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Majorana Fermions in Kiteav model (static case)

* 'The Kitaev model describes a one-dimensional spinless p-wave superconductor. The Hamiltonian in
particle basis is given by:
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Here ¢, 14, Aare hopping parameter, onsite chemical potential, and superconducting gap.
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* 'The Kitaev model describes a one-dimensional spinless p-wave superconductor. The Hamiltonian in
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Majorana Fermions in Kiteav model (static case)

* 'The Kitaev model describes a one-dimensional spinless p-wave superconductor. The Hamiltonian in
particle basis is given by:
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Floquet Majorana Fermions : in periodically driven systems

* Floquet systems :

Hi+7)=H() iy o) = () — iS)()
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Floquet Majorana Fermions : in periodically driven systems

* Floquet systems :

Hi+7)=H() iy o) = () — iS)()

* Floquet theory confirms that for such a time-periodic Hamiltonian, there exists a complete set of

solutions given as :
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Floquet Majorana Fermions : in periodically driven systems

Floquet systems :

Hi+7)=Ht) b o) = (H) D))

Floquet theory confirms that for such a time-periodic Hamiltonian, there exists a complete set of

solutions given as :
: L logU(T,0
Floquet-states  ¢a(?) =6m| t =i T( |

Quasi-energy —7/T <e€, <7/T

Periodically driven superconductor : We can have two kinds of Majorana Fermions, one in the middle
and one at the edge of the Floquet zone of quasi-energies.

FIG: Quasi energy
spectrum of a
periodically driven
Kiteav chain showing
the emergence of
Floquet Majorana

- modes
Tw Phys. Rev. Lett. 113,
196601 (2024)
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* Tunneling signatures of Majorana modes

* Summed conductance is quantized : Essentially takes into account
emission and absorption of integer quantas of energy in
multiplication of the frequency of the drive.
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Transport signatures of Majorana Fermions

 Josephson effect : When two superconductors are placed in proximity and connected by a weak link, a

current flows across the weak link without any voltage difference. This current is called the Josephson
current, and the device is known as a Josephson junction.

2e
(a)
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Transport signatures of Majorana Fermions

Josephson effect : When two superconductors are placed in proximity and connected by a weak link, a
current flows across the weak link without any voltage difference. This current is called the Josephson

current, and the device is known as a Josephson junction.
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Role of system size

» Effective low energy Hamiltonian if two Majorana’s are at £ (vanishes exponentially as their separation
increases).

5N 2 1/2
Eerr = <<tcpl cos g) —|—52)
—1/2
26 tcl (5¢ 2
- < 2p Sm5¢) ((tcpl cos ?> +52>

* In steady state (J] coupled to the reservoir):

Jstat ~ f(Eeffa :u) aEeff = An 3E—

An = f(E—H:U') o f(E—alLL) =-1

\mu : unbiased chemical potential of the reservoirs.
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Role of system size

Effective low energy Hamiltonian if two Majorana’s are at +§ (vanishes exponentially as their separation

increases).
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* In steady state (J] coupled to the reservoir):

aEeff

Jstat ~ f(Eeffa ,u) = An 3E_

An = f(E—H:U') o f(E—alLL) =-1

\mu : unbiased chemical potential of the reservoirs.
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Role of system size

Effective low energy Hamiltonian if two Majorana’s are at +§ (vanishes exponentially as their separation

increases).
1/2 Wwij<<b
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* In steady state (J] coupled to the reservoir): 0¢(1/m)
wj>>6

tenlF

GE_ P

Jstat = f(Eeff7 :u) aEeff = An / / | Eeg. o COS(¢/2)
0 ) Jstat. X Wy sm(gb/Q)
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0 T 27 3t 4n

\mu : unbiased chemical potential of the reservoirs.
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Role of system size

» Effective low energy Hamiltonian if two Majorana’s are at £ (vanishes exponentially as their separation
increases).

p
J tcpl

Also true for driven case.

The localization of FMFs at
the edge depends on the
system size.

do /Wy

The quasienergy gaps are
exponential in system-size.

