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Talk plan

1. Introduction and motivation

2. Photo-induced gquantum Hall effect

Control of parity anomaly by laser
= Floquet topological insulator

theory: Volkov state = Floquet picture

3. Many-body Schwinger mechanism in a Mott insulator

Laser induced charge deconfinement
= photo-induced phase transition with THz laser

theory: Bethe ansatz + Landau-Dykhne method



QFT Is interesting

guantum anomaly

charge confinement
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QFT Is universal

HEP
guantum anomaly charge confinement

electron system

topological insulator metal-insulator transition

Helium, cold atom
topological state solid/liquid/gas transition



QFT still has frontierst!!

Strong field QFT: non-equilibrium induced by
strong external fields

1. Formation of QGP in RHIC
2. Dynamics in cold atoms
3. Non-equilibrium phase transition in solids

| chose 3. as a field of research because...
almost no competition

experiment : theory — 20:1

and,




STRONG motivations!

1. Eco(nomy) friendly
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$ Dielectric breakdown

2. Full of dreams

You may earn $ with your theoretical ideas!
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Talk plan

2. Photo-induced gquantum Hall effect

Control of parity anomaly by laser
= Floquet topological insulator

theory: Volkov state = Floquet picture



2. Photo-induced quantum Hall effect

Parity anomaly Niemi Semenoff ‘83, Redlich 84, Ishikawa ‘84

\/\/\O\f\j\ vacuum polarization tensor

2+1 Dirac (Weyl) fermion with mass m
H,m/ (p27 mQ) — (PQQW _pﬂpu)ncvcn(p27 m2)+i€pu&panodd(p27 m2)
pu(p®,m*) = mllaa(p®, m*)
2
e m r1
= — [ dx
"

84—;” D >m
z:|m—| p << 1m

1
—p?r(l —x

) + m2]1/? dim. regularization

a singular term proportional to the sign of the mass

Mass breaks parity in 2+1 d



Kubo formula and the TKNN formula

parallel current

AII current

\éa‘
"9
)

dc — Oyy Edc VV\O\N\

Kubo formula (= polarization tensor)

qg— 0and w — 0

[fa(k) — Jalk)](Pa (k)| S| Ps(k)){(Ds(K)|Jo| Palk

)

®,(k) Bloch wave function
folk) = (exp(BE,(k)) + 1)~

,#a Es(k) — Ea(k) Ey(k) — E (k) +1n
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Thouless{Kohmoto-Nightingale-Nijs formula (1982)

in ISSP next door!

= e X k }
) [V x Aalk)]
Berry curvature

artificial gauge field =Chern density

A(il'(k> — _?<(I)fl(k) ‘vk|®(l(k)> H|q)oz> - E@|q)af>

(TKNN is the Adler-Bell-Jackiw in CM)



Thouless{Kohmoto-Nightingale-Nijs formula (1982)

in ISSP next door!

dk
Oy =2 [ i 5 1ak) [V A, (k)|
Berry curvature
artificial gauge field =Chern density

A, (k) = _7<q)a(k)‘vk;|q)a(k)> H|®,) = E,[Py)

(TKNN is the Adler-Bell-Jackiw in CM)
energy

2d Dirac system has a non-trivial Chern number
B m +k, — ik,
B Tk, + ik, —m

dk
9
Oy = € f (27r)d [vk X Al(k)]z zero temperature

Berry curvature

o . :l:].€2 m
= T 2h|m|
f 1. Dirac cone = half qguantum unit
<2 2. Pauli-Villars regularization
> Niemi Semenoff ‘83, Redlich ‘84, Ishikawa ‘84 12
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Classification of topological insulators
K-theory: Kitaev 2009
random matrix theory:
(Altland-Zirnbauer 1997), Schnyder-Ryu-Furusaki-Ludwig 2008

