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Quantum Control by laser 

cold atom 

high controllability 

・control of interaction by Feshbach resonance 

・synthetic gauge field, optical lattice 

・simulated spin models 
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http://www.fhi-berlin.mpg.de/pc/PCres_methods.html 

Oka-Aoki 2009 

Tsuji-Oka-Aoki 2011 

even higher controllability 

・Floquet topolotical phase transition 

laser induced quantum Hall effect 

・Control of interaction via dynamical localization 

・Control of quantum magnets 

Takayoshi-Aoki-Oka 2013 

Takayoshi-Sato-Oka 2014 

Sato-Sasaki-Oka 2014 

Quantum Control of Solid state materials 

realization of topological QHE 



time periodic system 

 ~ absorption of m “photons” 

e:  Floquet quasi-energy 

Floquet Hamiltonian  (static eigenvalue problem) 

comes from the      term 

“Floquet mapping” 

=discrete Fourier trans. 

3 

Theory (1/3): Floquet theory  (time-version of Bloch theorem) 



Time-periodic quantum system Floquet theory (exact) 

two states + periodic driving 

Floquet theory 

n-photon dressed state 4 

effective theory 

“synthetic fields (term)” 

= ~ 

Hilbert sp. size  
= original system 

Theory (2/3): Floquet theory  (time-version of Bloch theorem) 



1/W expansion of the effective Hamiltonian 

Mikami, Yasuda, Tsuji, Oka, Aoki in prep. 

cf) Floquet-Magnus expansion has a initial time dependence 
     and is not the correct 1/W expansion 
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Theory (3/3): Floquet theory  (time-version of Bloch theorem) 
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Application (1/4):  “Lattice systems” 

(cold atom) Eckardt-Weiss-Holthaus’05, 

(solid state) Tsuji-Oka-Aoki ‘11 

time average 

hopping in H0 

Realizable with strong pulse lasers 



Graphene in 
circularly polarized laser 

Oka, Aoki ’09 

Kitagawa, Oka, Fu, Brataas, Demler ’11 

Haldane model (1988) of  

quantum Hall effect without Landau levels 

Chern insulator 
(topological insulator) 
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2D Dirac in 
circularly polarized laser 

parity anomaly 

Application (2/4): “Dirac systems” 

Laser induced Quantum Hall effect 

Floquet topological insulator 

Oka, Aoki ’09 



Application (3/4): “Spin systems” 
Takayoshi-Aoki-Oka 2013 

Takayoshi-Sato-Oka 2014 

* no E field here 

spin model with slanted magnetic fields 

rotating frame 

Large, and dynamical synthetic (effective) magnetic field 

~ 50 Tesla for W = 1THz 

“laser induced magnetization curve” 



Application (4/4): “ Spin liquid” 

Kitaev model in a circularly polarized laser Floquet Topological Spin Liquid 

=  Quantum spin version of  

     Floquet Topological Insulator 

Sato-Sasaki-Oka 2014  



Plan of talk 

1. Dirac + circularly polarized laser  =  parity anomaly (QHE)  

Explanation of  

How experiments are done 

2. Kitaev spin model + multiferroic coupling + circularly polarized laser  



Time resolved ARPES 

No laser 
surface Dirac state of a TI 

Wang et al. … N. Gedik Phys. Rev. Lett. 109, 127401 (2012) 
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1. Dirac + circularly polarized laser  =  parity anomaly (QHE)  



Experiment using time resolved ARPES 

No laser 
Wang et al. Gedik (MIT) Science ‘13 

circularly 
polarized laser 

TO, Aoki ’09 

surface Dirac state of a TI 
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kx 

ky 

Berry curvature 

kx 

ky 

Chern number of a 2d Dirac system 
Niemi Semenoff ‘83, Redlich ‘84, Ishikawa ‘84 
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1. Dirac cone has half quantum unit 

non-integer because BZ is not periodic  

2. The sign depends on the chirality, and mass sign 

Parity anomaly in QFT 



  Floquet spectrum: Dirac model + circularly polarized laser 

?? 
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  Floquet spectrum: Dirac model + circularly polarized laser 

time dependent Schrodinger equation 

 truncated at m=0,+1, -1 for display 

coupling to AC field 

Floquet theory 
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Floquet spectrum: Dirac model + circularly polarized laser 

0-photon absorbed state 

0-photon absorbed state 

TO, Aoki 2009 

kx 
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Floquet spectrum: Dirac model + circularly polarized laser 

