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Particle Physics and BCS theory

1957 BCS theory(Bardeen, Cooper & Schrieffer)

1960 Nambu’s theory of SSB

1960-61 Nambu-Goldstone theorem

1963-66 Anderson-Higgs theory(Anderson, Higgs)

1967 Unified theory of electroweak interaction (Winberg& Salam)
2012 Discovery of Higgs boson(CERN LHC)

Energy dispersion of Energy dispersion of particle

BCS theory Quasiparticles in BCS and antiparticle
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Spontancous Symmetry breaking and collective modes

When spontaneous symmetry breaking occurs, massless and massive collective modes
with respect to the order parameter appear.
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. amplitude mode
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Anderson-Higgs mechanism

“Anderson-Higgs mechanism” or “ Brout-Englert-Higgs mechanism”

“ABEGHHK'tH mechanism “
[for Anderson, Brout, Englert, Guralnik, Hagen, Higgs, Kibble and 't Hoofft]

E /\/ Z,W boson, n-mesons, plasmon
/\

amplitude mode
Iy

(Higgs boson, Higgs mode)

» Pphase mode

1, 7 ( Nambu-Goldstone mode)

0 < > k



Massive gauge boson(photon)

in superconductors

P. W. Anderson “Plasmons, Gauge Invariance, and Mass”
Phys. Rev. 130, 439 (1963)

Longitudinal mode of photon couples
with collective mode of electrons and
shifts to the plasma frequency.

Meissner-Ochsenfeld effect 1933 ZB B

Transverse mode of gauge
boson (photon) is also massive
in superconductors.

A

T>T,



Scalar field theory of the Anderson-Higgs mechanism

b
Free Energy f[qj] = fo + alqj(r)lz + E |qj(r)|4 + |(—iV - e*A)l‘U(r)lz

2m*

a<0 W) =[¥,+ H()]e®

e*2

_ 2 1 2
f =—2aH +2_Tn*(VH) +

2
1 2
A——V6 4 H
Zm*( e* ) ( 0 + ) +

Local gauge transformation A=A-V0/e* A > A

*2 2 *2
e -y e~y
oAz + 0

- — A*H + -
2m m

f=—2aH? + — (VH)*+

2m*

massive amplitude mode massive gauge boson

Note that the phase degree of freedom is gone. “Gauge boson has eaten the N-G boson.”



Quantum quench problem

Quenching the interaction U(t) much faster than
t,~h/A (A:order parameter)

|:> Emergence of order parameter oscillation (Higgs mode)

Theoretical studies for Free /e\nergy

dynamics of nonequilibrium BCS
state after nonadiabatic excitation

Volkov et al., Sov. Phys. JETP 38, 1018 (1974).
Barankov et al., PRL 94, 160401 (2004).
Yuzbashyan et al., PRL 96, 230404 (2006).
Gurarie et al., PRL 103, 075301 (2009).
Podolsky, PRB84, 174522 (2011).

A. P. Schnyder et al., PRB84, 214513 (2011)

N. Tsuji et al., PRB 88,165115 (2013).
N. Tsuji et al., PRL 110, 136404 (2013). R
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Higgs mode in superconductors

BCS-CDW coexistent compound NbSe,

R. Sooryakumar and M. V. Klein, PRL 45, 660 (1980).
P.B. Littlewood and C. M. Varma, PRL 47, 811 (1982).
C. M. Varma, J. Low Temp. Phys.126, 901 (2002)
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M.-A. Measson, et al., PRB 89, 060503 (2014).

Cf.) p-wave superfluid 3He (not Higgs, but amplitude mode as there is no Higgs mechanism)
For a review, e.g., Lee, J. Phys. Chem. Sol. 59, 1682 (1998).
G. E. Volovik, and M. A. Zubkov, J. Low Temp. Phys.175, 486 (2014)

For a recent review: David Pekker and C. M. Varma, Ann. Rev. Cond. Matt. Phys.6, 269(2015).



Quench by the injection of quasiparticles

Quasiparticle injection by ultrafast optical pulse

photon hv quasiparticle Energy
/
s @
{9 mp
Cooper pair .\
A

Energy

DOS

The gap (order parameter) is
determined self-consistently with
the quasiparticle distribution f(g)
through the gap equation

DOS hwp
A=V j de s [1 ~ 2/ (¢)]




What happens if one create quasiparticel

instantaneously, T<A"!

