PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 5

PhysicatChemistry Chemical Physics

PCCP

> sociry
OF CHEMISTRY

Can electrodynamic interaction between molecule and metal
dominate continuum background in surface-enhanced Raman

scattering?

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

A continuum background is always coincident with the Raman
spectrum enhanced by metallic nanostructures and still remains
Not only does it constitute a stymied mystery in the
origin per se, but also reduces the useful quantifiable range of
detection based on surface-enhanced Raman scattering (SERS).
‘We examined theoretically near-field molecule-metal interaction
to reveal its contribution to the SERS background. The results
show that the spectral broadening of fluorescence and Raman
scattering due to a nearby metal object is insignificant compared
with experimental findings. This study abnegates the role of
near-field interaction in the SERS continuum background and
elucidates

elusive.

the microscopic molecule-metal electromagnetic
interaction, despite being unable to pinpoint the primary source
of SERS background.

1. Introduction

Surface-enhanced Raman scattering (SERS) has become a powerful
analytic technique for assaying trace chemicals owing to emerging
economical nanofabrication technologies, such as nanosphere
lithography [1], anodic aluminium oxide [2], etc. The propitious
Raman enhancers usually are made of ordered, nanometer-separated
nanoparticle arrays [2]. For example, with the array of Ag
nanoparticles embedded in nanochannels of anodic aluminium oxide,
we have demonstrated high, uniform and reliable Raman
enhancement and exploited it in assaying bacteria and their drug
resistance [3] and lately in detecting Cu chlorophyll in vegetable oils
[4]. Tts optical idiosyncratics have been investigated with simulation
[5], scattering spectroscopy [6], and near-field microscopy [7].

In spite of successful SERS-based detection examples, one common
feature in measured SERS spectra is continuum background that
would compromise the dynamical range of detection. The nature of
the background is still stymied, though several models were
proposed: fluorescence from metal nanoparticles [8] and inelastic
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scattering of free electrons [9], efc. One interesting model proposed
[10, 11] paid attention to the altered emitting characteristics of
molecules in proximity of metal—dipole-image model. In that
model, the reflection of the molecular Raman radiation from the
nearby metal object was theorized to render the resultant Raman
spectrum broadened owing to the damping dielectric response of
metal. The aim of this work is to provide the theoretical analysis
how the spectrum of the emitting molecule placed near a metal flat
surface depends on the molecule-metal distance and the particle
parameters (dielectric function and diameter). Through this analysis,
the limits of the application of this dipole-image model to the SERS
continuum background are portrayed. The effects of metal object
are also discussed.

2. Fluorescent molecule near metal

The emitting spectrum of a molecule placed near a metal particle has
been investigated with the use of both quantum [12] and classical
[13, 14] approaches. This work follows a classical approach and
considers both the spontaneous emission spectrum of a molecule
near a metal sphere and the Raman spectrum of this composite
system. Let us first consider a spontaneous radiating molecule—
modelled as a dipole—in vacuum undertaking a harmonic oscillation
along z axis. The electromagnetic wave emitted from this molecular
dipole is scattered by a metal object; the scattered wave then acts on
the oscillator. The equation of motion of the molecular dipole
placed near the metal object can be written as
d%z

d’z  dz 2, _ e prefy
dt2+ydt+woz—m*E (# 1),

Q)]

where m* is the effective mass of the dipole, y is its radiation rate,
wy is its oscillating frequency, e” is the effective electric charge of
the dipole, and E™®/ is the amplitude of the electric field reflected
from the metal object. Note that y can be interpreted by the action
of the dipole on its self [15]. Looking for the solution of Eq. (1) in
the form z = zye '@t for ET/(#,t) = E*/ (#,w)e™'®t, Eq. (1)
becomes

. e*
—w?zy — iywzy + wizy = ;Eref(f"’,w).

2

Since the total emitting field is proportional to the dipole (e*z,) and
Eq. (2) is the equation for the eigen-frequency w, the emitted spectra
can be found. The reflected field is determined by
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E™f (# w) = (k2/e0)GLE (w,7,7)e" 2, 3)

where k, is the wavevector in vacuum, &, is the vacuum

permittivity, G, T (w,#,7) is the zz component of the reflected part
of the electrodynamic Green’s tensor [14]. As a result, Eq. (2) can
be rewritten as
*2 7,2
[—a)z —iyw + w3 — %};—“Gzrzef(w,?,?)] zy = 0.
0