40 60 80 100

Josephson current can be computed using the Floquet
non-equilibrium Green’s function method.

H(t) = Hsc(t)" + Hr + Hsc ()™ + ZH,\ + Hsco-x
)



Josephson current signatures of FMF’s
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Josephson current signatures of FMF’s
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Josephson current signatures of FMF’s
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Josephson current signatures of FMF’s

Floquet NEGF
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* Steep jump of the current, a reminiscent of static MF mediated Josephson junction.

* The jump is steeper and the current becomes linear in tunneling with increasing system size

Phys. Rev. Lett. 113,
196601 (2024)



Occupation of Floquet states

* In static case Josephson current can also be written as:

+ Eor o & (w3 cos?(¢/2) + (52)1/2

Jstat ~ f(Eeff)

OF ¢t
oo

x w3 (w? cos?(¢/2) + 52)_1/2 sin ¢
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Occupation of Floquet states

* In static case Josephson current can also be written as:

+Eer o £ (w3 cos?(¢/2) + 52)1/2

Jstat = f(Fofr) ag(‘;ff X w3 (w% cos?(¢/2) + 52)_1/2 sin ¢

* Josephson current in terms of Quasi-energy derivatives and occupations? Occupation of Floquet states?
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* Density matrix in the basis of Floquet states :
(1) = 3 nas (8)lua (1) (us (1) g

Nag(t) = <qu(t)qfﬁ(t)>mad N Wezk-coupling limit
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Occupation of Floquet states

* In static case Josephson current can also be written as:

+Eer o £ (w3 cos?(¢/2) + 52)1/2

Jstat = f(Fofr) ag(‘;ff X w% (w% cos?(¢/2) + 52)_1/2 sin ¢

* Josephson current in terms of Quasi-energy derivatives and occupations? Occupation of Floquet states?

* Density matrix in the basis of Floquet states :

A1) =) nap(t)|ua(t))(us(t)]

Nag(t) = <qu(t)qfﬁ(t)>mad N Wezk-coupling limit
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Occupation of Floquet states

* In static case Josephson current can also be written as:

+Eer o £ (w3 cos?(¢/2) + 52)1/2

Jsta,t ~ f(Eeff>

OF ¢t
o

x w3 (w? cos?(¢/2) + 52)_1/2 sin ¢

* Josephson current in terms of Quasi-energy derivatives and occupations? Occupation of Floquet states?

* Density matrix in the basis of Floquet states :

p(t) = 3 nas(B)ua(t)){us (?)
nas(t) = (WL(OWs(2))

Weak-coupling limit
Lead avg. tr, — 0

keZ

Nag = Z fr(€a +EQ — /17“)<uc(xk)‘u<(xk)>°

(q)
o3

~ naéa[g(sqo

Phys. Rev. Lett. 113, 196601 (2024)
Phys. Rev. Lett. 132, 146402 (2024)

31



Occupation of Floquet states

* Time averged Josephson current:
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Occupation of Floquet states

* Time averged Josephson current:

_ . 1 [*
i) = WIs)) = [ de0Ts) ) = S mam )t

e Sum rules:

* 'The summed occupation difference : Véw — 1

* 'The summed Josephson current

F_
ve = —1

Tr () = 325 I 1y + kQ) ~

FOds
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Occupation of Floquet states

Time averged Josephson current:

i) = WIs)) = [ de0Ts) ) = S mam )t

Sum rules:
* 'The summed occupation difference : Vé? —1
v =1
* 'The summed Josephson current

Tr () =Yg J (o + kQ) = vf H1

Similarity to the static-system’s current : With relevant energy-scales are dictated by details of the driving
(and assisted
tunneling)

—1/2

Jp ~ 855 x w3 (W% cos?(¢/2) + 62) sin ¢
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Sum-rule : robust against small (static) disorder
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Sum-rule : robust against small (static) disorder

=——u NEGF
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Sum-rule : robust against small (static) disorder

=-——u NEGF

} Clean system

~ 0 1 5 ob—a Sum-rule
~— 4 --A NEGF } D _ 0 1
c s4——A Sum-rule o

*— NEGF } D =0.25

¥ - =¥ Sum-rule

O#—H‘HH‘HH‘HH

For more information - Phys. Rev. Lett. 113, 196601 (2024) 38/130



Sum-rule : robust against small (static) disorder
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Conclusion

Similar to the static case, Josephson current phase relation show 4pi-periodicity for the case of
FMF’s.

