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Abstract
Strongly enhanced and spatially confined near-fields in the vicinity of plasmonic nanostructures open up exciting new capabilities

for photon-driven processes and particularly also for optical spectroscopy. Surface enhanced Raman signatures of single molecules

can provide us with important information about the optical near-field. We discuss one- and two-photon excited surface enhanced

Raman scattering at the level of single molecules as a tool for probing the plasmonic near-field of silver nanoaggregates. The exper-

iments reveal enhancement factors of local fields in the hottest hot spots of the near-field and their dependence on the photon

energy. Also, the number of the hottest spots and their approximate geometrical size are found. Near-field amplitudes in the hottest

spots can be enhanced by three orders of magnitudes. Nanoaggregates of 100 nm dimensions provide one hot spot on this highest

enhancement level where the enhancement is confined within less than 1nm dimension. The near-field enhancement in the hottest

spots increases with decreasing photon energy.
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Introduction
The resonance frequencies of collective oscillations of the elec-

trons in the conduction band in metal nanostructures, which are

called surface plasmons, fall in the optical range of the electro-

magnetic spectrum. This results in a strong coupling between

incident light and surface plasmons. The interaction gives rise

not only to beautifully colored glass windows in old cathedrals

but also to strongly enhanced and spatially highly confined

local fields in the vicinity of such plasmonic structures [1,2].

Exploiting these optical near-fields opens up exciting new capa-

bilities for photon-driven processes and particularly for optical

spectroscopy. Surface-enhanced Raman scattering (SERS)

might be one of the most prominent effects to demonstrate the

potential of spectroscopy performed in the near-field. SERS

enables Raman measurements on a single molecule [3]. Vice
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versa, here we show that single molecules and their Raman

signatures can be useful tools for probing plasmonic near-fields.

The measurement of Raman signals from single molecules

requires high optical field intensities in order to compensate for

the extremely small Raman cross sections. Enhancement of the

near-field intensity is the key effect in surface enhanced Raman

scattering. High local fields are generated by a redistribution of

field intensities in the vicinity of a plasmonic nanostructure.

This results in a wide intensity distribution within the near-field.

Sites that provide extremely high local fields, so-called “hot

spots” exist along with areas showing much lower level of field

intensity. Theory predicts the highest local fields in gaps

between silver and gold nanostructures, e.g., in aggregates of

nanoparticle of various sizes and shapes reaching from dimers

[4-7], and trimers [8] to selfsimilar structures formed by silver-

or gold nanospheres [9]. High local fields can also exist in

fractal films or cavities of these noble metals [10]. The recently

reported super-resolution imaging of SERS on silver nanoag-

gregates has directly confirmed nanoparticle junctions to be re-

sponsible for single molecule SERS [11].

Computations show dramatic variations in near-field intensities

within a few nanometers. Even sophisticated optical experi-

ments cannot reveal these dramatic spatial variations. However,

surface plasmons can be also excited by low energy [12] and

high energy electrons [13,14]. Therefore, as an alternative to

optical methods, electron energy loss spectroscopy (EELS) is

emerging as a novel tool to probe plasmonic near-fields of

metal nanostructures at nanometer-resolutions and even below

[15-19]. We have applied EELS for probing the local distribu-

tion of plasmonic fields at nanometer scale for nanoaggregates

formed by silver particles [18].

Here we discuss experiments for probing the optical near-field

of silver nanoaggregates by using one- and two-photon excited

Raman scattering. The applied excitation wavelengths do not

match the electronic transitions of the target molecules, i.e.,

SERS spectra are measured without additional contributions of

an intrinsic molecular resonance Raman enhancement. The

experiments are performed in a way that single molecules reside

exclusively in the hottest hot spots provided in the near-field.

We employ surface-enhanced pumped anti-Stokes Raman scat-

tering (SEPARS) and one- and two-photon excited surface

enhanced Raman (SERS) and hyper Raman (SEHRS) signals,

respectively for estimating the maximum field enhancement in

these hot spots. Measuring SERS signals over wide concentra-

tion ranges of a target molecule displays the step-by-step occu-

pation of the near-field volume by Raman active molecules and

enables to infer a geometrical size of the hottest hot spots as

well as their number.

Results and Discussion
Plasmonic silver nanoaggregates
The highest SERS enhancement levels obtained so far are

related to silver or gold nanoparticles that form aggregates as

“SERS-active substrates” and by using excitation in the near

infrared [20-22]. The first SERS spectra of single molecules had

been measured by using small aggregates of silver nanoparti-

cles and still, such aggregates seem to be the favorite “plas-

monic substrate” for single-molecule SERS [23]. Most single-

molecule SERS studies are using excitation wavelengths that

are resonant with electronic transitions in the target molecule

and, by this way, exploit a superposition of enhanced local

fields and resonance Raman scattering (SERRS) [7,23-28].

