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Qui et al. PRL 92, 206102 (2004): Vibronic States in Single Molecule
Electron Transport (copper phthalocyanine on NiAl(110) and Al,O,)
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Total Energy of the Molecule
and Charging and Discharge

E(N) - E(N-1) > p
discharge: N -> N-1

<

E(N+1)-E(N) > u
charging: N -> N+1
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IV Characteristics and the Influence of IVR
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and right (R) electrode.



IV Characteristics and Optical Excitation
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transmission channels. state in between two leads.



Inelastic Charge Transmission
through Single Molecules

- perturbation theory with respect to the electron vibrational
coupling
-> Lehmann, Hanggi
-> Nitzan, Galperin

- nonperturbative account of electron vibrational coupling
-> Petrov, Hanggi
-> von Oppen
-> Wegewijs
-> Thoss, Domcke

- nonequilibrium molecular vibrational states
-> von Oppen
-> Wegewijs



FORMULAS FOR THE CURRENT

NGF Expression

F= ] b $5() &) — () G7() )

Landauer expression including molecular vibrations
[L—>R = 47T‘€| /dQ dQ fFermi(hQ_,uL>[1_fFermi<hQ_UR>] MZNf(th)5(Q+wN—Q—wM)

x = P () (x| G (2 + wan) [ xarpe) T () (x| G (€ + wn) [ xvepa)



ELMAR'S APPROACH — Chem. Phys. 326 (2006) 151

Multi-electron distribution P, = {a| trg{p>B)(t)}|a)

Multi—electron lead—molecule states

@) = 11 [Nries) x [M(NV)) x q%,\NRqsO

Balance-like equations 2P, (t) = — » (Kot Pa(t) — Kp—oPp(t))

Basic approximation

P, (t) ~ kHS P(Nixs,t) x P(M(N),t) x 11 P(Npqs,t)

q,s’

Single electron distribution

Prxs(t) = ¥ NrxsP(Niks,t)

Niks=0,1



Control of Charge Transmission
by External Fields

- strong field modulation of excess electron levels
-> Lehmann, Hanggi
-> Kleinekathoefer

- radiative transitions in the charge transmitting molecule
-> Hettler, Schoeller
-> Kirczenow
-> Wegewijs
-> Nitzan, Galperin

- optical excitation of the charge fransmitting molecule
-> Nifzan, Galperin

- radiative transition in the charge transmitting molecule
-> Nitzan, Galperin



Generalized Rate Equation
Approach



THE MOLECULE-LEAD MODEL

Total Hamiltonian

H = Hyol + Hivr + Hr + Hield(t) + Hiead + Himol—lead

Molecular Electron—Vibrational Part

Hmo — Tvi "|_Ua a a — h o \I]oz \Ijoz
1 NE(N)( b ) (@) Do) (Da()] a:N,%:(N),V Ea|Va) (Yol

Intramolecular Vibrational Energy Redistribution

IVR
Hyyg = I Va<<N) (@, Z)|@a()) (Pa(i)

(NV)

Coupling to External Time—Dependent Fields
Hiea(t) = —E(t) 1



L ead Part
- 4
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Molecule—Lead Coupling 1 — Single Electron Exchange
1
Hélgl—lead

- Vi (a(N +1),b(N), ks)axis|dq
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Molecule—Lead Coupling 2 — Electron—Hole Pair Exitation

H o Vi (a(N),b(N), k, qs)atr.axqs
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GENERALIZED RATE EQUATIONS

Population of the Electron—Vibrational States
P.(t) = tr{IlIl,PW(t)}

Projection Superoperator ) o A
P...= %} M/IeadRRHatr{Ha---}

Projector on the Electron—Vibrational States

Mo = | Xa)u) [ Pav)) (Ban)| (Xa(vyul = [Wa) (W]

Generalized Rate Equations

;Pa@) = %ZodﬂKa_)ﬁ(t, Z>P0d<£> — Kﬁ—wd(t? apﬂ@))



Transition Kernels o #

Kol 1) = —0(t — Dr{({1, V() x Uo(t, D)V (D), Wieaa A1)}

72
Time—Evolution Superoperator
Uo(t, 1) = T exp ( — z't/thQaT))
Absence of Time—Dependent External Fields
Koal) = —ptr{({13, V) x Golw)(V, WiestRlla) }
= 002 Kgn(w) + (1 = 0p.a) Kapw)

Rate Expression with the Complete Green's Superoperator
1 A N A & ~ &
Lga(w) = —ﬁtr{(ﬂg, V(t)) X G(w)(V, Wiaa Rrlla) - }

l 0, =0 . 5
i S~ L+ L - L

Kop(w) = Lag(w) —



THE CURRENT FORMULA

Nonstationary Current through Lead X

0, oo _
Ix(t) = —lel 5 tr{W (1) = aaxie} = el S [ ik x(t,DPu(D
»S 0

Current Kernel

7} A A A A
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SEQUENTIAL CHARGE TRANSMISSION