We have presented the sum rules for the current and FMF’s occupations.

We have also given the simplified current expressions in terms of quasi-energy and
occupations of Floquet states.

Results are robust for weak disorder and small temperature case.
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* Tunneling signatures of Majorana modes

* Summed conductance is quantized : Essentially takes into account
emission and absorption of integer quantas of energy in
multiplication of the frequency of the drive.

lim, 0 10/2 2, 0(p+n) =a5(0,£0/2) = 2¢*/h

F-hle?

Transport signatures of Majorana Fermions

2 prr—r——

o-hle

205

0.5

Viw

Arijit Kundu, Babak

Seradjeh (IUB), Phys. R&h
Lett. 111, 136402 (2013)



I. FLOQUET THEORY

Let’s consider a quantum system with its Hamiltonian being a periodic function in time, such that H(t+7) = H(t),
where 7 is the period of the perturbation. The symmetry of the Hamiltonian under discrete time translations,
t — t 4+ T, enables the use of the Floquet formalism. The Schriodinger equation of this periodically driven system is

i (1)) = (BI(H) — D) (0) | (1)

where X results from environmental degrees of freedom of the reservoir (making the time evolution non-unitary). Here,
H(t) contains two terms: H(t) = Hy + V(t), where H; is the unperturbed Hamiltonian and V'(¢) is the time-periodic

perturbation.
1. Floquet theory confirms that for such a time-periodic Hamiltonian there exists a complete set of solutions
{|Ya(t))} of equation (1) of the form

[P (t)) = e~ Cen /B, (1)) [ta(t)) = |ua(t +T)) . (2)

luq (t)) are called Flogquet modes obeying equation (2), and e, are quasi-energies (with width ~,) (reference :
section Al of [1]).

. By inserting the ansatz Eq. (2) into Eq. (1), one easily verifies that the Floquet states fulfill the eigenvalue

equation:

(H(t) — 13— zﬁ%) |ua (1)) = (€0 — ihya)|ua(t)) (11)

The above equation can be written as:
(Hor — i) |ua (1)) = (€a — ifya)|ua(t)) (12)
Here we have defined Heog = (H(t) - ih%).

André Eckardt and Egidijus Anisimovas 2015 New J.
Phvs 17 093039
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8. As, in the presence of X, the time evolution is not unitary, its eigensystem may not be chosen as orthogonal.

Taking the conjugate of Eq. (11),
(Her + %) ug, (1)) = (ea + ihva)|uq (1)) (13)

and assuming the completeness of the eigenstates of U(7,0), the Floquet states form a bi-orthonormal system
with these adjoint modes

(uh(W)us(t)) = 0as  and Y ug (1) {ua(t)| =T. (14)

. As the Floquet states are time periodic, it is convenient to introduce the composite Hilbert space made up of the
Hilbert space of square integrable functions on configuration space and the time space of time periodic functions
of period 27/7. By taking the Fourier transform of the Floquet modes, (reference: section A2 of [1])

o0

ua(t)) = > e "M ulY) (15)

n=-—oo

And similarly, for the Hamiltonian, if H,, = (H — ¢X) is time periodic, then

o

Hio(f) = D e mUHL (16)

Nn=—0oo

In this discrete momentum space, the Hamiltonian equation becomes by substituting Eq. (15) and (16) in
Eq. (11) gives:

Z H" 0Dy = (0 — ihya + kQ)|u®) | (17)
l=—0co
Z (Hgit_l) - ‘Sk,llﬂ) |ug)> = (ea — ih'}'a)|“‘£wck)> . (18)
l=—00

