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Observation and analysis of Fano-like lineshapes in the Raman spectra
of molecules adsorbed at metal interfaces
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Surface-enhanced Raman scattering (SERS) from bipyridyl ethylene adsorbed on gold dumbbells shows
Fano-like spectra at high incident light intensity. This is accompanied by an increased electronic temperature,
while no vibrational anti-Stokes scattering is observed. Theory indicates that interference between vibrational
and electronic Raman scattering can yield such asymmetric scattering lineshapes. The best fit to observations

is however obtained by disregarding this coupling and accounting for the detailed lineshape of the continuous

electronic component of the SERS.
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I. INTRODUCTION

The 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 interfaces, including molecular
conduction junctions [8—15]. (See also Refs. [16-27] for
related theoretical work). At metal interfaces, vibrational
Raman scattering is accompanied by a continuous background
resulting from inelastic contributions of electron-hole (e-h)
excitations in the metal [1,4,28-30]. 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 back-
ground is affected by the molecule-substrate interaction, these
two components of the SERS signal are usually treated
separately. Surprisingly, we observe (Fig. 1) an apparent
Fano-like feature in the Raman spectra from the same sys-
tem, bipyridyl ethylene adsorbed on gold nanosphere dimers
(dumbbells), that may indicate interference between these
two scattering channels. Below we discuss the origin of this
observation. It should be noted that Fano-like profiles were
previously observed [31] in the surface-enhanced femtosecond
stimulated Raman spectra of the same system as in the
present study: bipyridyl ethylene (BPE) molecules adsorbed
on gold nanosphere dimers (dumbbells). This observation was
attributed to interference between the vibrational coherence
generated by the combined action of pump and probe pulses
and plasmons excited in the metal structure. However, no
detailed mechanism was offered. Such a mechanism should
also account for the observed absence of interference effects
in the normal Raman scattering from the same system and
for the fact that, while coupling between vibrations and metal
is needed to account for such interference, no effect of the
proximity to the metal on the vibrational decoherence rate
could be detected.

The measurements are carried out on single silica-
encapsulated gold dumbbells (Fig. 1, left inset). The
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nanosphere diameter is 95+ 5 nm, and the intersphere
spacing prior to irradiation is ~1nm. On these dumbbells,
the quadrupolar and the binding dipolar plasmon resonances
occur near 560 and 780 nm, respectively [32]. As a molecular
reporter, BPE is adsorbed on the gold spheres prior to
encapsulation. The dumbbells are dispersed on a silicon nitride
membrane (20 nm thick) of a TEM grid by drop casting them
in a dilute solution. Locations and geometries of the nanos-
tructures are mapped using a scanning electron microscope
(SEM); then Raman scattering measurements are done under
an optical microscope, in the backscattering geometry, using
an objective with a numerical aperture (NA) of 0.625. The
excitation source is a continuous-wave diode laser, operating
at A = 532 nm, coincident with the antibonding quadrupolar
surface plasmon resonance [32]. The molecular vibrational
Raman spectra appear over a background continuum [Fig. 1,
line (b)], which is also seen on bare dumbbells [Fig. 1, line
(a)]. As discussed before [33], at low intensity, 10 uW /um?,
the vibrational spectrum is not affected by the proximity to
the metal (in agreement with Ref. [31]) and matches that
of the isolated BPE molecule. Two observations are most
significant at higher incident intensities: (a) The molecular
lines broaden asymmetrically to eventually coalesce into the
single asymmetric profile, similar to a Fano-type lineshape
[Fig. 1, lines (c) and (d)]. (b) The electronic and vibrational
temperatures, 7, and T, inferred from the AS branch of
the electronic Raman scattering (see Fig. 2) and Stokes/anti-
Stokes (S/AS) intensity ratio of the vibrational Raman line
appear to be different. At the highest incident light intensity
T, reached 580 K, while no molecular AS scattering is seen,
which would set the apparent vibrational temperature of the
molecule T, to less than 300 K. More experimental details and
results are presented in the Supplemental Material [34].