Symmetry d
AZ © = I1 1 2 3 4 5 6 7 8
2d quantum Hall state —A H 0 —->|Z| 0 Z 0 Z 0 Z
AIITl} 0O 0 1 L0 Z 0 Z 0 Z 0
Al 1 0 0 0 0 0 Z 0 Zo Zo L
BDI| 1 1 1 Z 0 0 0 Z 0 Zo Zso
D 0 1 0 |Zoe Z 0 0 0 Z 0 Zs
DIITI| -1 1 1 | Zo Zo Z 0 0 0 Z 0
AIl| -1 0 0 0 Zo Zo Z 0 0 0 Z
clr| -1 -1 1 Z 0 Zo Zo Z 0 0 0 ) o
C 0 1 0 0 Z 0 Zo Zo Z 0 0 Bott’s periodicity
CI 1 —1 1 0 0 Z 0 Zo Ze Z 0

Many CM realizations:
topological superconductors, e.g., SfRuO
topological insulators, e.g,. BiSb

review: Hasan-Kane, RMP arXiv1002.389



Q. Can we change the topological number by laser?

2+1 Dirac

0y o< Ch =0, £1

A. Yes
Photo-induced Quantum Hall state

TO, H. Aoki, PRB 79, 081406 (R) (2009)

massless Dirac

Ch =0
right-circularly left-circularly
polarized light polarized light

Ch = —1 Ch = +1




Photo-induced Quantum Hall state

honeycomb lattice honeycomb lattice
(supports a Dirac cone, + circularly polarized light
realized in graphene)

H = Z tijCICj H(t) = Z t@je*i@-f(t)c;[cj
(15) Wave packet dynamics (i)

0

200 a0
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0.02 002

0.00 0,00

100 100

apped 2+1 d Dirac system
2+1 d Dirac system 9app Y

chiral edge state
cf) boundary index theorem 15



2+1 Dirac + circular polarized light

) ki — k; + Az(t)

Audt) (A cos(Qt), Asin(Qt))
| 0 k + AeiQt
Z@Wk) — . N N0 0 |wk>

=k —iky A=F/Q

Floquet method

Fourier transformation with ¢”"*¥
[elt)) = e |R(1)) = e S |y )

mn 1 T i(m—n =
H" :Tfo dtH (t)e! = T =2m/Q

Floquet equation

> H™ D) = (ea +mi)|PF)



HFloquet _

Floguet spectrum
TO, H. Aoki (2009)

m=-1 m=0 m=+1 guasi-energy spectrum
([T F|[0 A] 0 0 P02 i’
k £;| 0 0] 0 :
0 0[(0 K| 0
A O/|k 0ff0
0 00 OHL
L 0 04 0|k-0

* truncated to m=0,+1, -1 for display

1. Dynamical topological gap

B VAAZ + Q2 — Q)
- 2
2. Resonant gaps

K

~ A%/Q
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Kubo-formula for photo-induced transport

circularly polarized light

ac
Vo= Large Aa(‘ small FEy.
%\0@6 &\e’% o
\& X i J
> (!1(: — Oi.j(AeLct) de
Edc
oo Ay) = z[ dk > [3(k) = [al(B)] ({Pa (k)| Jo| s (Kk))) ((Ps (k)| So| Pa(k)))
o hac) 21)% o e e5(k) — a(k) eg(k) — ealk) +in
€a Floquet’s quasi-energy inner product = time average
fcv occupation fraction <D |®3 _ _/0 |(I)3
O Q0

Floquet state
= = — + > ++~—h~—r +

TO and H. Aoki, Phys. Rev. B 79, 081406 (R) (2009)



.

/Extended Thouless-Kohmoto-Nitingale-Nijis formula for \
photo-induced Hall conductivity (photo-induced Chern form)

O ry(Aac) = 62/ (2d:3d %: Jfalk) lvk x A )],,
photo-induced gauge field A, (k) = —i((P,(k)|V|Pa(k)))
\ Floquet states (tirlle—dependent solution)/
= b & "
fm ﬂ};} ] iy ‘
£ s .
~T k T

photo-induced Berry’s curvature for graphene
TO and H. Aoki, Phys. Rev. B 79, 081406 (R) (2009)


プレゼンター
プレゼンテーションのノート
 グラフェンはそのDirac cone に由来する特異的な輸送特性のために興味を集めており、磁場中で起きる量子ホール効果はその顕著な例である。我々は、一様磁場ではなく、光照射によってDirac cone のカイラリティと、それに伴う伝導を制御する新しい方法を提案する。すなわち、両端に電極を付けたグラフェンにAC電場(光)を照射した時の定常輸送特性を、Keldyshグリーン関数＋Floquet法を用いて計算した。その結果、円偏光によってDCホール電流が流れることを発見した。このホール電流は電極間の電流よりも大きくなり得る。光誘起ホール伝導度は量子化してはいないものの、幾何学的な起源を持ち、そのエッセンスは、AC電場の中でk-点がDirac points（K,K’点）を囲む回転運動をする際に波動関数が獲得する非断熱電荷ポンピングに伴う幾何学位相にある。 


