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Observation and analysis of Fano-like lineshapes in the Raman spectra of molecules
adsorbed at metal interfaces

S. Dey,1 M. Banik,1 E. Hulkko,1, 2 K. Rodriguez,1 V. A. Apkarian,1 M. Galperin,3 and A. Nitzan4, 5

1Department of Chemistry, University of California, Irvine, California 92697-2025, USA
2Depratment of Chemistry, PO Box 35, FI-40014, University of Jyväskylä, Finland

3Department of Chemistry and Biochemistry, University of California at San Diego, La Jolla, CA 92093, USA
4Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA

5School of Chemistry, Tel Aviv University, Tel Aviv, 69978, Israel

Surface enhanced Raman spectra from molecules (bipyridyl ethylene) adsorbed on gold dumbells
are observed to become increasingly asymmetric (Fano-like) at higher incident light intensity. The
electronic temperature (inferred from the anti-Stokes (AS) electronic Raman signal increases at
the same time while no vibrational AS scattering is seen. These observations are analyzed by
assuming that the molecule-metal coupling contains an intensity dependent contribution (resulting
from light-induced charge transfer transitions as well as renormalization of the molecule metal
tunneling barrier). We find that interference between vibrational and electronic inelastic scattering
routes is possible in the presence of strong enough electron-vibrational coupling and can in principle
lead to the observed Fano-like feature in the Raman scattering profile. However the best fit to the
observed results, including the dependence on incident light intensity and the associated thermal
response is obtained from a model that disregards this coupling and accounts for the structure of
the continuous electronic component of the Raman scattering signal. The temperatures inferred
from the Raman signal are argued to be only of qualitative value.

PACS numbers: 85.65.+h 73.23.-b 78.20.Jq 78.67.-n

Surface enhanced optical response of molecules ad-
sorbed on metal surfaces reflects the effect of strong
local fields created by surface plasmons[1–3] as well as
charge transfer between the molecule and metal.[4–7]
Surface enhanced Raman scattering (SERS) has become
an important diagnostic tool for molecules at metallic in-
terfaces including molecular conduction junctions.[8–15]
(See also Refs. 16–25 for related theoretical work). At
metal interfaces, vibrational Raman scattering is accom-
panied by a continuous background resulting from in-
elastic contributions of electron-hole (e-h) excitations in
the metal.[1, 4, 26–28] Both components of the inelastic
scattering signal were recently used to determine the bias
induced heating in a molecular conduction junction.[13]

While it is generally recognized that the electronic
background is affected by the molecule-substrate interac-
tion, these two components of the SERS signal are usu-
ally treated separately. Surprizingly, we observe (Fig. S1)
an apparent Fano-like feature that may indicate interfer-
ence between these two scattering channels. Below we
discuss the origin of this observation.

The measurements are carried out on single silica en-
capsulated gold dumbbells (Fig. S1 right inset). The
nanosphere diameter is 95 ± 5 nm and the intersphere
spacing prior to irradiation is ∼ 1 nm. On these
dumbbells, the quadrupolar and the binding dipolar
plasmon resonances occur near 560 nm and 780 nm,
respectively.[29] As molecular reporter, bipyridyl ethy-
lene (BPE) is adsorbed on the gold spheres prior to en-
capsulation. The dumbbells are dispersed on a silicon
nitride membrane (20 nm thick) of the TEM grid by
drop casting them in a dilute solution. Locations and

geometries of the nanostructures are mapped using a
scanning electron microscope (SEM), then Raman scat-
tering measurements are done under an optical micro-
scope, in the backscattering geometry, using an objective
with a numerical aperture of NA = 0.625. The exci-
tation source is a continuous wave diode laser, operat-
ing at λ = 532 nm, coincident with the anti-bonding
quadrupolar surface plasmon resonance.[29] The molecu-
lar vibrational Raman spectra appear over a background
continuum (Fig. S1b), which is also seen on bare dumb-
bells (Fig. S1a). As discussed before,[30] at low intensity,
10 µW/µm2, the vibrational spectrum matches that of
the isolated BPE molecule. Two observations are most
significant at higher incident intensity: (a) The molecu-
lar lines broaden asymmetrically to eventually coalesce
into the single asymmetric profile, similar to Fano-type
lineshape (Figs. S1c and d). (b) The electronic and vi-
brational temperatures, Te and Tv, inferred from the AS
branch of the electronic Raman scattering and S/AS in-
tensity ratio of the vibrational Raman line appear to
be different. At the highest incident light intensity Te
reached 580 K, while no molecular AS scattering is seen,
which would set the apparent vibrational temperature of
the molecule, Tv, to less than 300 K. More experimental
details and results are presented in the SI.

The central question raised by these observations is
whether the lineshapes shown in Figs. S1c, d are in-
deed interference features as their Fano-like lineshapes
suggest. Specifically: can there be interference between
the electronic and vibrational Raman scattering path-
ways that coexist in this system? The intuitive answer is
negative, because the two pathways lead to different final
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FIG. 1: Raman spectrum recorded on (a) a bare dumb-
bell, without reporter molecules at low irradiation intensity
(∼ 10 µW/µm2); (b) with reporter molecules at the same low
intensity; (c) and (d) with reporter molecules at irradiation
intensities ∼ 50 µW/µm2 and ∼ 150 µW/µm2, respectively.
Demarcations on (a) and (b) indicate a magnification of the
anti-Stokes (AS) region (7x and 4.5x, respectively). The green
traces overlapping the (c) and (d) lines are fits to the Fano
lineshape (see SI). The right inset shows a TEM image of a
typical dumbbell. The left inset shows the temperature ex-
tracted from the fit of the AS branch of the electronic Raman
spectrum (continuum) to the Fermi Dirac distribution. No
vibrational AS signal is detected.

states. The model calculations presented below yield two
main results: (a) The aforementioned interference can ex-
ist and can in principle lead to the observed lineshapes.
(b) However, comparing the detailed calculations with
the available experimental observations suggests that an-
other mechanism, asymmetric electronic sidebands dress-
ing the molecular Raman spectrum, may be dominant.

We consider a molecule chemisorbed on a metal sur-
face and subjected to an external radiation field. In the
experimental system the metal is a nanostructure (NS)
that promotes plasmonic enhancement, but this enters
our discussion only implicitly, through the magnitude of
the local electromagnetic field. The model Hamiltonian
comprises the molecule, metal, radiation field and their
couplings, with the electron-photon and e-v interaction
terms treated as perturbations:

Ĥ = Ĥ0 + V̂rad + V̂e−v (1)
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molecular lines broaden asymmetrically as a function of irradiation intensity, to eventually 

coalesce into the single asymmetric profile, similar to Fano-type lineshape, shown in Fig. 1c and 

1d. (b) The temperatures of the molecular vibrations and the metal electrons appear to be different. 

At the highest incident light intensity, where the apparent electronic temperature reaches Te = 580 

K, we see no evidence of molecular anti-Stokes scattering. Based on the Stokes to anti-Stokes 

ratio, we may infer that the apparent vibrational temperature of the molecule, Tv, is less than 300 

K. More details on the experimental procedure and further experimental results are presented in 

the SI.  

The central question raised by these observations is whether the lineshapes shown Fig. 1c,d 

are indeed interference features as their Fano-like line shapes suggest. This brings up a general 

issue: can there be interference between the different light scattering pathways that involve the 

molecule and the metal? In what follows we present calculations done with two minimal models 

that emphasize different interfacial processes, which show that coupling between the vibrational 

and electronic scattering channels can lead to the observed lineshape. The calculated scattering 

spectra (Figs. 3,4) are qualitatively similar to the observed (Fig. 1). While our theory indicates that 

interference between scattering pathways can in principle lead to Fano lineshapes in Raman 

scattering, available experimental evidence suggests that another mechanism, asymmetric 

electronic sidebands dressing the molecular Raman spectrum, is dominant.  
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Figure  2:  (Color online) A sketch of the processes underlying the Stokes component of 

Raman scattering from a molecule coupled to a metal. (a) The incident photons induce the virtual 

transition displayed in red. In addition to Rayleigh scattering (the red process in reverse), two 

inelastic scattering (Raman) pathways are shown: The green process brings the molecule back to 

its ground state while creating an e-h excitation in the metal (electronic Raman scattering). The 

blue process brings the molecule to an excited vibrational state on the electronic ground state 

(vibrational Raman scattering). The two pathways to Raman scattering are coupled by the 

combined effect of the metal-molecule electron-transfer coupling and the electronic-vibrational (e-

v) interaction (orange) that induces vibrational de-excitation in the molecule with e-h formation in 

the metal. The dashed lines connect coupled processes. (b) Two pathways are defined by the 

excitation process (red): A (virtual) molecular transition and a molecule-to-metal charge transfer 

transition, respectively denoted M and C in the text. The outgoing photon (blue) leaves the 

molecule in the excited vibrational state, possibly with e-h excitation (or de-excitation) in the metal 

(black). 