André Eckardt and Egidijus Anisimovas 2015 New J.
Phvs 17 093039
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Floquet-extended zone picture

The above equation can be written in matrix format as:

( l=-2 Il=-11=0 Il=1 1=2

k=-2 | " HO320 H' H?2 . : ul?) by

. . L (—1) (—-1)
k=—1 : H! HP° +Q H! H2 : |uu ) |U-a >

. |ug])> = (€a — 1Y) ’U«g])) (19)
k=0 : H?2 H! HY H! H2 |u(1)> \u(l)}

_ 2 2

P H2 H H'—-O H-! |u&)> \u&))

: 2 1 0 _ : :
E—o k H H H 20

48
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Floquet-extended zone picture

° ° °
o. . . o o ..
e} a ® [ ] ] L4
¢ e Ho_ﬁw ﬁ—l ﬁ_z ﬁ_g ° L
o 0o 0 H, A, A, A, ® o 0
o o0 a, H, Hy + ho H_, ® o0
e o o H, i, q, Hy+2hw | ® © ©
° ° ™ ™ ° °
L] ® ® ® ® [ ]
® ° ° ° ° e

Flgu:e 1. Block structure of the quasienergy operator Q with respect to the phﬁtﬂl‘l index m. Each block corresponds to an operator
Quitm = Hur—y + Sprmmbcw acting in the full state space . The diagonal blocks Hy + mhw can be interpreted to act in the subspace

of relative ‘photon’ number m and the off-diagonal blocks H,,_,,which obey Hy = Hm_m +,describe (m’ — m)-‘photon’
processes. 49
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Majorana Fermions (MFs) ?
Floquet Majorana Fermions (FMFs) ?

Transport signatures of MFs -
* Quantized zero bias conductance.

* Josephson current signatures of MFs :
Transport signatures of FMFs -

 What do we expect?

 What is different?

More understandings - Occupations and Sum-rules for FMF.



Majorana Fermions (MFs)

 MFs are particle-hole symmetry-
related states of positive and
negative energy excitations (in
superconductors).



Majorana Fermions (MFs)

 MFs are particle-hole symmetry-
related states of positive and
negative energy excitations (in
superconductors).

A Majorana state is an equal mixture

ryT (E — ”)/(—E) of particle and hole-like excitations

and, thus, a topologically protected
zero-energy mode of superconductor.

« 1D topological superconductors host
such Majorana-like states as edge
modes.
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Floguet Majoranas (FMFs)

* Periodically driven system : €
/2

H(t+T) = H(t)

Floguet-states

ieqt 0T
Val(l) =e ea\‘ =
Quasi-energy —Q/2 J

—7/T <€ <7w)T

IR
—r
=
|
=
|
=

« We can have two kinds of Majorana, like steady-states, one in the middle and
one at the edge of the Floquet zone of quasi-energies.
« Zero and pi-FMF.
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MF in Kiteav chain

 Kiteav chain :

, N1 A N-L
H, = ~3 Z (c;ch + c}ch) — 5 (CJCJ_H + CJ_HC ) Zc .C;
7=0 7=0
» Kiteav chain model in Majorana basis:
. N-1
Hy = __A Z Vb,iVa,j+1 T NZ%,J%,J
J=0 J=1
* Majorana basis :
1 , ;
¢i = 5+ 1) Yaj = Yo
1 .
= 5 (15 = 1a) {Vair V85t = 20ap0i
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MF in Kiteav chain

« Kiteav chain model in Majorana basis:

. N-1 . N
() 1
H), = —§A Z Vo,iVa,j+1 T 5#2%,;‘%3
§=0 j=1

. N
[/
Hy =i i%a;
j=1



MF in Kiteav chain

Kiteav chain model in Majorana basis:

(a)

1 ?
Hy = _iA Z Yo,jVa,j+1 T 5

N—-1 .

