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Introduction: pump-probe technique
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» Pump-probe spectroscopy

=> Pump pulse: excitation of the system with an intence pulse. Induces dynamics.
=> Probe pulse: measuring with less intence pulse after time delay At.

Makes ,,snapshots” of a nonequilibrium state

» Two kinds of information can be extracted:

= Time domain: conductivity change Ac, depending on time delay At

= Energy domain: change in the conductivity spectra
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Types of nonequilibrium experiments

optical control
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» New transient ground state
N. Bittner

nonequilibrium spectroscopy

ENERGY

» Recovery of SC condensate
» Cooper pair formation dynamics
» SCglue
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Outline

New! Higgs spectroscopy

Part 2
Order parameter oscillations
in Superconductors

H. Krull, N. Bittner, G. S. Uhrig, D. Manske, and A.P. Schnyder,
» Direct detection of the SC gap st Gtnin. SIS (200)

optical control

Part 1

Induced Superconductivity
in the extended Hubbard Model

>

potential

N. Bittner, . Tohyama, and D. Manske, in preparation

» New transient ground state
N. Bittner
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Motivation: Induced superconductivity?

. Stripe-Ordered Cuprate LESCO, /g o o
A Chy

- - 0.50 1@ “ Light-induced
"y -0U 7 5 LESCO,5
100} : = i Ll " °‘\\ T=5ps
: % § 0.45 - 9
Melting of the g B 5 B s
- g I\ uzEA L T
competing order g IO 040 1| cpmvoms | @20 %
. g e <
E 7; ’Frequcncv (em™1) | .
. : LESCO_ h o 40 60 80
D. Fausti et al. Science 331, 189 (2011) M ety Frequency (cm 1)
. Bilayer Cuprate YBCO - T= 100K 200K 330K
v ! A <= 10} A3} B3F c.3
® Cu(1 ' . . .
58 SRV o §
: T 5t *\\“ ' :
"'t'“ ]
\/‘/!AAI‘ 2 or 1 1 [ ] 1 i ] ]
v V v V V V— 0.1F A4t B4 C.4
- / o—@® o E
> 0.0F - - ——
' S = —
= 0.1F - .
\CI/ ? 30 60 30 60 30 60
g a Freg. (cm™) Freg. (cm™) Freg. (cm”)
e—% o
A. Cavalleri et al. Nature, 516, 71 ; S. Kaiser et al. PR B, 89, 184516 (2014)

N. Bittner October 4, 2016




ye.

Motivation: Existing theoretical approaches &~

» Suppression of the competing order

Z. M. Raines et al., PR B 91, 184506 (2015)
A. A. Patel and A. Eberlein, PR B 93, 195139 (2016)

» Amplification of the superconducting correlations
(e.g. due to the increase of the DoS near the Fermi level)
M. A. Sentef et al., PR B 93, 144506 (2016)

» Nonlinear phononics. Driving of Raman modes leads to the cubic coupling to
an infrared phonon mode, which causes induced superconductivity

R. Mankowski et al., Nature 516, 71 (2014)

4 — Induced Superconductivity after pumping? )

— Is the underlying physics special for cuprates?

\ — Transient Meissner effect? Can we calculate this?

J
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1D Hubbard model in equilibrium

Our strategy: » calculate correlation function
» calculate response function



1D Hubbard model in a nutshell

Extended Hamilton operator
o= ttn ) (flptuae+He)| +| U Anfu| +| V) Ay
0 h i,o“it+l,0 e iTrel L'ty

i,o i (i,))
Kinetic term On-site interaction  Nearest neighbor interaction
Phase diagram Y

[ v1 :

7F '
» A “toy” model F
» Well studied in equilibrium 3:
» Very rich phase diagram 1
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J.Voit, PR B 45, 4027 (1992), Rep.Prog.Phys. 58, 977 (1995)
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Two types of quenching

Extended Hamilton operator

Hy = Eth Z(agaam,c, +H. c.)]

l,0

Kinetic term

4 [Uz ﬁ”ﬁu] 4 [Vz ﬁiﬁjJ

l

(i,j)
Nearest neighbor interaction

On-site interaction

Time dependence

I) Interaction quench
U->U-+AU- O(t —ty)

Il) Pulse quench

T

A(t) = Age~tt0)*/27° cos[w(t — to)]

Peierls substitution

iA(t)

Ao

th—>th'€

- Lanczos method in time intervals 0t

—> Stepwise approximation of | (t))

Time dependent exact diagonalization

M

Pt +86) = e HON() = Y eietst| ) py p(e))

=1
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Correlation functions

Density-density correlation function
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Interaction quench
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Induced SC? First indications
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P1(3,9
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Induced SC? First indications

double occupancy
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Transient Superconductivity

After quenching

norm. Intensity [a.u.]
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Transient Superconductivity

Transient Meissnher effect ?

Time-dependent optical conductivity

Jpr(At, w)

At,w) = - ,
o (At @) i (w+in)L Ayr(At, w)
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Pulse quench

N. Bittner
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Optical conductivity

fiir Festkorperforschung
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Optical conductivity

fiir Festkorperforschung
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Outline

New! Higgs spectroscopy

Part 2
Order parameter oscillations
in Superconductors

H. Krull, N. Bittner, G. S. Uhrig, D. Manske, and A.P. Schnyder,
» Direct detection of the SC gap st Gtnin. SIS (200)

optical control

Part 1

Induced Superconductivity
in the extended Hubbard Model
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potential

N. Bittner, . Tohyama, and D. Manske, in preparation

» New transient ground state
N. Bittner
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Collective modes in nutshell

One-band superconductor

» Phase (gauge) mode ReA 5 gauge mode)

phase fluctuation

= Shift to plasma frequency

(Anderson-Higgs mechanism)
P. W. Anderson (1963), P. W. Higgs (1964)