Energy

DOS



THz pump and THz probe experiment in NbN

Sample / //

Nbg gTig,N film (12nm)/Quartz

T.=8.5K,
2A(T=4 K) = 3.0 meV = 0.72 THz

response time : T, = A1 ~2.8 ps

THz pump pulse
Center frequency 0.7THz~2A

pulse width: T ~ 1.5 ps

pump

Toump/ Ta ~0.57 <1

nonadiabatic excitation
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THz pump and THz probe experiment in NbN

wire grid X 3

gate

pump THz pulse
‘ wire grid
=zl

LiNbO,

/nTe
ZnTe electro-optic sampling
2
balanced detection

tilted pulse-front scheme

S | wire-grid )
wire-grid samplée Pump : Epump//x

pola riz ’rrm

polarizer

Probe: E ..//y
t,,: pump-probe delay

Transmitted probe THz electric field:

Free space EO sampling
t..... gate pulse delay

gate*



Detection of order parameter dynamics

=S

Probe Electric Field
Eprove (@rb. units)

-

1 2 3
Gate Delay Time . (ps)

Att
to the change in the order parameter A.

=t,, the change in E is proportional

gate probe

We fixed the gate delay at t,,..=t,

ate™

and measure the pump-probe delay dependence

———

M
—

e

<]
oV

E-field without pump  E

0.8
0.6
0.4
0.2
0.0

Temperature dependence of the probe

(tgate)

probe

2.0 5

(spun *que) =

I I
4 5 6 7 8

Temperature (K)




Dynamics after the THz pump pulse

THz pump-induced change in the probe E-field 6, . (t,a.=t0)

Toump/ Ta=0.57

-_—

Change of Probe Electric Field
6Eprobe(tgate=t0) (arb UnItS)

4 -2 0 2 4 6 8
Pump-probe Delay Time t,, (ps)



Order parameter dynamics

a
6A(tpp) = Cy + Cotyy + ——5 cos(2mfty,, + ¢)
tpp

e L
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R. Matsunaga et al., PRL111, 057002 (2013)



Time evolution of conductivity spectrum o,(w; t

pp)
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Power law decay

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

) B © Data
S 0.0 = Power-law fit
el = Exponential fit
s » ~=1.35 THz
3 U
LUE. /
Q
01+
| | | |
4 6 8 10 12

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

A(r) m cos(2A 1+ 7/4)  Volkov et al., Sov. Phys. JETP 38, 1018 (1974).

A, Al Yuzbashyan et al., PRL 96, 097005 (2006).

t
exponential decay 5Epr0be(tpp) =C+ Aexp (—;) cos(antpp . 4 qb)

1=1.3 ps v%=3.6 X104

power-law decay 5Eprobe(tpp) =C+

(t ARy cos(ZTrftpp + qb)
pp 0

b=0.71 ¥?=2.8X10%



Electric Field (arb. units)

Coherent excitation regime with multicycle THz pulse

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

E-field waveform Power Spectrum
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How does the BCS ground state respond to
the strong electromagnetic field with hw<2A?
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Coherent Excitation Regime Experiments

w=0.6THz R. Matsunaga et al., Science 345, 1145 (2014)
E=3.5 kV/cm @ peak

-—/\/\/\/\/\/- Epump
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Anderson’s pseudospin representation
P.W. Anderson, PR 112, 1900 (1958)

The BCS Hamiltonian and ground state

HBCS =2 Z &k CIIaCkG — A" Z Cile,-L-T — AZ C_kl Cir
k.o k k

|Whcs) = n(uk + ka;:TCikl)m)

Here we introduce the pseudospin:

) ) Plory,
op = E‘P;T‘Pk = Piryy,
pieey,

where T = (%, 1Y, t%) are the Pauli matrices

and
Wi = (crrr €1yt

is the Nambu spinor.

Then the BCS Hamiltonian can be written
in a simple form as

HBCS = ZZbk'O'k

where by, is the psed‘do magnetic field
by = (4", -4", &)
A=A +i0' = VZ(ak +ig} )

-

- (k, —k) both occupied
Pseudospin down: (k, —k) both empty

Pseudospin up

s normal state ( 7=0)

v
x

i
0

SO S SRR

all T (h<kp) all | (k)

A BCS state
\ > L

0 ke

(O N VA N VIR AR R

superposition of T & | near A

~




The time evolution of the pseudospin is given by the Heisenbergs’ equation of motion

d
aa'k = —i[HBCS, O'k] = Zbk X O

A(t) = N () +iA" () = VZ(a,f(t) +ig} (1))
k

by (t) = (=4'(1), —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.