7=0

@

@

®_

Q0 00

Ya1 Yba

Ya2 Vb2

YaN VbnN

j=1

H

N
M Z Vb, Va,j

. N

(4

SH D Vad
j=1



MF in Kiteav chain

« Kiteav chain model in Majorana basis:

. N-—1 . N
1 1
Hp — _iA ; Vb,5Va,j+1 T 5#;%4%,3‘

(a)

Cq Cy CnN . N
]
00 00 00 00 v Hy = 513 iVay
j=1

Ya1 Yb1 VYa2 Vb2 YanNn VYbN
. N—1
7

H, = —§A j_zo Yb,5Va,j+1

https://www.semanticscholar.org/paper/Signatures-of-Topological-Superconductors-Lee



MF in Kiteav chain

- Kiteav chain model in Majorana basis: \,u\ < ‘A = t‘
;o Nl ;N
Hy = _iA ; Vb,5Va,j+1 T 5#;%,3'%,3'

(a)

Cq Cy CnN . N
‘ ‘ ]
00 00 00 00 v Hy = 513 iVay
j=1

Ya1 Yb1 VYa2 Vb2 YaN YbN
(b) dq d, dy_1 ; N-—1
o oo o oo @0 - A2 wiwm
J=0
Ya1 Vb1 Ya2 Vb2 YbN-1 YaN VBN

https://www.semanticscholar.org/paper/Signatures-of-Topological-Superconductors-Lee
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diagonalization of the Hamiltonian:
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diagonalization of the Hamiltonian:
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MF in Kiteav chain

* Unpaired Majorana fermions correspond to zero energy modes by
diagonalization of the Hamiltonian:

1 .
; — dj = 5 (Ya,j+1 + ©7b,5)
Hp=-54 D WiYat1 1 |
=0 dy = 5 (Va1 + 27%.N)
. N-—1 ] .
H,= |A (de - —> +0 (djde —~ 5)
7=0

https://www.semanticscholar.org/paper/Signatures-of-Topological-Superconductors-Lee



Quantized zero-bias
~__conductance

» Two terminal transport signature of FMF ;

210 —03 0.0 0.3 1.0

Arijit Kundu, Babak Seradjeh (IUB), Phys. Rev. Lett. 111, 136402 (2013)



Quantized zero-bias

conductance 2

* Two terminal transport signature of FMF :

c-hife*

« Summed conductance is quantized :
Essentially takes into account emission
and absorption of integer quantas of

energy in multiplication of the frequency -10 03 oo 0510
by the stead-states.

lim, y0,40/2 ), o(p+n)=0c(0,£0/2) = 2¢/h

2T

(G )ais - hfe?

o 05 o5 %
V/Q V/Q
Arijit Kundu, Babak Seradjeh (IUB), Phys. Rev. Lett. 111, 136402 (2013)

05



(a)

Josephson current
signatures

2e

M
= W

T} dr

(a) A Josephson
junction built by
trivial
superconductors.
Cooper pair
tunneling leads the
21 current phase
relation.

https://www.semanticscholar.org/paper/Signatures-of-Topological-Superconductors-Lee



Josephson current
signatures

2e

(a)

Majorana

-
nductor wirex

]} Pr

(a) A Josephson
junction built by
trivial
superconductors.
Cooper pair
tunneling leads the
21 current phase
relation.

(b) A Josephson
junction built by
spinless p-wave
superconducting
wires.Two Majorana
modes form a single
electron state in the
Josephson junction,
which allows single
electrons to tunnel
through the junction

https://www.semanticscholar.org/paper/Signatures-of-Topological-Superconductors-Lee



Josephson current
signatures

a,x+1

i —1 T
Ca,xz T CL’xCa,gﬂ_l + € ¢aca,xca,a}+1 + e e Co,z+1€

(b)

Majorana

A

.l.

