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A brief outline

* Context - Exciton-Polaritons (but also c.f. previous talk)
* Construction - Higgs Photon coupling

* Results - Cavity Higgs-Polaritons
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Nature Physics 6,860-864 (2010) = Download Citation FIG. 3. Reflectivity peak positions as a function of cavity de-

tuning for a five-quantum-well sample at 7=35 K. The theoret-
ical fit is obtained through a standard multiple-interference
analysis of the DBR-Fabry-Pérot-quantum-well structure.
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Cavity exciton-polaritons
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* Exciton-polaritons have been studied for 60 years —
Hopfield Phys. Rev. 112, 1555-1567 (1958).

Nature Physics 6,860-864 (2010) Download Citation %
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theory of coupled bosons
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| Exciton v
 Not only can polaritonic states be formed, but

condensation is observed up to room temperature in

some cases — Plumhof et al. Nature Materials 13,
247-252 (2014).
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Coupling the Higgs mode to light

| Ag, L2)| = Ag+0A(g, £2)

QHiggs — 2’A()

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

* |n general, photons do not couple to

the Higgs mode of a superconductor as
it has no charge or dipole moments.



Coupling the Higgs mode to light

| A(g, Q)| = Ag+0A(g, Q) (Al

A
QHiggs — 2’A() .

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

In general, photons do not couple to

the Higgs mode of a superconductor as
it has no charge or dipole moments.



Photonic cavities: important properties for us

 Gapped photons due to finite Wy = \/Cz
size quantization

* This allows photon energies to
be tuned into resonance with Mirror

Wo/ 2D SC layer

gapped solid state processes

e Tailoring of the wave functions
allows for stronger light-matter
coupling
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Linear coupling to the Higgs mode

System Higgs-photon coupling?

Clean = ()
Supercurrent = ()
Disorder & Supercurrent 5'5 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

I s
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g’w,q) D (o, q) -1f(®,q)
\

Photon
* We want to obtain the eigenmodes A
like in the exciton-polariton case
Ve <K C
e Of particular importance is the =

hybridization term g

* This is mediated by diffusive

modes cq/ A
Set q — 0 in the fermionic response
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Effective bosonic theory of coupled modes

Higgs \
U R R
A I, (o) g (w)
G o= * . -
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like in the exciton-polariton case
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Creating a Higgs from a photon




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

‘I.‘

Higgs \2> /
L — TR (w) gf(w) )

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

™~ 'S *
]
Photon = N SRS LS S
. a e e
Py an

Hybrid Modes

det { [GF1™ (g, @) } = 0

Spectral Function

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

27l

17



Effective bosonic theory of coupled modes

e Undamped excitation

e 0 - function at mode energy

* Damped excitation

* |orentzian at mode energy

Spectral Function

d(w,q) = — L tr |GR(w, q) — GN(w, q)]

27l

18



Polariton Spectral function

3
D
S g
gg 2.5
S & <
S °© 3
2
1.5

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

19



w/A

Polariton Spectral function
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Damping of the Higgs Polariton

* There are two competing effects here

2.5 | 1 :
* the Higgs mode is damped by its 4

~—

coupling to the two particle continuum °
21 N

1 m

15 | | | | | | | |
o 02 04 06 08 1 1.2 14 16 1.8 2
cq/A

* but, the hybridization pushes lower
branch down into the gap
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Damping of the Higgs Polariton

* There are two competing effects

here 6,000
 the Higgs mode is damped by = ,
its coupling to the two particle
=

continuum &
< 2.000
* but, the hybridization pushes

lower branch down into the 0

gap 14 16 18 2 22 24 26 28 3
w/A
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Conclusions / Outlook

e Cavity photons can hybridize with the
Higgs mode of a superconductor to form
well defined hybrid excitations - cavity
Higgs-polaritons

* These could provide a new means of 5 .
manipulation of the superconducting state

* A full treatment of condensation
phenomena for these objects could lead to
new phases

see also: $08.00003 : Cavity Quantum
Enhancement of Superconductivity

Jonathan Curtis
1 1:39 AM—11:51 AM Thursday, March 7

'
BCEC Room: |50 Thank yout
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Condensation

* |n analogy with exciton-polariton
condensation, we conjecture that it may be
possible for Higgs-polaritons to condense

* Residual interaction arise from quartic
terms

* Thermalization time from physics of
order A

e Decay time of order cavity decay rate Polaritons | Transient ®

Equilibrate State

* Requires full self-consistent solution of the
coupled problem ground state

25
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Moor, A, Volkov, A. F. & Efetov, K. B. Phys. Rev. Lett 118,047001 (2017).

