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Coupling superconductors to cavity
photons allows us to investigate
interesting problems
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Cavity enhancement of superconductivity

Superconductivity can be enhanced by
coupling to a suitably engineered
photonic cavity

n(w)>ng(e) n(w)<ng(w)

Scattering : Scattering
only : dominate
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A cavity with a
supercurrent-bearing
superconductor can host
hybrid excitations formed
from photons and the
superconductor’s
collective modes

Condensation of these
objects may allow for
the realization of
Interesting new states
at high temperatures
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What happens to a superconductor under
microwave irradiation?
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What happens to a superconductor under
microwave irradiation?

PHYSICAL REVIEW B VOLUME 20, NUMBER 3 1 AUGUST 1979
MICROWAVE-ENHANCED CRITICAL SUPERCURRENTS IN CONSTRICTED TIN FILMS
Measurements of microwave-enhanced superconductivity in aluminum strips A. F. G. Wyatt, V. M. Dmitriev,* W. S. Moore, and F. W. Sheard
Physics Department, Nottingham University, Nottingham, England
(Received 8 April 1966)
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Behavior of Thin-Film Superconducting Bridges in a Microwave Field

A. H. DaveEm AND J. J. WIEGAND
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(Received 4 October 1966)
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Microwave stimulation of Superconductivity

The Eliashberg effect
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Renewed interest in light induced enhancement of

superconductivity
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Nonlinear lattice dynamics as a basis for enhanced
superconductivity in YBa,CuzOg 5

do0i:10.1038/naturel3875

< & o
R. Mankowsky"***, A. Subedi’*, M. Forst"?, S. O. Mariager®, - - = -
M. P Minitt, A. Frano’, M. Fechner®, N. A.'spaidin®, T. Loy LIGht-Induced Superconductivity in a
D. Fausti,“?*t1 R. |. Tobey,’t§ N. Dean,™? S. Kaiser,” A. Dienst,?> M. C. Hoffmann,* S. Pyon,?
T. Takayama,” H. Takagi,>* A. Cavalleri*?*
One of the most intriguing features of some high-temperature cuprate superconductors is the
interplay between one-dimensional “striped” spin order and charge order, and superconductivity.
T We used mid-infrared femtosecond pulses to transform one such stripe-ordered compound,
PHYSICAL REVIEW B 90, 100503(R) (2014) nonsuperconducting Lay ¢75Eug 25r0.125Cu0y, into a transient three-dimensional superconductor.
The emergence of coherent interlayer transport was evidenced by the prompt appearance of a
Optically induced superconductivity in striped Laz-xBax CuO 4 by polarizati( Josephson plasma resonance in tr}e c-axis optical‘properties. An upper .limit for the time §cale
. . needed to form the superconducting phase is estimated to be 1 to 2 picoseconds, which is
in the near infrared significantly faster than expected. This places stringent new constraints on our understanding of
stripe order and its relation to superconductivity.
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Enhancement in the absence of microwaves

Cavity
photons \I\/\’
; Tcav Tim
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qu

 The basic idea is to replace microwave irradiation .
with a coupling to (lossy) cavity photons n(w)>ng(w) n(w)<ng(w)

Scattering : Scattering
only : dominate

* The finite size gap of these electrons allows
the nature of the effect to be tuned

2A 0 3
* The electronic system is not driven

15 arXiv:1805.01482



Photonic cavities: important properties for us

o Gapped photons due to finite W, = \/ c?
size gquantization

* This allows photon energies to
be tuned into resonance with .
gapped solid state processes Mirror

Wole 2D SC layer

e Tailoring of the wave functions
allows for stronger light-matter
coupling
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Kinetic equation treatment

Boltzmann Equation

. jcav[n] o ,
ot T, * We can calculate the effect of the cavity
through the modification of the fermionic
occupation function
 The occupation function can be obtained from
the Boltzmann equation with the collision
1 —2n <\/§§+A2,T> _
lz[ Integral at one loop order
g i \/5§+A2
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Types of scattering terms

Relaxation Photoexcitation
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In equilibrium, these terms
cancel due to detailed balance
‘\

\
so T :

A\ We concern ourselves with non-

AN equilibrium processes
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Pair recombination Pair breaking
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Types of scattering terms

 Each processes enters as a

term in the collision integral
E+Q

0

on(e) = TinJ' dw S(a))(nB(a), qu) — N(a))) Ig’l(a)) L
0

E — )
I(w) = f(QE) +f(—Q,E) — f(—Q, — E)

conyv. alD ‘ Aa) ‘2 el
on (€,w) = —I(w)
ye .

