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Nonequilibrium dynamical mean-field theory and its applications

H. Aoki, N. Tsuji, M. Eckstein, M. Kollar, T. Oka, P. Werner,
Rev. Mod. Phys. 86, 779(2014)

_ Relaxation (electron dynamics)
) el-el scattering g - : : .
prethermalization  nonthermal fixed point  dynamical phase transtion

doublon decay

thermalization

“distance™ from equilibrium

—.
Excitatic Relaxation (electron + phonon) '
ke _ Franck-Condon
Fermi’s golden rule ¢l-ph scattering ._
Landau-Zener tunneling coherent phonon A
Floquet state =
: lattice distortion N\~ metastable
negative temperature - «— metastable
| N PR T | . SO VI e | i PRSST RET | R PO A
2 3 4
| 10 10 10 10

time [H"IJ

T. Oka and S. Kitamura, “Floquet Engineering of Quantum Materials”,
Ann. Rev. Cond. Mat. Phys. 10, 387 (2019)
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‘\PBCS> = H(uk+VkC|:TCjk¢)‘ O> Anderson, Phys. Rev. 112, 1900 (1958)
K - N
Pseudospin up : (k, -k) both empty A normal state (7=0)
Pseudospin down: (k, -k) both occupied 0 /; > k
g
ff AAMAAAAVVN VY
J{EBCS = Z b: .0,
k
ff : " \ BCS state
b, :(_A’ _A’gk) d — > k
. effective magnetic field for k 0 e
AAAMNMATSNNY VY
_ | I "n__ X - y \_ )
A=A+iA —U;(akﬂak) pprp—
d

k, -k occupied
Time evolution of BCS state= motion of pseudospins under effective magnetic field
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The BCS Hamiltonian and ground state P.W. Anderson, PR 112, 1900 (1958)
BCS _ * T
H ZZER Ckgcka'_A Z kickT_AZC kil Ck1
|LIJBCS) = l_[(uk + UkaTC kl) |0) Pseudospin up  : (k —A) both occupied )
Here we introduce' the pseudospin: Pseudospin down: (& (_k) b)Oth empty
| state (7=0
. . lpll-Tlek 4 normal state
_ —wt —_ t ' > k
O = Z‘PkTLPk =3 ‘Pkty‘Pk 0 /'(F
TZY
where t = (75,77, rz)arethe'ggul k TTTTTTT‘L‘Ll’J"L‘L
matrices and all T (k<kp) all | (Dkp)
ka - (CkTJC kj,)
is the Nambu spinor. 4 BCS state
Then the BCS Hamiltonian can be written
in a simple form as — > k
0 ke
BCS _ )
HPS =2) by o P D A\
where by, is the psé’udo magnetic fi superposition of T & | near &
— (—A!, —A”, Ek] \ y

A=A +iA = VZ(a,ff +io
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d
a(fk = —i[HBCS,O'k] = Zbk X O

A(t) = A'(t) +iA” (t) = VZ(a,f (t) + i} (D))
by (t) = (=4"(t), =4" (1), &)

Time evolution of BCS state is described by the motion of pseudospins
under effective magnetic field

Let’s consider that A" is suddenly quenched at t=0.

b, (0) by, A Each pseudospin o, starts
: ) the precession around the
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Quench Problem:

rapid switching of the orientation of b,

d
— 6, =

2be"
dt X

G\

AR +iA"(t) =V Y (o7 (1) +io) (1)

bi" = (- A’ (1),

—-A"(t), gk)

a_".[llh_".

Order parameter change induced by

external perturbation

= change in the orientation of b, "

Collective precession

=

of the pseudospin
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Barankov and Levitov,
PRL 96, 230403 (2006)

= order parameter oscillation (Higgs mode)
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SICAL REVIEW VOLUME 112, NUMBER 6 DECEMBER |

Random-Phase Approximation in the Theory of Superconductivity™

P. W. ANDERSON
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received July 28, 1958)

A generalization of the random-phase approximation of the theory of Coulomb correlation energy is
applied to the theory of superconductivity. With no further approximations it is shown that most of the
elementary excitations have the Bardeen-Cooper-Schrieffer energy gap spectrum, but that there are col-
lective excitations also. The most important of these are the longitudinal waves which have a velocity
vr{3[1—4N(0)| V| J}! in the neutral Fermi gas, and are essentially unperturbed plasma oscillations in the
charged case. Other collective excitations resembling higher bound pair states may or may not exist but do
not seriously affect the energy gap. The theory obeys the sum rules and is gauge invariant to an adequate

degree throughout.

Physical Review 1958
8
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Sample

THz 7R> T THzD

A7

NDbg 5Tl »N film (12nm)/Quartz

T.=85K,

2A(T=4 K) = 3.0 meV = 0.72 THz

response time : Ty = A1~ 2.8ps

THz pump pulse

Center frequency 0.7THz~2A

pulse width: T

pump

~1.5ps

Toume Ta ~0.57 <1

pump

nonadiabatic excitation

condition
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pump pulse power spectrum
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(arb. units)
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temporal waveform|
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Delay Time (ps)



THz /R>TTHZZO—T 9%

wire grid X 3

| | | gate

pump THz pulse

sampl
wire grid

i
LiNbO, probe pulse
tilted pulse-front scheme JnTe electro-optic sampling
balanced detection
wire-grid sample wire-grid :
) : polarizer Pump Epump//X

polarizer

Probe: Ep /1Y
t,p: PUMp-probe delay

Transmitted probe THz electric field:
Free space EO sampling
t ... gate pulse delay

gate*
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R. Matsunaga et al., Phys. Rev. Lett. 111, 057002 (2013).
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I [