We consider a molecule chemisorbed on a metal surface and subjected to an external 

radiation field. As in the experimental system, the metal may be a nanostructure (NS) chosen to 

promote plasmonic enhancement, but this enters our discussion only implicitly, through the 

magnitude of the local electromagnetic field. The model Hamiltonian comprises the molecule, 

metal, radiation field and their couplings, with the electron-photon and e-v interaction terms treated 

FIG. 2: (Color online) A sketch of the processes under-
lying the Stokes (S) component of Raman scattering from a
molecule coupled to a metal. (a) The incident photons induce
the virtual transition displayed in red and a corresponding
Rayleigh scattering (the red process in reverse). In addition
two inelastic scattering (Raman) pathways are shown: The
green process brings the molecule back to its ground state
while creating an e-h excitation in the metal (electronic Ra-
man scattering). The blue process brings the molecule to an
excited vibrational state on the electronic ground state (vi-
brational Raman scattering). These Raman scattering path-
ways are coupled by the combined effect of the metal-molecule
electron- transfer coupling and the electronic-vibrational (e-
v) interaction (orange) that induces vibrational de- excitation
in the molecule with e-h formation in the metal. The dashed
lines connect coupled processes. (b) Two pathways are de-
fined by the excitation process (red): A (virtual) molecular
transition and a molecule-to-metal charge transfer transition,
respectively denoted M and C in the text. The outgoing pho-
ton (blue) leaves the molecule in the excited vibrational state,
possibly with e-h excitation (or de- excitation) in the metal
(black). Note that the processes shown are accompanied also
by electronic Raman scattering from the bare metal.

where (~ = kB = e = 1)

Ĥ0 = ĤM + ĤNS + V̂NS + Ĥrad; (2)

ĤM =
∑
m=g,x

εmd̂
†
md̂m + ωv v̂

†v̂; (3)

ĤNS =
∑
k

εk ĉ
†
k ĉk; (4)

V̂NS =
∑
m=g,x

∑
k

(
Vmkd̂

†
mĉk + Vkmĉ

†
kd̂m

)
; (5)

V̂e−v =
∑
m=g,x

MmQ̂v d̂
†
md̂m; Q̂v = v̂ + v̂† (6)

Ĥrad =
∑

α∈i,{f}

ναâ
†
αâα; (7)

V̂rad = V̂ Crad + V̂Mrad (8)

=
∑

J=C,M

∑
α∈i,{f}

(
UJgx,α(Q̂v)D̂

†
J âα + UJα,gx(Q̂v) â

†
α D̂J

)

ĤM is the molecular Hamiltonian, modeled as a two elec-
tronic levels (ground and excited states, g and x) system
with a single molecular vibration of frequency ωv. V̂e−v
is the corresponding polaronic-type e-v coupling. ĤNS
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describes a free electron metal and V̂NS is the molecule-
metal electron transfer coupling. d̂†m (d̂m) (m=g, x ) and

ĉ†k (ĉk) create (annihilate) electrons in the molecular or-
bitals and the metal, respectively. v̂† (v̂) andâ†α (âα)
create (annihilate) vibrational excitations and photons

in mode α, respectively. Finally, D̂M = d̂†gd̂x and D̂C =

d̂†g ĉk are respectively intramolecular and charge-transfer

electronic de-excitation operators. V̂rad, Eq. (8), is the
system-radiation field coupling in which the coupling ma-
trix elements UJgx,α connect the molecular ground state
g to excited states x in the channels J = C or M that
determines the nature of the excited states x (a simi-
lar term, not shown, is associated with light scattering
from the bare metal). As usual we distinguish between
the incoming (occupied) photon mode i and the contin-
uum of accepting (empty) modes {f}. These coupling
elements are assumed to be functions of the vibrational
coordinate, described here by their Taylor expansion up
to linear term (J = M,C)

UJgx,α(Q̂v) ≡ UJ∗α,gx(Q̂v) ≈ UJ0
gx,α + UJ1

gx,αQ̂v (9)

To account for the observed dependence of the inelastic
spectrum on the incident light intensity, we assume that
in addition to being scattered, the incident radiation field
affects the molecule-metal coupling. This can arise from
a field-induced renormalization of the electron transfer
coupling V̂NS , Eq. (5),[31–33] as well as contributions
from molecule to metal charge transfer transitions. In
the calculations reported below this is incorporated by an
assumed dependence of the self-energies Γm (m = g, x)
on the incident light intensity.

Consider first model A (Fig. S2a). Here we assume
that Raman scattering is dominated by the intramolec-
ular optical transition and disregard the corresponding
contribution of the optical charge transfer coupling V Crad.
This model can show interference between the vibrational
and electronic scattering channels, provided that their
coupling, Eq (6), is strong enough.

Following the procedure described in Ref. 18 the (nor-
mal) Raman scattering flux [43] has the following struc-
ture

Ji→f =

∫ +∞

−∞
d(t′ − t)

∫ 0

−∞
d(t1 − t)

∫ 0

−∞
d(t2 − t′)

× e−iνf (t′−t) e−iνi(t1−t2) (10)

×
〈
Ûi(t2)D̂(t2)Ûf (t′)D̂†(t′)Ûf (t)D̂(t)Ûi(t1)D̂†(t1)

〉
in which the operators are summed over all relevant con-
tributions from Eqs. (8) and (9) and where the indices
i and f indicate that the corresponding matrix element
should be taken with the incident or scattered radiation
field modes, respectively. In departure from Ref. [18] we
keep only the lowest order (up to 2nd) terms in U1, as
usually done for non-resonant Raman calculations. The
calculation proceeds as follows (See the SI for details):

(a) Applying Eq. (S2) to model A, yields Eqs. (S2)
for the light scattering flux. Analysis based on energy
conservation suggests that expressions (S2a), (S2f) and
(S2k) contribute to Rayleigh and pure electronic Raman
scattering, while expressions (S2g) - (S2j) contribute to
vibrational Raman scattering (possibly dressed by e-h
excitations).[44] Expressions (S2b) - (S2e) formally rep-
resent interference between vibrational and electronic-
Raman/Rayleigh scattering. At the level of the present
calculation, fourth order in the coupling to radiation
field, they vanish in the absence of the coupling(6).

(b) The e-v interaction (6) is considered to the lowest
order. This introduces an additional term∫

c

dτvMg Q̂v(τv) n̂g(τv) (11)

into the correlation functions (S2b)-(S2e), yielding non-
vanishing corrections that represent interference between
the electronic and vibrational Raman processes that can
give rise to Fano lineshape in the Raman scattering as
shown below.[45] In evaluating these terms, the real time
analog, tv, of the contour variable τv can be placed in all
possible ways between the times t, t′, t1, and t2 on the
Keldysh contour (see Fig. S5).

(c) The light scattering flux including the interfer-
ence corrections is thus obtained in terms of correla-
tion functions of a system defined by the quadratic
Hamiltonian H0. Thus Wick’s theorem applies and
electronic and vibrational degrees of freedom decouple
yielding the final expressions in terms of projections to
real time of the electronic and vibrational Green func-
tions, Gmm′(τ, τ

′) ≡ −i〈Tc d̂m(τ) d̂†m′(τ
′)〉 and D(τ, τ ′) ≡

−i〈Tc Q̂v(τ)Q̂v(τ
′)〉, where Tc is the contour ordering op-

erator. For the molecular vibration we use the quasipar-
ticle approximation, Eqs. (S3) and (S4). In evaluating
the electronic GFs we assume εx − εg�Γm, where Γm =
2π
∑
k |Vkm|2δ(E − εk); m = g, x. Consequently, inter-

state correlations induced by the metal are neglected,
Gmm′(τ, τ

′) ≈ δm,m′Gmm(τ, τ ′) ≡ δm,m′Gm(τ, τ ′), lead-
ing to the standard expressions (S5)-(S7) for the elec-
tronic GFs.

This procedure leads to explicit expressions, Eqs. (S8)-
(S14), for the different contributions to the light scat-
tering flux in the relevant order (fourth) in the system-
radiation field coupling including the interference correc-
tions, Eqs. (S10) and (S14), arising from the e-v cou-
pling. The other contributions can be classified accord-
ing to their physical origin that can be identified by their
energy conservation structure. Eq. (S8d) and (S10d)
represent the the Rayleigh scattering component that
is disregarded in our calculation. Eq. (S8) represents
the pure electronic Raman that may be though of as an
electronic sideband of the Rayleigh peak.[46] We have
previously[34, 35] used the Stokes (S) and anti-Stokes
(AS) components of this contribution to estimate the
apparent electronic heating in non-equilibrium molecu-



4

1

2

3

10
-5

J i
f
(a

.u
.)

2

6

10
-7

J i
f
(a

.u
.)

0 2 4 6 8

( i- f)/ v

(a)

5

10

10
-5

J i
f
(a

.u
.)