a,x

|



Josephson current
signatures

A Z ' —i
H, = _5 |:CL,CB+ICO£,ZB + CL,mCa,x—l—l =+ ewaca,xca,w—l-l +e ‘e CL,CIJ-I-lC:r)‘?x]

e
(b) \
{ ‘ Majorana\
Ho=wy (chyera+he) g i
L Pr



Josephson current

signatures
— T T igba —i¢a T T
Hy = _E E : [Coz,a:—klcaaﬂi‘ + Ca,zCa,z+1 Te Co,zCo,z+1 Te Co,z+1Ca,z
x=0 e
(b) ,
’ ’ Majorana
H t — w J (CE NC L,l —|— hc) :,é'opologicalsuperconductorwire,\v,ijopologicalsuperconductorwire\vé
’ 1 r

t 1
Heyy = —Q’wf/bN%l COS (%) = —W,_j COS (%) (de — 5)

‘d’ - is the annihilation operator of the single fermionic states that appears
at the Josephson junction

https://www.semanticscholar.org/paper/Signatures-of-Topological-Superconductors-Lee



* Transport mediated by
Majoranas : Role of system
Ssize

* |In the static case, the energy of edge modes at the junction is £86 (vanishes
exponentially as their separation increases).
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* Transport mediated by
Majoranas : Role of system
Size

* |In the static case, the energy of edge modes at the junction is £86 (vanishes
exponentially as their separation increases).

 They are hybridized in the presence of a small coupling between the
superconductors to be split at energies

+ Eor o & (w3 cos?(¢/2) + 52)1/2

« At zero temperature, the current carried by these states is,

Jstat = [(Eeg )%E;ff X w% (wJ cos?(¢/2) + (52) 1/2 sin ¢



wy K 0

Fegr. o< cos(¢)

Jotat. X w% sin(¢)

-3 tcplf 2H




wy K 0

wy >0

Fegr. o< cos(¢)

Jotat. X w% sin(¢)

FEeg. < cos(¢/2)

Jstat. X wysin(¢/2)

~tepil




wy K 0

wy >0

Fegr. o< cos(¢)

Jatat. OX w% sin(¢)

FEeg. < cos(¢/2)

Jstat. X wysin(¢/2)

Jstat ~ f(Eeff) Dlett — An%

O O¢

An = f(By)— f(E-) = —1

- tcpl L




The localization of FMFs at the

FMF in driven Kitaev model

edge depends on the system size.

The quasienergy gaps are

H(t+T) = H(t)

exponential in system-size.

—_
(=]

« System-size controls the signatures of
FMF’s.



FMF in driven Kitaev model
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FMF in driven Kitaev model
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FMF in driven Kitaev model
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FMF in driven Kitaev model
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FMF in driven Kitaev model

]
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« Steep jump of the current, a reminiscent of static MF mediated

Josephson junction.

 The jump is steeper and the current becomes linear in tunneling

with increasing system size

arXiv:2301.07707



Steady-state occupation of Floquet states

Can these signatures also be understood in terms of steady state occupations? Similar
to static systems?

oOF_
Jstat = f(Eetr) aggf = An—z-

Josephson current in terms of Quasi-energy derivatives and occupations?

Occupation differences? An= f(EL)— f(F_)=—1

What is different in driven case?

arXiv:2301.07707



Steac

ly-state occupation of Floquet states

-“

I Environment

System

Weak-coupling limit
tr — 0

arXiv:2301.07707



Steady-state occupation of Floquet states

» Steady-state density matrix in the basis of
Floquet states (=
p(t)

=D nap(t)]ua(t))(us(t)]

System I Environment

Weak-coupling limit
tr — 0

arXiv:2301.07707



Steady-state occupation of Floquet states

« Steady-state density matrix in the basis of
Floquet states (=
p(t)

= > nas(t)ua(t)) {us(t)]
Where Weak-coupling limit

- tr, — 0
nag(t) = T/O <\P£(t)qj’8(t)>Lead avg.

Can be computed using a ‘Floquet Green'’s function
technique’, in the flat-band limit.

System I Environment

arXiv:2301.07707



Steady-state occupation of Floquet states

 |f we subtract the diagonal, zero

0)) .

DI Z e W frequency terms, then the rest goes
o, " . . .

B W to zero linearly with the coupling to

- el the environment.
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Steac

ly-state occupation of Floquet states
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 |If we subtract the diagonal, zero
frequency terms, then the rest goes
to zero linearly with the coupling to
the environment.