Disorder and supercurrent: the Keldysh nonlinear-
sigma model

iSr oy = ’; [ (9@) +4i(i%3()t+ﬁ> Q] i:/I Tl 7R

A~ v w vy . . .1 . v AL A
X = VX +ilp——AX]  0=0,+10+10, A = (Ag+16A)it,

* We make the Gaussian approximation — going to
second order in the formal expansion parameter 7

* Due to the expansion about the saddle point all terms
of order 1! vanish

e The terms of order 1" do not depend on our
fluctuation fields
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Moor, A, Volkov, A. F. & Efetov, K. B. Phys. Rev. Lett 118,047001 (2017).

Disorder and supercurrent

iS, > = ”’;’7 Tr |. 0pX = VX + i[pz3, X]
€ v v v o o Qn — UV_1A3%3WH‘7[V]
+2DZ[T39 Ql][ps ’ Aa Qsp] — 4l(lT25A)Q1
{ R A3%3} — O

e Coupling of diffusion modes to

* Photon-Higgs coupling is
e to photons mediated by diffuson and
Cooperon modes

* to the Higgs mode
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Aside: solving the usadel equation in the presence of a
Retarded uniform supercurrent

Quasiclassical

Green’s function
AR . . — — —
§(e) = uz3 +1v,7 —24 /Tp sgn g cosh (% cosh™! ( 32;]' 3p > ) 4p> +27¢*>0Nnp <0
u>—v:=1
. P . 1 . +—1( 3 /p 3 2
Usadel Equation y = 2\/; sinh (5 sinh <Z\/;> ) 4p°> +27g>0nNp >0
Au,—ev,. =1iluv,
Ricatti Parametrization 0 7P cos [ Leos=! (4. /72 _ 4= 4p3 1+ 2742 < 0
I +72 2y : ’ »VI) ) SR
MG — € . v€ — ¢
1 —y2 1 —yz
4 c+ill 3 € —il’ —
}/+2Ay—2Ay—1—O
2 2 _€ecosg+I'sing l. 0
P=ypmtul = A cos 2¢) re= e ’0_\/(’0+l0> -1
I'e
q=2—

* The equation can be solved analytically but it is much
messier than the I'=0 case
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Non perturbative in the super current

D71 = —Dq* + ilp(e, )cosh ¢, + i, (e_)cosh ¢p*

€€

ACREICRE Cr(e)Ca(e) + (2,2) — A2)cosh(, — §*) — Ag(e + 2ip)sinh(h, — B*)]

X |(z42L + Apcosh(, + ¢*) + 2Aye sinh(¢, + ¢*)]

€€

[%WA)] T —Dg* + ilp(e, )cosh ¢, + ilp(e_)cosh ¢

ORI ACRE Cr(e)Cu(e) + (2,2 — A2)cosh(p, — ) — Agw sinh(p, — )]

X |(zpz_ + Ad)cosh(g, + ¢p_) + 2Anzsinh(¢, + ¢_)]
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Diffusons and Cooperons

Q = UV 'e V26,2,V VU - 0* =1

Spectral angle representation

N4 6%196/2 O .
V = ) ecoshf, — Asinh6,. =0
0 bt

Usadel Equation

l\] . | F(G) 5 oo oo
\0 —1 Op=U V-16,2,VU Saddlepoint solution

Thermal Rotation

W 6 % — O Algebra of target manifold
s U303 S 8
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In the presence of a supercurrent!?

n(aky,) — ng(a’'Ey) A Cre
Z Z ——————— (—evk - AqTO) —1T, +—71, =0
lQm — (OtEk — Ek) Ek Ek 2 o

K,g a,a

§ 3 2D D (51“ AA) (AA cka)
—Ty — —7T,4 —7T; +—T1, =0
ZQ — (Ea Ea) /lk /lk o /Ik /lk .

K,g a,a

Particle-Hole symmetry

c.f. {-approximation
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In the presence of disorder?

AV 2 A \ %4 \ ¥4 \ %%
Sy 1y = 7;” Tr [D(@Q) + 4 (i%3()t L (Ag+ 5A)i%2> Q] i~ Tr ATp74

24

W, 03751 =0

Q= UV1eW25,2,eV2VU

* |n the Coulomb gauge, there is no
linear coupling between photons and
diffusionmodes  ------
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