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Raman scattering from molecular conduction junctions: Charge transfer mechanism
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We present a model for the charge transfer contribution to surface-enhanced Raman spectroscopy (SERS) in a
molecular junction. The model is a generalization of the equilibrium scheme for SERS of a molecule adsorbed on
a metal surface [B. N. J. Persson. Chem. Phys. Lett. 82, 561 (1981)]. We extend the same physical consideration
to a nonequilibrium situation in a biased molecular junction and to nonzero temperatures. Two approaches
are considered and compared: a semiclassical approach appropriate for nonresonance Raman scattering, and
a quantum approach based on the nonequilibrium Green’s function method. Nonequilibrium effects on this
contribution to SERS are demonstrated with numerical examples. It is shown that the semiclassical approach
provides an excellent approximation to the full quantum calculation as long as the molecular electronic state is
outside the Fermi window, that is, as long as the field-induced charge transfer is small.
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I. INTRODUCTION

Single-molecule Raman spectroscopy is by now a well-
established field of research, where surface enhancement of
the signal makes experimental observation feasible.!> Recent
advances in fabricating molecular junctions® have made
it possible to observe surface-enhanced molecular optical
response of such systems under nonequilibrium current-
carrying conditions.* In particular, surface-enhanced Raman
spectroscopy (SERS) of molecular junctions has the potential
to become an important diagnostic and control tool in the
field of molecular electronics. Together with inelastic electron
tunneling spectroscopy,’” it can provide detailed information
on the vibrational structure (molecular fingerprint) and dynam-
ical effects of a junction. SERS also is an invaluable source of
information on vibrational energy distribution in a molecular
junction.51°

Development of experimental techniques has led to a surge
in theoretical research on spectroscopy of nonequilibrium open
molecular systems. Theoretical studies on current-induced
fluorescence!'~!> and photoassisted current'®!? are available
in the literature. Recently, we’®?! proposed an approach for
describing resonant Raman spectroscopy of molecular conduc-
tion junction within a two-level (HOMO-LUMO) model for
the molecular bridge. With many experiments done far from
resonance, a natural extension is the formulation of a theory for
off-resonant Raman scattering. Another important extension is
to address the often raised issue of the so-called “chemical”
contribution, a name usually referred to as charge transfer
(CT) effect to SERS in such systems. The issue is particularly
relevant in molecular junctions, where CT is significantly
expressed in their behavior under bias.

Many studies aimed to characterize the role played by CT
in SERS from molecules adsorbed on metal surfaces have
been published in the past three decades.””>® A particularly
simple model by Persson® considers the light-scattering signal
resulting from the oscillating dipole formed by CT between an
adsorbed molecule and the underline metal as evaluated within
a Newns-Anderson—type model.?! In this paper, we extend this
theory to a molecule confined between the two metal electrodes
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of a biased molecular junction. We use a nonequilibrium
Green’s function (NEGF) technique to calculate the light
scattering from such systems and identify diagrams on the
Keldysh contour that contribute to the charge transfer SERS.
We derive an expression for the Raman flux at steady state,
thus generalizing the theory of Ref. 30 to nonzero temperature
and current-carrying conditions. Our results become identical
to those of Ref. 30 in the equilibrium zero-temperature limit.

The problem of Raman scattering from a molecule in a
metal-molecule-metal junction is associated with two fun-
damental issues. One is the electromagnetic response of
the junction, specifically, one needs to relate the incident
electromagnetic field to the local field in the junction as well as
outgoing radiation to the time-dependent charge distribution
in the junction. The other is the evaluation of the transport
properties of the junction and the time-dependent charge
distribution in the junction in the presence of the combined
driving by the dc voltage bias and the local time-dependent
electromagnetic field. Here, we focus on the second problem,
assuming that the electromagnetic response of the junction
has been (or can be) evaluated in a separate calculation. Such
an approach has been tacitly followed in most treatments
of radiation field effects on electronic transport in tunneling
junctions. Several recent calculations!>* have addressed
the needed input using numerical solutions of the Maxwell
equations in an environment defined by a given junction
geometry.

Our model is introduced in Sec. II. A quasiclassical
approach to CT contributions to SERS is discussed in Sec. III.
Section IV introduces corresponding quantum consideration
and identifies the Keldysh contour diagrams for the light-
scattering process relevant to obtain the CT contributions to
SERS. Numerical examples are presented in Sec. V, and our
conclusions are summarized in Sec. VI.

II. MODEL

Following Ref. 30, the molecular junction is represented by
a single level of energy ¢y coupled to two metal contacts L and

©2012 American Physical Society


http://dx.doi.org/10.1016/0009-2614(81)85441-3
http://dx.doi.org/10.1103/PhysRevB.85.115435

MICHAL OREN, MICHAEL GALPERIN, AND ABRAHAM NITZAN

R, each at its own equilibrium characterized by the junction
temperature 7 and the electrochemical potentials u; = Er +
nle|Vsq and ug = Ep — (1 — n)le|Vyq, respectively, where
Vsa 1s the potential bias and where the bias division factor
n is used to model the voltage distribution in the junction. The
tunneling electron is coupled to a single molecular vibration
of frequency w,, which in turn is coupled to a thermal bath
of harmonic oscillators. In addition to the imposed bias, the
junction is driven by an external field represented by a single
pumping mode of frequency v; and a continuum of modes
{vy} that are assumed vacant. The light-scattering signal is
calculated as the flux into the latter modes.

