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| Introduction

T temperature

electron repulsion on molecule
{Ug} coupling to external bath modes
M vibronic coupling on molecule
molecular orbital energies

W molecular orbitals

® molecular vibrational frequency

I spectral density (electron-lead coupling
E
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| Introduction

o Timescale — BO
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| Experiments

Metal enhanced fluorescence (Cy5 on Ag)
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Experiments

Intramolecular photon emission in STM
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| Experiments

SERS of molecules on nanoparticles
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Experiments

Slmultaneous Raman and conductlon
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| Experiments

Heating detected by Raman
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| HOMO-LUMO model

» Absorption line shape of molecule in biased
junction

» Light induced current in molecular junction

Fluorescence from current carrying
molecular bridge

o Current from electronic excitations in the
leads

o Raman spectroscopy of biased junctions

Phys. Rev. Lett. 95, 206802 (2005); 96, 166803 (2006)
J. Chem. Phys. 124, 234709 (2006); 128, 124705 (2008)
Nano Lett. 9, 758 (2009); J. Chem. Phys. 130, 144109 (2009)



| HOMO-LUMO model

Fluxes considered

» electronic current
through the molecule

2
|2> o energy flow between
the molecule and
L _— R electron-hole
1> = excitations in the
leads

o Incident or emitted

photon flux I



HOMO-LUMO model
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| HOMO-LUMO model

Fluxes considered

» electronic current
through the molecule

» energy flow between
the molecule and
electron-hole
excitations in the
leads

o Incident or emitted

photon flux I



| HOMO-LUMO model

Fluxes considered

» electronic current
through the molecule

o energy flow between
ph the molecule and
electron-hole
e —— —— excitations in the
© leads

# Incident or emitted

photon flux I



| HOMO-LUMO model

H = [:[0 - V
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| HOMO-LUMO model

SE due to electron tunneling
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| HOMO-LUMO model

SE due to e-h excitations In the contacts
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| HOMO-LUMO model

Projections
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| HOMO-LUMO model

Simplified version when e9; > I’ 5
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| HOMO-LUMO model

SE due to coupling to photon field
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| HOMO-LUMO model

NG5 (E + w,) 0
0 (14 No)G1i (£ — wa)

Ny = 1 for pumping mode (absorption flux)

N, = 0 for absorbing modes (fluorescence) I



| HOMO-LUMO model

Simplified version for emission flux when

91 > FLQ
, _TLQ O_
N5 =
p = ivp(ea) 0 0
T
N5 =
P ypEa) | g

where vp(w) =27 )

9
VOSP)| 0(W — Wa) I



| Flux expression

I — /_ : % T IS,<(E) G (E) — 57 (E) G<(E)

with B0O =. ..

o P0,22 or minus PO, 11 for absorption flux
o ML or minus M R for current through the

junction

o P 11 or minus P, 22 for fluorescence



| Absorption line shape

General expression

T dE
]abs(wO) — / % [220,22(E) G2>2(E) o 2?’O,22(E1) G2<2(E)}

Simplified version (Lorentzian)
® ¢ < up g < e (low bias)

#® coupling to the photon field is weak

® [y <K e, le12— Ep|




| Absorption line shape

(x10")

ol go91 = 2 eV
Yp = 1076 eV
T =300 K

By = By =0.1eV
FML/R,l — 0.01 eV
FML/R,Z = 0.2 eV

| .os (Photons/s)

N

2
wp (eV)

partial population of LUMO (HOMO)

distortes the Lorentzian shape I



| Light iInduced current

#® Radiation field in resonance with
the molecular optical transition

#® Molecules with strong charge-transfer transitions

o DMEANS (4-Dimethylamino-4’-nitrostilbene)
7D (ground) — 31D (first excited singlet)

» all-trans Retinal in Poly-methyl methacrylate films
6.6D — 19.8D (!B, electronic state)

s 40A CdSe nanocrystals 0D — 32D (first excited state)

If optical charge transfer is parallel to the wire axis

optical pumping — charge flow between the two leads I



| Light iInduced current

General expression

La= [ ST IS5(B) 67 (B) - S (B) G()]

— 00
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| Light iInduced current

(x10™%

wo (eV)
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| Light iInduced current
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| Fluorescence

Light emission from STM junctions
» e excites surface plasmon which later emits

» time-dependent potential of a tunnelinge —
electronic excitation of the molecule —
fluorescence

# current carrying situation with excited state
formed with a finite probability —
photon emission. ..
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| Fluorescence

Frequency resolved spectrum
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| Fluorescence

When coupling to radiation field is weak and I'; ; < 93
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| Fluorescence

When in addition py > 9 > €1 > ug
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| Fluorescence