These resonant conditions, and even pre-resonant conditions,

greatly reduce the requirements for local field intensities since

these experiments take advantage of the large cross section for

the molecular Raman resonance [29,30]. However, exploiting

extremely high local fields also enables Raman measurements

from single molecules without the support of an intrinsic molec-

ular resonance Raman enhancement [29,31-36]. Figure 1 shows

typical silver nanoaggregates that provide extremely high near-

field enhancement levels, which are suitable for single-mole-

cule SERS under non-resonant conditions. The silver structures

were prepared by a standard citrate reduction procedure [37].

Figure 1: Electron micrographs of typical silver nanoaggregates that
were used in this study and the extinction spectrum of their aqueous
solution.

In this study, SERS experiments are carried out in solutions of

silver nanoaggregates under the condition that the concentra-

tion of the target molecules is by a factor of 10–100 smaller

than the concentrations of the plasmonic nanoaggregates. This

means that, statistically, single nanoaggregates carry a single

target molecule, while most of the aggregates are “empty”.

Single-molecule SERS experiments have shown that it is likely

that these single molecules reside in the hottest hot spots of the
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nanoaggregates [29]. This is also supported by computations

that show that high field gradients related to hot spots in plas-

monic near-fields might direct single molecules to the hottest

spots [38]. Experiments performed under these conditions

exclusively probe the hottest spots of the near-fields in an

ensemble of plasmonic nanoaggregates.

Probing the field enhancement in the hottest
hot spots of the near-field
As we discussed above, single molecules can be subnanometer-

size sensors for probing the near-field of nanoaggregates. Here

we infer the enhancement factor for the near-field in the hottest

hot spots by considering the anti-Stokes to Stokes signal ratios

during surface-enhanced pumped anti-Stokes Raman scattering

(SEPARS) experiments as well as the ratios between two- and

one-photon excited surface enhanced hyper Raman and Raman

scattering SEHRS and SERS, respectively.

Surface-enhanced pumped anti-Stokes Raman
scattering(SEPARS)
While Stokes Raman scattering starts from the vibrational

ground states of a molecule, anti-Stokes Raman scattering is

related to scattering with molecules in the first excited vibra-

tional states. Therefore, the ratio between anti-Stokes and

Stokes Raman signals is determined by the ratio of the number

of molecules N1 and N0 in these two states, i.e., by the Boltz-

mann population. This results in much weaker anti-Stokes

Raman signals than Stokes signals, particularly for higher

frequency vibrational modes. However, the situation can be

dramatically changed in a very strong surface-enhanced Raman

process. This is illustrated in Figure 2: Isolated silver or gold

nanoparticles support a surface-enhanced Raman signal of

crystal violet shown in the Stokes spectrum (Figure 2a). As

expected, the anti-Stokes SERS spectrum (Figure 2b) displays

the lower frequency modes only. This situation changes when

aggregates are employed as enhancing structures for spectra

(Figure 2c) and Figure 2d). Now a strong anti-Stokes spectrum

appears.

In particular, this spectrum shows strong anti-Stokes lines also

for the higher-energy Raman modes. The strong anti-Stokes

SERS signal is related to the effect of surface enhanced pumped

anti-Stokes Raman scattering (SEPARS). During SEPARS,

Stokes scattering with an extremely high effective cross section

populates the first excited vibrational levels in addition to the

thermal population [20,33,39]. This results in an increase of

anti-Stokes signals. In Figure 2c and Figure 2d, SEPARS can be

observed due to highly localized and enhanced fields of silver

nanoaggregates, which result in extremely high effective SERS

cross sections. This is in contrast to the relatively weakly

enhanced local fields for isolated silver particles that were used

Figure 2: Stokes and anti-Stokes SERS spectra of crystal violet under
conditions of “normal” SERS (a,b) and extremely strong SERS (c,d)
[31]. Spectra were measured by using 830 nm non-resonant excitation.
Reprinted with permission from [22], Copyright 2006 American Chem-
ical Society.

in Figure 2a and Figure 2b. Figure 3 displays the energy level

diagram for non-resonant and resonant Stokes and anti-Stokes

Raman scattering along with rate equations that describe the

population of the first excited vibrational level.

While for non-resonant Raman scattering, a strong Stokes

process appears to be the only way to “pump” vibrational

levels, in case of resonant and pre-resonant Raman scattering,

other mechanism(s) such as ultrafast internal conversion after

electronic excitation and/or fluorescence exist as main source

for the population of excited vibrational states. This has been

confirmed by time resolved pump–probe anti-Stokes SERS

studies on rhodamine 6G on silver nanostructures with an exci-

tation wavelength of 633 nm [40]. These experiments identified

a rise time of the pumped anti-Stokes signal of about 0.8 ps

related to the population of the excited vibrational level by

ultrafast internal conversion. Population pumping due to a

Raman process follows the excitation pulse instantaneously.