In the absence of the electromagnetic field, the system
Hamiltonian is

H=Hy+V, (1)
Hy=Hu+ Y Hx, )
K={(L.R,B)
V="Vy+ Z Vik, 3
K={L.,R,B}

where Hj, is the molecular Hamiltonian that describes the
electronic and vibrational degrees of freedom of the molecule

Hy = eoft + w, 010 4)

and Hyx (K = {L,R,B}) are Hamiltonians of the electrodes
(L and R) and thermal bath (B):

Ax =" edléx, )
kekK

I:IB = Za)ﬁl;l;l;ﬂ (6)
B

Vu is the coupling between the molecular electronic and
vibrational degrees of freedom, and Vyx (K = L,R,B) are
couplings between molecule and corresponding bath:

Vi = My(0 + 9Ha, (7

Vg = Z(deTCk + Ve ZC?),
keK

Vs =Y Ws050,. ©
B

K=LR (8

In Egs. (4)-(9), df (3) and 6‘,1 (¢r) are creation (annihilation)
operators for electrons on the molecule and in state k of the
contacts, i = d'd is the population operator of the molecular
level, ' (9) and IQL (Bﬂ) are creation (annihilation) operators
of vibrational excitation (phonon) on the molecule and in
state B of thermal bath, Qv =9+ 9" and Qﬁ = 135 +l§;§
are coordinate operators for the molecular vibration and the
thermal bath mode S. Equation (8) describes the standard
electron transfer interaction between the molecule and the two
metals. The coupling (9) induces thermal relaxation of the
molecular vibration because of interaction with the external
thermal harmonic bath.

For the light-scattering problem, the minimal model for
the electromagnetic field is represented by a single pumping
(incident) mode i and a set of final accepting modes {f}.
The unperturbed Hamiltonian now becomes Ay = Hy +
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ZK:{L,R,B} Hy + Hya, where

Ang = vidla; + Y vyalay. (10)

Here, &j (a;) and &} (@) are creation (annihilation) operators
for photons in the initial (pumping) and final modes i and { '},
respectively. For the system-radiation field interaction Vi,
we follow Ref. 30 in assuming that the field affects relative
energies of single electron states localized on the molecule
and in the leads. Specifically, we assume that the field acts as
a time-dependent gate potential, affecting oscillations of the
molecular energy level relative to the electrodes. We write it
in the form

A

A
Viaa = —(pcr - E)it (11)

[note that either 7i or (7 — i) can be used in these expressions
since only the time-dependenf part of n contributes to the light-
scattering processes], where E is the electric field operator and
Per(i — 1) is the dipole associated with the charge transfer
into/out of the molecule. The form (11) is valid when the
molecular charging dynamics [determined by the rates 'z, I'g
(defined in Eq. (33)] are slow relative to the metal dielectric re-
laxation measured by the plasma frequency. In Ref. 30, which
considers a molecule adsorbed on a smgle metal substrate thlS
charge transfer dipole is represented by per = ed where d is
the distance vector from the electrode surface (or image plane)
to the molecule and e is the electron charge. Again, such a
model is valid at low frequencies, in which case electric field
is perpendicular to the metal surface so that Eq. (11) becomes
Vrad = —edEA. In the present case, the determination of the
charge transfer dipole, i.e., the dipole induced in the junction
in response to molecular charging is a complex problem
even in the electrostatic limit and depends on details of the
junction geometry. In the simplest case of a point molecule
located at midpoint between two metal planes, this dipole
vanishes. A realistic junction does not usually possess this
perfect symmetry, and charge transfer to/from the metal will
usually lead to induced dipole. At the same time, for a molecule
located between plasmon-sustaining metal structures, pct may
be strongly enhanced if v; is close to the plasmon resonance
frequency. Another source of coupling may be dominant in the
case where the molecular permanent dipole pys(n) depends
strongly on its electronic population n [within our model, this
implies that the molecular HOMO (highest occupied molecu-
lar orbital) and LUMO (lowest unoccupied molecular orbital)
are associated with different molecular permanent dipoles]. In
this case, (d pys/dn); provides another important contribution
to per.>? In what follows, we carry the calculations assuming
that pcr is known or has been determined.

In the following sections, we evaluate the Raman light
scattering associated with this model. In a quasiclassical
approach (Sec. III), the incident field is treated classically
and the scattered radiation is evaluated from the resulting
oscillating dipole. In a fully quantum treatment (Sec. IV), the
field is an operator expressed in terms of its photon degrees of
freedom. Equation (11) then takes the form

Viaa = —i(U[(&,» —ah)+> Ugay - a;)>n (12)
f
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with

U = —ﬁCTKz‘Ei,
Uy = —pciKyay,

(13a)
(13b)

where I;",- is the electric field vector associated with the
incident laser field, 6 is the polarization vector (unit vector
in the electrical field direction) associated with the outgoing
mode f, and K; and K are local tensors that depend on the
corresponding incoming and outgoing frequencies, relating the
incident and outgoing vector field to the corresponding local
fields at the molecule. In particular, elements of these tensors
contain all the information pertaining to possible local field
enhancement associated with the given junction geometry. As
stated above, in this paper we assume that these tensors are
known, having been evaluated in a separate calculation (see,
e.g., Ref. 15). In using the form (13a) for the incident field,
we have expressed its amplitude explicitly, allowing for the
formalism presented below to consider a steady state driven

by an incoming photon mode populated by one photon.
|

o0
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III. RAMAN SCATTERING: THE QUASICLASSICAL
APPROACH

Classically, light scattering is expressed as the radiation
emitted by the dipole induced in the system by the driving
fields, and its Raman component is obtained from the expan-
sion of this induced dipole in the vibrational coordinate(s).>*
The latter are treated as classical motions within the Born-
Oppenheimer approximation, so that the molecular level
energy, driven by the external (classical) optical field E;(¢) =
E; cos(v;t), is

£0(Qy,1) = €0(Qy) + U; cos(v;1)

U, . i
= &0(Qy) + g(e’”" + e,

(14)

where U; = per - Eloc, with Eloc being the local electric
field associated with the incoming radiation. Furthermore, in
the following we will assume that the vibrational deviation
from equilibrium is small enough to allow the lowest-order
expansion &y(Q,) = &y + M, Q,. The harmonic driving (14)
of the level energy relative to the Fermi energy of the contacts
yields an oscillating level occupation given by

eivi(kl—kz)f ZK:{L,R} FKfK(E)

U; U; * dE
neun= 2 Jk‘(v_,-)J“(v_i)/_ooﬂ[E—so(Qv)—v,-kl+§F][E—eo(Q,,)—v,-kz—gr]’

k[ ,k2=700

s)

where Ji(x) is the Bessel function of the first kind. In (15), Tx =27|Vk|*’px [K = L.R; |Vk|*> = (|Vi|®)rek =
f der|V(e)? px (ex)] is the electron escape rate from the occupied molecular level into the lead K and fx (E) is the Fermi-Dirac
distribution. The oscillating component of the level occupation is obtained from Eq. (15) to linear order in U; in the form

U; ® dE Uk fx(E) e
S vrl) = — 7R . ( ' B
n Qo) = %e}/w o e[E—So(Qv)—iF/Z [E —e0(Qu) —vi +5T]

-

efiv,»t
. , (16
[E—SO(QU)-FW-F%F])} (10

where we have used Ji(x) ~ (x/ 2)k /k!and J_i(x) = (=DFJp(x). In our model, the corresponding oscillating dipole p, hence
the corresponding polarizability tensor o = 9 p/ Z)Ei, is proportional to this average level population, e.g., p(t) = pcrn(t). For
simplicity, we will henceforth also assume that p and Ei are parallel to each other and perpendicular to the substrate surface, and
denote by « the corresponding nonzero component of the polarizability tensor.