Pair recombination Pair breaking
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Cavity Quantum Eliashberg Effect

Conventional Fluctuation

aD| A, |* 0
SAY () = Y () SA = J dw S(m)( —N(a))) Y ()
¢ 0

 The total effect is a weighted - aD o 27c” . (L
sum determined by the S(@) _TZ w, A (@) Z €ql,oc( )

and

q a,ie{x,y}

Cavity properties

spectral function
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Mechanisms for enhancement
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Results for two cases
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Multi mode
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Multl mode enhancement
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Decreasing Tcav

 The enhancement effect is dependent on the resonant frequency of the cavity

* Presented here are the results for an illustrative case of photons at temperature Tcav in @ multi-mode cavity

 Enhancement happens via recombination for photons at a /lower energy density

23
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Single mode enhancement

0.010—
0.005  Enhancement happens for photons
B ——— at a higher energy density
3—0.010- 110
~ —0.015F ! +20
~0.020f e © ® ® @ O
~0.025F |
% ¢ ® ® ¢
wo /A
n(w)>ng(w) - n(w)<np(w)

Scattering : Scattering
only : dominate
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Cavity Eliashberg Effect

Related to the photon distribution functlon
Related to the Fermionic distribution function
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f I e S A

wo/Ag
Related to the cavity geometry e In general there is a maximum

frequency where pair processes lead
to suppression in the traditional effect

0(02)>np(2)

Scattering : Scattering
only : dominate

- n(w)<ng(0)

* This can be remediated by making the
photon reservoir ‘colder’ in this

2N () () frequency range
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Cavity Eliashberg Effect: Summary

In general form

SA — dew wwl(w)
0

» Superconductivity can be enhanced by

engineering of a coupled photon reservoir

* Qur result is applicable for a general
cavity distribution and spectrum

* Results can be modified based upon

* Photon occupation relative to
Fermionic system
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 Chapter 5 - Cavity superconductor-Polaritons
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Cavity exciton-polaritons
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Cavity exciton-polaritons
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Cavity exciton-polaritons
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manipulation of extended polariton H exc 8
condensates g )

E. Wertz, L. Ferrier, D. D. Solnyshkov, R. Johne, D. Sanvitto, A. Lemaitre, |. Sagnes, R. Grousson, A. V.
Kavokin, P. Senellart, G. Malpuech & J. Bloch

Nature Physics 6,860-864 (2010) Download Citation %

* Exciton-polaritons have been studied for 60 years
— Hopfield Phys. Rev. 112, 1555-1567 (1958).

1,590 -

Photon
N  The physics can be qualitative well described by a
FRPTg citor v theory of coupled bosons
Z;f’ | R Vg * Not only can polaritonic states be formed, but
1,580 -

condensation is observed up to room temperature
iIn some cases — Plumhof et al. Nature Materials
13, 247-252 (2014).
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Bardasis-Schrieffer
Polaritons R 70
. d ““ ““““
~ a supercondgctor exciton- ' BS Mode \| d
polariton

32 Phys. Rev. B 99, 020504(R)



The Bardasis-Schrieffer mode

PHYSICAL REVIEW VOLUME 121, NUMBER 4 FEBRUARY 15, 1961

Im/[s]

Excitons and Plasmons in Superconductors™
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(Received October 13, 1960) - s ny

3X£¢k,—ks)2=|- 4 qur(auweégg + g/ AWt k(K) ) .’
/ , \'-<S = ()