0 2 4 6 8

( i- f)/ v

(b)

FIG. 3: (Color online) (a) The total Raman scattering
(full line; blue) evaluated from Eqs. (S8)-(S14) (without the
Rayleigh contributions, Eqs. (S8d) and (S10d)), displayed
against the Raman shift νi − νf . The parameters used are
T = 300 K, εg = 0, εx = 2 eV, Γg = Γx = 0.05 + Γopt eV
with Γopt = 0.3 eV being the light induced tunneling rate,
ωv = 0.05 eV, Mg = 0.02 eV, νi = 1 eV, U (0) = 0.1 eV, U (1) =
0.01 eV. The red dashed line is the result obtained when
the e-v interaction (6) is disregarded. The inset shows the
corresponding weak incident field case with Γopt = 0.03 eV,
U (0) = 0.032 eV, U (1) = 0.0032 eV. (b) The Raman scat-
tering calculated with the same parameters as in the main
panel on the left at temperatures 3000 K (solid and dashed
lines) and 30 K (dotted and dash-dotted lines, multiplied by
a scale-factor 4).

lar junctions. Eq. (S13) is the vibrational contribution
to the Raman signal together with its own electronic side-
band.

Fig. S3 shows the total Raman scattering signal re-
sulting from this model calculation. The calculation was
done on an energy grid spanning the region from −3 to 3
eV with step 10−3 eV and the molecular vibration is as-
sumed to equilibrate quickly to the ambient temperature.
The following observations can be made:

(a) Interference between electronic and vibrational in-
elastic scattering routes can indeed lead to a Fano-type
scattering spectrum. The electron-vibration coupling (6)
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FIG. 4: The effective temperature obtained from the Raman
scattering spectrum displayed in the main panel of Fig. 3.
See text for details.

is crucial for obtaining this behavior. This is seen in the
weak illumination case (inset to Fig. S3a) by comparing
the results obtained with and without this coupling.

(b) The asymmetric lineshape that seen in the high
incident intensity case (main figure S3a) is not of this
origin. In this case the calculation yields Fano-like line-
shapes that qualitatively reproduce the experimental be-
havior also when the coupling (6) is disregarded.

(c) The transition from a standard, essentially sym-
metric Raman line to a broadened assymetric line when
the incident light intensity increases is best rationalized
within this model by assuming that the coupling (6) is
small enough to be disregarded. This yields the dashed
lines in Figure S3 that qualitatively agree with the ex-
perimental observation.

Our analysis thus shows that interference between vi-
brational and electronic Raman scattering can in prin-
ciple occur leading to a characteristic Fano lineshape in
Raman scattering from molecules adsorbed on metal sub-
strates. It suggests, however, that the origin of of the
present observation of asymmetric Raman lineshape at
higher (photoinduced) metal-molecule coupling is differ-
ent resulting from the S component of the electronic Ra-
man scattering. This is seen in the Fig. S3b, that show
that the asymmetry disappears at high ambient temper-
atures.

Our calculation also yields the effective (Raman) tem-
perature from the ratio between the S and AS scat-

tering intensities according to [13, 17, 18] T
(1)
eff =

∆ν

ln(Jνi→νi−∆ν/Jνi→νi+∆ν )
, or fitting the tail of the AS sig-

nal to a∆ν/
(
1− exp[−∆ν/T

(2)
eff ]

)
, Eq.(S1), where ∆ν ≡

|νi − νf | is the Raman shift. For T
(1)
eff we have arbi-

trarily assigned the vibrational Raman temperature to
the value calculated at ∆ν = ωv and the electronic Ra-
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FIG. 5: The Raman scattering signal calculated for model B
(see text for parameters). The dotted-black and dashed-red
lines represent the signals associated with the pure-electronic
and electronic-dressed vibrational Raman, respectively, and
the full blue line is their sum. The inset shows the corre-
sponding vibrational and electronic effective temperatures,
calculated as before.

man temperature to that obtained at ∆ν = 2ωv. The
results for the parameters of Fig. S3a (main panel) are
shown in Fig. S4. The resulting trends are similar to
those observed experimentally, although the model cal-
culation somewhat underestimates the electronic heating.
In spite of this qualitative agreement with the experimen-
tal observation, we note that while Teff can give a rough
estimate of system heating, the actual numbers may be
meaningless. This is indicated here by discrepancy be-
tween the different calculations of Tel and the apparent
cooling seen in Tvib, keeping in mind that the oscillator
was kept at the ambient temperature in this calculation.

We have also considered model B as an alternative
mechanism for interference. The calculation follows the
same steps as in (a) and (c) above, now using both M and
C terms in Eq. (8) and again keeping only terms up to
the lowest order in U1 (Eq. (9)). In this calculation
we have restricted our considerations to contributions
from the purely intra-molecular processes (D̂ = D̂M in
all four terms in (S2)), purely charge-transfer processes
(D̂ = D̂C in all terms), and their mixtures (potential
source of interference) in which excitation operators at
times t2 and t′ are of one kind, while those at times t
and t1 of the other. Again the molecule-metal tunnel-
ing coupling Γm is assumed to contain an incident field
dependent contribution.[47] The final result for the light
scattering flux for this model is given by Eqs. (S15)-
(S19).

Fig. S5 shows the Stokes side of the Raman response
obtained from this model using the following parame-
ters: T = 300 K, εg = 0 eV, εx = 2 eV, ωv = 0.1 eV,
νi = 1 eV, Γg = Γx = 0.15 eV + Γopt with Γopt = 0.1 eV,

U
(0)
Mα = 0.1 eV and U

(1)
Mα = 0.01 eV (α = i, f), and

EF = 0. Calculations are performed on an energy grid
spanning the region from −5 to 5 eV with step 10−3 eV.
Asymmetric Raman profiles are seen as before, but again
we find (see SI) that while there is some contribution
of interference between channels M and C, the main
source of lineshape asymmetry originates again from the
electronic sideband that dresses the Rayleigh and vibra-
tional scattering peaks mainly on their blue side. The
“electronic heating” obtained here is stronger than in
model A, closer to the magnitude observed experimen-
tally, but the actual numbers should again be considered
cautiously.

In conclusion, we have observed asymmetric lineshape
features in Raman scattering from bipyridyl ethylene
molecules adsorbed on gold nanostructures, with the fol-
lowing characteristics: (a) Asymmetry increases with
incident light intensity. (b) The vibrational tempera-
ture appears not to increase even at the highest inten-
sity used, while the apparent electronic temperature in-
creases by up to ∼ 600 K. The Fano-like appearance of
these lineshapes suggests the possibly implication of in-
terference between different scattering pathways. Model
calculations show that such interference, leading to the
observed asymmetry, is indeed possible in systems with
strong enough electron-vibrational coupling. Our cal-
culations suggest, however, that the observed lineshape
asymmetry is dominated by electronic scattering side-
bands that dress the Rayleigh and vibrational scattering
peaks, and its dependence on incident light intensity can
be explained by an optically induced component in the
molecule-metal electron-transfer coupling. This model
also yields vibrational and electronic “Raman tempera-
tures” that are consistent with experimental observation,
but may reflect the complex nature of the non-equlibrium
response rather than the actual temperature. Fano-type
interference in Raman scattering has been shown to be a
theoretical possibility.

The Research of AN is supported by the Israel Sci-
ence Foundation and by the US-Israel Binational Sci-
ence Foundation. AN thanks the Theoretical Physics
Group at the Free University of Berlin for hospitality.
MG gratefully acknowledges support by the DOE (Early
Career Award, de-sc0006422). The experimental work
was carried out at the NSF Center for Chemistry at the
Space-Time Limit (CHE-0802913). EH is supported by
the Academy of Finland (Decision No. 265502).

http://arxiv.org/abs/de-sc/0006422
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SUPPLEMENTARY INFORMATION

Experimental Details

s outlined in the main text, the measurements are carried out on single silica encapsulated gold dumbbells, the
transmission electron micrograph (TEM) of which is shown in the inset to Fig. S1. The nanosphere diameter is 95±5
nm and the intersphere spacing prior to irradiation is ∼ 1 nm. As molecular reporter, bipyridyl ethylene (BPE) is
adsorbed on the gold spheres prior to encapsulation. The dumbbells are dispersed on a silicon nitride membrane (20
nm thick) of the TEM grid by drop casting them in a dilute solution. After mapping out locations and geometries
of the nanostructures using a scanning electron microscope (SEM), Raman scattering measurements are carried out
under an optical microscope, in the backscattering geometry, using an NA = 0.625 objective. The excitation source is
a continuous wave diode laser, operating at λ = 532 nm, which is resonant with the anti-bonding quadrupolar plasmon
on these structures.[29, 36] On these dumbbells, the binding quadrupolar plasmon and the binding dipolar plasmon
resonances occur near 560 nm and 780 nm, respectively.[29] The molecular vibrational Raman spectra invariably
appear over a background continuum (Fig. S1b), which can also be seen on bare dumbbells (Fig. 1a). The molecular
lines broaden asymmetrically as a function of irradiation intensity, to eventually coalesce into the asymmetric Fano-
like profile shown in Fig. S1c and 1d. We see variations in details on different particles, along with hysteretic response
during intensity cycling due to evolution in the structure of the intersphere junction, which is verified through TEM.
A rich variety of phenomena can be identified during fusion of the plasmonic junction when the incident light intensity
increases.[36] Here, we focus on the development of the Fano-like profile that possibly indicates interference between
the electronic Raman scattering continuum on gold and the discrete resonances of the molecule. The temperature of
the molecular vibrations is inferred from the usual ratio of Stokes/Anti-Stokes scattering. The electronic temperature
is obtained from the anti-Stokes branch of the continuum, which for Raman shifts E = ωi − ωs > kT , can be seen
in Fig. S2 to decay exponentially, exp(−E/kTe), as expected for e-h Raman scattering that terminates on thermally
populated holes. The spectrum is explicitly fitted to the joint density of states, which appears in first term of Eq. (S1).
The principal experimental observations are summarized as follows:

1. At low intensity, 10µW/µm2, the molecular vibrational Raman spectrum that appears over the background
continuum in Fig. S1b, perfectly matches that of the isolated BPE molecule. Note that the traces in Fig. S1 are
identical to those in Fig. 1 of the main text. This has been shown in some detail previously.[30]

2. The background continuum, which is also present on the bare dumbbell (Fig. S1a), can be assigned to electronic
Raman scattering (ERS) on the gold nano antenna. The continuum is polarized. As in the Hertzian antenna,[37]
the scattering is dipolar, with cos4q polarization along the long axis of the dumbbell.

3. The fits of the anti-Stokes spectra to Eq. S1), which are shown in Fig. S2, yield the effective electronic tempera-
ture of the gold. This has been independently recognized recently.[38] Note, the method does not involve a ratio
between Stokes and anti-Stokes scattering, which can be misleading. Te, is a linear function of the irradiation
intensity, as seen in Fig. S3a.

4. As the excitation intensity is increased up to 400 µW/µm2, the molecular lines develop asymmetric profiles
and gain intensity relative to the background. At high intensity, the molecular response collapses into a single
asymmetric line. The spectral profiles S1c and S1d can be fitted to a sum of ERS background and a Fano line,
according to

W (E) = a

∫
f (E)

(
1− f (E + E)

)
e−|2E/d|dE + b

[
(q + ε)2

1 + ε2
− 1

]
(S1)

in which a,b are normalization constants (a/b =20), f(E) is the Fermi-Dirac distribution, d = 0.19 eV is the

energy width of the projection of the collective plasmon state on single particle states,[39] ε = (E−ω0)
γ/2 is the

reduced frequency with center on the molecular vibrational frequency, w0= 1600 cm−1. The resulting fits are
shown as green traces overlapping the lines c and d in Fig. S1. In Fig. S1c the fit parameters are γ = 130 cm−1

and q = 2.5, while in Fig. S1d γ = 390 cm−1 and q = 2.7.

5. While the ERS background shows linear dependence on irradiation intensity, the integrated area under the
molecular lines is superlinear, as shown in Fig. S3b.
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FIG. S1: (a) Raman spectrum recorded on a bare dumbbell, where reporter molecules are absent at the metallic junction.
(b) Molecular Raman lines of BPE appear over the background continuum from a dumbbell. Both (a) and (b) have been
recorded at low intensity (∼ 10µW/µm2) and anti-Stokes region is expanded vertically for clarity in either case (7x and 4.5x,
respectively). At elevated irradiation intensity the entire spectrum develops Fano-like profile. Parentage of the molecular lines
may still be identified (c) at moderate intensity (∼ 50µW/µm2) and becomes unidentifiable (d) at more intense irradiation
(∼ 150µW/µm2). The entire line profile in (c) and (d) can be fitted to Fano lineshape (green trace). The inset shows a
TEM image of a typical dumbbell. Shaded regions are used to quantify the intensity dependence of molecular lines (blue) and
electronic Raman scattering of gold (red), the results of which are shown in Fig. S1b.

6. Remarkably, the molecular vibrations and metal electrons appear to have different temperatures. At the highest
incident light intensity, where the apparent electron temperature reaches Te = 580 K, we see no evidence of
molecular anti-Stokes scattering. Based on the Stokes to anti-Stokes ratio, we establish that the apparent
vibrational temperature of the molecule, Tv, is less than 300 K.

7. Near 1 mW/µm2, the nano-structure undergoes phase explosion – the metal melts and the silica shell explodes.
Hysteretic behavior is observed during intensity cycling at intensities in excess of ∼ 100µW/µm2, due to per-
manent evolution of the junction structure. The spectrum in Fig. S1c, which was recorded at an irradiation
intensity of 50µW/µm2, was obtained after such a cycle.

Theoretical Details

Here we present details on derivation of Raman signal expressions for the two models considered in the paper.
The starting point is general expression of the normal Raman scattering (see Eq.(9) of the paper and Fig. S4 below)
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FIG. S2: The anti-Stokes branch of the continuum is given by the thermal occupation of the Fermi-Dirac distribution. This is
illustrated by the exponential fits, IAS(E) = exp(−E/kTe), to the anti-Stokes continuum for four different irradiation intensities,
I = 100, 50, 25, 13µW/µm2, which yield electronic temperatures of Te = 465, 415, 395, 364 K, respectively. A more accurate
value of Te is obtained from fitting to (S1), but the trend does not change.

FIG. S3: (a) Exponentially decaying anti-Stokes branch of Raman spectra determines the temperature at the metallic junction
which grows linearly with increasing irradiation intensity. (b) The electronic Raman scattering background (red dot) varies
linearly with irradiation intensity. However, the area under the molecular lines (blue dot) is superlinear.
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t
t’t2

t1

FIG. S4: (Color online) Projection for ‘the normal Raman’ scattering. Times t1 and t2 indicate interaction with the incoming
photon νi, t and t′ - with the outgoing photon νf . The diagram is identical to Fig. 8a of Ref. [18].

[18, 40, 41].
Utilizing Taylor expansion of the optical electronic transition matrix element (see Eq.(8) of the paper) and keeping

terms up to second order in molecular vibration coordinate leads to the following steady-state expression for Raman
scattering from mode i to mode f of the radiation field

Ji→f =

∫ +∞

−∞
d(t′ − t)

∫ 0

−∞
d(t1 − t)

∫ 0

−∞
d(t2 − t′) eiνf (t−t′) − iνi(t1 − t2)[

U
(0)
i,gxU

(0)
gx,fU

(0)
f,gxU

(0)
gx,i〈D̂(t2)Q̂v(t2) D̂†(t′) D̂(t) D̂†(t1)〉 (S2a)

+ U
(1)
i,gxU

(0)
gx,fU

(0)
f,gxU

(0)
gx,i〈D̂(t2)Q̂v(t2) D̂†(t′) D̂(t) D̂†(t1)〉 (S2b)

+ U
(0)
i,gxU

(1)
gx,fU

(0)
f,gxU

(0)
gx,i〈D̂(t2) D̂†(t′)Q̂†v(t

′) D̂(t) D̂†(t1)〉 (S2c)

+ U
(0)
i,gxU

(0)
gx,fU

(1)
f,gxU

(0)
gx,i〈D̂(t2) D̂†(t′) D̂(t)Q̂v(t) D̂

†(t1)〉 (S2d)

+ U
(0)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i〈D̂(t2) D̂†(t′) D̂(t) D̂†(t1)Q̂†v(t1)〉 (S2e)

+ U
(1)
i,gxU

(1)
gx,fU

(0)
f,gxU

(0)
gx,i〈D̂(t2)Q̂v(t2) D̂†(t′)Q̂†v(t

′) D̂(t) D̂†(t1)〉 (S2f)

+ U
(1)
i,gxU

(0)
gx,fU

(1)
f,gxU

(0)
gx,i〈D̂(t2)Q̂v(t2) D̂†(t′) D̂(t)Q̂v(t) D̂

†(t1)〉 (S2g)

+ U
(1)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i〈D̂(t2)Q̂v(t2) D̂†(t′) D̂(t) D̂†(t1)Q̂†v(t1)〉 (S2h)

+ U
(0)
i,gxU

(1)
gx,fU

(1)
f,gxU

(0)
gx,i〈D̂(t2) D̂†(t′)Q̂†v(t

′) D̂(t)Q̂v(t) D̂
†(t1)〉 (S2i)

+ U
(0)
i,gxU

(1)
gx,fU

(0)
f,gxU

(1)
gx,i〈D̂(t2) D̂†(t′)Q̂†v(t

′) D̂(t) D̂†(t1)Q̂†v(t1)〉 (S2j)

+ U
(0)
i,gxU

(0)
gx,fU

(1)
f,gxU

(1)
gx,i〈D̂(t2) D̂†(t′) D̂(t)Q̂v(t) D̂

†(t1)Q̂†v(t1)〉
]

(S2k)

Analysis based on energy conservation suggests that from all the resulting diagrams expressions (S2a), (S2f) and
(S2k) contribute to electronic Raman scattering (in particular, Eq. (S2a) leads to results discussed in out previous
publications[34, 35]). Expressions (S2g)-(S2j) contribute to vibrational Raman scattering (these results are similar
to those of resonant Raman scattering consideration in our previous publications[17, 18]). Finally, expressions (S2b)-
(S2e) are responsible for interference between the electronic and vibrational intra-molecular Raman scattering channels
(see details below), which is possible in the presence of electron-vibration interaction (see Eq.(5) of the paper). This
situation is encountered in description of the model A (see Fig. 2a of the paper). If one disregards this interaction (and
within the treatment of molecular coupling to radiation field up to second order in molecular vibration coordinate)
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the latter contributions are zero. This is the situation encountered in description of the model B (see Fig. 2b of the
paper). We now turn to details of derivation specific for each of the models.