In terms of pcr we then have (to linear order in the external field)
p(vit) = Ei [a(vivi)eiD[t + O[*(ervi)e_ivit] ’ (17)

where the polarizability is

(0 -)—p—%Tmed—EF f(E)( 1 - 1 )
= g0 &) 2 MTYNTE e —iT/2E —e0 — v +iT/2)  [E — e +iT/20[E — 0 + v —iT/2])
(18)

The Raman polarizability is obtained by considering the term linear in Q,. In the classical limit, the Stokes and anti-Stokes
contributions are equal. We obtain

Praman(t) = Ei (@ ()€’ ™= 4 o (vp)e ") 19)
where
0a(Qy,vi) perM, [ 2TMvi(g0 — pk)
) = —— =— r
) < 00, >QL.=O 4y (T +iv;) K§R} K [(e0 + vi — ug)* + (T/2)21[(e0 — vi — ug)* + (I'/2)?]
. g0 + v — Uk £0 — V; — UK 2(e0 — mk) ):|
+ + - , 20
l([(b“o + v —ug)?+ (/221 [(go —vi — ug)> +[T/2)21  [(g0 — mx)?> + (I'/2)?] @0
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where we have taken 7 — 0 to perform energy integration
analytically.

From Eq. (19), the total scattered power is*®

4
p =0 0 L. @
3c3
(Note that the semiclassical approach assumes v; > w, and
the Raman polarizability is obtained in terms of v; only.)
Equations (20) and (21) constitute our main classical limit
results, expressing the charge transfer contribution to the
Raman scattering, here derived for the response of the
molecular bridge in a (generally biased) molecular conduction
junction. The bias potential enters explicitly through the
chemical potentials g (K = L,R) in Eq. (20).

To facilitate comparison with the results of Ref. 30, it is
convenient to consider the scattering function A(v;,v; &+ w,)
defined in Eq. (14) of that paper.’’ In the quasiclassical case,
this function depends only on v; and we denote it by As.(v;). A
relationship between this function and the Raman polarizabilty
may be found by comparing Eqs. (13) and (18) of Ref. 30, and
recalling that in Ref. 30, case ed = pcr. This leads to

oy (V)
Ase(vi) = M, (22)
A comparison of the scattering function A calculated using
(22) and (20), our quantum results from Sec. I'V and the results
of Ref. 30, is provided in Sec. V.

Note that in evaluating Egs. (20) and (22), we have assumed
that all the dependence on Q, comes from its effect on
the molecular electronic energy. Other contributions could
come from the possible dependence of the junction transport
properties (e.g., the rate parameters I') on Q, through the
molecule-metal distance, or from the dependence on Q, of the
metal electronic response.*®

IV. QUANTUM CONSIDERATION

As a quantum problem, Raman scattering in the present
model can be evaluated by following the approach of our
previous publications’*?! modified to take into account the
different system-radiation field coupling. First, we consider
the photon flux from the molecule to an empty accepting mode
f. We start from Eq. (25) of Ref. 21:

+o0
Iy = —/ dt =) 17t =G~ —1'), (23a)

oo

where IT7 (¢’ — t) is the molecular self-energy due to coupling
to the mode f, given, for a free unoccupied mode, by

M5t — 1) = —i|Us?e ™0, (23b)

This leads to
Ivs g = iUFPG=(vy). 24

In Egs. (23a) and (24), G=(¢ — t'), the Fourier transform of
which is G=(vy), is the lesser projection of the two-particle
Green’s function G defined by the form (11) of the molecular
coupling to the electromagnetic field, i.e., a density-density
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correlation function given on the Keldysh contour by
G(r1,m) = —i(T. (1)) A(12)), (25)

where 1), are variables on the Keldysh contour and 7, is
the contour ordering operator. The time evolution in (25) is
defined by the Hamiltonians (1)-(11) and the average is over
an electronic steady state of the biased junction in which the
interaction with the accepting modes { f} is absent. Note that
Eqg. (24) is of second order in the interaction with the outgoing
modes, so that to this order the Green’s function (25) can be
evaluated while disregarding this interaction.

Next, regarding the interactions between the molecular
electronic state and the incoming radiation field U;, as well as
with the molecular vibration M,, as perturbations, we derive
(see Appendix A) a perturbative expression for the Green’s
function (25) within the lowest relevant order (second) in
each of these interactions. The resulting expression in which
the time evolutions are defined in terms of the quadratic
Hamiltonian (2) may be expanded using Wicks theorem
and expressed as a diagrammatic expansion. As discussed
in Appendix A, we focus only on those diagrams that are
relevant for the Raman process under discussion. The results
of Ref. 30 provide useful guidelines for identifying these
diagrams, which are displayed in Fig. 1. By substituting the
corresponding expressions (A2), for the Green’s function (25)
into (24), we obtain the outgoing Raman flux into an accepting
mode f that results from pumping the molecule by mode i:

+00
Jisp = |U; |* |Uf| |M, |2/ d(t — t')ert=

/ dr, / i, / dr; / dsDi(r1,02) Dy (3,72)

x [G(t',14)G(14,12)G(12,1") G(t,71)G(11,73)G(13,1)
(26a)

+G(t',12)G(12,14)G(14,1") G(t,13)G(13,71)G (71 ,1)
(26b)

+ Gt 1)G(12,714)G(14,1") G(t,71)G(11,73)G(13,1)
(26¢)

+ G (1", 14)G(14,12)G(12,1") G(2,73)G(13,71)G(11,1)].