“

Since the dipole moment is inversely proportional to [—wz —iyw +

2 e*? ki Gref > h . . . .
0~ s, Gzz (w,7,7)], the emitted intensity / can be written as
[12, 14]

2
Lo aTef, o
Y j=x,,z€0s? aj|G}Qz(m,rD,r)+szf(a),rD,r)|

I <

5
2_jyw+w? e2kp 2 ©)
w?=tyw+wi—

6% (w77

where Gjoz (w,7p,7) is the vacuum electrodynamic Green tensor, 7
is the position of the detector in far-field zone, a; is the angle
between the normal of the detector plane and #,. Both the vacuum
G]-Oz(w, 7p,7) and reflected G}.rzef (w,7p,7) parts of the Green tensor
are responsible for the transformation from the near-field zone to the
far-field zone. The spectrum depends mainly on the denominator,
but is slightly modified by the nominator.

Equations (4) and (5) can be analysed directly. Firstly, note that the
emission spectrum can be modified due to the backscattering field
(generalized radiation reaction force). The emitted spectrum is
governed by the spectral behavior of G, T(w,#,7). If the reflected
part of the electrodynamic Green’s function has no resonance near
the eigen-frequency of the molecule in vacuum (w,), one can

conclude that the real part of Gzrzef (w,7,7) is responsible for the

e e*2k3
Lamb shift: Aw =~ —
2mregwg

Re[GZrZef (wo,7,7)], while its imaginary
part alters the decay rate: Vioq = y+%lm[6;;f(wo,ﬁ )]
[15]. These effects have been manifested by the spectral shift [16]
of fluorescence and the huge decay rate for a fluorescent molecule
placed near a metal surface [16, 17] and a moving plasma [18]. The
dependence of the resonance frequency shift on the distance was
experimentally demonstrated for Ag particles placed near a
conducting surface [19]. The decrease of the molecule’s
fluorescence intensity, caused by the energy transfer to the metal
surface, leads to a change of the ratio between Raman and
fluorescence intensities [20] and was proposed to extract the
enhancement factors of SERS [21] and to determine the fluorescence
time [22] and molecule-metal distance [23]. If the resonance
frequency w, of Gzrzef(a),?, 7) is near wg, Eq. (3) can be considered
as an equation of two coupled oscillators and can lead to Rabi
splitting of the emitting spectra [14] and will be shortly discussed
later.

Let us examine the spectral behavior in the case of a flat metal
substrate and assume that w, is far from wg. The reflected part of the
zz component of the Green function at the local response of the metal
is [24]

ikif (e211=€112)

. r
G (w, 77 = TRl i (z+z") 6
“ ( ) I 2k§e1n(e2m1+€1m2) ©

1 o
;fo dk

where €, = 1 and &, = &5 + iey are the dielectric functions of the
vacuum and substrate, respectively, k; is the wavevector component

on the metal surface, 7; = \/slkg —ki,m = Jszkg — ki, z' is the

molecule-metal distance, and z is the distance between the
observation point and the molecule-metal system. If the both z and
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z' are much less than the wavelength, the main contribution in the
integral of Eq. (6) is given at high values of k; > k. Accordingly,

> o,

1y =1, = ik, and Gzrzef(a), 7,7") takes a mirror-image form [9, 11]

5 o (e2—¢4) 1
G (w,7,7) = —2=2)__ .
zz (@,7,7) 2mkley (e2+€1) (z+42')3

()

Equation (6) is obtained with the use of evanescent waves only and it
is not valid for propagation waves. In other words, the image theory
cannot by applied for the detection in far zone. This approximation is
also called electrostatic approximation. With the use of Eq. (6), the
frequency shift Aw and the modified decay rate y,,,q are given
below:

e*2(ef?—el+el'?)

Aw = 32me eom*wol(eh+e,)2+e) )23 ®

_ e*2e el
and Ymoa =V + 8me eom*t wol(ey+e,)2+ey?]23" ©
Since  y «Im[GL(w, %] and  ¥meq ¢ Im[GL(w, 7 7) +

Gzrzef (w,77)], Egs. (8) and (9) can be rewritten as

3(ef2-et+ey?)