Higher angular momentum channel ! ., o*
(5) = A ' BS Mode
(d)y =0 ' ‘ I

The closest analog \ . /
to excitons in a ‘\ dd)
U4
(d > - (a) 1+ 0 S(q)> superconductor S . . ,

See Also

e.g. Maiti, S. & Hirschfeld, P. J. Phys. Rev. B 92, 094506 (2015). 313



Effective bosonic theory of coupled modes

Bardasis-Schrieffer

/
1 Dlgélq 8p.q dq
Se — (d— 9Aa— ) | |

ap.q

-
e \We want to obtain a Hamiltonian
description like in the exciton-

polariton case

o Of particular importance is the
hybridization term g

 This Is due to quasiparticles 1
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A recurring theme: vanishing linear coupling

8§ = Z Z <_€Vk | Aq%())a,a, (fd(k)|fz)

K.,g a,a

A * The coupling between the BS mode and
photons vanishesat q =0

e Dueto

* vanishing overlap of matrix elements
(current and SC vertices)

A (; F
= = ( }L .
F —G * inversion symmetry (velocity operator)

Nambu Matrix Green’s Function

39



Moor, A., Volkov, A. F. & Efetov, K. B. Phys. Rev. Lett 118,
047001 (2017).

Condensate flow induced coupling

Nambu Green’s Function

_ A A~ (G F
g = —=0=\p g

 Condensate flow has two important

effects on the system
Sk = skt _VS
* The energy acquires a doppler shift
term from the superfluid velocity |
S 4o —Y ¥ q(—evk’%-Z’\P q
* A new current vertex coupling to ' p kz;' “2 . kg

the gauge field arises (proportional
to the superfluid velocity)

36 Phys. Rev. B 99, 020504(R)



Effective Hamiltonian bosonic theory of coupled

modes
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These form approximately decoupled polarizations
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Effective Hamiltonian bosonic theory of coupled
modes

e Within the low-energy theory the

! ) o Vo] Hamiltonian separates into two
! sectors

* A single purely photonic mode:
the ‘dark’ photon

e A hybrid collective mode-photon

sector: the Bardasis-Schrieffer
polaritons
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Effective Hamiltonian bosonic theory of coupled

modes

1
=
C%& e Coupling is due to quasi-particles
E\ * This leads to an intermediate
@\ temperature where coupling is
N maximized

)
0
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Bardasis-Schrieffer Polaritons

2D SC

"dark" photon

0.0 0.1 0.2 0.3 0.4

* Both the polariton bands and the
‘dark’ photon can be observed In
the bosonic dispersion

(I) /4 7'('}2

40 arXiv:1807.06601



Angular dependence

 The form of the coupling allows
the strength of the hybridization 0 myy m
to be modified in situ by changing 0
the direction of the supercurrent *

* The modes exactly decouple at
0=m/4 (the nodes of the d-wave

form factor)

4 Phys. Rev. B 99, 020504(R)



Non-equilibrium s+id superconductivity

Im/[s]

e Due to finite overlap with the BS y .
mode, coherent population of the ’
lower polariton branch would
Induce a non-equilibrium s=id
state

‘1'
2
\d
.
\ g
.
2
2
2
\ g
.
2
.
2
“
\ g

* This is due to the phase relation \ ,
implied by the BS mode v o _ -

42 Phys. Rev. B 99, 020504(R)



Non-equilibrium s+id superconductivity

* |n analogy with exciton-polariton Bard.asis-
condensation, we conjecture that it may be Schrieftfer Cavity photon
possible for Bardasis Schrieffer-polaritons polaritons

to condense

* Residual interaction arise from quc

terms Uncondensed

d-wave pairs

A

| | Polaritons ®
* Decay time of order cavity decay rate Equilibrate

 Such condensation could represent and

. _— . round state
transient non-equilibrium s+id state 9

43 Phys. Rev. B 99, 020504(R)



Polaritons

Higgs

~ a collective mode

-
O
e
-
O
O
O
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Coupling the Higgs mode to light

| Ag, L2)| = Ag+0A(g, £2)
Qpiivoe = 24,

 The Higgs mode is the amplitude
mode of the superconducting order
parameter

Higgs

* In general, photons do not couple to
the Higgs mode of a superconductor
as it has no charge or dipole
moments.
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Coupling the Higgs mode to light

[ A(g, Q)| = Ap+5A(g, ©2) F1Al
Qupiooe = 24, 5

 The Higgs mode is the amplitude
mode of the superconducting order
parameter

Higgs

* In general, photons do not couple to
the Higgs mode of a superconductor
as it has no charge or dipole
moments.