The central question raised by these observations is whether
the lineshapes shown in Fig. 1, lines (c) and (d), are indeed
interference features as their Fano-like lineshapes suggest.
Specifically, can there be interference between the electronic
and vibrational Raman scattering pathways that coexist in
this system? The intuitive answer is negative because the two
pathways lead to different final states. In contrast, in this paper
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FIG. 1. Raman spectrum recorded on (a) a bare dumbbell, without
reporter molecules at low irradiation intensity (~10 uW/um?), (b)
a dumbbell with reporter molecules at the same low intensity, and
a dumbbell with reporter molecules at irradiation intensities of (c)
~50 4 W /um? and (d) 150 W /um?. Demarcations on lines (a) and
(b) indicate a magnification of the anti-Stokes (AS) region (7x and
4.5x, respectively). The green traces overlapping lines (c) and (d)
are fits to the Fano lineshape (see SI). The blue and red rectangles
are used to quantify the intensity dependence of the molecular lines
(blue) and electronic Raman scattering of gold (red). The latter leads
to results shown in Fig. 2. The inset shows a TEM image of a typical
dumbbell.

we present theoretical models that show that such interference
can happen. Our theory focuses on the generic aspects of such
processes and yields two main results: (a) The aforementioned
interference can exist in the presence of electron-vibration
coupling and can, in principle, lead to the observed lineshapes.
(b) However, comparing the detailed calculations with the
available experimental observations suggests that another
mechanism, asymmetric electronic sidebands dressing the
molecular Raman spectrum, may be dominant in this system.

We consider two models, described in Sec. II. One of these
(model A) assumes that the dominant optical interaction is
intramolecular and that the effect of the metal substrate results
from the molecule-metal interaction. Model B considers, in
addition to the intramolecular optical processes, also optically
induced molecule-metal charge transfer. Section III and the
Supplemental Material describe our theoretical approach,
and Sec. IV presents the results of our model calculations.
Section V concludes.

II. MODELS

We consider a molecule chemisorbed on a metal surface 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
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FIG. 2. 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, Ixs(€) = exp(—E/kT,), to the
anti-Stokes continuum for four different irradiation intensities, I =
100,50,25,13 ©W/um?, which yield electronic temperatures of 7, =
465,415,395,364 K, respectively. A more accurate value of 7, is
obtained from fitting to Eq. (S1), but the trend does not change. The
inset shows the temperature extracted from the fit of the AS branch
of the electronic Raman spectrum (continuum) to the Fermi-Dirac
distribution. No vibrational AS signal is detected.

and e-v interaction terms treated as perturbations:
I:I = I:IO + ‘,}rad + Ve—va (D
where (h=kp =e =1)

Hy = Hy + Hxs + Vns + Huaa, 2
Ay =) end)dy+ o,0'0, 3)

m=g,x
Hys = Z exeler, 4)

k
VNS = Z Z(mGd,\,ilék + VkmészmL (5)
m=g,x k
Ve—v = Z Mm QudA,LdAmy Qv =0+ @T’ (6)
m=g,x
Aaa= ) vailla, (7)
aci,{f}

Viaa = ng + ‘Zﬁﬁ
= Y Y (U} 0Dy + UL, (00)a] Dy).

®)

I-7M is the molecular Hamiltonian, modeled as a two-
electronic-level (ground and excited states, g and x) system
with a single molecular vibration of frequency w,. V,_, is the
corresponding polaronic-type e-v coupling. Hys describes a
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free-electron metal, and VNS is the molecule- metal electron
transfer coupling. d,L (dm, m = g,x) and ck (¢x) create
(annihilate) electrons in the molecular orbitals and the metal,
respectively. 91 (9) and fzi (ay) create (annihilate) vibrational
excitations and photons in mode o, respectively. Finally,
Dy = a?g,c?x and f)c = ﬁgék are, respectively, intramolecular
and charge-transfer electronic deexcitation operators. Vrad,
Eq. (8), is the system-radiation-field coupling in which the
coupling matrix elements U;_ , connect the molecular ground
state g to electronically excned states x. The channel index
J = C,M corresponds to the nature of the excited states x:
excited molecular states in channel M and excited metal states
in channel C. [We have disregarded a term similar to (8) but
with the lower-energy state belonging to the pure metal that
is associated with light scattering from the bare metal but
does not contribute to the interference mechanism discussed
below.]

As usual, we distinguish between the incoming (occupied)
photon mode i and the continuum 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 the linear term (J = M,C)

Ul Q) =U5 Q)= UL, + UL, 00 (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 Vxs,
Eq. (5) [35-37], 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 I, (m = g,x) on the incident light intensity.

