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Outline

#Direct and inverse Faraday effects. Inverse Faraday effect
(IFE) in metals.

# What should we expect in superconductors?

# Time dependent Ginzburg — Landau equation. Hall effect
and inverse Faraday effect.

#All-optical generation of the current states.

#How can we increase the impact of IFE? Kibble-Zurek
mechanism in thin superconducting ring - spontaneous fluxoid
formation.

#0n-demand switch between current-carrying states in the
superconductor by controlling the helicity



Faraday effect
(direct) —Verdet constant

M.Faraday 1845

. " | have at last succeeded in illuminating a magnetic curve or
line of force and in magnetising a ray of light "

Relation to the Hall effect in conducting materials

D = ¢E i [Eg] j=of +0,|H,E]



Inverse Faraday effect

ELECTRIC FORCES IN A TRANSPARENT DISPERSIVE MEDIUM

L. P. PITAEVSKI{

Institute for Terrestial Magnetism, Ionosphere, and Radio Transmission,
Academy of Sciences, U.S.S.R.

J. Exptl. Theoret. Phys. (U.S.S.R.) 39, 1450-1458 (November, 1960)
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OPTICALLY-INDUCED MAGNETIZATION RESULTING
FROM THE INVERSE FARADAY EFFECT*

J. P. van der Ziel, P. S. Pershan,f and L. D. Malmstrom

Division of Engineering and Applied Physics, Harvard University, Cambridge, Massachusetts



Inverse Faraday effect in magnetic materials
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A. V. Kimel, A. Kirilyuk, P. A. Usachev, R. V. Pisarev, A. M. Balbashov, Th. Rasing, Nature 435, 655 (2005)

Reviews: A. Kirilyuk, A. V. Kimel, T. Rasing, Rev. Mod. Phys. 82, 2731 (2010)
A. Kirilyuk, A. V. Kimel, T. Rasing, Rep. Prog. Phys. 76, 026501 (2013)



PRL 99, 260401 (2007)
3
Observation of Persistent Flow of a Bose-Einstein Condensate in a Toroidal Trap

C. E'L}fu:.l’2 M. F. Andersen,"* P. Cladé,' Vasant Natarajan,l’T K. Helmerson,'* and W. D. Phjllips.l*2

FIG. 1 (color). (a) Toroidal trap from the combined potentials of the TOP trap and Gaussian plug beam. (b) In situ image of a BEC in
the toroidal trap. (c) TOF image of a noncirculating BEC released from the toroidal trap. (d) TOF image of a circulating BEC, released
after transfer of 7 of OAM.

(a) (b) (c)

4 ms 214 ms 404 ms

FIG. 5 (color). TOF pictures of doubly charged flow, initially
stabilized for 0.5 s in the toroidal trap, for different holding times
(4, 214, and 404 ms) in just the TOP trap.



Is it possible to induce d.c. magnetic moment and/or vortex-
like state in superconductor solely by light?

-

electric d.c. current




PHYSICAL REVIEW LETTERS 126, 137002 (2021)

Inverse Faraday Effect for Superconducting Condensates

S. V. Mironov®."! A.S. Mel'nikov."* I. D. Tokman.! V. Vadimov®."” B. Lounis.*” and A.L Buzdin®>®

Superconducting disk



We need the coupling of the modes of the order
parameter amplitude and phase!

Time dependent Ginzburg — Landau theory. Complex-valued relaxation constant.

r1(§t+2;le CI)j\P u“ (V—?;CeAj ]\P—b‘{fz\}’

T

-1 . - C Parameter of the electron-hole
F o 7/1 T |7/2 7/2 E asymmetry
F

OA, Oy
T&_VT&+2A1_§2V2A1:O _7/2

Oy OA, 2
A, Z+vr t=EAV =0
Bo g TV T VA




Imaginary part of the relaxation constant is
responsible for the Hall effect in the vortex state
. . 2
rl(a+ 2'eq>j\y=£1(V—2'eAj —a}}f—b\yqu
ot h 4m hc
ImIC™*=0: | | ;Rer‘lzo

1
E:C[B’VB]

N. B. Kopnin, B. I. Ivlev, V. A. Kalatsky (1992)

A. T. Dorsey (1992)
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Now we can proceed with the inverse Faraday effect



The simplest model: small superconducting disk

O'i “ R K C/(U,A,ZE

Q Electric field inside the disk:
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2.5

Radial profiles of d.c. current

S. Mironov et al, PRL 2021
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» Vortex/anti-vortex pair generation

Ya. B. Zeldovich, 1. Yu. Kobzarev, and L. B. Okun’, Cosmo-
logical consequences of a spontaneous breakdown of a discrete
symmetry, Zh. Eksp. Teor. Fiz. 67, 3 (1975) [Sov. Phys. JETP

40, 1 (1973)].
» ) (3 I 3 A El .,‘ . .}\ ' “I ] I"°,

When a system crosses a second-order phase transition on a finite timescale,
spontaneous symmetry breaking can cause the development of domains with
independent order parameters, which then grow and approach each other
creating boundary defects. This is known as the Kibble—Zurek mechanism.