* In the limit when the environmental
coupling is the smallest energy-scale,
one can derive an expression of the
steady-state occupation.

* The difference from the analytical
value of such value differs at finite
environmental coupling only at
quadratic manner.



Steady-state occupation of Floquet states
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 Flat band limit :

ly-state occupation of Floquet states

>/

i

uf VA ) A, 1, ) do
(w— e — i) (w — €5 + ivp)

« Reservoir connected at every

site:

« Weak coupling
limit:




Steady-state occupation of Floquet states

k k
5 Hv* ST @, ) d

’IL
(1’.8_2/ : Ef(erq

 Flat band limit :

. k .
— o) (W — €3 " T Y3)

« Reservoir connected at every

site: 11 1
: - _ﬁ—)\ Z A (2n+1)em +
« Weak coupling ner (W —pt) — B
limit:

Occupation of Floquet states: [ﬂa = Z fr(ea + kQ — ) (ul [ul) J
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Steady-state occupation of Floquet states

No = Z fr(€a + kS — ) (ulP)|ulP))

keZ

* Incorporates relaxation due to particle tunneling to and forth the reservoir.

* Josephson current : In terms of quasi-energy and occupation

~
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Steady-state occupation of Floquet states

na =3 frlea+kQ— p) (P [ul®)

keZ

* Incorporates relaxation due to particle tunneling to and forth the reservoir.

* Josephson current : In terms of quasi-energy and occupation

!ura ant ufl’ |d Hs‘u“ﬁ( )>

T
% A dt (o (1) (D Hs) ua (1))

1 [t , : ;
=7 | wa010 (Hslua 1)) = (o (Ol s pua(®) - = Oy



Josephson current

_ . 1 [T .
J(pr) = ({(Js)) = T /{; dt(Js)(pr,t) = chx(ﬁr)a@f-a

X

[nﬂ: - Z fr(€a + kQ — ;) <U£f) ugf}ﬂ

keZ

If the chemical potential of the lead is integer multiples of FMF quasienergies,
then most of theContribution to the current is from the FMF states themselves.



0.2

0.1

LS—A (5/wJ

o---0 d;/wy

Fv oy v
vv-‘*v__‘-‘* - ,_'_VJF‘F
B -
L -® N‘-o,_
booo® ®oee
---¥ —(SJ/’[;UJ
*---o 75/?1}]

0.2

0 05 1.0 15 20

¢

0.1

Ajumpatp =mn

)
®) -

L— 5/10]
o---0 05 /wy
0.4
B-O-o. O
i OO'O'Q ,UOOD—G 0.3
o, o

". ‘“.
;-...".’ “‘...‘. i 0.2
0.1
A alninink 4 —6J/WJ I
o-—e —d/wy r
L R N T R L0

0 0.5 1.0 15 2.0

¢



0.2

0.1

Ajumpatp =mn

nﬁ(Q/OZ)S
K 0.2F :
(a) —n 0/wy (b) —a 0/wy
I o-=-0 0;/wy i o---0 ds/wy
E:-O-O-O'O'O 'O'O'O-_g_ooo OOOOO- 0 1; 0.4
heptete 05105 ’A'A.A'A- ﬁﬂmﬁ&ﬁ'ﬂrﬁﬁﬁ. L
?-O.O.OO'O'O 0'0000—0" 0.3
o, o
~Q, oy
L Ol-l-l-l-l-l--l-l-l-g—:!i-l-l-l—l—l—l—l—l--
J"’ “\
;_.,.'.'.’ “.—.‘.v j 0-2
F-V-V—v-‘,'_v_.“‘* v-"*'_v*'—' i
B Jt%‘ —01 L
;....—."..' ..".'.-..' O.l
| A glabil 4 —(SJ/’[UJ F——— —6J/WJ :
o-—-e —d/wy o-—e —d/wy r
L R T [ -0.2LC R I ;O
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0

* For a small system size, the FMF at
the junction (J ) never interchange

occupation
at ¢ = .