Each pseudospin o} starts
the precession around the new by,.

PN p—




Pseudospin dynamics

under the presence of vector potential A(t)

%ak—z[‘HBCS =26 x 6

A=A+iA"=UY (o7 +io})

k
by’ = (-4, —A"[,)

In the presence of EM field (vector potential)

1 2 82
20 *ouan)= 8+ TS 4040+ O
_ ——Z 825k iE' ei2a)t+O(A4).
Ok, Ok ; w’

z-component of effective magnetic field oscillates at 2w
= precession of Anderson’s pseudospins



Pseudospin dynamics : stmulation with BdG equation

1.2}
10f

0.8f

0.6f

0.4
0.2‘ " ’_/_..\\ ;

oo . . . ... ]
0 20 40 60 80 100

=3 =12, A =02,
Q =0.628, 2A(0) = 1.87



Ginzburg-Landau picture

|(—iV — e* AP (1)|?

FIW] = £y + W@l +2 10l +
FreeEnergy 0 2 2 m*

a<0 W) =[¥,+ H()]e®

my”

_ 2 1 2
f =—2aH +2_Tn*(VH) +

e*2

2
1 2
A——V6 4 H
Zm*( e* ) ( 0 + ) +

Local gauge transformation A=A-V0/e* A > A

1 e*2y?2 e 2y
—_— — 2 2 O 2 0 2 "o
f=—2aH" +5 *(VH)+2*A{ *AH}r A> ......... H




THz THG by Higgs mode

Current density

) O¢_ouin [ . 1
](t):ezkvk—Ank:eZ - A()(Uk(t)‘l'_j

. Ok 2

2

~ i () —%A(M(r)

London equation for nonlinear current J

- ()~ e

Does superconductor emit THz third harmonics?

OA(t)~ e’ ¥,
A(l‘) ~ eia)t




Efficient THG from superconductor

Nonlinear transmission experiment Power spectrum of the
transmitted pulse

2

10 ' T ' T
)
=
-]
2
8
NbN/MgO =3
Pump g 2
[0}
=
Waveform of the transmitted pulse
e o 5x10° —— T T T T T
- Te=15K - 10K — 4K
= - 155K 2 4r — 8K -
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£ > 2 13K
£ 2 14 K
| | | | | | £ 1
0o 2 4 6 8 10 12 B

12 14 16 18 20 22 24
Frequency (THz)

Delay Time (ps)

R. Matsunaga, R.Shimano et al., Science 345, 1145 (2014)



THG Intensity (arb. untis)

Temperature dependence of THG

1 —Experiment m 0.8 THz
® 0.6 THz
€ 0.3THz
0
04 0.6 0.8 1.0 1.2
T/T,
I I T
W 0.8 THz
1| Theory © 0.6 THz
0.3 THz
0 | |
0.4 0.6 0.8 1.0 1.2

T/T,

Experiments with different frequencies
w=0.3, 0.6, 0.8 THz

THG shows a peak at 2w=2A(T),
but not at w=2A(T)!

/

R. Matsunaga et al.,
Science 345, 1145 (2014)

Theory: N. Tsuji and H. Aoki,
Phys. Rev. B 92, 064508(2015)



PHYSICS

Particle physics ina Science 345, 1121 (2014)
superconductor

A superconducting condensate can display analogous
behavior to the Higgs field

By Alexej Pashkin and Alfred Leitenstorfer Nam
ing ¢

e recent discovery of the Higgs boson | Inec
has created a lot of excitement among | denc
scientists. Celebrated as one of the | thel
most fundamental results in experi- | 1145
mental physics (I), the observation of | direc

thic martinla srnmfirm e tho owvictanoa oof A
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i 2
JT?UC P

Re (@) lrm () / \

The Higgs amplitude mode. (A) Energy of a system as a function of the complex order parameter @ in a state with
spontaneously broken symmetry. The Higgs mode corresponds to the amplitude oscillations of @ shown by the

blue arrow. The excitation by a light pulse at half the resonance frequency starts a coherent oscillation of the order
parameter. The induced superconducting current is nonlinear and leads to emission of the third harmonic of the
excitation wave. (B) Energy of quasi-particles as a function of their momentum near the Fermi energy of anormal
metal (dashed blue line) and a superconductor with energy gap 2A (solid red line). (C) Energy of a relativistic particle-
antiparticle systemwith rest mass m as a function of its momentum.




