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AC CURRENT

« DC currents
« Special conditions
« Time-reversal asymmetry
« Spaftial asymmetry

o AC currents

. .Or?.ly condition: scatterer’s properties change periodically
in time

« 3 different sources of AC current

« Scattering: varying redistribution of incoming electrons to
outgoing channels

« Periodical change of charge localized on scatterer
« Bias between reservoirs
* Note: even DC bias can result in AC current



ADIABATIC AC CURRENT

Adiabatic regime: @ = aQy/6E — 0
Calculate I, from the Floquet theorem: 1, (7) = Ze“’ﬂt"‘l
Using the Fourier harmonics: f=eo

al —_/dE {Z Z S aﬁ(E En)SFaﬁ(El n)fB(En) 610]1:1(E)}

p=1 n=—0c0

We replace E, - E and » — -n In the sums, use first
order adiabatic expansion:

nhQO oS af,n
2 oL

SF,a.ﬂ(En,E) = Saﬂ,"(E) + + hQ()Aaﬁ,n + ('ZD’Z)
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ADIABATIC AC CURRENT

« Calculate the product:

n 08,4,
2 OFE Saﬁ,l+n

305 Ens E) S o (Froms E) = S5, S apton + hno{

(n+1) 055,
" 2 Bff +l aﬁn + (S‘IIB” aoBltn + Aaﬁnsaﬁn+l)} +0 (mz)

 ANd sum uUp over n:

Z S;;aB(EmE)SF,aﬁ(EH”’E) = (|SO-'JB|2)I +

H=——00

ih [ 0°Sts., 0°S, ) *
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3 PARTS OF CURRENT - 1

« We arrive in the first order approximation in Q, at the 3
mentioned terms:

L) =190 + 120 + I (1)

e First term:

o

N,
0 = 2 [ dE Y |Sapt, D) {(E) - fo(B)}
h =

0

« Exists only if there is a difference of chemical potentials
or temperatures in reservoirs (“external bias”)



3 PARTS OF CURRENT - 1

« Has to satisfy unitarity condition Conservation law
Ny
IV =0
a=1

e This is the same as for the DC current

« Conservation law justifies the separation of this term
from total current

« Association with the case of non-zero bias between
reservoirs (AT, Ay, AU,...)



3 PARTS OF CURRENT - 2

* The second term corresponds to the current
conftribution of the varying charge Q(t) localized on the

scatterer

o [ & dN,s(t, E)

D = _.2 af

19() eat/dE;J%(E) o

) _
 Where:
dNg(t.E) i S, E)  8S.4(E) ,
dE 4n {S“ﬁ(t’E) 0E  OE S“ﬁ(t’E)}

* |s the frozen partial Density Of States (DOS), expressed
in ferms of the frozen scattering matrix elements



3 PARTS OF CURRENT - 2

Sum up to all leads Charge conservation law:

Where the charge localized on the scatterer is:

o0

(@) = e/dE ZZ]%(E) dN“ﬁ(E )

a=1 p=1

0

Ofther current components should also figure in the
charge conservation, but sum is zero

Really a current due to variation of scatterer charge



3 PARTS OF CURRENT - 3

 First 2 terms were inherent to stationary scatterer
 Third term only if dynamical scatterer

[¢o)

1@ = [ dr ZJ%(E)

0

dlaﬁ (: E)

« Parfial Spectral Current Density: a flow generated by
the dynamical scatterer from lead p to lead @

dl, e \ | .
dEﬁ = (2hszoRe [Stsdag] + 5P {Saﬁ,Saﬁ})
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3 PARTS OF CURRENT - 3

« Conservation law
A N,

. dlg(t, E)
» IEM (@) =0 >y ‘;E =0

a=1 = |
« NoO infernal source of charge, only redistribution
« Spectral Current Density (sum up for all B leads):

dl, € A A
—a _Zpls§ St
ik = 7t 5 Yua
« Generated current Anomalous scattering matrix

(violation of scattering direction reversal symmetry)



EXTERNAL AC BIAS
INIING®,

« Current flowing through the dynamical scatterer due to
reservoirs biased with periodic in fime potentials

Vap(t) = Vap(t +7T) = Vol(©) — Vp(0)

« Generated current interferes with bias induced current,
Interference Current contribution

« Let the reservoir potentials vary with same frequency as
the parameters of the scatterer

Vo () = Vocos(Qot + ¢p), a=1,...,N,



EXTERNAL AC BIAS
INIING®,

* Phase-coherent transport phenomena Spatially
uniform potentials of electron reservoirs, appears as
phase in the incident electron wavefunctions

« Suppose constant u, independent of potentials

« Schrodinger equation with spatially uniform potential
can be integrated

0¥,

=2,

= Hy ¥, + eV ()Y,

t
—ik! f dt' eV (1) _:E
lPa' — lPO,a'e - lPOE,a = € Iﬁth,a (?)
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EXTERNAL AC BIAS
INIING®,

« With the above defined potential, solution with E
energy (eV, > 0):

Vs
W y = —iLy a' § : —indy J € —inQpt
E, e h ‘pE (4 (hgo )

n=—~00

« Where we used:
C = gieVal(iQ0) sin(Qof +$0)lr =

e X sin(Qot+¢,) _ J, ( X) e—ln(ﬂof+¢a) _
"_Z_m l//E,ar (? ) - C'//E,a (7 )

 This is a Floguet-type wave function, spatial part only
depends on E, but not on sub-band number n
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EXTERNAL AC BIAS
INIING®,

* Therefore Floquet wave function is normalized as
stationary wave function

/ Pr ¥yl = [ Pr v’
X = eV /(hQ)

. Proof: ) " Ju(0) Jrg(X) = 640 using g=m-n
S ICP =1

Yol = [Wma| D D e mBY (X) S, (X)

n=—oo m=—0o

= Wral” Y @S T () Ty X)) = |Wsal’

g=—0o0 n=—oo



EXTERNAL AC BIAS
INIING®,

« The Floguet state with energy E inlead a can be
occupied by only one electron

* Ifs measured energy can be any of E, = E +nhQy
Floguet energies with probability Jz(eVa/hQO) (square
amplitude)

« Mean energy is the energy of the stationary state

o

E[¥z.] = ZE.F EiJ3+hQOZn(J§—JE,,)=E

n=—o0 n=—o00 n=1

« Corresponding Fermi distribution only depends on
Floguet energy
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