Conditions for the higher yield here

I'vir2 < L'mra U'nvina <Dyro

are opposite to the light induced case

Unvipail'amrr2 > Uyp ol vra

Light induced current Fluorescence
L R L R
+ 3 ’ . 1 +

| 2 2 | I

® 1 —0— —— : | O




| Fluorescence

T =300 K
go1 = 2 eV

'nvgom = 0.1V

vp =10"% eV

By = Byp =0.1eV

emission and

e-h excitations

compete for the same
LUMO — HOMO transition




Fluorescence

Fermi population features in the lineshape

(x10%)
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| Fluorescence

Linewidth IS more sensitive
to 'y than By since

I'vi = Bnyno
I'no = Byl|l—nq]
while
1—n],n0 < 1
for low bias
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| Fluorescence

® = (I)L/(I) =
I'nigm/U'm = BNr/BN

— 7=0.50
= Zig:gg ® 7 — 1 no emission
(either LUMO is empty

or HOMO is full)

‘ ® Fluorescence in STM
/ ......... ® should fall at the
T molecule-substrate

Interface
Spacers reduce energy losses into substrate (By)

But enable light emission at the molecule I




| Current from e-h excitations

| 1>

MR

MG, A.Nitzan, M.A.Ratner, PRL 96, 166803 (2006) I




Current from e-h excitations
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| Current from e-h excitations

Fluxes considered

e |2> .
‘ e ® electronic current

through the molecule

1> #» energy flow between
v the molecule and

electron-hole excitations

In the leads
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| Current from e-h excitations

H = Hy+V
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| Current from e-h excitations
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| Current from e-h excitations

For strong bias (e.9. ugr < g1 < g9 < ur)
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| Current from e-h excitations
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| Current from e-h excitations
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| Current from e-h excitations




| Current from e-h excitations

Molecules with strong charge-transfer transitions

® DMEANS (4-Dimethylamino-4’-nitrostilbene)
7D (ground) — 31D (first excited singlet)

# all-trans Retinal in Poly-methyl methacrylate films
6.6D — 19.8D (!B, electronic state)

® 40A CdSe nanocrystals 0D — 32D (first excited state)

If charge transfer is parallel to the wire axis

e-h excitation — charge flow I



| Current from e-h excitations
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| Current from e-h excitations

Distance dependence



| Current from e-h excitations
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Raman Spectroscopy
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| Model

H = f, 1+ V=) 4 pen 4 jr=b) 4 jrle=h) 4 {rle—p)

o 1/(e=v) glectron-vibration interaction
s V() electron transfer
o V(b thermalization of vibration

A

s V(") energy transfer

o V(7 coupling to radiation field

Nano Lett. 9, 758 (2009); J. Chem. Phys. 130, 144109 (2009) I



| Model
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Coupling to the laser field

s =3 {Uw)ﬂ dyiin + Pt Jl}

0
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| Raman flux

Photon flux from mode « into the system

d
dt

t
— _ / dt' [E=(t,t) G2 (U, 1) + G (t, 1) E=(t, t)
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| Raman flux

Scattering-theory on the Keldysh contour
» One pumping mode 1
o Empty final modes {f}

Steady-state photon flux to a final mode f

Jr = /+OO d(t —t") Fy(t' —t)Gr(t 1)

m ]



| Raman flux

2" order perturbation for Gy (t—t)

In coupling to the initial mode ¢

+00
J@'_>f :/ d(t—t/)/dTl /dTQ Ff(t/—t)E(Tl,Tg)

O

x < T.OL(t") Os(t) O (1) Oi(1) >

we have 5* = 625 channels (different O)
we have 3 x 3 = 9 diagrams (positions of ¢; and t,)



| Raman flux

Choice of diagrams on the Keldysh contour
» 1 IS pumping mode populated by one photon
F=(t) — ty) = —ie ilhit2)
o f are accepting modes not populated
F7(t —t) = —ie ™10

o only rates are of interest
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| Raman flux

+00
J = / d(t —t') / dty / dts
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| Raman flux




| Raman flux




| Molecular Raman

€0 — €1 = 2 eV

normal  Raman




| Molecular Raman
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| Molecular Raman

x10
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| Molecular Raman
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| Molecular Raman
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| Molecular Raman

I',(eV)
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| Molecular Raman
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Molecular Raman
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| Metal-to-Molecule

J.R.Lombardi et al. JCP 84, 4174 (1986)



| Metal-to-Molecule

Origin of the (metal-to-molecule) peak

/ dE; / dE, 3 SYOS(E)) G2 (Ey)
Errvit By + wyvi, — By — w,v! + il'e=h) /2

At ur, = ngr = Er and for T' — 0 integral on £, yields

\/(EF — By + wy(vin — V') + 1) + (T(e=1) /2)?
D

In

where D is leads half-bandwidth. This gives a peak at

= Fy — Er — wy(vs, — ) I



| Metal-to-Molecule

Increase in I's
eliminates
the peak
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| Metal-to-Molecule
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| Thanks!
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