(26d)

Equation (26) is the main quantum result of this paper.
The terms (a)—(d) in this equation correspond to the similarly

labeled diagrams in Fig. 1. In Eq. (26), D; is the momentum
Green'’s function of the pumping mode i:

Di(t1,1) = —i({T.P(1)) P(r2)), 27

where 13,- = —i(a; — d; ), D, is the coordinate Green’s func-
tion of molecular vibration v,
Dy(t3,74) = =i (T. 00(1) Q0 (T')), (28)

where 0, = 0 + o',
Green’s function.

and G is the single-particle electron
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FIG. 1. (Color online) Diagrams relevant for the charge transfer
contribution to SERS. Dashed lines represent Green’s functions of
the free photon modes (pumping and accepting), wavy lines represent
Green’s functions of molecular vibration, directed solid lines indicate
electronic single-particle Green’s functions with arrows indicating
electron propagation. Time labels correspond to the integration
variables in Eq. (26). The four diagrams represent scattering events
of particles and holes, interacting via electromagnetic field and
molecular vibration.

G(t,7)) = —i(T. d(x)d'(z"). (29)

Note that the contour variables 7y, 15, 73, 74 in Eq. (26) are yet
to be projected. From all possible projections, we are interested
only in the rates, i.e., ) and 1, as well as 73 and t4 have to be on
opposite branches of the Keldysh contour.* These projections
involve the projected Green’s functions G, D;, and D,, which
enter Eq. (26) and take the following forms in the lowest-order
approximation employed here:

(a) In the spirit of the perturbation expansion employed
above, the Green’s function D; for the pumping mode can be
taken for a free incoming photon, namely,*’

D7 S(t) — ty) = —ieFm), (30)

(b) Similarly, on the simplest level of description, the
vibrational mode Green’s function D, of the molecular
vibration can be taken as the noninteracting phonon Green’s
function, the lesser and greater projections of which are (in
energy space)*!

D£0)>((1)) — _27-”'[]\]1)6(@ + Q)U) —+ [Nv —+ 1]8(60 - wv)]a
(31a)

DLO)<(0)) — _2]-”'[1\]1)6((1) — (Uu) + [Nv —+ l](s(w + (Uv)]a
(31b)

where N, = Npg(w,) is the thermal Bose-Einstein population
of the molecular vibration.

(c) Finally, on the same level of description, the single-
electron Green’s function G can be replaced by G?, the
electronic Green’s function of the resonant electronic level
model (disregarding electron-phonon coupling). The lesser
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and greater projections of this function are (in energy space)*!

Pk TkBN = fr(B)]
0> - _ :
B e N5V

2 k=L Vk(E) [k (E)

GO<(E)= ) 32b
B)=FE —ep + N(E)2P (320)

In Eqgs. (32), fx(E) is the Fermi-Dirac distribution,
Tk(E) =21 ) |Vil*8(E — 1) (33)

keK

is the electron escape rate to contact K (K = L,R), and
I'(E) =TL(E)+ T'gr(E). In the wide-band approximation
employed below, 'k is taken to be energy independent.

This lowest-order approximation is the same as that
employed in Ref. 30. Indeed, as discussed below, the above
choice of Green’s functions D;, D,, and G together with
the equilibrium condition (i, = pg) and zero-temperature
assumption, reproduces the results of Ref. 30.

Details of the calculation in which Eq. (26) is pro-
jected onto real-time axes using Eqs. (30)—(33) are pre-
sented in Appendix B. To facilitate comparison with the
zero-temperature equilibrium result of Ref. 30, we note
that in that paper the scattering flux equivalent to (26)
is obtained in the form [cf. Egs. (11)-(15) of Ref. 30]

Jiwy =27 |H'|’8(E; — Ey) (34
with*?
H' = M,E*pirA(vi,vy), (35)

where the scattering amplitude A(v;,vs) (Ref. 37) is given

as asum A = Z?zl A; of different contributions associated
with different orderings by which the different interactions
VM and ‘Zad, Egs. (7) and (11), enter in the perturbative
calculation and also with the different electronic processes
(electron or hole exchange between molecule and substrate)
involved (see Ref. 30 and Appendix B for details). Note that
in Ref. 30 no distinction is made between the incident and
the local field, therefore, in comparing results, the tensors
K in Egs. (13) should be set to unities. With this provision,
we show in Appendix B that Eq. (13) yields the Stokes
scattering flux in the form (34), (35) where A is given by

6
A=) A, (36)

i=1

where

A = A(—wy,vy), (37a)
Ay = A(—w,, — V), (37b)
Az = A(v;,wy), (37¢)
Ay = A(—vy,0,), (374d)
As = A(vi,vyp), (37e)
Ag = A(—vys, — 1), (37f)
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and
A(x,y)
./Jroo dE] +o00 dEz +o00 dE%
=1 _— —_— P
Coo 2m J_ o 2m J_ oo 27
GO (Ey) GO (E3)

x |GO=(ED) : .
Ez—E1+X—l8E3—E1+y—15

GO<(E>) GO=(Es)
\—Ey+x—i8E —Es+y—i8]
(38)

+GO(ED ¢

which provide the generalization to nonequilibrium (biased
junction) and finite temperature of the result of Ref. 30. It is
easily seen to give the latter results in the zero-temperature
equilibrium limit.