Model A

Within this model we are interested in interference between electronic Raman scattering (a process where vibrational
state at the start an end of Raman scattering is the same) and vibrational Raman scattering (a scattering process
with initial and final states with different vibrational excitations) amplitudes. For the two amplitudes to interfere,
final states of the two processes should be the same. Electron-vibration coupling in molecular Hamiltonian (see Eq.(5)
of the paper), yields such a possibility (see Fig. 2a of the paper). In the off-resonant Raman regime electron-vibration
interaction can be disregarded. Utilizing the first order perturbation in the electron-vibration coupling (see Eq.(10) of
the paper) in expressions (S2b)-(S2e) results in the desired interference. Possible placements of the time of electron-
vibration interaction tv between times t, t′ and t1, t2 representing interaction with the outgoing f and incoming i
modes of the radiation field, respectively, are shown in Fig. S5.

Projections (e)-(h) of Fig. S5 utilized in corrections to (S2b)-(S2c) and projections (a)-(d) of Fig. S5 in corrections to
(S2d)-(S2e) lead to renormalization of electronic Raman due to electron-vibration interaction. These are the diagrams
which lead to Fano resonance in Raman scattering (see below). Projections (a)-(d) of Fig. S5 in corrections to (S2b)-
(S2c) and projections (e)-(h) of Fig. S5 in corrections to (S2d)-(S2e) renormalize vibrational Raman scattering.

After accounting for the electron-vibration interaction we decouple electron and vibration degrees of freedom and
utilize the Wick’s theorem to get final expressions in terms of projections of electron and vibrational Green functions
(see Eqs. (11) and (12) of the paper). We treat molecular vibration within quasiparticle approximation

D<(ω) =− 2πi (Nvδ(ω − ωv) + [1 +Nv]δ(ω + ωv)) (S3)

D>(ω) =− 2πi (Nvδ(ω + ωv) + [1 +Nv]δ(ω − ωv) (S4)

where Nv is average population of the vibration. Explicit expressions for electronic Green functions are (m = g, x)

G<m(E) =
iΓmf(E)

(E − εm)2 + (Γm/2)2
(S5)

G>m(E) =
−iΓmf(E)

(E − εm)2 + (Γm/2)2
(S6)

Grm(E =[E − εm + iΓm/2]−1 Gam(E) = [Grm(E)]∗ (S7)

After tedious but straightforward algebra we get the following steady-state expressions for Raman scattering.

tt’t2

tv t1

tt’t2

tv t1

tt’t2

tv

t1 t

t’t2

tv

t1

t

t’t2

tv

t1 tt’

tv

t1

t2

tt’

tv

t1

t2

tt’

tv

t1

t2

(a) (b) (c)

(d)

(h)(g)(f)(e)

FIG. S5: (Color online) Electron-vibration interaction induced corrections to ‘the normal Raman’ (Fig. S4). tv indicates time
of interaction with molecular vibration. The contour is deformed following the Langreth rules [42].
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Explicit expression for the electronic Raman is

∫
dEg1
2π

∫
dEg2
2π

∫
dEx1

2π

∫
dEx2

2π
2πδ(νif − Eg21 − Ex21) (S8a)

G<g (Eg1)G>g (Eg2)G<x (Ex1)G>x (Ex2)

(∣∣∣∣∣ U
(0)
f,gxU

(0)
gx,i

νi − Ex2 + Eg1 + iδ

∣∣∣∣∣
2

+ 2ReU
(1)
i,gxU

(1)
gx,fU

(0)
f,gxU

(0)
gx,i

[
1 +Nv

(νi − Ex2g1 − ωv + iδ)(νi − Ex2g1 − iδ)

+
Nv

(νi − Ex2g1 + ωv + iδ)(νi − Ex2g1 − iδ)

])

+

∫
dEx1

2π

∫
dEx2

2π
2πδ(νif − Ex21)G<x (Ex1)G>x (Ex2) (S8b)(∣∣∣∣∣

∫
dEg
2π

U
(0)
f,gxU

(0)
gx,iG

<
g (Eg)

νi − Ex2 + Eg + iδ

∣∣∣∣∣
2

−
∫
dEg1
2π

∫
dEg2
2π

G<g (Eg1)G<g (Eg2)

× 2ReU
(1)
i,gxU

(1)
gx,fU

(0)
f,gxU

(0)
gx,i

[
1 +Nv

(νi − Ex2g1 − ωv + iδ)(νi − Ex2g2 − iδ)

+
Nv

(νi − Ex2g1 + ωv + iδ)(νi − Ex2g2 − iδ)

])

+

∫
dEg1
2π

∫
dEg2
2π

2πδ(νif − Eg21)G<g (Eg1)G>g (Eg2) (S8c)(∣∣∣∣∣
∫
dEx
2π

U
(0)
f,gxU

(0)
gx,iG

>
x (Ex)

νi − Ex + Eg1 + iδ

∣∣∣∣∣
2

−
∫
dEx1

2π

∫
dEx2

2π
G>x (Ex1)G>x (Ex2)

× 2ReU
(1)
i,gxU

(1)
gx,fU

(0)
f,gxU

(0)
gx,i

[
1 +Nv

(νi − Ex1g1 − ωv + iδ)(νi − Ex2g1 − iδ)

+
Nv

(νi − Ex1g1 + ωv + iδ)(νi − Ex2g1 − iδ)

])

+ 2πδ(νi − νf )

(∣∣∣∣∣
∫
dEg
2π

∫
dEx
2π

U
(0)
f,gxU

(0)
gx,iG

<
g (Eg)G

>
x (Ex)

νi − Ex + Eg + iδ

∣∣∣∣∣
2

(S8d)

+

∫
dEg1
2π

∫
dEg2
2π

∫
dEx1

2π

∫
dEx2

2π
G<g (Eg1)G<g (Eg2)G>x (Ex1)G>x (Ex2)

× 2ReU
(1)
i,gxU

(1)
gx,fU

(0)
f,gxU

(0)
gx,i

[
1 +Nv

(νi − Ex1g1 − ωv + iδ)(νi − Ex2g2 − iδ)

+
Nv

(νi − Ex1g1 + ωv + iδ)(νi − Ex2g2 − iδ)

])

Here

νif ≡ νi − νf Exmxgmg ≡ Exmx − Egmg Em21 ≡ Em2 − Em1 (m = g, x) (S9)
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Corrections to the electronic Raman due to electron-vibration coupling are

Mg

∫
dEg1
2π

∫
dEg2
2π

∫
dEx1

2π

∫
dEx2

2π(
2πδ(νif − Eg21 − Ex21)G<g (Eg1)G>g (Eg2)G<x (Ex1)G>x (Ex2) (S10a)

× 2Re

[(
1 +Nv
Nv

)
[U

(1)
i,gxU

(0)
gx,fG

r
g(Eg2 ∓ ωv) + U

(0)
i,gxU

(1)
gx,fG

a
g(Eg1 ∓ ωv)]U (0)

f,gxU
(0)
gx,i

(νi − Ex2g1 + iδ)(νi − Ex2g1 ∓ ωv − iδ)

+Nv
[U

(0)
i,gxU

(1)
gx,fG

r
g(Eg2 ∓ ωv) + U

(1)
i,gxU

(0)
gx,fG

a
g(Eg1 ∓ ωv)]U (0)

f,gxU
(0)
gx,i

|νi − Ex2g1 + iδ|2

− i
∫
dE3

2π

G<g (Eg3)U
(0)
f,gxU

(0)
gx,i

νi − Ex2g1 + iδ

(
U

(1)
i,gxU

(0)
gx,f [F (Eg2, Eg3)− F (Eg2, Eg1)]

νi − Ex2g1 − Eg2g3 − iδ

+
U

(0)
i,gxU

(1)
gx,f [F (Eg3, Eg1)− F (Eg2, Eg1)]