Aw ~ y16k(3,z3ei/2\/€_1[(8£+£1)2+e£'z] (10)
_ 3el
and Ymoa =V [1 + 4k§z3\/s_1[(s£+el)2+e£’2]]' )

Equations (10) and (11) clearly show that the Lamb shift and
spectral broadening strongly depend on the molecule-metal distance
and how close the real part of the dielectric function of the metal
(¢5) to —&,. Note also that Eq. (10) indicates a possibility for both
red and blue shifts depending on the value of w, as regard to the
frequency w, that is the frequency when &; = —¢&;: Namely, Aw <
0, when &2 — 2 + &)/? ~ g2 — &2 < 0 for |&) | < & and therefore
wg < wy; on the other hand, Aw > 0 when &52 — &7 + &)% ~ 37 —
€2 >0 and wy > w,. Let us consider two practical cases: The flat
substrates are made of Au and Ag, z=1nm and the emitting
wavelength is 560 nm. Taking a typical value of the radiation rate of
2x10%sec™, Aw =~ 3.4x 103 sec™* (~5.7 nm) for Au and
Aw =~ 3.2 x 103 sec™ (~5.4 nm) for Ag. Furthermore, V;noq =
3.4 x 102 sec™® (~3.6 nm) for Au and ¥,,,q ~ 8.6 X 101! sec™?!
for Ag (~0.9 nm). However, these spectral shifting and broadening
are less than its inhomogeneous broadening, indicating that the
influence of the metal substrate on the spontaneous radiation
spectrum would be comparatively smaller with respect to the SERS
continuum background. This principal conclusion remains even
with the consideration of nonlocal response of metal [25-27]: The
nonlocal consideration only alters line shifting and broadening
slightly.

There is one situation in molecule-metal interaction altering the
emitted spectrum dramatically: strong coupling between a single
molecule and surface plasmon [14, 28-31]. The strong coupling was
predicted [14, 28-31] at frequencies where the reflected part of the
Green function has the resonance. Equation (7) shows that in the
case of the flat substrate this frequency makes €5 = —&;. Equation
(4) can be considered as an equation of two coupled oscillators and
Rabi splitting can occur. For a silver particle such resonance
condition takes place at UV, while for a gold particle Rabi splitting
is insignificant because of a huge &} at &5 = —g;. However, even
such dramatical change of the spontaneous radiation spectra cannot
account for the broad SERS background happening at any excitation
frequency. In sum, the theoretical analysis above shows that the
spontaneous emission process of a molecule in proximity of a metal
object cannot produce the continuum background observed in the
SERS spectrum.

This journal is © The Royal Society of Chemistry 20xx
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All formula and estimations considered above are valid for a flat
substrate and for small molecule-metal distances. The decay rate,
frequency shift and possible Rabi splitting are expected to be valid
also in the case of a metal object with any shape if the molecule-
metal distance is much smaller than its size. For example, for the
molecule-metal distance of 1 nm the size of the metal object has to
be approximately larger than 10 nm. Such conclusion was made
with analytical consideration of the decay rate modification for a
molecule near a spherical particle [32]. Accordingly, the portrayed
frequency shift of fluorescence is not sensitive to the shape and the
metal object as long as the molecule-metal distance is much less than
the size of the metal object. Furthermore, since the local
enhancement factor for the metal object differs from that of the flat
surface in strength and wavelength dependence while with a
comparable wavelength width, it modifies the intensity and the
spectral shape of fluorescence in the former case.

It is natural to ask whether the inhomogeneous broadening per se
will be enlarged and how it can be modified by the local
enhancement factor. The origins of this inhomogeneous broadening
are three folds: (1) variation in the molecule-metal distance, (2)
variation in the particle shape and size, and (3) variation in the
molecular orientation with respect to the metal surface. The
variation of the molecule-metal distance can be due to the non-
uniform thickness of the dielectric coating of the metal object, the
differing adsorption orientations of an asymmetric molecule, efc. It
can be varied from 0.5 to 5 nm. The upper bound of the induced
spectral broadening is ~40 nm (for a dipole perpendicular to the
metal surface) from Eq. (10) that is much smaller than the common
SERS continuum background of >200 nm wide. Because the
fluorescence quenching is active at short molecule-metal distances,
the ultimate broadening is expected to be smaller than 40 nm. For
the case of variation in particle shape and size, they only alter the
spectral shape of fluorescence for a molecule at a specific distance
from the particle, for example Ref. [33], thus without introducing
more broadening. Finally, because the electromagnetic interaction
between the dipole parallel to the metal surface is smaller than that
between the dipole perpendicular, the frequency shift in the former
case is smaller than 40 nm and this variation in the adsorption
orientation of molecules also does not engender more broadening.
In sum, these inhomogeneous sources ultimately only bring in extra
spectral broadening of maximal 40 nm.