We conclude this section by noting that this calculation
could be carried on a more advanced level by taking into
account the mutual influence of vibrational and electronic
degrees of freedom in the current-carrying junction. This is
often described in the self-consistent Born approximation
(SCBA),*! where these mutual effects are accounted for by
including, in the self-energy IT of the molecular vibrational
mode, the contribution due to coupling to the tunneling
electron

n(z,7) = —i|M,|*G(x,7)G(',1) (39)

and in the electron self-energy X, a term due to coupling to
this mode

21,7y = i|My | Dy(7,7)G(z,T), (40)

and evaluating the vibrational and electronic Green’s functions
D, and G, respectively, as self-consistent solutions of the
coupled Dyson equations

Dy(t,7") = DP(x,7) + /dn /drz DV (r,1))

x [P (71,12) + NI (71, 1)1 Dy(12, ), (41)

G(r,7) = GO, 7) + / dr / dr, GO(t, 7))
C C

x TP (11,1) G(1a, 7). (42)

(Note that our choice of G, taken to include the molecule-
lead coupling, leaves X" as the only contribution to the
self-energy.) The lesser and greater projections of the Green’s
functions D¥ and G are given by Egs. (31) and (32). 17"
is the phonon self-energy due to coupling to the thermal boson
bath

M7(z,t) =Y Wyl Dp(x.7), 43)
B

where Dg(t,7") = —i(T, Q,g(r) Qﬂ(l'/))o is the coordinate
free phonon Green’s function for mode B of this bath. 17"
is associated with the vibrational relaxation rate

y(@) = —2ImIl (o) = Y [Ws28(0 — wp),  (44)
B

which, in a wide-band approximation similar to that taken
above for the electronic escape rate, may be taken constant
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when w, > y(w,). For details of the SCBA implementation,
see, e.g., Ref. 43.

V. RESULTS AND DISCUSSION

In this section, we present numerical calculations of the
charge transfer contribution to the Raman signal, based
on the quantum results [Eqgs. (34)—(38)] and the quasi-
classical calculation [Egs. (20) and (22)]. Unless other-
wise stated, the parameters used in these calculations are
T=30K, ', =Tg=025eV,w, =02¢eV, M =0.1¢V,
and y = 10~* eV. The bias was applied symmetrically, i.e.,
urr = Erp £1e|Vys/2, and the Fermi energy was chosen
as the energy origin Er = 0. The frequency of incoming
photon is taken v; = 2 eV and the outgoing frequency is taken
to represent the Stokes peak vy = v; — w, = 1.8 eV. Under
our control is the bias voltage V; itself, and in principle
also the gate potential that determines the position &y of the
molecular level relative to the Fermi energy. All calculations
were performed on an energy grid of step 10~ eV, spanning
the region from —10 to 10 eV.

Figure 2 shows the Stokes scattering amplitude |A(v;,v; =
V; — wy)| calculated from Egs. (34)—(38) in the quantum case
and from Eqs. (20) and (22) in the quasiclassical approximation
for an equilibrium system Vy; = 0. The results can be
compared to those presented in Fig. 2 of Ref. 30 (note, however,
that our calculations are done at T = 300 K). It shows the
absolute value of the total Stokes scattering amplitude versus
position g of the molecular level relative to the Fermi energy,
obtained from the quasiclassical approximation [Egs. (20)
and (22)] and the quantum approach [Egs. (34)—(38)]. The
following points should be noted: (a) Good agreement with

x 107

FIG. 2. (Color online) Absolute value of the total Stokes scat-
tering amplitude vs gate voltage calculated at V,;, = 0 within (a)
the quasiclassical approach [Egs. (20) and (22)] and (b) the quantum
calculation [Eqs. (34)—(38)]. Shown are results for ', x = 0.25 (solid
line, red), 0.5 (dashed line, blue), 1.0 (dashed-dotted line, green), and
2.0 eV (dotted line, black). See text for other parameters.
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the result of Ref. 30 is obtained in this equilibrium case.
(b) The symmetric character of the curve about ¢y = Ep is
due to the particle-hole symmetry of our model, i.e., particle
transport contribution to scattering amplitude [first term in
Eq.(38)], and is equivalent to the hole transport contribution
[second term in Eq.(38)] for a molecular level positioned
symmetrically above and below Fermi energy, respectively.
(c) Destructive interference between the electron and hole
scattering processes leads to suppression of Raman signal at
&0 = Ep. (d) The signal also drops when |gy — Er| exceeds
the incident frequency v; since electron transfer between
metal and molecule can not be affected (and consequently
no molecule-contact dipole excitation can be created) in this
far-off-resonant regime. (e¢) The quasiclassical calculation
provides an excellent approximation to the quantum result
in this case.

Figure 3 demonstrates the generalization of the previous
results to the nonequilibrium (biased) junction. Shown is
absolute value of the total Stokes scattering amplitude |A|
versus the applied bias, calculated for ¢g = 1.8 V within the
quasiclassical and the quantum schemes. Consider first the
results of the quantum calculation. Similar to the equilibrium
case, the Stokes scattering amplitude has a nonmonotonic
dependence on the energy difference between the molecular
level and the leads chemical potential(s), which changes with
the bias potential. Again, the signal drops at the far-off-
resonance regime. In particular, for the I'y g = 0.25 eV case
(solid line, red), the peak at Viy =0 (g9 — Er = v; — @y)
corresponds to opening of a scattering channel, when an
electron starting at Ep — w, is scattered by the molecule
and ends just above the Fermi energy. A second peak is

FIG. 3. (Color online) Absolute value of the total Stokes scatter-
ing amplitude [Eqgs. (36)—(38)] vs bias calculated atey — Er = 1.8 V
within (a) the quasiclassical approach [Eqs. (20) and (22)] and
(b) the quantum calculation [Egs. (34)—(38)]. Shown are results for
'k = 0.25 (solid line, red), 0.5 (dashed line, blue), 1 (dashed-dotted
line, green), and 2 eV (dotted line, black). Other parameters are as in
Fig. 2.

PHYSICAL REVIEW B 85, 115435 (2012)

at V;;y =3.2 V (69 — u, = w,). Here, a metal electron of
energy near (i is scattered by the molecule and ends near
the molecular level. We could not identify a simple origin for
the third peak. We note in passing that at equilibrium (e.g., fora
molecule adsorbed on a single metal substrate) the dependence
of the Raman signal on the electrode potential (which, for
the equilibrium case, can be expressed by &) has been an
indicator for the electron-transfer (“chemical”) contribution to
the Raman enhancement. The dependence on bias potential
seen here can serve a similar purpose.