νi − Ex2g3 − iδ

)
+

[U
(1)
i,gxU

(0)
gx,fΦ(Eg1) + U

(0)
i,gxU

(1)
gx,fΦ∗(Eg2)]U

(0)
f,gxU

(0)
gx,i

|νi − Ex2g1 + iδ|2

]
− 2πδ(νif − Ex21)G<g (Eg1)G<g (Eg2)G<x (Ex1)G>x (Ex2) (S10b)

× 2Re

[(
1 +Nv
Nv

)
[U

(1)
i,gxU

(0)
gx,fG

r
g(Eg2 ∓ ωv) + U

(0)
i,gxU

(1)
gx,fG

a
g(Eg2 ∓ ωv)]U (0)

f,gxU
(0)
gx,i

(νi − Ex2g1 + iδ)(νi − Ex2g2 ∓ ωv − iδ)

+Nv
[U

(0)
i,gxU

(1)
gx,fG

r
g(Eg2 ∓ ωv) + U

(1)
i,gxU

(0)
gx,fG

a
g(Eg2 ∓ ωv)]U (0)

f,gxU
(0)
gx,i

(νi − Ex2g1 + iδ)(νi − Ex2g2 − iδ)

+
[U

(1)
i,gxU

(0)
gx,fΦ(Eg2) + U

(0)
i,gxU

(1)
gx,fΦ∗(Eg2)]U

(0)
f,gxU

(0)
gx,i

(νi − Ex2g1 + iδ)(νi − Ex2g2 − iδ)

]

− 2πδ(νif − Eg21)G<g (Eg1)G>g (Eg2)G>x (Ex1)G>x (Ex2) 2Re

[(
1 +Nv
Nv

)
(S10c)

×
(
U

(1)
i,gxU

(0)
gx,fG

r
g(Eg2 ∓ ωv)

νi − Ex1g1 + iδ
+
U

(0)
i,gxU

(1)
gx,fG

a
g(Eg1 ∓ ωv)

νi − Ex1g2 + iδ

)
U

(0)
f,gxU

(0)
gx,i

νi − Ex2g1 ∓ ωv − iδ

+Nv
U

(0)
f,gxU

(0)
gx,i

νi − Ex2g1 + iδ

(
U

(0)
i,gxU

(1)
gx,fG

r
g(Eg2 ∓ ωv)

νi − Ex1g1 ∓ ωv − iδ
+
U

(1)
i,gxU

(0)
gx,fG

a
g(Eg1 ∓ ωv)

νi − Ex1g1 − iδ

)
− i
∫
dE3

2π

G<g (Eg3)U
(0)
f,gxU

(0)
gx,i

νi − Ex1g1 + iδ

(
U

(1)
i,gxU

(0)
gx,f [F (Eg2, Eg3)− F (Eg2, Eg1)]

νi − Ex2g1 − Eg2g3 − iδ

+
U

(0)
i,gxU

(1)
gx,f [F (Eg3, Eg1)− F (Eg2, Eg1)]

νi − Ex2g3 − iδ

)
+

[U
(1)
i,gxU

(0)
gx,fΦ(Eg1) + U

(0)
i,gxU

(1)
gx,fΦ∗(Eg2)]U

(0)
f,gxU

(0)
gx,i

(νi − Ex1g1 + iδ)(νi − Ex2g1 − iδ)

]
+ 2πδ(νi − νf )G<g (Eg1)G<g (Eg2)G>x (Ex1)G>x (Ex2) (S10d)

× 2Re

[(
1 +Nv
Nv

)
[U

(1)
i,gxU

(0)
gx,fG

r
g(Eg2 ∓ ωv) + U

(0)
i,gxU

(1)
gx,fG

a
g(Eg2 ∓ ωv)]U (0)

f,gxU
(0)
gx,i

(νi − Ex1g1 + iδ)(νi − Ex2g2 ∓ ωv − iδ)

+Nv
[U

(0)
i,gxU

(1)
gx,fG

r
g(Eg2 ∓ ωv) + U

(1)
i,gxU

(0)
gx,fG

a
g(Eg2 ∓ ωv)]U (0)

f,gxU
(0)
gx,i

(νi − Ex1g1 + iδ)(νi − Ex2g2 − iδ)

+
[U

(1)
i,gxU

(0)
gx,fΦ(Eg2) + U

(0)
i,gxU

(1)
gx,fΦ∗(Eg2)]U

(0)
f,gxU

(0)
gx,i

(νi − Ex1g1 + iδ)(νi − Ex2g2 − iδ)

])
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where upper (lower) row and sign correspond to Stokes (anti-Stokes) scattering channel, repectively, and

F (E1, E2) ≡ 1

ωv − E21 + iδ
+

1

ωv + E21 − iδ
(S11)

Φ(E) ≡ i
∫
dE′

2π

(
G>g (E′)

E − E′ − ωv − iδ
−

G<g (E′)

E − E′ + ωv − iδ
+

2G<g (E′)

ωv

)
(S12)

At steady-state explicit expression for the vibrational Raman is

∫
dEg1
2π

∫
dEg2
2π

∫
dEx1

2π

∫
dEx2

2π

(
1 +Nv
Nv

)
(

2πδ(νif − Eg21 − Ex21 ∓ ωv)G<g (Eg1)G>g (Eg2)G<x (Ex1)G>x (Ex2) (S13a)

×
[
2Re

U
(0)
i,gxU

(1)
gx,fU

(0)
f,gxU

(1)
gx,i

(νi − Ex2g1 + iδ)(νi − Ex2g1 ∓ ωv − iδ)

+
U

(1)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i

|νi − Ex2g1 ∓ ωv + iδ|2
+
U

(0)
i,gxU

(1)
gx,fU

(1)
f,gxU

(0)
gx,i

|νi − Ex2g1 + iδ|2

]
− 2πδ(νif − Ex21 ∓ ωv)G<g (Eg1)G<g (Eg2)G<x (Ex1)G>x (Ex2) (S13b)

×
[
2Re

U
(0)
i,gxU

(1)
gx,fU

(0)
f,gxU

(1)
gx,i

(νi − Ex2g2 + iδ)(νi − Ex2g1 ∓ ωv − iδ)

+
U

(1)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i

(νi − Ex2g2 ∓ ωv + iδ)(νi − Ex2g1 ∓ ωv − iδ)

+
U

(0)
i,gxU

(1)
gx,fU

(1)
f,gxU

(0)
gx,i

(νi − Ex2g2 + iδ)(νi − Ex2g1 − iδ)

]
− 2πδ(νif − Eg21 ∓ ωv)G<g (Eg1)G>g (Eg2)G>x (Ex1)G>x (Ex2) (S13c)

×
[
2Re

U
(0)
i,gxU

(1)
gx,fU

(0)
f,gxU

(1)
gx,i

(νi − Ex1g1 + iδ)(νi − Ex2g1 ∓ ωv − iδ

+
U

(1)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i

(νi − Ex1g1 ∓ ωv + iδ)(νi − Ex2g1 ∓ ωv − iδ)

+
U

(0)
i,gxU

(1)
gx,fU

(1)
f,gxU

(0)
gx,i

(νi − Ex1g1 + iδ)(νi − Ex2g1 − iδ)

]
+ 2πδ(νif ∓ ωv)G<g (Eg1)G<g (Eg2)G>x (Ex1)G>x (Ex2) (S13d)

×
[
2Re

U
(0)
i,gxU

(1)
gx,fU

(0)
f,gxU

(1)
gx,i

(νi − Ex1g2 + iδ)(νi − Ex2g1 ∓ ωv − iδ)

+
U

(1)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i

(νi − Ex1g2 ∓ ωv + iδ)(νi − Ex2g1 ∓ ωv − iδ)

+
U

(0)
i,gxU

(1)
gx,fU

(1)
f,gxU

(0)
gx,i

(νi − Ex1g2 + iδ)(νi − Ex2g1 − iδ)

])
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FIG. S6: (Color online) Intra-molecular Raman scattering (model A, see Fig. 3 of the paper). Shown are the total signal (blue
line), electronic Raman (magenta) Eqs. (S8a)-(S8d) and its corrections due to electron-vibration interaction (red) Eqs. (S10a)-
(S10d), as well as vibrational Raman (black) Eqs. (S13a)-(S13d) and its corrections due to electron-vibration interaction (green)
Eqs. (S14a)-(S14d).
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Corrections to the vibrational Raman due to electron-vibration coupling are

Mg

∫
dEg1
2π

∫
dEg2
2π

∫
dEx1

2π

∫
dEx2

2π

(
1 +Nv
Nv

)
(

2πδ(νif − Eg21 − Ex21 ∓ ωv)G<g (Eg1)G>g (Eg2)G<x (Ex1)G>x (Ex2) (S14a)

× 2Re

[
Grg(Eg1 ∓ ωv)