46



Linear coupling to the Higgs mode

System Higgs-photon coupling?
Clean = ()
“““““““““““““““““““““““““““““““““““““ oot =0
“““““““““““““““““““““ mordee s Suparcurment. | #0

Moor, A., Volkov, A. F. & Efetov, K. B., Phys. Rev. Lett 118, 047001 (2017).

Nakamura, S. et al. Infrared activation of Higgs mode by supercurrent injection in a superconductor NbN. arXiv (2018).
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Effective bosonic theory of coupled modes
T N Ry
M) g"(w) )

[GF Y (w, q) =( g
) D™ (w, q) — IT§(w)

\
Photon

w/A

Hybrid Modes

det { [GR (,, q)} _ 0

Spectral Function

1 . A
d(w,q) = ——1r [GR(w, qQ — GY(w, q)]

27l
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Effective bosonic theory of coupled modes

 Undamped excitation

e 0 - function at mode energy

« Damped excitation

* Lorentzian at mode energy

Spectral Function

d(w,q) = — L tr |GR(w, q) — GN(w, q)]

27l
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Polariton Spectral function

3 | | | |

1.5

| | | | | | | | |
0O 02 04 06 08 1 1.2 14 16 18 2
cq/A



w/A

3

2.0

1.5

Polariton Spectral function

o = ——.tI' [GR— GA]
27Tl
| | [r—
- qg=0
6,000 —qg=A
= 4,000
-
< Ad
~~r— 1
\ ,
O .-----——-H'-—--
| | | | | | | |
0O 02 04 06 08 1 1.2 14 16 1.8 2 1.4 16 1.8 2 22 24 26 2.8 3
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Damping of the Higgs Polariton

 There are two competing effects here

» the Higgs mode is damped by its ~ *’| !
coupling to the two particle 3
continuum |

e but, the hybridization pushes lower !

branCh down intO the gap 1'50 02 04 06 08 1 12 14 16 1.8 2
cq/A
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Damping of the Higgs Polariton

 There are two competing
effects here 6,000

e the Higgs mode is damped
by its coupling to the two
particle continuum

=
-
-
-

arb. units)

< 2,000

e but, the hybridization

pushes lower branch down 0

into the gap 14 16 1.8 2 22 24 26 28 3
w/A
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Cavity superconductor polaritons

2D 5C "dark" photon
Mirror layer
o Cavity .photons can hybridize with the <038 v //,
collective mode of a superconductor S e — e
to form well defined hybrid excitations N
- cavity superconductor-polaritons e I polaritons
0.0 0.1 0.2 0.3 0.4
cq/A

e \We have demonstrated this
construction with two collective
modes

 The Higgs Mode

e The Bardasis-Schrieffer Mode
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Summary

 Chapter 4 - Cavity Quantum Eliashberg Enhancement

of Superconductivity O-1ar 050
0.10F |
* A superconductor placed in a properly resonant |
photonic cavity can be enhanced by engineering of _ >08r
the photonic distribution function (arXiv:1805.01482) 30-06-
 Chapter 5 - Cavity superconductor-Polaritons Z'Zj_
* Bardasis-Schrieffer (BS) polaritons can be 0.0053:7—
formed by tuning the cavity frequency to the BS I S S S A
frequency and could form a non-equilibrium s=id wo/ Ao

state (Phys. Rev. B 99, 020504(R))

* The Higgs mode of a disordered superconductor
can be hybridized with light in the present of a )
supercurrent and can lead to polariton formation 36} . XX _______ 2|

15 | | | | | | | | |
: : 0 02 04 06 08 1 1.2 14 1.6 1.8 2
0.3 0.4 cq/A

Thank you!