Turning now to the quasiclassical calculation, it again
agrees with the quantum result provided that the molecular
level is outside the window between the Fermi energies of
the two contacts (Vy; < 3.6 V for gy = 1.8 eV). Above this
threshold, marked deviations are seen. The reason for this
difference is that the quasiclassical calculation disregards the
blocking of scattering channels by electron exclusion when
molecular level(s) start to be populated. Indeed, the quasiclas-
sical approach is essentially a scattering-based theory, and the
inadequacy of scattering theory in describing inelastic effects
in nonequilibrium electronic transport junctions is a familiar
observation.*+*

Figure 4 shows the dependence of the total Stokes scat-
tering amplitude calculated from Egs. (34)—(38), on both the
frequency of the pumping mode and the bias potential. The
calculation is done foreg = 1.8eVand I'y z = 0.25 eV within
the model assumptions [Egs. (31) and (32)]. The structure in
the bias dependence of the Stokes amplitude for fixed v; was
discussed above. For V; = 0, the amplitude as a function of v;
naturally peaks around the molecular level position, indicating
the opening of a channel for electron scattering that starts at
Er. This behavior was demonstrated also in Fig. 3 of Ref. 30.
Deviation from this peak structure at higher bias sets in when
the lead chemical potential comes into resonance with the
molecular level (at Vyg = 3.6 V), opening the channel for
electron scattering that is responsible for the second peak in
Fig. 3. Viewed with respect to the incoming frequency v;,
contributions from the initial, intermediate, and final states
for electron scattering are most pronounced in the region of
maximum local molecular density of states, that is, close to
&0, which is reflected in the scattering amplitude (hence the
scattering flux) dependence on the bias voltage (for a more

0.3
0.25
0.2
0.15
0.1
0.05 |

Al (eV?)

FIG. 4. (Color online) Absolute value of the total Stokes scatter-
ing amplitude [Eqgs. (34)—(38)] vs bias V,, and the incoming frequency
v; calculated for &g — Er = 1.8 eV. See text for other parameters.
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FIG. 5. (Color online) Absolute value of the total (a) Stokes and
(b) anti-Stokes amplitudes, plotted against the bias voltage V, for
a molecular level near &g — Er = 1.8 V. Shown are noninteracting
(dashed line, blue) and SCBA (solid line, red) results. See text for
other parameters.

detailed discussion of this line-shape structure, see Refs. 46
and 47).

The calculations presented above are based on the lowest-
order approximation [Egs. (31) and (32)]. In this level of
approximation, the electron-vibration coupling, which is re-
sponsible for the Raman shift, is disregarded in the expressions
for single-particle Green’s functions. Figure 5 shows results
obtained when the electron-vibration interaction is treated
within the self-consistent Born approximation [Eqgs. (39)—
(42)]. For simplicity, we treat the vibrational degree of freedom
in the quasiparticle approximation,*’ whereupon hybridization
of the molecular vibration with states of the boson bath
is disregarded, while the average vibrational population is
influenced by the electronic flux. In turn, the electron Green’s
function is affected by the heated vibration. For details of the
SCBA implementation in the quasiparticle approximation, see,
e.g., Ref. 48. Figure 5 shows the absolute values of Stokes and
anti-Stokes scattering amplitudes as functions of bias. The
lowest-order result (dashed line) is compared to the SCBA
(solid line). We see that for our (reasonable) choice of molec-
ular and junction parameters, incorporating electron-vibration
interaction does not make an essential difference in the Stokes
signal below the threshold for resonance transmission (here,
Vsa = 3.6 V). The reason for this is that heating of the
molecular vibration in this regime is inefficient. Above this
threshold, however, the Stokes signal calculated within the
SCBA is markedly different from the low-order result. The
influence of this correction on anti-Stokes scattering is even
more pronounced. The latter is proportional to the average
vibrational mode population, and even inefficient heating
makes an important contribution to this signal.

PHYSICAL REVIEW B 85, 115435 (2012)

VI. CONCLUSION

We have presented a model for the charge transfer
contribution to SERS in a molecular junction. This model
is a nonequilibrium finite-temperature generalization of an
approach describing SERS for a molecule chemisorbed on
metal surface.’® Physically, this contribution to light scattering
stems from the oscillating dipole induced in the system
by charge transfer from the metal(s). In addition to the
mechanism considered in Ref. 30, whereupon this dipole
reflects the time-dependent polarization at the metal-molecule
interface, we have identified another potential origin for
this scattering mechanism: the dependence of the molecular
permanent dipole on its charging state. We have presented
a quasiclassical treatment of this problem as well as a fully
quantum NEGF approach. Both reproduce the results of
Ref. 30 when used in the appropriate limit: zero-temperature
equilibrium situation, treated at the lowest order in the
molecular electronic-vibrational interaction. The quasiclassi-
cal approach was shown to provide a reliable approximation for
the full quantum result within its expected range of validity: in
the weak junction-radiation field coupling considered here, and
the far-off-resonance tunneling case where the molecular level
occupation is not affected by its coupling to the leads. We have
also used the self-consistent Born approximation to account for
the electron-vibration interaction on the molecule, and found
the effect of this correction to be small in the low bias regime,
while becoming dominant for the anti-Stokes component of the
scattered radiation above the resonance conduction threshold.

Our results provide a framework for describing the
charge transfer (“‘chemical”) contribution to Raman scattering
from a molecular junction. They supplement our previous
studies®*214939 that focus on the effect of the biased junction
environment on Raman scattering that originates in the
molecule itself. Two points regarding both mechanisms are
noteworthy:

(a) Both mechanisms are affected, in different ways, by
charge transfer between the metal substrate and the molecule;
however, in the process that originates in the molecule,
charge transfer from the metal substrate(s), in particular in
biased and/or gated junctions, modifies a molecular process
that exists also away from the metal. In contrast, for the
so-called chemical mechanism, charge transfer is essential:
the corresponding contribution vanishes when it is disallowed.
It is therefore important only in direct proximity to the metal
surface. Since in molecular conduction junctions we naturally
consider molecules in such close proximity, both mechanisms
are potentially important.