Static current in circularly polarized light

|V-characteristics

DC-component of the current

e X U

. parallel current

J. —-
ooeceedt
Hall current “
L

Vv =
HL — HR = Vﬁo@o-induced Hall conductivity N
L #
J, = mﬂ?/ o G
(7., x F* A F
LY 0-08:00 0.02 0.04
F [w] 20

Experimentally observable!



Difference between the Floguet state in CM and the Volkov state

Electrons + circularly polarized light

¢ b

Condensed matter High energy

_ Volkov’s solution
gapped Dirac system

m e a
l‘I’ T —. lSt,_, J-:_ : .
Quantum Hall state (@) =1/ oy oV ;J a) 2 (@, ¢)

TO, H. Aoki (2009)

E.’ﬁ:ﬁ!g

J_ - z{q—sx}l-r.
(e | )

D. M. Volkoy, Z. Phys. 94, 250 1935

The two are different: in graphene,
speed of massless fermion ~1/300 ¢ << ¢

momentum of light Z‘u — (1, Oj 0;\1\)



Talk plan

3. Many-body Schwinger mechanism in a Mott insulator

Laser induced charge deconfinement
= photo-induced phase transition with THz laser

theory: Bethe ansatz + Landau-Dyhkne method



Mott insulator

proposed QCD phase diagram
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Gluonic phase, Mixed phase

from Fukushima-Hatsuda (2010)
(early version Hatsuda-Kunihiro ('94))

Hadronic phase

confinement
chiral symmetry breaking

Nambu-Jona Lasinio (NJL) model

L = qiv-0q + g9/2((q9)* + (GivsTq)?]

Temperature (K)

High Tc superconductor

s00,  Nd, Ce CuO, La, Sr CuO,
200 “Normal”’
Metal
100 |
0 : - P s |l
0.3 0.2 0.1 0.0 0.1 0.2 0.3

Dopant Concentration .x

Strongly correlated insulator

Mott state
anti-ferromagnetic order

Hubbard model

H=—-t Z (cjocjg + h.C.) + UZniTnu
(i) i
n; = CirCit



Strong field physics in strongly correlated systems

proposed QCD phase diagram High Tc superconductor
1 w0l  Nd,_CeCuO, La, Sr CuO,
:
5 <
2 200} ““Normal™
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- E 100}
Liquid-Gas \1 =
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Mott insulator
confinement (single particle charge excitation exists)

doublon hole

PHPDPOHOP
(dtho) = exp(—a/¢)
D

(color) electric fields electric fields
creation of quarks, gluons creation of doublons and holes
QCD: nightmare problem 1d Hubbard model
\ 4

effective model : : :
analytic calculation possible

Tanji 2008 (refs. to older paper), Tanji-ltakura 2011
Oka Aoki 2010, Oka 2011

cf) Heisenberg-Euler 1936, Weiskopf 1936
Schwinger 1951
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Experiments in CM: photo-induced Mott transition

probe @ |
o Y
pump A > £ o4 %
g 5
% 02
detector & ® I
. .. o 20-
» time-dependent reflectivity < i
_ 10+ ———o— b 5 <
[Ni(chxn),Br]Br, Iwai etal., PRL‘03. | 1 e A R
1D charge transfer Mott insulator. 3 o0a 3 o1 02 oa T 2
Photon Energy [eV] Photon energy (eV)

ET-F,TCNQ Okamoto et al., PRL ‘07.
» time-dependent spectrum (PES/ARPES)

H 200 fs

=2 2

-.24,.26 -11,.30 -.24,26 -11,.30 -.24,.26 -.11,.30 -.24,.26 -11,.30 -.24,.26 -11,.30
Ky, k) [2/A] (ko k) [R/A] (kg k) [n/A] (ky k;) /A (ko k) /Al 6

G 100fs

|1 460 fs

E -220fs

melting of order
Schmitt et al., Science ‘08.