III. THEORETICAL CONSIDERATIONS

Consider first model A [Fig. 3(a)]. Here we assume that
Raman scattering is dominated by the intramolecular optical
transition and disregard the corresponding contribution of the
optical charge transfer coupling de 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 [38] has the following structure:

+00 0 0
Jisss =/ d(t/—t)/ d(t —t)/ d(ty —1')

X e*l’l)f(t’*[) e*l’l),‘(l]*l‘z)

x (Ui()D(t) U (YDt U (1) D(t) Ui(t1) D' (1)),
(10)

in which the operators are summed over all relevant contri-
butions from Egs. (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 a departure from Ref. [18] we keep only the
lowest order (up to second) terms in U, as is usually done for
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FIG. 3. A sketch of the processes underlying the Stokes (S)
component of Raman scattering from a molecule coupled to a metal.
(a) The incident photons induce the virtual transition (red) and
a corresponding Rayleigh scattering (the red process in reverse).
In addition two inelastic scattering (Raman) pathways are shown:
electronic Raman scattering (green), which brings the molecule to
its ground state while creating an e-h excitation in the metal, and
vibrational Raman scattering (blue), which brings the molecule to
an excited vibrational state on the electronic ground state. These
Raman scattering pathways are coupled by the combined effect of
the metal-molecule electron transfer and the electronic-vibrational
(e-v) interaction (orange) that induces vibrational deexcitation in
the molecule with e-h formation in the metal (dashed lines). (b)
Two pathways are defined by the excitation process (red): a virtual
molecular transition (M) and a molecule-to-metal charge transfer
transition (C). The outgoing photon (blue) leaves the molecule in the
excited vibrational state, possibly with e-h (de)excitation in the metal
(black). The processes shown are also accompanied by electronic
Raman scattering from the bare metal.

nonresonant Raman calculations. The calculation proceeds as
follows (see the Supplemental Material for details):

(a) Applying Eq. (10) to model A yields Egs. (S2) for
the light-scattering flux. Expressions (S2b)—(S2e) formally
represent interference between vibrational and electronic
Raman/Rayleigh scattering. At the level of the present cal-
culation, fourth order in the coupling to the 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, fC dty, M, Qv(rv)ﬁg(tv),
into the correlation functions (S2b)-(S2e), yielding nonva-
nishing corrections that represent interference between the
electronic and vibrational Raman processes. These corrections
give nonvanishing contributions to the interference terms,
Egs. (S2b)—(S2e), which can give rise to a Fano lineshape
in the Raman scattering, as shown below [39].

(c) The light-scattering flux including the interference
corrections is thus obtained in terms of correlation functions
of a system defined by the quadratic Hamiltonian Hy. Conse-
quently, Wick’s theorem applies, and electronic and vibrational
degrees of freedom decouple, yielding the final expressions in
terms of projections of the electronic and vibrational Green’s
functions, Eqs. (S5)—(S9).

This procedure leads to an explicit expression for the light-
scattering flux as a sum over several contributions, J;_, ; =
J(l)f + ](2)f + J(3)f + J(izf, where J( )f is the electronic
J(Z)

i r is the correction to this flux due to

Raman flux and

the electron-vibration coupling. Similarly, J; @  pand J; “ _, r are,
respectively, the vibrational Raman flux and the correction
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to this flux associated with the electron-vibration coupling.
Explicit expressions for these contributions are given by
Egs. (S10)—(S16).

We have also considered model B as an alternative mecha-
nism for interference. The calculation follows the same steps as
in (a) and (c) above, now using both M and C terms in Eq. (8).
In this calculation we have restricted our considerations to
contributions from the purely intramolecular processes [D =
Dy in all four terms in (10)], purely charge-transfer processes
(D = D¢ in all terms), and their mixtures (potential source of
interference) in which excitation operators at times #, and ¢’
are of one kind, while those at times ¢ and #; are of the other.
The final result for the light-scattering flux for this model is
given by Eqs. (S17)-(S21).