1-photon absorbed state 

0-photon absorbed state 

1-photon absorbed state 

0-photon absorbed state 

TO, Aoki 2009 

kx 
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Floquet spectrum: Dirac model + circularly polarized laser 

1-photon absorbed state 

0-photon absorbed state 

-1-photon absorbed state 

1-photon absorbed state 

0-photon absorbed state 

-1-photon absorbed state 

TO, Aoki 2009 

kx 
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Floquet spectrum: Dirac model + circularly polarized laser 

1-photon absorbed state 

0-photon absorbed state 

-1-photon absorbed state 

1-photon absorbed state 

0-photon absorbed state 

-1-photon absorbed state 

TO, Aoki 2009 
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Floquet spectrum: Dirac model + circularly polarized laser 

1-photon absorbed state 

0-photon absorbed state 

-1-photon absorbed state 

1-photon absorbed state 

0-photon absorbed state 

-1-photon absorbed state 

TO, Aoki 2009 

2k 

Dirac gap  

near Dirac point 
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Theory II: Synthetic fields (terms) from Floquet 

2k 

Dynamical gap  

near Dirac point 

2nd order perturbation 

synthetic term 
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Kitagawa, TO, Fu, Brataas, Demler ‘11 

honeycomb + circularly polarized light Haldane’s Model of QHE without LL (1988) 

local magnetic field f 

AB-level offset m 

Realization of the Haldane model of QHE without Landau levels 

n. hopping + n. hopping = n.n. hopping with phase p/2 

applied to honeycomb lattice 

large W 
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Plan of talk 

1. Dirac + circularly polarized laser  =  parity anomaly (QHE)  

Explanation of  

How experiments are done 

2. Kitaev spin model + multiferroic coupling + circularly polarized laser  

Masahiro Sato (Aoyama Gakuin) 

佐藤正寛 (青学) 



Floquet Majorana edge state and  Nonabelian anyons in a Driven Kitaev model 

Kitaev’s Spin liquid model   
+  circularly polarized light 

Fermionization 

Honeycomb lattice 
+ circularly polarized light 

weak field expansion 

Haldane model 

Real (not complex) Fermion 

Gapped topological spin liquid 
with Majorana edge mode 
and nonabelian anyon excitation 

M. Sato, Y. Sasaki and T. Oka arXiv 2014  



Kitaev honeycomb model (an anisotropic spin model) 

x 

y 

u1 

u2 

x bond y bond 

z bond 

unit cell  

A 

B 

z 



Kitaev honeycomb model (an anisotropic spin model) 

Katsura, Nagaosa, Balatsky (2005), 
Tanabe, Moriya, Sugano (1965), etc.   

j k 

Electric polarization  Vector spin chirality 

Anti-symmetric magneto striction type Symmetric magneto striction type 

j k 

 We assume magneto-electric coupling exists 



Kitaev honeycomb model (an anisotropic spin model) 

Application of circularly polarized laser  

We ignore the Zeeman term  



Effective Hamiltonian for Kitaev model in a laser  

after Fermionization  



Effective Hamiltonian for Kitaev model in a laser  

ixaxa
 

ixbxb
 

Haldane model  

after Fermionization  



Effective Hamiltonian for Kitaev model in a laser  

Ek
+ 

Ek
- 

kx 

ky 

gap 

Gap opens at the Dirac point 

kx 

ky 

Ek
+ 

Ek
- 

fermion dispersion without laser fermion dispersion with laser 
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(II) Gapped topological phase  

with a gapless chiral edge mode 

and non-Abelian anyon excitations 

(I) Gapped phase  

with Abelian anyon excitations 

Jx=Jy=J G12=G23=G31=G 

Jz=Jx+Jy 

Nonequilibrium phase diagram of the effective Hamiltonian  

for the Kitaev model in a laser 

same phase can be obtained by Bz  (Kitaev) 

laser strength 

gapless 

gapped gapped 

gapped 

J
x 

J
z 

J
y 

Majorana edge mode 
and nonabelian anyon excitation 



Manipulation of island of topological state by spot laser ?? 



Time-periodic quantum system Floquet theory (exact) 

Conclusion 

effective theory 

“synthetic fields (term)” 

= ~ 

strongly correlated system, topological system, quantum spins, … 

1. Quantum coherent control of solid state materials by laser  

2. Floquet theory is easy (just remember the following) 

3. Many applications 