®
Nonlinear transport in the 1d Hubbard model

H(t) - Z {620( )c’;:-+1(rcféo + ei@f(t)c,}-UCiJrlG]—FU Z Nt
io -

W}M{} f4py, L Eectic fi;ld via Faraday’s law
4} ¢ {54} S _£¢(t) = [} cos Ut

y |
{M}{}%} {}{}{H}/{} 2. Start from the groundstate at
—_— half-filling = Mott insulator

electric field F(t) 3. Closed system

d
Increase of energy by Joule heating
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Quantum tunneling, multi-photon absorption and Keldysh crossover

atom ionization
Keldysh'’s theory (1964) G. Gibson et al. 1998

0

107 5

escape of a particle from a oscillating trap ]
1.}"‘.= m o L'LP

_E - o 1.CP
10 4
:a a 2LP
;‘ 1Ijﬁ_='5 y v 2°.CP
I I strong fle_ld:
Fy cos(§2t) Q-tunneling

10°
1. atom ionization 3
2. carrier creation in semiconductors

[on Signal [counts/{shot tarr)]

Keldysh
crossover

weak field: multi-photon

28



Keldysh's theory (1964)

\ 4

extension to infinite degrees of freedom

1. QED
Brezin-ltzykson 1970, Popov 1971

electron-positron creation by laser

2. Doublon-hole excitation in a Mott insulator
TO, Aoki 2010, TO arXiv:1105.3145

KeY 1. calculation of the tunneling probability
Landau-Dykhne’s method (Popov 1971)

2. Decomposition by good a quantum number
Bethe ansatz

cf) Callan-Coleman: WKB + mode expansion



Landau-Dykhne theory (imaginary time method)

Dykhne JETP (1962), Daviis, Pechukas, J.Chem.Phys. (1976)

Landau-Lifshitz Quantum mechanics

WKB for a matrix tunneling problem

wo-(242
: B 4
) m 1. Use complex time
p 2. Find the singular point
x X
singularity Es(t7) = Eq (1)
™ 3. Tunneling probability
t p = exp (—2ImS; » /)
S12 = [ dt'[Ex(@(t) — Ey(())
> Imaginary part of the dynamical phase
[

generalization of the Landau-Zener formula
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 グラフェンはそのDirac cone に由来する特異的な輸送特性のために興味を集めており、磁場中で起きる量子ホール効果はその顕著な例である。我々は、一様磁場ではなく、光照射によってDirac cone のカイラリティと、それに伴う伝導を制御する新しい方法を提案する。すなわち、両端に電極を付けたグラフェンにAC電場(光)を照射した時の定常輸送特性を、Keldyshグリーン関数＋Floquet法を用いて計算した。その結果、円偏光によってDCホール電流が流れることを発見した。このホール電流は電極間の電流よりも大きくなり得る。光誘起ホール伝導度は量子化してはいないものの、幾何学的な起源を持ち、そのエッセンスは、AC電場の中でk-点がDirac points（K,K’点）を囲む回転運動をする際に波動関数が獲得する非断熱電荷ポンピングに伴う幾何学位相にある。 


Bethe ansatz of the 1d Hubbard model

doublon-hole exciation
(holon-antiholon;string state)

) <d' (P R)0)" | “di (p)d pshl (ps) i (pa)0)

} | M ) we neglect these
hole doublon Cont”but'OnS
two level problem Spectrum of d-h pairs
E
A
A
P

E =en(p) + e5(p)

We want to calculate the
tunneling probability
P,
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Landau-Dykhne theory + Bethe ansatz

momentum-resolve dh-pair creation rate

7%9236Xp QLH{AJAIEZ) ¢02§G§jd¢)