Stationary Current

87

](stat) _ ‘6‘ %; Ka—>X<W _ O>P(stat)

Stationary Limit of the Generalized Rate Equations
V= %u{a—ﬁ(“} = O>Po<48tat> — K olw = O>Pﬁ<8tat>>



IV Characteristics
and the Influence of IVR
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IV CHARACTERISTICS AND THE INFLUENCE OF IVR

single reaction coordinate model
neutral state of the molecule: I,
singly charged state of the molecule: P,

Stationary Current
[ =17 — k(mol—lead) P k(mol—lead) J2
= I, = 2le| MZV L, Ou—lu ou(t — 00) — 2le| MZV L, lv—0pu 1v(t — 00)

Molecule—Lead Transfer Rates

mol—lea 47T
ko™ = | Ot xon) [P X Nae(e(1p, 00)) V(1 0, (1, 00)) P [1— fe(he (1, Ov) —pux)]
Rate of VR

IVR
ké(w)),ﬁauv)u = |m(au, CW)P(U + nEapav )| JalEapar) + M Eavap) Ja(Eavap))

Relaxation Time Approximation

0 1
(apauhw{ = ———{ Poy — fin(liway) ;Pcw}

TIVR



PARAMETERS

hélo — Mo = 100 meV

broad-band approximation  Nx(Q)/h =N /h=10/eV  V =10 meV
I'=7aN|V /h|* ~ 3 meV

symmetrically applied voltage  ur = po+ |e|V/2 and pg = po — le|V/2
PES  U,(Q) = hwyin(Q + 290)*/4  hwyi, = 50 meV
Reorganization energy  E) = hAwyipbAg?

Ag=1= E) =50 meV

Rate of IVR

EOVR), = Syt (1 + Dn(wwin) Ja(wrin) + Gu 1 1+ n(wyin)]Ja(wein)
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IV-characteristics for a bilinear coupling
model of IVR and for E R = 50 meV.
Variation of J.
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IV-characteristics for a bilinear coupling model of IVR at k,T=1 meV and for

E, = 450 meV (Ag = 3)

Left panel, dotted line: instantaneous IVR).

Right panel: full line identical with dashed--dotted line of the left panel, other lines:
relaxation time approximation with 1/7,, = J.

Dashed line: hJ = 1 meV, dashed-dotted line: hJ = 10 meV



IV Characteristics
and Optical Excitation
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IV CHARACTERISTICS AND OPTICAL EXCITATION

single reaction coordinate model
neutral state of the molecule: Fy,, and Fy,
singly charged state of the molecule: P4, and P,

Stationary Current
mol—L mol—L mol—L mol—L
[ = 2‘6‘ %/ ([k(()guﬂlg)z/ - kégu—ﬂe)u] POgM<t> + [k‘(()e/qt—ﬂg)l/ - ké)eu—&e)u] P06u<t>

mol—L mol—L mol—L mol—L
_[kgguo—@g)u + kgguo—@e)u] Plgv<t> _ [kgeuo—@gzﬁ + k%euo—ﬂem Pleu<t>>
Optical Transitions
YNa pu,Nbv

k(OPt)
2
Wo — 5Na,u,NbV)2 + YNap,Nov

Na p—Nbv — Q‘QNG,Nb‘Q |<XNGH‘XN5V>‘2(

Rabi Energy hQNa,Nb = (1 — 5Na,Nb)dNa,NbE0

Decay of Excited States kE\lfl:ELNgV = E\lfum) ‘<XN€M‘XN9V>|2
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IV-characteristics at a cw-excitation of the molecule. Variation of the excitation intensity
(case of small reorganization energy upon charging, excitation in the Franck-Condon
transition region, J = 0.1 meYV). Variation of E,

full ine: E”(R) 0 =E7”(R)_1 = 0.001 meV, r” (lum) 0 =r"(lum)_1 = 0.001 meyV,
dashedline:E”(R) 0O =E” (R).1 =1meV, r™ (lum) 0 =r"(lum)_ 1= 1 meV,
dashed-dotted line: E”(R) 0O =E~(R) 1 =5 meV,r* (lum) 0 =r" (lum)_ 1= 2 meV.
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IV-characteristics versus intensity of cw-excitation of the molecule (case of small
reorganization energy upon charging) excitation in the Franck-Condon
transition region, (J = 0.1 meV, '™, = ™, = 0.1 meV, T = 0.1 meV).

Optical excitation is characterized by the Rabi energies E_R (identical for the
fransition in the neutral and singly charged molecule).
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IV-characteristics versus intensity of cw-excitation of the molecule (case of large
reorganization energy upon charging, excitation in the Franck-Condon transition
region, (J = 0.1 meV, I'"™, = ™, = 0.1 meV, T = 0.5 meV).

Optical excitation is characterized by the Rabi energies E_R (identical for the
transition in the neutral and singly charged molecule),
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