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Introducing the creation/annihilation
operators

Let &&T be the creation, and &, the annihilation operator in the Floquet state in the reservoir
«. By definition they are anti-commuting:

(@3 (EYalp (E') ) = 6458 (E = E) fo (E)

Where the f,(E) is the Fermi-distribution function.

: Q I L
Assuming, that % « 1 and the oscillating potential is small eV, << E, we can say, that the
scattering of any sub-band of the Floquet state is independent of the scattering of other sub-
bands.
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Introducing the creation/annihilation
operators

If the I/, potential is present in the reservoir, but it is absent in the lead, we can describe the
electron in the lead with a wavefunction with fixed energy.

This way we can define the c?:r{and the @, creating and annihilating operators in the lead in
state ch((m) as the terms of the &&T and @, operators.

—~ Pk &
ds(E) = Z e M J (e ) a’ o (E — mhQ))

Q0

S V. \ -
GLEEy = % e, (; QO) @' (E - nhQy)
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Introducing the creation/annihilation
operators

The anticommutator of the mentioned operators

(&} (E),a, ()} = ) > g, (;Qo> e (;_KQ

n=—00 Mm=—00

x{d/y (E = nhQ) , d'g (E' = mhQ) |

l=n—-m

N\

V.,
=5, Ze’¢“lé (E - E' - IhQY)) ZJ (m) (;Q)
> = 0 0

= up Z e'%!5 (E — E' — IhQ) 610 = 6ap0 (E - E')

[=—c0




Distribution function for incoming
eletrons in the lead

We calculate the distribution of electrons in a lead:

oo
el,

o (B) = (@}, (B)au (B)) = > J; (th) for (E = nii€0)

n=—00

And using this distribution we can calulate the electron current from the reservoir to the

scatterer: 00 00 o v
. e ~ e €Va
It = / dE fo (E) =~ / dE ) J; (mo) Jo (E = nhQ0)
0 0 =0

e - eVa @ r
_ —ZO/dEfa(E) S (mo) _—ZO/dEfC,(E)
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Introducing the creation/annihilation
operators

Let Bl be the creation, and b, the annihilation operator of the electrons scattered in the lead a.

We can express these operators in the terms of &&T and @, .

N, 00 (%)
) e e & _— Vs \ -
ba (E) i > v > il L SF,a/é (E’ E"') e—l(n e )¢6Jn,+p, (:l_gz((s)> ol (E—P')

0=1 n'=—o0 p’=—c0

N, 00 00
; 3. B N g i eVy\ ot
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Introducing the creation/annihilation
operators

These operators are also fermionic operators, and are anticommuting:

(ee)

N, N, = = =
{ZA):‘, (E),ZA?ﬁ (B')}= yz y: y: yj y: y: D)y i +p )5

’y=l o=1 n=— p=—00 n'=—co p’:—oo

ev. eV(5 % '
XJn+p <h_g£)) Jn’+p’ (h_QO> SF,a/y (E, En)SF,,B5 (E ,En/)

",T 5 ’ ’
x{a@'} (E - ph), @', (E' - p'i€) |

Using the equation: {cf’; (E — phg))) ,5’3; (E' - p’hQO)} = 0,50 (E —E' + (p' - p) hQO)
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Introducing the creation/annihilation

ope rators
N, 00 00 00
(BL(E).By (B)} =3 3 6(E—E +mi0) 3 3 iy (EE
y=1 m=—oc0 n=—00 k=—00
, el eV
xe k¢ySF,,By (EmsEni) q_Z_OOJ (hQ ) Jg+k (h_Q)(/))

Using the properties of the Bessel
functions and the unitarity of the
Flocquet matrix

{bL(E). by (E')} =6 (E — E") bap




Distribution function for scattered
eletrons in the lead «

We can calculate the distribution of scattered electrons:

N, o 00
" (E) = Sj >: x Say (B En) Say (E, Ey) gl

vy=1 n=—con'=—o00

eV,

X Z Jn+p (hQ()) n+p (hﬂ ) Sy (E — phQ)

p=—00

Taking the conjugate of this function, and replacing n — n’. We can see, that this function is
real.
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Calculating the AC current

Using the already known equation fot the current:
(o]

I, (w)=e /dE {b} (E)b, (E + hiw) - a (E) a, (E + hw) }

0
And substituting back the creation and annihilation operators, we get:

e N, 00 00
Ia/,l = % / dE > : > : > : ei(n—n’—l)d)y S:;y (E, En)Say (El, En’+l)

0 y=1 n=—ocon’=—o00

V. V.
<3 ey (;—Qj)) Ry (}%}) £, (E - phQo) - 6 (E)}
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Calculating the AC current

We can transform the last equation in a form, where we can see the diference of Fermi-
functions, using the equation for Bessel functions:

Z In(X) Jn+q(X) = 040

And we get: _
e N, 00 00 00
e i(n—n'—
o = 5 [483 3 (B - phn)- (B} 3 3 e
0 — =—00 n=—00 n’=—00

* el. el
XSG’Y (E, En) Say (E1, En+1) Jn+p (h_f;(/)> Jn’+l+p (h_Q)(/))

12
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DC current

We can study the DC current as a specific type of the AC, where [ = 0.

First we express the Floquet scattering matrix in terms of the scattering matrix:

Say (Es En’) = Sout,ay,—n’ (E) . S;y (E9 En) = 8§ (E)

out,ay,—n
After this we can get:

' & .
o = 5 [dES Y {(E-ph20- 4(B)}
0 y=1 p=—c0

—ih! fdt’eV(t’)
X (e - ' S out,ary (Ea t)>

p
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DC current

Using the following assumptions,where dF is a characteristic energy scale over which the
stationary scattering matrix changes significantly.

QY
eVl < Ny < 0E, VB and @ = S5 S 1
We can expand the difference of Fermi functions:
~0f p* (hQy)* 8* f;
E — phQ)y) — E) = hQn +
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DC current
We can expand the current in three parts:

loo = Igg™ + Iog" + Ipg)

Where:

° -Iépglmp) is generated by the dynamical scatterer in the absence of an oscillating bias;

-Igg“) Is due to rectifying of ac currents, produced by the time-dependent potentials, onto the

tirﬁe—dependent conductance.
. _I(int)

a0 isdue to a mutual influence (an interference) between the currents generated by the scatterer

and the currents due to an ac bias.
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Pumping and rectifying current

The pumping current was already defined as:

—z—/dE( aﬁ(E))/T (S(E z)aST;tE”))

So, now we define the rectifying current as:




_Interference” current

The ,interferece” current can be defined as:

00 T
2 Ny
inty _ € _% ﬂ
w = < [ar(-2) DT
0 0 =

% 1 E
X (2thR€ [Say-Aa/'y] .2 ip {SaySa)’}>

While [(P¥"P) js proportional to Q, and 1("¢%) is proportional to j,, the ,interference” current
depends on both values.
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Properties of diffrent type currents

(pump)
a,0

As we already know, the |
invariant.

is zero if the the frozen scattering matrix is time-reversal

The Iggc) is absent if the potentials of all the reservoirs are the same, because we can calculate
this current in the following form, where G, (t) is the element of the frozen conductance matrix.

J

Jree) — / ?éGM () {Vy () — Vs (t)}

0
And even if there is no potential difference or the frozen scattering matrix is time-reversal

invariant, the ,interference” current still exists.
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Thank you for your attention!
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