Optical generation of Abrikosov vortices
by Kibble-Zurek effect

A. Rochet, V. Vadimov, W. Magrini, S. Thakur, J.-B.
Trebbia, A. Melnikov, A, I. Bugdin, P. Tamarat, and B.

Lounis, On-Demand Optical Generation of Single Flux
(Juanta, Nano Letters 20, 6488 (2020).

» Abrikosov vortices
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Abrikosov vortex :

A tube of magnetic flux and a loop of Cooper pair supercurrent



» Abrikosov vortices manipulation

Experimentalwork on vortices :
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Lounis, On-Demand Optical Generation of Single Flux
Quanta, Nano Letters 20, 6488 (2020).




KZ mechanism for a superconducting ring

PHYSICAL REVIEW B 105, L020504 (2022)

Influence of a nonuniform thermal quench and circular polarized radiation on spontaneous

current generation in superconducting rings

Ne
M. D. Croitoru®,'>¢ B. Lounis®** and A. 1. Buzdin®' P(e,t) = E Uy (t) e~ind,
'ﬂ-=—Nﬂ

Thermal quench may be
of the order of 1-4 ps

FIG. 1: Scheme of the thin superconducting ring on a
substrate.




Circularly polarized light

Ccircular polarized electro-
magnetic wave of frequency
@ and wavevector K,
perpendicular to the plane of
the ring

+ sin (k.r — wt)
cos (k.r — wt)
0

intensity of the radiation is
supposed to be weak enough
to avoid its heating effect

« The corresponding dimensionless angular component of the vector-potential

Ag* (0,t) = f—i cos (0 F wrt)

—1
e Dimensionless units Wwr = WTA EL — EO27TC§0/ ((I)OTA )
18



Modelling with a Time Dependent
Ginsburg-Landau equation
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Evolution of the order parameter harmonics
no circularly polarized radiation and n=0.2

For 75 = 1.0 the probability to find out the state
n=+-1is around 10%
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How to obtain practically 100% probability
of the current state generation?
A ' = nd,

Little-Parks effect

Magnetic field

For ® = - ®0/2 the states n=0 and n=1
have the critical temperature and the
same energy and

It should be easy to switch between them.
They are the current carrying states with
the opposite direction of current.




FIG. 1: Sketch illustrating the generation of the d.c. electric current in the thin superconducting ring under the influence of
the circularly polarized laser beam.



Probability
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n=—N

For ® = - ®0/2 the states n=0 and n=1 have the same energy

and it is easy to switch between them.
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FIG. 3: Probability of a final stationary state v, as a function
of the decaying time Tg for Er /wr = 0.75 at magnetic field
D /Dy = —1/2 and polarization o_. Here we take wy = 1.0

and B = 4.5.
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FIG. 4: Probability of the final stationary state 1, as a funec-
tion of the radiation frequency wp at ®/dy = —1/2 (top
panel) and external magnetic flux |®| /®p at wr = 1 (lower
panel) for Er/wr = 0.5, Er/wr = 0.75, Fr/wr = 1.0, when
polarization is o_. Here the decaying time Tg = 5 and ring

radius K = 4.5.
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Light

T

As follows from our analysis, the optimal dimension-
less frequency for implementing the switching by IFE is
wr, ~ 0.3, which corresponds to w ~ 0.38Tcpen/mTh. For
Nb and €5 = 0.1 it 18 f ~ 15G'H z, while for the high-T.
superconductors this frequency is an order of magnitude
larger. To avoid the heating effect due to circularly po-



Conclusion

We suggest to use the IFE as a very efficient
method of the all-optical switching between the
current states in mesoscopic superconducting
systems.

This open the way to superconducting
optoelectronics.

Ref.: Croitoru, Mironov, Lounis, and A.B.
Advanced Quantum Technologies (2022)
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