(b) Both mechanisms reflect the properties of the local
electromagnetic field and are therefore affected by the elec-
tromagnetic enhancement mechanism in the same way. The
main difference between them arises from the additional
enhancement that takes place when certain resonance con-
ditions are obeyed. In standard molecular Raman scattering,
resonance implies matching between the incident photon
and the molecular excitation energy. In the charge transfer
mechanism, the closest we come to resonance is when the
incident photon bridges the gap between the vicinity of the
substrate Fermi energy (where an electron-hole pair is created
or destroyed in the Raman Stokes or anti-Stokes process) and
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a relevant molecular level. Experimentally, this is reflected
in the bias and gate potential dependence of such resonance
condition. Note that in a biased junction, two such Fermi
energies can contribute. This is the origin of the nonmonotonic
behavior of the scattering signal with bias and gate potentials,
and with the incident mode frequency, as discussed above.

Finally, we note that as a simple model for the behavior
of a molecular junction under illumination, we have followed
previous works that model this effect by assuming that the elec-
tromagnetic field affects oscillations in the molecular energy
position relative to the metal(s) Fermi energy. Alternatively,
this effect may be represented as an oscillating bias potential.
Both models yield qualitatively similar results, and comparison
between them will be presented elsewhere.
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APPENDIX A: PERTURBATIVE EVALUATION OF THE
DENSITY-DENSITY CORRELATION FUNCTION

To evaluate the nonequilibrium charge transfer assisted
Raman scattering from Eq. (24), we follow the lines of Ref. 21.
Guided by the zero-temperature equilibrium calculation of
Ref. 30, we focus on terms that correspond to three scattering
events undergone by the tunneling electron: one each with the
incoming and outgoing photons, and one with the molecular
vibration. Such terms should contain each of the correspond-
ing interactions at the second order of perturbation theory.
Equation (24) is already of the second order in the coupling to
the outgoing photon (through the corresponding self-energy),
thus the two-particle Green’s function (25) should be written to
second order in both the coupling to the incoming photon and
to the molecular vibration. The required expression is obtained
in a standard way expanding the contour evolution operator in
the interaction representation to fourth order in perturbation

V=M@®+0ha—iUia —a):

(i)
g(r,t")y = 0 /dn fdrzfdrgfdr4

x (T, () A" V(1)) V(1) V(13) V(14))

(AD)

and keeping terms that are of the second order in each of
the couplings M and U;. Time evolution in (Al) is under
Hamiltonian (1) without coupling to molecular vibration (7)
and optical field (11).

The resulting expression is evaluated by employing Wick’s
theorem. This procedure produces a set of diagrams, which
roughly can be separated into three groups: (i) renormalization
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of electron propagator(s) due to coupling to external fields,
(ii) polarization of the environment due to presence of excess
charge, and (iii) electron scattering due to interaction with pho-
tons and phonons. In terms of the Bethe-Salpeter equation’’
(two-particle propagator), the first category is characterized by
diagrams where at least one of the fields interacts with only
one of the particles. At our (low-order) level of description,
the second category is characterized by a polarization bubble
renormalized by the interaction with the external fields. Raman
scattering is described by diagrams of the third category. These
diagrams are presented in Fig. 1. They describe electron-hole
[Figs. 1(a) and 1(b)] and electron-electron [Figs. 1(c) and 1(d)]
scatterings (see the following). Their sum is given by

G(z,7")
= —i|U;*|M,|?

x /dfl /df2/dTS/dT4Di(Tlat2)Dv(vaT4)
C c C C

X [G(t',14)G(14,12)G(12,1") G(1,71)G(11,73)G(13,1)
+ G, 12)G(12,74)G(14,1) G(1,73)G(13,71)G(11,1)
+ G(t',12)G (12, 14)G(14,1") G(1,71)G(71,13)G(13,1)
+ G, 1)G(14,12)G(12,1) G(t,73)G(13,71)G(11,1)].
(A2)

Substituting this into (24) leads to (26).

APPENDIX B: THE ZERO-TEMPERATURE
EQUILIBRIUM CASE

Here, we outline the evaluation of the nonequilibrium
Raman flux, Eq. (26), and show that the resulting expression
reduces to the results of Ref. 30 in the equilibrium zero-
temperature limit. In Ref. 30, the scattering flux equivalent
to (IV) is given [cf. Egs. (11)—(15) in that paper] in the form
Jisf= 2 |H'|*8(E; — E) where H' = MCEzpéTA(vi,vf)
and A = Z?:, A;. These contributions correspond to six
sequences of occurrences of the following three events: (a)
absorption from the pumping mode i, (b) emission into the
accepting mode f, and (c) vibrational excitation resulting from
the electron interaction with the molecular vibration v:

Ay = A=, vp)@h — a; — o), (Bla)
A = A(=oy, — )@ — &)y —> 1), (BIb)
Az = Ay 0,)(0" — a} — ay), (Blo)
Ay = A(=vp,0,)(07 — a; — a}), (B1d)
As = A(vvp)@h — of — ay), (Ble)
Ag = A(—vy, —v)@ — 0T —al),  (BID

where the expressions in parentheses indicate the event
sequence, for example, &; — a; — ' shows creation of the
final photon preceding the absorption of the initial photon with
the creation of the vibrational quantum trailing both. Each
of these amplitudes is a sum of two terms corresponding to
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electron and hole electron transport [see Eq. (15) of Ref. 30]

Ep +00 /
’ pO(E)
Alx,y) = dEpy(E dEf' ————MM——
(x,y) = / ro(E) . E_E+x_is
f o _ p(ET)
E'—E+y—i8 y—id
Po(E")
dEpy(E _
/ P )f T
E//
f g _ po(ET) ’ (B2)
E// + y 8
where
r
po(E) = (B3)

27 (E — &)? + (I'/2)?

is the local electron density of states and Ep is the Fermi
energy of the metal substrate. For example, by using (B2) in
(Bla), one gets scattering amplitude for a process with two
intermediate states characterized by energies E” and E’ and
incoming energy £E for electron/hole. The first and second
terms in Eq. (B2) correspond to electron and hole transport,
respectively.