0.2

0.1

a—n 0fwy

(a)

o---0 47 /wy

F¥vy-vy v v-v¥ v
¥y ¥ v
>~ tv-

B -

L _...,r‘ %“‘
oo ®oee
v-—v =05 /wy

o-—-e —d/wy

E)-O-O-Q Fopeles
O
F Cogn o©

0.2

0.1

Ajumpatp =mn

F——— —5J/'lUJ
*-—-o fé/fw[]

N (2 /02)5

7(b) a—a 0wy .

i o---0 d5/wy
04
?-O.O.O.O'O.O 'O.O o 0.3
*o,O.O &°
0.—l—!—'—!*:::—:—‘*:::i—l—.—.—‘- 7

0.1
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observe that the n-FMFs at the
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6, exchange their occupation
probability at ¢ = m and this results
in @ jump of the Josephson current.
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* For a small system size, the FMF at

the junction (J ) never interchange
occupation
at ¢ = 1.

For a larger system size, we
observe that the n-FMFs at the
junction with quasienegies £Q/2 F
6, exchange their occupation
probability at ¢ = m and this results
in @ jump of the Josephson current.

How much the difference will be,
that is determined by Fourier
components of the Floquets states
of the FMFs.



Summed occupation difference
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 Thus the current has a some of only negative quasienergy states.



Summed occupation difference
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 Thus the current has a some of only negative quasienergy states.

* Lets look at 'summed occupation difference’:

N
vE = Jim 3 (e (e + Q) = e, (i + 5O)

N — o0
k=—o0
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 The "summed occupation difference’ has a rather interesting form
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Summed occupation difference

 The "summed occupation difference’ has a rather interesting form

2%{/ dt(ue (t)|H (t)uq(t)) - lim Z [fre pr = k) = fr(—e—pir— m)]

N—)oo
— 00

g

—

An "winding’ in time phase

.

Goes to zero for FMF states!

arXiv:2301.0
7707



Summed occupation difference: FMF cases
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Summed occupation difference: FMF cases
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« The "summed Josephson current’
T () = 35 J (o + kQ) ~ vf 92

« Similarity to the static-system’s current

Jstat = ag—;ff X w?, (w% cos?(¢/2) + 52)_1/2 sin ¢



Sum-rule: Josephson current

« The "summed Josephson current’
T () = 35 J (o + kQ) ~ vf 92

« Similarity to the static-system’s current

Jstar ag—;ff x w4 (w% cos?(¢/2) + 52)_1/2 sin ¢
« With relevant energy-scales are dictated by details of the driving (and assisted
tunneling)”

Jp ~ %65 x w3 (0% cos®(¢/2) + 52)_1/2 sin ¢




Sume-rule in current: robust against small (static) disorder
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For more information -

arXiv:2301.07707
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Summary

When floquet systems are weakly coupled to the fermionic bath, the sum of
Fermi functions gives the occupation probabilities of steady states.

This leads to an exciting form of a summed occupation difference for particle-
hole pairs of excitations.

Leading to a ‘sum-rule’ expression of Josephson current, reminiscent of static
MF mediated Josephson current, and especially recovering the jump at phase
difference ¢ = m.

These signatures are robust again weak disorder and small temperature.

For more information - arXiv:2301.07707



Thank You



Thank You



Quantized zero-bias conductance

2

* Two terminal transport signature of FMF :

c-hle*

« Summed conductance is quantized :
Essentially takes into account emission
and absorption of integer quantas of

energy in multiplication of the frequency R e .
by the stead-states. Viw
limy,0,40/2 2., o(p+nQ)=0(0,£0/2) = 2¢?/h

2T

(G)ais - hfe?

0.5 05 0
V/Q

05
PRL (2013), PRB(R) (2020)



Steady-state occupation of Floquet states
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PRX 5, 041050 (2015)



Steady-state occupation of Floquet states
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Bloch Momentum Quasi-energy
—rm/a<k<m/a —n /T <€, <m/T