_ T.=15K, 2A(T=4K)=1.3THz

(2]

2 i © Data _

= 0.0 = Power-law fit

o) = Exponential fit

3 S ~1.35 THz
S

0.1+
| I ' :

) Pump-Probe Delay Time (ps)
Weak coupling case (BCS)

A(1) cos(2A t + m/4)

L ——— Volkov et al., Sov. Phys. JETP 38, 1018 (1974).
A = ™~ Yuzbashyan et al., PRL 96, 097005 (2006).
o0
t
exponential decay  8Fprobe (tpp) = € + Aexp (=) cos(2nftyy + )
1= 1.3 ps y?= 3.6 X 10*
A
power-law decay SEprobe(tpp) = € + : )h cos(2nfty, + @)
tpp — Ly

b=0.71 x°=2.8x 104
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QuenchH i Drives

Quasi-monochromatic THz pulse (0.3THz, pulsewidth~ 13ps)

E-field waveform Power Spectrum
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— S | i
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S —
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2 L _
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L+ —
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| | | | 7 P R B .
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How does the BCS ground state respond to
the strong electromagnetic field with hw<2A?

Photon energy vs

BCS gap
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Temperature (K)
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R. Matsunaga et al., Science 345, 1145 (2014)
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Ginzburg-Landau picture

|(—iV — e* AV (1r)|?

b
Free Energy f[lp] - fg + a|lp(r)|2 + E |lp(r)|4 + m*

a<0 W(r)=[¥,+ H()]e®

e*?

f=—2aH? + — (VH)*+

2m*

2
1 2

A——V6| (Wo+H)?+--
oy ( = ) (o + H) +

Local gauge transformation ~ A'=A-V0/e* 4 - 4

= —2aH? + L vn 2+€*21P%A2 E*Z%AZH !
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Science 345, 1145 (2014) Science,
sk Perspective in Physics
Light-induced collective pseudospin
precession resonating with Higgs Particle physics in a
mode in a superconductor superconductor
A superconducting condensate can display analogous

Ryusule Matsunaga,' Naoto Tsuji,' Hiroyuki Fujita,' Arata Sugioks,’' Kazumasa Makise, behavior to the Higgs field
Yoshinori Uzawa,”; Hirotaka Terai,* Zhen Wang,*{ Hideo Aok,"* Ryo Shimano™**
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Discovery of two photon
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R. Matsunaga et al., Science 345, 1145 (2014).
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Current density

: O _¢ sy, 1
J(t) = ezk Viay = ez — o, () +—
. Ok 2

- jlinear(t) B eU—A A(t)éA(t)

London equation for nonlinear current J,,

A(t) ~ el (O ~ e

Does superconductor emit THz third harmonics?
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Frequency (THz)
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T. Cea, C. Castellani, and L. Benfatto
Phys. Rev. B93, 180507 (2016)

BCS with 2D square lattice model

E A
single particle
excitations
Higgs mode
>
0 K

BCS mean field:
Higgs << Charge density fluctuation

V

<AA>  <pp> Iniggs (ﬂ

ICDF

T T T
= Cooper Pairs (a)
- —— Higgs o

. L (Q=4)

IH

lo(2)/lg
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/A

0 0.25 0.5
0/n

Pump polarization dependence
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Totally isotropic!

[100]
E
6, 2 [110]
[100] [100]
y
: : 3.0 —
(b) I O I
105 — 6,=22.5 a5l (c) B
@ n - 20K, /I |, ©
T, — 115K, /| &
5 = 2 20k .
S 10 — 115K, 1| =
= ©
K Q 15 -
210 T
% E 1.00-0-00 000 o o9
2 1 2
£ 10 051 -
10'3 0.0 1 1 l 1 1 l 1 1
00 05 10 15 20 25 0 15 30 45
Frequency (THz) [100] 6, (deg.) [110]

Polarization of THG is always in parallel with the incident light polarization

and its intensity is irrespective to the crystal axis.

The origin of THG is dominated by Higgs.
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Two-Photon Absorption by Impurity Scattering and Amplitude Mode
in Conventional Superconductors

Mattis-Bardeen model analysis

Takanobu Jujo*

lable 1  Relative order of magnitudes of the third-order current j*) in general

situations (53)

Mode Channel Clean — Dirty g
Higgs Dia (A%) (Aer) =
Para (p - A) (epy/A%Y = (ep/y)* é
Quasiparticles Dia (A%) I =
Para (p - A) (epp/A°) — (ep/y¥ )
N. Tsuji and Y. Nomura,

Phys. Rev. Res. 2, 043029(2020)

Y. Murotani and RS, PRB99, 224510(2019)
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A. Moor et al., Phys. Rev. Lett. 118, 047001 (2017).

AWP=(Ag + A eP=Ag +

Injected Supercurrent THz field

DAA, et + A, 2e2iut

Linear coupling between A and H field

S. Nakamura, et al., Phys. Rev. Lett. 122, 257001 (2019).
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K. Katsumi et al., PRB 102 054510 (2020)
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T,°"s : SC phase fluctuation

T,°ns : Preformed Cooper pairs
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