In our calculation, the evaluation of the Raman flux (26)
leads to a sum of products. Contributions to the Raman
scattering flux in our scheme result from two amplitudes
AQI and A’é (bubble diagrams in Fig. 1). Here, sy,55 =
{1,2,3,4,5,6} is one of the sequences of scattering events
defined in Eq. (B1) and #,, = {1,2} is one of the types
(electron or hole) of transport. The corresponding contribution
to the squared amplitude that enters into the Raman flux
Tisy.00)«(s1.) = [AZ]" Al is calculated by taking the following
steps:

(i) Choose two sequences s; and s, from Egs. (B1) and two
types #; and 7, that correspond to the two terms in Eq. (B2).
Note that both the sequences and types may be the same,
that is, s; = s, and/or #; = t, are allowed. This choice fully
characterizes a particular contribution to the overall transition
probability. In what follows, we will refer a particular choice
(s,t) as a “process.”

(i1) For a term of the first type (particle transport), choose a
counterclockwise bubble [see, e.g., right bubble in Fig. 1(a)].
For a term of second type (hole transport), choose a clockwise
bubble [see, e.g., right bubble in Fig. 1(b)]. Note that in Fig. 1
and in Eq. (26), 71 (12), t (¢'), and 13 (74) are reserved for the
pumping mode i, accepting mode f, and vibration v on the
bubble corresponding to the first (second) process.

(iii) Draw a bubble representing the first process on the right
and a bubble representing the second process on the left, and
connect them by lines representing the Green’s functions of
the external optical fields and the vibration. The GF of the
pumping mode i connects 7; and 1, that of the accepting mode
f connects ¢t and ¢’, and the Green’s function for the molecular
vibration connects between 73 and 7. Note that under complex
conjugation, the bubble of the second process changes its
original direction (clockwise becomes counterclockwise and
vice versa). The resulting diagrams (one of the four types
presented in Fig. 1) has to be projected (see below) to get the
expression corresponding to this contribution to the transition
probability.
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FIG. 6. (Color online) Examples of projections on the Keldysh
contour.

(iv) On the upper (time-ordered) branch of the Keldysh
contour, set the times in order of the sequence of events of
the first process. On the lower (anti-time-ordering) branch of
the Keldysh contour, set the times in order of the sequence
of events of the second process (see Fig. 6). Connect the
corresponding times by optical and vibration Green’s function
lines. This is the projection of the diagram obtained in the
previous step. Note that # and ¢’ are fixed.

(v) Taking the Fourier transforms of the resulting diagram
projection yields the result of Ref. 30 for this contribution to
the transition probability.

In what follows, we show some examples that illustrate this
procedure.

Transition probability for electron transport via the
Eq. (B1d) sequence. Here, the two processes are identical.
Focusing on particle (electron) transport dictates choosing
counterclockwise bubble for both processes. Drawing a con-
jugated (direction is reversed) bubble for the second process
on the left and original (counterclockwise) bubble for the first
process on the right (as in Fig. 1) and connecting times on the
bubbles leads to the diagram shown in Fig. 1(a). Ordering the
times on the Keldysh contour in accordance with the sequence
(B1d) leads to projection shown in Fig. 6(a). The diagram
projection will be

+00 t t
UPIUIMP / d(t — 1)elr / d, / dt,
—00 —00 — 00

h 15
X / dt; / dty Di<(l‘1 — 1) D£0)<(l3 — 1)
—00 —00

x GO<(t' — 1,) GO> (14 —
x GOt — 1) GO (1, —

1) GO (t, — 1)

1) GO<(t; — 1). (B4)

Note that Ref. 30 considers the zero-temperature situation only,
ie., N, =0.
After Fourier transform and evaluation of the integrals one
52
gets

—278(vs 4+ wy — )|U; P |U P IM|?
TROGE, [T dE, [T dE;
f,oo 2t | 2w ) 2
GO<(E)) GO (E») G (E5)
“Es— E1 — vy — i81[Es — Ey + w, — i8]

X

2

(B5)
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which is a generalization of the contribution to the Raman flux
that arises from the sequence represented by the last term of
Eq. (14) of Ref. 30 of the type represented by the first term in
Eq. (15) of that paper.

Interference between electron and hole transport via the
Eq. (B1d) sequence. Here, the two processes are different
by type of transport, while they share the same sequence
of events. A different type of transport for the first process
dictates choosing opposite (clockwise) bubble. As a result,
one gets the diagram shown in Fig. 1(d). Since the sequence
is the same as in the previous example, the projection is still
given by Fig. 6(a). This result comes from the same sequence
[last term in Eq. (14) of Ref. 30], but interference between the
two types [two terms in Eq. (15) of Ref. 30] is considered.
Writing down the diagram projection and evaluating integrals
is done in complete analogy with the previous case.

Interference between hole transport via the Eq. (BIf)
sequence and electron transport via the Eq. (B1b) sequence.
Here, both sequences and types of the processes are different.
Making appropriate choices, one gets diagram shown in
Fig. 1(a). Sequences of the process are ordered on the Keldysh
contour as shown in Fig. 6(b). The diagram projection will be

400 t t
b [ e = [ an [
—o0 -0 )

+00 1y 5
x / dt3/ dty D (t; — 1) DO (t3 — t4)
t —00
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x GO<t' — 1) GOty — 1) GO (1, — 1)

x GOt —1) GOty =15 GV (13 — 1). (B6)

Evaluation of the integrals is straightforward. The result
corresponds to contribution to the total transition probability
coming from the first and fourth terms in Eq. (14) of Ref. 30
of the type that corresponds to the second and first terms in
Eq. (15), respectively, of that paper.

It is easy to see that the nonequilibrium version of the
model of Ref. 30, obtained from the formalism of Sec. IV in the
lowest order of electron-vibration interaction, and disregarding
anti-Stokes processes (valid at low T), is obtained from the
results of Ref. 30 by the following substitutions:

Er —+00
f dE,oo(E)...—>—i/

+o0 +o
f dE po(E)... — i/
Ep —00

This becomes an identity at 7 = 0 and equilibrium. Explicitly,
this results in expressions (34)—(38) for the scattering flux. This
approach allows us to get the Stokes signal at nonequilibrium
with reasonable accuracy. For a more general description,
one has to follow the self-consistent procedure of Egs. (41)
and (42), and use the resulting full Green’s functions in
projections of Eq. (26).

dE
— GO<E)..., BT
2

dE 0>
— GV (E).... (B
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