(1) Introduction to Higgs mode and
Higgs mode in isotropic pairing(s-wave)
superconductor (NbN)

(2) Higgs mode in anisotropic pairing (d-wave)
High-Tc superconductor (Bi,Sr,CaCu,0, )

(3) Higgs mode in multiband superconductor (FeSe,sTe; )



Higgs in High Tc cuprate

PHYSICAL REVIEW LETTERS 120, 117001 (2018)

Higgs Mode in the d-Wave Superconductor Bi,Sr,CaCu,0yg, , Driven
by an Intense Terahertz Pulse
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Genda D. (}u,4 Hideo Anki,]'j'{’ Yann (]zlllzlis,]'?'ﬂ and Ryo Shimano'*
'Department of Physics, The University of Tokvo, Tokve 113-0033, Japan

*RIKEN Center for Emergent Matter Science (CEMS), Wake 351-0198, Japan

'lI.S'T, PRESTO, Kawaguchi 332-0012, Japan
*Brookhaven National Lab, Uptem, New York 11973, USA
SDepw'mrem of Physics, ETH Ziirich, 8093 Ziirich, Switzerland
SNational Institute of Advanced Industrial Science and Technology (AIST), Tsukuba 305-8568, Japan
I,HPQ CNRS, Université Paris Diderot, Bitiment Condorcet, 75205 Paris Cedex 13, France
i rvogenic Research Center, The University of Tokyve, Tokye 113-0032, Japan

M| (Received 13 November 2017 revised manuscript received 5 February 2018; published 14 March 2018)




Phase diagram of B1,Sr,CaCu,O,

300
@ T* ARPES (ref.14)
: & T ARPES (Pb-Bi2212, ref. 14)
a4 T A T* ARPES (ref. 58)
250 2 7 SIS tunnelling (refs 144,152)

B> T* STS (ref. 144)
@ . ARPES(T =0)
® p. ARPES (T=T))
200

150

Temperature (K

100

50

0.05 0.10 0.15 0.20 0.25 0.30
Hale concentration p

M. Hashimoto et al., Nat. Phys. 10, 483 (2014)



Higgs modes in d-wave SC

Barlas and Varma,
PRB 87, 054503 (2013)
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THz pump and optical probe

experiments 1n B1,Sr,CaCu,0O,

Optical Probe

(800 nm) Tlme (pS)

THz Pump -
5.0F

N
o

0.0
0.0 1. O 2.0
Frequency (THz)

Intensity (arb.units)



Coherent Excitation Regime Experiments in NbN

w=0.6THz R. Matsunaga et al., Science 345, 1145 (2014)

E=3.5 kV/cm @ peak
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Transient reflectivity change
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Symmetry of the signal
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Pump polarization dependence

(3)
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Temperature dependence of A, and B,

— N W
- - -
- o -

Temperature (K)

o

Time (ps) Time (ps)

A1g: oscillatory(coherent) component + decay(incoherent) component
B1g: only oscillatory(coherent) component



Decomposition into coherent and incoherent part
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Temperature dependence of each component
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Polarization dependence of CDF

mean field(BCS) theory with d-wave symmetry

Q Q Q 1 O _OI IO 101 ] 1 ] ] Ll ! 1 1 L] 1 ]
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Kt Q Q 58 041 05 _

2w / 0.0 (88000040 . . o
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T/ T,

THz pump-optical probe

O 4meV o 1.5 eV CDF: B,, is dominant

The dominance of A, signal cannot be explained by CDF.



Doping dependence of the oscillating component

1.0
0.8

0.67

0.4
0.2
0.0

—200

_|
u Z @
1150 3
o (] ] C—Q
. ® 1100 2
i O OOTC: =
i OO . OO _:50 /C_D\
] A\
@ ] ~

L |.. I R O

0.10 0.20
Doping

A, signal is attributed to Higgs.
B,, is most likely CDF.

K. Katsumi et al, Phys. Rev. Lett. 120, 117001 (2018).



(1) Introduction to Higgs mode and
Higgs mode in isotropic pairing(s-wave)
superconductor (NbN)

(2) Higgs mode in anisotropic pairing (d-wave)
High-Tc superconductor (Bi,Sr,CaCu,0, )

(3) Higgs mode in multiband superconductor (FeSe,sTe, )



(1) Higgs mode in s-wave SC (NbN) —
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(2) Higgs mode in d-wave High-Tc
SC (Bi,Sr,CaCu,0, )
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(3) Higgs mode in multiband SC (FeSe;5Te;5)

Outlook: foward the Higgs spectroscopy in
“strongly” unconventional SCs, U(1)®SU(2) Q T