νi − Ex2g1 ∓ ωv + iδ

(
U

(0)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i

νi − Ex2g1 ∓ ωv − iδ
+
U

(0)
i,gxU

(0)
gx,fU

(1)
f,gxU

(0)
gx,i

νi − Ex2g1 − iδ

)
+

(
U

(0)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i

νi − Ex2g1 ∓ ωv − iδ
+
U

(0)
i,gxU

(0)
gx,fU

(1)
f,gxU

(0)
gx,i

νi − Ex2g1 − iδ

)
Gag(Eg2 ± ωv)
νi − Ex2g1 + iδ

]
− 2πδ(νif − Ex21 ∓ ωv)G<g (Eg1)G<g (Eg2)G<x (Ex1)G>x (Ex2) (S14b)

× 2Re

[
Grg(Eg1 ∓ ωv)

νi − Ex2g1 ∓ ωv + iδ

(
U

(0)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i

νi − Ex2g2 ∓ ωv − iδ
+
U

(0)
i,gxU

(0)
gx,fU

(1)
f,gxU

(0)
gx,i

νi − Ex2g2 − iδ

)
+

(
U

(0)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i

νi − Ex2g1 ∓ ωv − iδ
+
U

(0)
i,gxU

(0)
gx,fU

(1)
f,gxU

(0)
gx,i

νi − Ex2g1 − iδ

)
Gag(Eg2 ± ωv)
νi − Ex2g2 + iδ

]
− 2πδ(νif − Eg21 ∓ ωv)G<g (Eg1)G>g (Eg2)G>x (Ex1)G>x (Ex2) (S14c)

× 2Re

[
Grg(Eg1 ∓ ωv)

νi − Ex2g1 ∓ ωv + iδ

(
U

(0)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i

νi − Ex1g1 ∓ ωv − iδ
+
U

(0)
i,gxU

(0)
gx,fU

(1)
f,gxU

(0)
gx,i

νi − Ex1g1 − iδ

)
+

(
U

(0)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i

νi − Ex2g1 ∓ ωv − iδ
+
U

(0)
i,gxU

(0)
gx,fU

(1)
f,gxU

(0)
gx,i

νi − Ex2g1 − iδ

)
Gag(Eg2 ± ωv)
νi − Ex1g1 + iδ

]
+ 2πδ(νif ∓ ωv)G<g (Eg1)G<g (Eg2)G>x (Ex1)G>x (Ex2) (S14d)

× 2Re

[
Grg(Eg1 ∓ ωv)

νi − Ex2g1 ∓ ωv + iδ

(
U

(0)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i

νi − Ex1g2 ∓ ωv − iδ
+
U

(0)
i,gxU

(0)
gx,fU

(1)
f,gxU

(0)
gx,i

νi − Ex1g2 − iδ

)
+

(
U

(0)
i,gxU

(0)
gx,fU

(0)
f,gxU

(1)
gx,i

νi − Ex2g1 ∓ ωv − iδ
+
U

(0)
i,gxU

(0)
gx,fU

(1)
f,gxU

(0)
gx,i

νi − Ex2g1 − iδ

)
Gag(Eg2 ± ωv)
νi − Ex1g2 + iδ

])

Similar to our previous considerations [34, 35] we are interested in Raman scattering only. Thus we drop Rayleigh
contributions, Eqs. (S8d) and (S10d). The latter are sharply peaked peaked at νi = νf .

Results of numerical simulations presented in Fig. 3 of the paper show asymmetric scattering profile that becomes
more pronounced at higher incident light intensity. Interference between the electronic and vibrational scattering
pathway contributes to this asymmetry as seen in Fig. S6. This interference is associated with the corrections to the
electronic Raman due to electron-vibration interaction, Eqs. (S10a)-(S10d) (the orange line showing the correction
due to the coupling M to the electronic Raman scattering in Fig. S6). However, the dominant contribution to the line
asymmetry is seen to be the Stokes nature of the electronic Raman scattering (purple line in Fig. S6) that dresses the
vibrational peak on its high energy side.

Model B

Within the model B (see Fig. 2b of the paper) we focus on intra-molecular and charge transfer contributions,
and disregard electron-vibration coupling (see Eq.(5) of the paper). Thus expressions (S2b)-(S2e), which are the
source Fano-type interference in model A, do not contribute in this model. Within the model radiation field leads
to optical excitation of either intra-molecular or charge transfer character. For each type of the excitations we
separate vibrational and electronic degrees of freedom in the correlation function, disregard coherence between ground
and excited states of the molecule, and perform integrals. A lengthy but straightforward derivations yield explicit
expressions for electronic and vibrational Raman signal. The steady-state Raman flux from intial mode i to final
mode f of the radiation field is
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FIG. S7: (Color online) Vibrational (top) and electronic (bottom) Raman scattering (model B, see Fig. 5a of the paper).
Shown are the total signals (dashed red line - top graph, dotted black line - bottom graph), as well as intra-molecular (solid
black lines) and charge-transfer (dotted magenta lines), and their interferences (dash-dotted green lines).
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Steady-state Raman flux from initial mode i to final mode f of the radiation field is

Ji→f =

4∑
p=1

J
(p)
i→f (S15)

where

J
(1)
i→f =

∑
s={0,−,+}

∫
dE

(1)
g

2π

∫
dE

(2)
g

2π

∫
dE

(1)
x

2π

∫
dE

(2)
x

2π
2πδ(νif − E(21)

g − E(21)
x + sωv)Ns (S16)

[
G<g (E(1)

g )G>g (E(2)
g )G<x (E(1)

x )G>x (E(2)
x )

∣∣∣∣∣ U
(1)
fMU

(0)
Mi

νi − E(2)
x + E

(1)
g + iδ

+
U

(0)
fMU

(1)
Mi

νi − E(2)
x + E

(1)
g + sωv + iδ

∣∣∣∣∣
2

+
∑
k1,k2

G<g (E(1)
g )G>g (E(2)

g )g<k1
(E(1)

x )g>k2
(E(2)

x )

∣∣∣∣∣ U
(1)
fCU

(0)
Ci

νi − E(2)
x + E

(1)
g + iδ

+
U

(0)
fCU

(1)
Ci

νi − E(2)
x + E

(1)
g + sωv + iδ

∣∣∣∣∣
2

+ 2Re
∑
k1,k2

G<g (E(1)
g )G>g (E(2)

g )G<k1x
(E(1)

x )G>xk2
(E(2)

x )

×

(
U

(1)
iMU

(0)
MfU

(1)
fCU

(0)
Ci

(νi − E(2)
x + E

(1)
g + iδ)(νi − E(2)

x + E
(1)
g + sωv − iδ)

+
U

(1)
iMU

(0)
MfU

(0)
fCU

(1)
Ci

|νi − E(2)
x + E

(1)
g + sωv + iδ|2

+
U

(0)
iMU

(1)
MfU

(1)
fCU

(0)
Ci

|νi − E(2)
x + E

(1)
g + iδ|2

+
U

(0)
iMU

(1)
MfU

(0)
fCU

(1)
Ci

(νi − E(2)
x + E

(1)
g + sωv + iδ)(νi − E(2)

x + E
(1)
g − iδ)

)]

J
(2)
i→f = −

∑
s={0,−,+}

∫
dE

(1)
g

2π

∫
dE

(2)
g

2π

∫
dE

(1)
x

2π

∫
dE

(2)
x

2π

(
2πδ(νif − E(21)

x + sωv)Ns (S17)

[
G<g (E(1)

g )G<g (E(2)
g )G<x (E(1)

x )G>x (E(2)
x )

∣∣∣∣∣ U
(1)
fMU

(0)
Mi

νi − E(2)
x + E

(1)
g + iδ

+
U

(0)
fMU

(1)
Mi

νi − E(2)
x + E

(2)
g + sωv + iδ

∣∣∣∣∣
2

+
∑
k1,k2

G<g (E(1)
g )G<g (E(2)

g )g<k1
(E(1)

x )g>k2
(E(2)

x )

∣∣∣∣∣ U
(1)
fCU

(0)
Ci

νi − E(2)
x + E

(1)
g + iδ

+
U

(0)
fCU

(1)
Ci

νi − E(2)
x + E

(2)
g + sωv + iδ

∣∣∣∣∣
2

+ 2Re
∑
k1,k2

G<g (E(1)
g )G<g (E(2)

g )G<k1x
(E(1)

x )G>xk2
(E(2)

x )

×

(
U

(1)
iMU

(0)
MfU

(1)
fCU

(0)
Ci

(νi − E(2)
x + E

(1)
g + iδ)(νi − E(2)

x + E
(2)
g + sωv − iδ)

+
U

(1)
iMU

(0)
MfU

(0)
fCU

(1)
Ci

(νi − E(2)
x + E

(1)
g + sωv + iδ)(νi − E(2)

x + E
(2)
g + sωv − iδ)

+
U

(0)
iMU

(1)
MfU

(1)
fCU

(0)
Ci

(νi − E(2)
x + E

(1)
g + iδ)(νi − E(2)

x + E
(2)
g − iδ)