AE: d-h energy, I': complex path, F: Jacobian TO arXiv:1105.3145

complex momentum

AE(p— &) ¢ € complex electric field F(t)
e *) A\ |
~ @ ' DC, AC, pulse
ql.J 0z /"I‘ l"\ |
= RIVA zf\..//_\'j.x [\
ol | |
) -15 -10 -5 0 5 10 15
gapless line
L o type E(t) F(®) attempt frequency f
B it DC-field 28 7 Fo/2m
tm p AC-field FosinQt  +F2 — Q202 Q/n
T /
U:8 single pulse Fycosh™2(t/o) Fo (1 — g‘;F{g) 1(single process)

s dw Jl( ) cos(w sin k)e—Uw'/4
w cosh(wU /4)

oo dw Jy(w) sin(wsin(k))
B)=" _gyo [

pi(k) 9 tT24h 14 exp(Uw/2)

en(k) = U/2+2(3()bk+2/
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DC fields F(t)=F,

F
Pp:exp( W];;

tunneling threshold

Fth ~ AMott/g

doublon hole

PHDPOPOP
g

) no p dependence

&: d-h pair size

Schwinger limit of QED is recovered if we replace

Apniott — 2m,, & — Compton length
Fsa, = ¢®m?/eh ~ 10"V /em

Estimate for 1d Mott insulators

T(eV) U(eV) a(A)|Amote(eV) &(a)|Ein(MV /em)
ET-F2TCNQ 0.1 1 10 0.7 1.1 6.0
[Ni(cnxn)2Br|Bra| 022 24 5 1.6 1.0 30
SraCuOs 0.52 3.1 4 1.5 2.1 18

33



many-body Schwinger mechanism

AC-field: Keldysh crossover F(t) = F,cos(t)

Aot

2
Po_o — A(%Qi) ? v > 1, mulit-photon
exp (—g 51\1@%“(1 — v+ )) v < 1, tunneling

B =
4 .

th resholfd i

3

S
quantum tunneling ) multlﬁ)ton process
PR Fof 25
' ﬁE} O ocexp(—gég;f’tt) 4} {} m(ﬁ)
o 0 84
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Crossover of the Creation rate

weak field: multi-photon strong field: tunnelin

................................. 7

() — AMott

Excitationyenergy AE

momentum p momentum p

Can be seen by THz pump-probe experiments

220 fs 0 s ‘ _o fs
2 e 4 | Thieg

-.24,.26 -11,.30 -.24,.26 -11,.30 -.24,.26 -11,.30 -.24,26 -11,.30 -.24,.26 -11,.30 35

(ky k) [/A] (ky k) [2/A] (ky k) [/A] (ky k) [7A] (ke k;) [/A] Schmitt et al., Science ‘08.

| 460 fs




Possible experiments

7(eV) U(eV) a(A) Anott(eV) &(a) Fin(MeV/cm)
ET-FoTCNQ 0.1 1 10 0.7 1.1 6.0
(Ni(cnxn)2Br|Bra| 022 2.4 5 1.6 1.0 30
SroCuO3 0.52 3.1 4 1.5 2.1 18

ET-F,TCNQ dh-distance £~10
1. crossover field (=Q/&) A~ 0.04 MV/cm

2. threshold ~ 6 MV/cm

THz laser (4 meV) maximum strength>0.7MV/cm

Watanabe, Minami, Shimano, Optics Express 2011

THz laser + meta-material

maximum strength > 4MV/cm
K. Nelson, R. Averitt et al. (APS March meeting2012]

P — € ' ~e "1~ 001 36




Summary / Perspectives
Simple ideas

1. Photo-induced Quantum Hall state
2. Many-body Schwinger mechanism

Interesting outcome

S. Nakamura “Negative Differential Resistiv

ity from Horography” 2010

10‘ g0 ! . b
solid circle : pulse U[P}(K
..... 0.8 open circle : sweep o 1951
azf = 150K
g . 175K
::.'.:«-to. \_-06 300K
E
Lk N, T ¥
Eg 4 % [Ni(chxn),Br]Br,
O

. L T
A A I
06 100 200
ng = 1.315. E. = 0.11 in

FIG. 2. J-FE curve at my this case. Sample Bias (V)
NDR appears in J << 0.0031, and is absent for E > 0.19.

H. Kishida, et al. J. Appl. Phys. 106, 016106 (2009);
K. Hashimoto, N. lizuka, T. Oka “Rapid Thermalization by Baryon Injection in Gauge/Gravity Duality” 2010

(a)

T -2
.\[,170.57

7
W/ 7 A\ apparent horizon — metallization
< :— \'\\ —ﬁ?o _
YA
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Thank you
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