» Amplitude (Higgs) mode
= lies at 2A. Not detectable in Raman response
=> No charge or dipole moment. Not seen by optical methods Amplitude fluctuation

= indirect detection in special cases possible (Higgs mode)
M.-A. Measson et al., PR B 89, 060503 (2014), D. Sherman et al., Nat. Phys. 11, 188 (2015)
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One-band superconductor

» Phase (gauge) mode

= Shift to plasma frequency

(Anderson-Higgs mechanism)
P. W. Anderson (1963), P. W. Higgs (1964)

» Amplitude (Higgs) mode
= lies at 2A. Not detectable in Raman response
=> No charge or dipole moment. Not seen by optical methods

= indirect detection in special cases possible
M.-A. Measson et al., PR B 89, 060503 (2014), D. Sherman et al., Nat. Phys. 11, 188 (2015)

Two-band superconductor » Leggett mode = out-of-phase vibration

of the superconducting condensates
=> has no analogy in the one band case

w?: =444 4
L =4144] 42| Voo —V11V? = intrinsic Josephson effect

A. J. Leggett, Prog. Theor. Phys. 36, 901 (1966) = Experimental evidence in Raman response for MgB,,
G. Blumberg et al., Phys. Rev. Lett. 99, 227002 (2007)

— Direct detection of the Higgs mode in a superconductor?
— Is there a Josephson effect in nonequilibrium?
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1. THz pulse

Shake the condensate! ‘ 2. short pulse width (non-adiabatic regime)
3. low pulse fluency




Microscopic approach:

» Hamiltonian for a two-band superconductor:

2
A=) [2 it il + ) (A &y +hoc.)|€— B
=1 L ko k

» Assumptions:

(a) tetragonal lattice
(b) s-wave order parameters

» Energy gap equations:

Aq :E[Vﬂ(é—klléml) + V€ _p12Ckr2) Vil
T

A, = Z[V22<6—kl26kT2> + V{C_j11Ckr1) Vil withv = v, /vy,
k
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Microscopic approach:

» Hamiltonian for a two-band superconductor in nonequilibrium:

2
A = z [2 €11 CF ot + z(Al(t) élet L+ he. )]<— BCS
[=1 L ko k

2k + A, (t > A, (t) A (t
_ehz( q) q()6k+qalékal+ezz g Aq-¢ O Ay () .

2m 2m Ck+qalckal
kqaol l kqaol ;
probe pulse pump pulse
| o
» Assumptions: coupling to the field 2
(a) tetragonal lattice 5
(b) s-wave order parameters % 0.0f——
o
» Energy gap equations: § -0.5 -
A (0) = Z[V11<é—kl16kT1>(t) V2 @OV 2 >
k
82®) = ) Vo lCotzCura)® + ViEaabr) OVl withV = Vo 1y,
k
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Density Matrix Theory

» Bogoliubov-Valatin transformation (superconducting state):

'I' _ A'I' X A -I- —_ A-I- * A
Xp; = UkiCrry T ViiCokli Bri = UkiC gy — VkiCrn

‘ energy gap equation:

A (t) = z Vij (uaejvii[1 = (e atus) = (BiBiei) + e {Bucjeuns) — vieglad;Biy)) (©)
kj
» Derivation of the equations of motions for the Bogoliubov quasiparticle densities:
(dhaa)®,  (BiB)©,  Bumd®,  (ahBH)©
» Density matrix theory:
%(6kllékzl) = % [ﬁ» 6lJcrllékzl] + %(6k116k21)
‘ yield equations of motions for the expectation values

» Numerical solution by using a Runge-Kutta method
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Results: two independent bands

(single band solution)
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(1) adiabatic (11) non-adiabatic

oscillations

» Gaussian form of laser pulse

the laser pulses

» Pulse duration 7, will become important!
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Analytic solution possible

| | | | |
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— analytical result
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» Analytical expression (interaction quench):
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Results: two coupled bands

(Josephson effect in nonequilibrium)




Leggett mode in
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New Legget mode in nonequilibrium: prediction

Amplitude-Phase mode

coupling
D Q)

-0.2

ol e o o o 1 o s s o b o o o a1 o 0 2 ol

10 0.15 0.20 0.25 0.30
\'

» Amplitude-Phase mode coupling in nonequilibrium

0.0

"IN I B
0.0 0.05 0. 0.0

» Amplitude-channel: harmonic 2w; only present in nonequilibrium
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Intensity dependence

Coherent control 6
of modes is possible!

fiir Festkorperforschung
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Optical conductivity (v=0.01)

» Pump-probe optical conductivity shows signatures of non-adiabatic dynamics
o(At, w) = j(At, w)/|iwAp (AL, )]

— Oscillations in pump-probe response as a function of delay time At
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A
oscillations
E

2

Singlet SC

E,
E[]
b CDW
—> Enhancement of the on-site correlation function
— Transient Meissner effect
— Quench: direct into the new phase — Pulse: fingerprints of the new phase

short after the pulse
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Summary (Part 2)

Micoscopic theory for ultrafast dynamics in superconductors
employing Density Matrix Theory:

What happens after the laser pulse?

[
»

»

»

»

»

f‘ (a) ;m :A=o.;7 ‘
|1\ ‘ TRV e ~—
case 1: single band ' \/ £l
Higgs oscillations in : lEE S
. . . > |Eio] AN
the non-adiabatic regime, T, < T, ~NW\]\A~ I )

case 2: two bands (MgB,): predictions
Josephson coupling:

new Leggett mode detected RoA

new dispersion

amplitude-phase coupling in nonequilibrium

higher harmonics can be observed
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Thank you for your attention!