+
U

(0)
iMU

(1)
MfU

(0)
fCU

(1)
Ci

(νi − E(2)
x + E

(2)
g + sωv + iδ)(νi − E(2)

x + E
(1)
g − iδ)

)]
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J
(3)
i→f = −

∑
s={0,−,+}

∫
dE

(1)
g

2π

∫
dE

(2)
g

2π

∫
dE

(1)
x

2π

∫
dE

(2)
x

2π

(
2πδ(νif − E(21)

g + sωv)Ns (S18)

[
G<g (E(1)

g )G>g (E(2)
g )G>x (E(1)

x )G>x (E(2)
x )

∣∣∣∣∣ U
(1)
fMU

(0)
Mi

νi − E(1)
x + E

(1)
g + iδ

+
U

(0)
fMU

(1)
Mi

νi − E(2)
x + E

(1)
g + sωv + iδ

∣∣∣∣∣
2

+
∑
k1,k2

G<g (E(1)
g )G>g (E(2)

g )g>k1
(E(1)

x )g>k2
(E(2)

x )

∣∣∣∣∣ U
(1)
fCU

(0)
Ci

νi − E(1)
x + E

(1)
g + iδ

+
U

(0)
fCU

(1)
Ci

νi − E(2)
x + E

(1)
g + sωv + iδ

∣∣∣∣∣
2

+ 2Re
∑
k

G<g (E(1)
g )G>g (E(2)

g )g>k (E(1)
x )G>x (E(2)

x )

×

(
U

(1)
iMU

(0)
MfU

(1)
fCU

(0)
Ci

(νi − E(1)
x + E

(1)
g + iδ)(νi − E(2)

x + E
(1)
g + sωv − iδ)

+
U

(1)
iMU

(0)
MfU

(0)
fCU

(1)
Ci

(νi − E(1)
x + E

(1)
g + sωv + iδ)(νi − E(2)

x + E
(1)
g + sωv − iδ)

+
U

(0)
iMU

(1)
MfU

(1)
fCU

(0)
Ci

(νi − E(1)
x + E

(1)
g + iδ)(νi − E(2)

x + E
(1)
g − iδ)

+
U

(0)
iMU

(1)
MfU

(0)
fCU

(1)
Ci

(νi − E(1)
x + E

(1)
g + sωv + iδ)(νi − E(2)

x + E
(1)
g − iδ)

)]

J
(4)
i→f =

∑
s={−,+}

∫
dE

(1)
g

2π

∫
dE

(2)
g

2π

∫
dE

(1)
x

2π

∫
dE

(2)
x

2π

(
2πδ(νif + sωv)Ns (S19)

[
G<g (E(1)

g )G<g (E(2)
g )G>x (E(1)

x )G>x (E(2)
x )

∣∣∣∣∣ U
(1)
fMU

(0)
Mi

νi − E(1)
x + E

(2)
g + iδ

+
U

(0)
fMU

(1)
Mi

νi − E(2)
x + E

(1)
g + sωv + iδ

∣∣∣∣∣
2

+
∑
k1,k2

G<g (E(1)
g )G>g (E(2)

g )g>k1
(E(1)

x )g>k2
(E(2)

x )

∣∣∣∣∣ U
(1)
fCU

(0)
Ci

νi − E(1)
x + E

(2)
g + iδ

+
U

(0)
fCU

(1)
Ci

νi − E(2)
x + E

(1)
g + sωv + iδ

∣∣∣∣∣
2

+ 2Re
∑
k

G<g (E(1)
g )G<g (E(2)

g )g>k (E(1)
x )G>x (E(2)

x )

×

(
U

(1)
iMU

(0)
MfU

(1)
fCU

(0)
Ci

(νi − E(1)
x + E

(2)
g + iδ)(νi − E(2)

x + E
(1)
g + sωv − iδ)

+
U

(1)
iMU

(0)
MfU

(0)
fCU

(1)
Ci

(νi − E(1)
x + E

(2)
g + sωv + iδ)(νi − E(2)

x + E
(1)
g + sωv − iδ)

+
U

(0)
iMU

(1)
MfU

(1)
fCU

(0)
Ci

(νi − E(1)
x + E

(2)
g + iδ)(νi − E(2)

x + E
(1)
g + iδ)

+
U

(0)
iMU

(1)
MfU

(0)
fCU

(1)
Ci

(νi − E(1)
x + E

(2)
g + sωv + iδ)(νi − E(2)

x + E
(1)
g − iδ)

)]

Here νif ≡ νi − νf , E
(21)
g ≡ E

(2)
g − E(1)

g , E
(21)
x ≡ E

(2)
x − E(1)

x , G
>(<)
g(x) is greater (lesser) projection of the molecular

Green function, g
>(<)
k is greater (lesser) projection of Green function representing free electrons in nanoparticles

gk(τ, τ ′) ≡ −i〈Tc ĉk(τ) ĉ†k(τ ′)〉, (S20)



19

and G
>(<)
kx and G

>(<)
xk are greater (lesser) projections of the mixed (molecule-nanoparticle) Green functions

Gkx(τ, τ ′) ≡− i〈Tc ĉk(τ) d̂†x(τ ′)〉 (S21)

Gxk(τ, τ ′) ≡− i〈Tc d̂x(τ) ĉ†k(τ ′)〉 (S22)

In Eqs. (S16)-(S19) sum over s ( = {0,−,+}) corresponds to electronic (s = 0) and Stokes (s = −) and anti-Stokes
(s = +) vibrational contributions to the total Raman signal with

Ns =


1 s = 0

Nv + 1 s = −
Nv s = +

(S23)

(Nv is average population of the vibrational mode). Note that Eq. (S19) contributes to vibrational Raman only.
Its electronic part contributes to Rayleigh scattering [34, 35], and is disregarded in our consideration. Each of four
expressions (S16)-(S19) contains the pure contribution of channel M in their first row (these terms represent the
equivalent of model A, but without the effect of the e-v coupling (5) and the pure contribution of channel C in their
second row. The rest of these expressions correspond to interference between these channels. It should be emphasized
that each of these contributions has in turn a vibrational Raman and electronic Raman components, characterized
by the corresponding change (vibrational or electronic) in system state.

Numerical simulations presented in Fig. 5 of the paper show that this model is also capable of providing an
asymmetric feature in the Stokes line. A closer examination of intra-molecular and charge-transfer contributions as
well as their interference to vibrational and electronic Raman scattering (see Fig. S7) indicate that the Fano-like
feature in the total signal is mostly due to charge transfer contribution to the vibrational Raman scattering. This
contribution consists of multiple scattering paths from different electronic states in the contact and in this sense it is
an interference feature. However, as in model A, the scattering lineshape asymmetry is dominated by the electronic
Stokes sideband dressing the molecular vibrational line.
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[24] K. Kaasbjerg, T. Novotný, and A. Nitzan, Phys. Rev. B
88, 201405 (2013).

[25] A. J. White, S. Tretiak, and M. Galperin, Nano Letters
14, 699 (2014).

[26] E. Burstein, Y. Chen, C. Chen, S. Lundquist, and
E. Tosatti, Solid State Communications 29, 567 (1979).

[27] W. Akemann and A. Otto, Surface Science 307-309,
Part B, 1071 (1994).



20

[28] T. Itoh, V. Biju, M. Ishikawa, Y. Kikkawa, K. Hashimoto,
A. Ikehata, and Y. Ozaki, The Journal of Chemical
Physics 124, 134708 (2006).

[29] S. Marhaba, G. Bachelier, C. Bonnet, M. Broyer, E. Cot-
tancin, N. Grillet, J. Lerm, J.-L. Vialle, and M. Pellarin,
The Journal of Physical Chemistry C 113, 4349 (2009).

[30] S. Yampolsky, D. A. Fishman, S. Dey, E. Hulkko,
M. Banik, E. O. Potma, and V. A. Apkarian, Nat. Pho-
ton. 8, 650 (2014).

[31] S. D. Ganichev, E. Ziemann, T. Gleim, W. Prettl, I. N.
Yassievich, V. I. Perel, I. Wilke, and E. E. Haller, Phys.
Rev. Lett. 80, 2409 (1998).

[32] D. R. Ward, F. Huser, F. Pauly, J. C. Cuevas, and D. Na-
telson, Nature Nano 5, 732 (2010).

[33] M. Vadai, N. Nachman, M. Ben-Zion, M. Brkle, F. Pauly,
J. C. Cuevas, and Y. Selzer, The Journal of Physical
Chemistry Letters 4, 2811 (2013).

[34] M. Galperin and A. Nitzan, J. Phys. Chem. Lett. 2, 2110
(2011).

[35] M. Galperin and A. Nitzan, Phys. Rev. B 84, 195325
(2011).

[36] M. Banik, P. Z. El-Khoury, A. Nag, A. Rodriguez-Perez,
N. Guarrottxena, G. C. Bazan, and V. A. Apkarian, ACS
Nano 6, 10343 (2012).
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