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Coupling Hamiltonian

Before opening up the system to leads we need a coupling Hamiltonian

H1t) H1t)
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We want sensitivity to geometry
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Choice of domains and “overlap”

The integration domains for the leads are chosen to be

Q, =

Or =

and for the system

The nonlocal overlap

ghy(r.r) = ghexp [ (z — ) — 8(y — /)] exp (
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Many-electron coupling

We have Téq coupling single-electron states (SESs), but we need 7;11,((1)
coupling many-electron states (MESs)

The Hamiltonian for the coupling is

HE (1) = X' (1) 3 { Thaclyda + (Th) dfcq}

qa

@ creation operator cj]l of electron in state |q) = |n!, q) in lead I

e creation operator d] of electron in state |a) in the system
o x!(t) switching function in time

@ ), is summation over n' and integration over g
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We transform the Hamiltonian

S Thachida =37 Thell) (uldalv) (v]
qa

=> 1w qz{z o1l dalv }(!
=S ey (Th(0) vl =3 (T'@) <

where we define
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The coupling Hamitonian becomes
Hi(1) =Xl(t)zl:{7l( gea+ch (TH0) "}
q
The Hamiltonian of the leads is
H' = Zel(q)czlcql
q

In equilibrium, before coupling at ¢ = 0 we have the density operator
(probability operator)

e~ BUHI—pNy)
Tr { e=AUHI—uN)}

pr=

itH! /B, —itH!/h —ite(q)/h
cq(t) = et /e o7t — ¢ mite(0)/h
and

Ty { eq(t)el, (#) } = (g = B)aee” =DM 1 — f(el(q)) }
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and
Tr, {CZz(t) (:ks(t')} = 0(q — k)dy,e TN Dr((g))

f(e'(q)) is the equilibrium distribution in lead [ before t = 0

We can transform the coupling tensor into the Coulomb interacting
many-electron basis {|u)}

~ *

T =V'T' (v, (T') =V (T') Vv

Now we need to describe the evolution of the system after the coupling to
the leads at t =0
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Coupling to the leads - Derivation of the GME

Leads coupled to system at ¢ = 0, nonequilibrium, electrons are into and
through the system. We need to solve

with
H(t) = Hg + H;, + Hg + HT(t)

Assume Hg is not time-dependent

Too large task, use projection formalism of Nakajima and Zwanzig
— time evolution of open system in presence of leads
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Projection operators

System: Hg, reservoir: Hyes = Hy, + Hg, coupling: Hp(t)

Projection operators: P = pres(0)Trpes, P=1—Q

Reduced density operators

W(t) = ,Ores-l—S(t)a Trrespres(o) =1, PW(t) = preS(O)ps(t)

Mean value of an operator A
(A(1)) = Te{W(t)A} = Trs{ps(t)A}
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Operator properties

PLg-- = LP---
PLies - ~ P [Hees, -] =0
QLTP =1-PLrP = LyP - PLTP = LrP
=0
PQ=QP =0
QLs = LsQ

Q['res = LresQ = ['res

. . t
Hr is linear in ¢y and Cql

PLP = LsP
PLO =PL1Q
QLP = QLyP

Q»CQ = LSQ + ﬁresQ + Q»CTQ
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Equation of motion

We rewrite the equation of motion as

PW(t)= —iPLPW — iPLOW
QW (t) = —iQLPW — iQLOW

and reduce to

PW(t) = —iLsPW — iPLTQW
QW (t) = —iLrPW — i {Ls + Lres + QLT} QW

Two coupled equations we solve under the condition of weak system leads
coupling
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Solution

The second equation has formal solution

:—z/ dt Texp{—z/ dt" [Ls(t") + Lres(t") + QL1 (¢ )]}
Lo(tYPW(H)

where we use QW (0) = 0, For weak coupling this becomes

QW (t) =~ —z'/ot dt’ exp {—i[Ls + Lres| (t — )} LT (YPW(H)

as Lg and L, do not depend on time
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In the same approximation an explicit solution can be obtained to the
inhomogeneous differential equation

QW (t) ~ —iLyPW —i{Lo} QW

as
QW(t) = —z‘/ot dt' Up(t — t)Lr()YPW () U (t — 1)

where ’
Lo=Ls+ Lres, Up(t) = /M

By introducing ps(t) = P W(t) and combining with the first equation we

get

ps(t) = —iLgps(t) — %PﬁT /Ot dt’ Up(t — ') Lr(t)ps(t) Uy (t — ')
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or explicitly

7

- [Hs, ps(t)]

1
- ﬁ Trres {

ps(t)

Hr (), /Ot dt' [Uo(t — ) He () U (1 — 1)

efi(tft')Hs/hpS(t/) e+i(t7t/)HS/h] } }

)

The generalized master equation (GME), an integro-differential equation
with the kernel approximated to the second order in Ht, not a Born
approximation since the integral sturcture gives terms with Hp to any order

No Markov approximation — memory effects

No assumption about equilibrium in leads after coupling

Vidar Gudmundsson (RH) t-dependent e-EM transport 2011 14 / 16



Now we use our form of the coupling Ht to obtain

7

pE) =~ (s, p(0)

2 2 [ dax (T, Qo) + hec)

I=L,R

where two operators have been introduced to compactify the notation

t :
Qu(t) = UL(t) [ ds X' ()T (s) e /MDD g ),

to

My(s) = Us(s) (T"p(s)(1 = 1) = p(s) ') UL (1),

with Ug(t) = ei(t/MHs | L — f(el(q) — )
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