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Open system

Central system
Non trivial geometry → complicated spectrum
Coulomb interaction, exact
Photon cavity - para- and diamagnetic interaction, exact. . .

External leads, electron reservoirs
Geometric coupling

External magnetic field
Non-Markovian, memory effects, time-evolution
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Approach

H (t) = He + HCoul︸ ︷︷ ︸
diagonalize+cut

+HEM + He−EM

︸ ︷︷ ︸
diagonalize+cut→HS

+HLR + HT(t)

︸ ︷︷ ︸
project on system(HS)→GME
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e-EM coupling
Full electron-photon coupling∫

dr ψ†
{

1
2m∗

(
−i~∇+ e

c [A + Aext]
)2
}
ψ

=
∫

dr ψ†
{

1
2m∗

(
−i~∇+ e

c A
)2
}
ψ

− 1
c

∫
dr j ·A− e2

2m∗c

∫
dr ρA2

= He + He−EM

j = − e
2m∗

{
ψ† (πψ) +

(
π∗ψ†

)
ψ
}

ρ = −eψ†ψ, π =
(

p + e
c Aext

)
Viðar Guðmundsson (RH) Exact time-evolution 2014-09 5 / 20



Central system, generic type
Finite parabolic quantum wire Lx = 300 nm
GaAs parameters

External perpendicular magnetic field, B = Bẑ
Confinement energy in y-direction ~Ω0 = 1.0 meV
Semi-infinite leads in magnetic field, parabolic y-confinement
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Single cavity mode

H 0 =
∑

i
Eid†i di + ~ωa†a + 1

2
∑
ijrs
〈ij|VCoul|rs〉d†i d†j dsdr

+ Ec
∑

ij
d†i dj gij

{
a + a†

}
(1)

+ Ec

(
Ec

~Ωw

)∑
i

d†i di

{(
a†a + 1

2

)
+ 1

2
(
aa + a†a†

)}

H0 =
∑

µ

|µ)Ẽµ(µ|+ ~ωa†a + gEM
∑
µνij
|µ)〈µ|V+d†i djV|ν〉(ν| gij

{
a + a†

}
+ gEM

(
gEM

~Ωw

)∑
µνi
|µ)〈µ|V+d†i diV|ν〉(ν|

{(
a†a + 1

2

)
+ 1

2
(
aa + a†a†

)}

|µ)⊗ |Nph〉 −→ |µ)e−EM︸ ︷︷ ︸
diagonalization
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Energy spectra, leads, e-EM central system x- and y-pol., ~ν = 0.4 meV, B = 0.1 T
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Opening the system to the leads → GME

Weak coupling to leads

Non-Markovian

Memory effects

P = ρLρRTrLR

H l
T(t) =

χl(t)
∑

q,a

{
T l

qad†qlca + (T l
qa)∗c†adql

}
Reduced statistical operator
ρS(t) = P{W (t)}

Liouville-von Neumann equation

Ẇ (t) = − i
~

[H (t),W (t)] = −iLW (t)

〈A(t)〉 = Tr{W (t)A} = TrS{ρS(t)A}

i~ρ̇S(t) ≈ LSρS(t)︸ ︷︷ ︸
closed system

+ 1
i~TrLR

{
LT(t)

∫ t

0
ds e−i(t−s)L0LT(s)ρLρRρS(s)

}
︸ ︷︷ ︸

dissipation, memory
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Coupling Hamiltonian
Contact area

Coupling tensor with sensitivity to geometry

T l
aq =

∫
Ωl

S×Ωl

drdr′
(
ψl

q(r′)
)∗
ψS

a (r)gl
aq(r, r′)

Nonlocal overlap

gl
aq(r, r′) = gl

0 exp
[
−δl

1(x − x ′)2 − δl
2(y − y′)2] exp

(
−|Ea − εl(q)|

∆l
E

)
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Basis transformations

Transform the coupling tensor into the Coulomb interacting many-electron
basis {|µ)} and the electron-photon basis {|µ̆)}

T̃ l(q) =W+V+T l(q)VW,
(
T̃ l(q)

)∗
=W+V+

(
T l(q)

)∗
VW

and the rest of the Hamiltonian after each diagonalization

Fock space construction and truncation schemes

Step by step guide
http://hartree.raunvis.hi.is/~vidar/Nam/TE/GME-1.pdf

http://hartree.raunvis.hi.is/~vidar/Nam/TE/GME-2.pdf

http://hartree.raunvis.hi.is/~vidar/Nam/TE/GME-3.pdf

http://hartree.raunvis.hi.is/~vidar/Nam/TE/GME-4.pdf
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Specific central system, embedded parallel dots

Spin

Parallel dots

~Ω0 = 2.0 meV
~ω = 1.0 meV
gEM = 0.2 meV
g = 0.44

36 SES, 120 MES

120 MBS
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Properties of the closed system
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Electron transport, charging empty system

Viðar Guðmundsson (RH) Exact time-evolution 2014-09 14 / 20



Multi-photon processes

Viðar Guðmundsson (RH) Exact time-evolution 2014-09 15 / 20



Spin
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Multi-photon processes
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Time-dependent charge
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Photon attenuated and assisted transport

Thorsten Arnold, http://arxiv.org/abs/1209.2888
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Summary

Non markovian time-dependent electron transport
Weak lead-system coupling – strong coupling to a cavity photon mode
Numerically exact Coulomb and one-photon-mode interaction
Finite bias, beyond linear response
Geometrical effects, external homogeneous magnetic field
Many-body correlations of photons and electrons with spin
Freedom in choosing initial states
Parallelization for CPU’s, but difficult for GPU’s
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