3. Raman scattering near metal

The focus of this study now falls upon the influence of the nearby
metal object on the Raman process of the molecule. Contrary to the
spontaneous emission, Raman scattering is coherently activated by
the impinging light wave—videlicet, the Raman photon emits
instantaneously with the excitation photon. The equation of motion
for resonance Raman scattering of a specific vibrational mode may
be written in framework of modulation theory [34] of Raman
scattering by

_ e’(1+AcosQt)

S [E2(1 + rPyetent + B ()], (12)

where E? is the amplitude of the z-component of the incident wave

with an frequency w;, E, ef (t) is the generalized radiation reaction
force at all frequencies, and rP is the Fresnel reflection coefficient.
Contrary to Eq. (1), the dipole moment of the excited molecule in
Eq. (12) is modulated by an amplitude A with a vibrational
frequency Q. As a note, A is proportional to the dynamical
polarizability of the Raman process and is therefore less than unity.
Accordingly, Eq. (12) is not an eigen equation and its solution
generally consists of harmonic terms of w;, w; + Q and w; — Q:

This journal is © The Royal Society of Chemistry 20xx

z = ze” it 4 7,7 @it | 5o p—ilwit D)t (13)
Substituting Eq. (13) into
2
EF (1) = ’;—ZGz’;f (0,7 7)e"z(t) (14)

2 .
gives (1 + Acos Qt)Ezref(t) = % Gzrzef(a)i,?, 7?le*z e it
0

k¢ re RO —ilwi— k¢ re 5 o
+E—°Gzzf(a)i — O, 7,7)e*ze wi-)t +€—°Gzzf(wi +QO,7,7)
0 0

X e*zge Hwitt 4 — ref((ul O, 7, 7)e*z, el @im Dt
AK?
+§go ref(wl + Q7 ez e @it 4 ref( o)
0

X e*z,e iwit +3 Ak” Gref(a),,r, Pe*zze iwit, (15)
Substituting the above equation and Eq. (13) into Eq. (12) produces
three terms of the above three different frequencies: w;, w; + Q and

— Q. Equating their respective coefficients to zero leads to the
following equations:

[—wl —iyw; + w3 — k° Gref(w,,r, r)] z; = 2(1+71P)+
Ae'?k}
P A OO a2, (162)

[—(w- - )% - iy(w; — Q) + w3 — k° Gref(a)l Q,?,?)] Z, =

(16b)

01 +1rP) [1 +e* k" Gref(wi — Q, 7, r)zl],

and [ (w; + Q)% —iy(w; + Q) + wi - k° Gref(wl

07,0z =SB +1P) [1+ e ’;—Zc:zrjf(wi + Q, 7, r)zl].(16c)

Since A K 1, |z,],|z5| < |z;|. Namely, Eq. (16a) is approximated
as
[—wl —iyw; + w3 — ——Gref(wi,?, ?)] zZ & %52(1 +7rP). (17)

The solutions of z;, z, and z3 are given by

(e*/m")E2(14rP)

Z = > X (18a)
[%; N
—wi-iywitwi- in E“Gref(w 1)
Ae* o e*2k3 ref(m,'—nrr)
T (1+rP) 1+m*£0x
—w —iyw; +""0__*'_Gzz (w )
z; = ,  (18b)
. 2k3
(@0~ iy (0~ Q)+ wf~5 -0 w26, (0i-QF)
9(1+77)|14 9*2"(21X ;i (wi+Q77) ]
m*eo —w?-iyw+wi- é:n ’;g ;Zf( er)J
and z3 = (18c¢c)

e*2k3
m*eg

—(wi+Q)2-iy(w+Q)+wi— Gref(wﬁﬂr 7)

Equations (13) and (18) are valid for both resonance and non-
resonance Raman scattering and show that the metal object to the
Raman scattering of a molecule in proximity alters its amplitude but
not its Raman frequency. In other words, the near-field
electromagnetic interaction between the molecule and the nearby
metal object in the context of surface-enhanced Raman scattering
only modifies its Raman intensity and does not introduce spectral
broadening. This represents the first conclusion of the derivation.

PCCP, 2013, 00,1-3 | 3
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Figure 1. |z,/[z2 (1 + rP)]| calculated for a vibrational mode at 1650 cm™*
of rhodamine 6G placed 1 nm above a silver substrate as a function of
temperature. The absorption peak is 530.5 nm and the excitation wavelength
is 532 nm.

The similar conclusion was reached in an earlier work [35] without

consideration of a microscopic equation. The physical origin of this
conclusion is that the resultant frequency of the Raman radiation of a
specific vibrational mode is the outcome of the instantaneous
frequency mixing between the excitation photon and the molecular
vibration. In comparison, fluorescence is an emission process
happening sporadically caused by the coupling between the emitting
dipole and vacuum fluctuation [36].