IV. RESULTS

Figure 4 shows the total Raman scattering signal resulting
from a calculation based on model A and on a reasonable
choice of molecular parameters. The calculation was done on
an energy grid spanning the region from —3 to 3 eV with a
step of 1073 eV, and the molecular vibration is assumed to
equilibrate quickly to the ambient temperature. The following
observations can be made:
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FIG. 4. The Raman scattering (blue solid line) evaluated from
Eqgs. (§10)—(S16), displayed against the Raman shift v; — v,. The
parameters used are 7 =300 K, ¢, =0, e, =2 eV, I', =T, =
0.05 + ' eV, with ' being the light-induced tunneling rate,
w, =0.05 eV, M, =0.02 eV, and v; = 1 eV. The red dashed line
is the result obtained when the e-v interaction (6) is disregarded.
Shown are results for (a) weak (I'°?' = 0.03 eV, U® = 0.032 eV,
U® =0.0032 eV) and (b) strong (I'" =0.3 eV, U? =0.1 eV,
UM = 0.01 eV) incident field.
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FIG. 5. (a) The Raman scattering calculated for parameters of
Fig. 4(b) at T = 3000 K (solid and dashed lines) and 30 K (dotted
and dash-dotted lines, multiplied by a scale factor 4). (b) The
effective temperature obtained from the Raman spectrum displayed
in Fig. 4(b).

(a) Interference between electronic and vibrational inelastic
scattering routes can indeed lead to a Fano-type scattering
spectrum. The electron-vibration coupling (6) is crucial for
obtaining this behavior. This is seen in the weak-illumination
case [Fig. 4(a)] by comparing the results obtained with and
without this coupling.

(b) The asymmetric lineshape that is seen in the high-
incident-intensity case [Fig. 4(b)] is not of this origin. In
this case the calculation yields Fano-like lineshapes that
qualitatively reproduce the experimental behavior also when
the coupling (6) is disregarded.

(c) Our analysis thus shows that interference between
vibrational and electronic Raman scattering can, in principle,
lead to a characteristic Fano lineshape in Raman scattering
from molecules at metal interfaces. The origin of the present
observation appears, however, to be different, resulting from
the Stokes component of the electronic Raman scattering.
Indeed, Fig. 5(a) shows that the asymmetry disappears at high
ambient temperatures.

Our calculation also yields the effective (Raman) tempera-
ture from the ratio between the S and AS scattering intensities
according to [13,17,18] Te(f_lf) = Av 5 or fitting

In(Jy; v —av/Jo;—vi+a,

the tail of the AS signal to a Av/(1 —exp[—Av/T2)),
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FIG. 6. The Raman scattering signal calculated for model B (see
text for parameters). (a) The pure-electronic (black dotted line) and
electronic-dressed vibrational Raman (red dashed line) and their sum
(full line, blue). (b) The corresponding vibrational and electronic
effective temperatures.

Eq. (S1), where Av = |v; — vy| is the Raman shift [40]. The
results for the parameters of Fig. 4(b) are shown in Fig. 5(b).
In spite of this qualitative agreement with the experimental
observation, we note that T gives only a rough estimate of
system heating. This is indicated here by the different results
for T,; and the discrepancy between the increased T,; and
the apparent cooling in Ty;,, keeping in mind that, in fact,
the oscillator was kept at the ambient temperature in this
calculation.

Results of calculations based on model B are shown in
Fig. 6. It shows the Stokes side of the Raman response obtained
from this model using the following parameters: 7 = 300 K,
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gg=0¢eV,e,=2¢eV,0,=01¢eV,v,=1eV, I, =T, =
0.15eV + I with [ = 0.1eV, U\)) = 0.1eVand U}, =
0.01 eV (¢ =i, f), and Er = 0. Calculations are performed
on an energy grid spanning the region from —5to 5 eV with a
step of 1073 eV. Asymmetric Raman profiles are seen as before,
but again we find (see Supplemental Material) that while there
is some contribution of interference between channels M and
C, the main source of lineshape asymmetry originates from the
electronic sideband that dresses the Rayleigh and vibrational
scattering peaks mainly on their blue side. The “electronic
heating” obtained here is stronger than in model A, closer to
the magnitude observed experimentally, but the actual numbers
should again be considered cautiously.

V. SUMMARY AND CONCLUSIONS

‘We have observed asymmetric lineshape features in Raman
scattering from bipyridyl ethylene molecules adsorbed on
gold nanostructures, with the following characteristics: (a)
Asymmetry increases with incident light intensity. (b) The vi-
brational temperature appears not to increase even at the high-
est intensity used, while the apparent electronic temperature
increases by up to ~600 K. The Fano-like appearance of these
lineshapes suggests the possible implication of interference be-
tween 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 calculations suggest, however, that
the observed lineshape asymmetry is dominated by electronic
scattering sidebands 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 temperatures” that
are consistent with experimental observation but may reflect
the complex nature of the nonequlibrium response rather
than the actual temperature. Fano-type interference in Raman
scattering has been shown to be a theoretical possibility.
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