5 :
et /4 (strong disorder
= 0.002 | m/4 ( g )
Z ]
a
'§ 0.001 56, = m/8 (weak disorder)
S,
0
-2000 -1000 0 1000 2000

n

& Gaussian distributions => classical random walk.
& Small peaks => remnants of edge states.



Reccurence Probability (edge state)
for 806, = /8 and /4

10"

9r=ﬂ'/8i

Asymptotic behavior

: [/ without edge state

10°

IIIIII 1 1 1 IIIIII 1
10° 10°
{

€®long time: approach Random walk
®short time: edge state survives !




Summary
Real Time Dynamics of Quantum Walks |

&®Realization of topological states

®Robustness of edge states

Topologically protected

& Anderson transition
Flouquet delocalized state

€ Quantum to Classical

®Nonequilibrium quantum phenomena
/| )

nterdisciplinary research arena

Condensed Matter , Laser Physics
Atom Physics, Statistical Physics

\_ etc Y.

T




[Furﬂ'her pr‘ogr'eSS: Relafed tOpiCs } Oka et al. 2009

/trlwal topologlcah

# Strongly Driven Systems

Periodic-time-dependent field
[ Floquet Topological States } 2
e.g. photo induced topological insulator

— > M. Nakagawa, Poster 63 \__ Photoinduced

®Quasi crystals (#4#£5&)

[ Topological classification ]

Observation of topological edge states

Y. E. Kraus et al. PRL (2012)
Photonic crystal

> F. Matsuda, Poster 52
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Platforms of Condensed Matter (Pﬁysics

Correlated systems, Spin Systems,

7~ solid state, fluic
Semiconductors, Superconductors,
etc

I Cold

- So exciting eve(yc{ay I ﬁﬁ%
Qx"““‘?*

B Quantum walk
Real time dynamics

\_ Etc -

What comes next ? |

B Novel phenomena ?
B New concept ?
B New platform ?
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