The modification of the molecular Raman polarizability by the
nearby metal object is then discussed below based on Eq. (18). First
of all, the amplitude of the Raman scattering is modified by the
factor 1 + P that is the local enhancement factor in the case of a flat
substrate and was investigated in the context of surface Raman
spectroscopy [37]. However, there is additional factor associated
with the near-field molecular-metal interaction that modifies the
Raman polarizability [38]. Taking the Stokes radiation of Raman
scattering as an example, Equation (18b) can be approximately
rewritten as

2(wi—Q)Aw+iy 0 q(w;-Q) ]

Ae* o p |
amBs ()| L4z

T —(@i~ 2=y (@~ 0+~ 2(wi- DA =iV moq(w;-0)’

iymﬁw%—zw,:Am—iymodmiJ

Zy (1 9)
while the corresponding vibration amplitude in the case of free space
is given by
Ae*
20~ Frd
27 —(wi-2-ing(wi-Q)+wd

(20)

Note that the radiation rate for a molecule in free space y, can be
different from that close to the metal object y. This is so because the
molecule may undergo coupling with electrons and phonons of the
metal object, which causes extra broadening [39]. In the case of
non-resonant Raman process—y?/[(w; — Q) — wo]?> K 1, the
influence of the nearby metal object on the molecular Raman
polarizability can be neglected according to Eq. (19). However, in
the case of resonance Raman scattering, the influence of the nearby
metal object on the Raman polarizability can be significant. For
example, consider the molecule of rhodamine 6G with an absorption
peak at 530.5 nm (wo = 21 X 5.66 X 10° rad/sec) that is placed 1
nm above a silver substrate and is excited at 532 nm (w; = 2m X
496 x 10*5 rad/sec and a temperature dependent spectral
broadening caused by electrons and phonons in the metal object—
y ~ 208 x (T/300)2cm™'  [39], the dependence of |z,/
[Zg 1+ rp)]| on temperature is presented in Fig. 1. For the sake of

4 | PCCP, 2012, 00, 1-3

simplicity the difference between values of y, and y is neglected.
Here, the absorption peak is not influenced by temperature. Note
that the polarizability of resonance Raman scattering is decreased by
the nearby silver substrate with a factor ranging from 0.36 to 0.6 up
to 500 K. Namely, the near-field molecule-metal interaction only
slightly reduces the Raman signal slightly. This epitomizes the
second conclusion of this part.

There indeed exist two mechanisms that can induce spectral
broadening, as the molecule approaches a metal object. Firstly, the
spectral width of a Raman peak is characteristic of its vibrational
coupling with other degrees of freedom—turbulent electrons and
vibration of atoms of metal. There have been many studies [40] in
this physical mechanism. The induced spectral broadening is in the
order of ~10 cm™. Secondly, the heterogeneous chemical interaction
between the molecule and the metal at different surface sites (from
weak charge-transfer interaction to structural change of molecule
and to new bond formation) results in inhomogeneous broadening in
the resultant Raman spectrum.  According to the previous
experimental works of molecular vibration at metal surfaces [41], the
exhibited spectral broadening of the existing Raman peaks owing to
such chemical interaction is at most ~10 cm™. The spectral
broadening caused by these two mechanisms is certainly not large
enough to account for the continuum background observed in
surface-enhanced Raman scattering. Despite that Egs. (18) and (19)
were obtained for a flat metal surface, all conclusions are valid also
for molecules near a metal object. In order to obtain Eq. (18) for the
case of the metal object, it is just necessary to replace 1 + r? in Eq.
(18) by corresponding local enhancement factor and the reflected
part of the Green function by its corresponding function.

4. Conclusions

The near-field electromagnetic interaction between a molecule
and a nearby metal object has been theoretically examined.
Such interaction provides
fluorescence and Raman radiation, and the two together

direct and reflected parts of

transpire weak damping and result in small spectral broadening.
Two conclusions are reached in this work. Firstly, fluorescence

of a molecule in proximity of a metal object bears

' at 632.8 nm) broadening.

approximately 5 nm (~120 cm’
Secondly, such spectral broadening does not repeat in the case
of resonance Raman scattering owing to the instantaneous light-
stimulated nature of Raman process. They are contrary to the
This study

offers an opportunity to examine the contribution of near-field

conclusions of the two previous works [10, 11].

molecule-metal interaction to the SERS continuum background.
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