Therefore, for the extraction of information on effective SERS

cross sections, SERS enhancement factors and enhanced near-

fields, population pumping should be employed under non-reso-

nant Raman conditions. Here we discuss SEPARS by using

non-resonant excitation in the NIR wavelengths range. Since

the ratio between anti-Stokes and Stokes Raman signals is

determined by the ratio between N1 and N0, a simple equation

for the anti-Stokes to Stokes signal ratio PaS/PS can be derived

from the left rate equation in Figure 3 by assuming steady state

and weak saturation [20]

(1)
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Figure 3: Non-resonant (left) and resonant (right) Stokes and anti-Stokes Raman scattering in an energy level diagram. The rate equations describe
the population of the first excited vibrational level. N1 and N0 are the numbers of molecules in the excited and ground vibrational state, respectively.
σSERS and σSERRS are effective SERS and SERRS cross sections, respectively, σabs describes electronic absorption. τ1 is the lifetime of the first
excited vibrational state, τeff the inverse rate constant for the population of the first excited vibrational level by internal conversion followed by vibra-
tional relaxation and/or by fluorescence. nL is the number of laser photons per cm2 and second applied for the excitation.

where νM is the molecular vibrational frequency, T is the

temperature of the sample, and h and k are the Planck and

Boltzmann constant, respectively. The first term in Equation 1

describes the anti-Stokes to Stokes signal ratio related to SERS

vibrational pumping due to a strong Raman Stokes process. In

“normal” non-resonant and also in resonant Raman scattering

with cross sections on the order of 10−30 to 10−24 cm2, this term

can be neglected since it is small compared to the thermal popu-

lation described by the second term. In order to account for

experimentally observed anti-Stokes to Stokes signal ratios in

SERS experiments on silver nanoaggregates, as it is demon-

strated for example in Figure 2c and Figure 2d, the product of

cross section and vibrational lifetime in Equations 1 must be on

the order of 10−27 cm2·s. With vibrational lifetimes on the order

of 10 ps [40], effective cross sections that can account for

Raman pumping of a molecular vibration have to be at least on

the order of 10−16 cm2.

In general, an effective SERS cross section can be written as

[39]

(2)

where A(ν) describes the enhancement of the near-field at the

location of the molecule, E(ν) is the local optical field (laser and

the scattered field, respectively) and E(0)(ν) is the field in the

absence of the metal nanostructure. σRS
ads is the Raman cross

section of a molecule in contact with the metal compared to

σRS
free of a molecule without coupling to the metal. The ratio

σRS
ads/σ

RS
free describes the enhancement effects related to

“chemical” or “first layer” mechanisms in SERS [41,42].

SERS vibrational pumping based on effective Raman cross

sections on the order of 10−16 cm2 has been also observed for

adenine attached to silver nanoaggregates [33]. The molecule

absorbs in the UV, i.e., the applied excitation photons at 830 nm
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are at a much lower energy than the electronic transitions and

SERS on adenine cannot benefit from a molecular-resonance

Raman effect. Therefore, effective SERS cross sections on

order of 10−16 cm2 compared to typical non-resonant Raman

cross sections on the order of 10−30 cm2 imply SERS enhance-

ment factors of around 1014. Anti-Stokes to Stokes signal ratios

measured on different structures from 100 nm aggregates to

larger fractal silver structures that were several micrometers in

size show that enhancement factors on the order of 1014 in non-

resonant SERS are independent of the size and shape of the

aggregates. However, they critically depend on the gap size

between the nanoparticles forming the aggregate [22,33,43]. In

general, enhanced local fields and “chemical” enhancement can

contribute to such enormous non-resonant total enhancement

factors. SEPARS experiments provide us with information

about the total effective SERS cross section (see Equation 2). In

the following section, we discuss hyper Raman scattering as a

method to separate information about the near-field enhance-

ment and for probing local fields in hot spots in more detail.

Surface enhanced two-photon excited hyper Raman
scattering
During hyper Raman scattering (HRS), two photons interact

simultaneously with the molecules. This process results in an

incoherent scattering signal shifted relative to the second

harmonic of the excitation laser. Figure 4 explains hyper Raman

scattering in an energy level diagram. HRS follows symmetry

selection rules that are different from those in Raman scattering,

and therefore it can probe vibrations that are forbidden in

Raman scattering.

As it is generated by two-photon excitation, the HRS signal is a

quadratic function of the excitation intensity. Extremely small

cross sections on the order of 10−65 cm4s/photon make the

utilization of HRS as a practical spectroscopic tool nearly

impossible. However, HRS particularly benefits from optical

near-fields. The effective cross section for surface enhanced

hyper Raman scattering (SEHRS) can be written as

(3)

where σHRS
ads describes a “chemically” enhanced hyper Raman

cross section compared to that of a “free” molecule, A(ν)

describes the enhancement of the near-fields at the excitation

and hyper Raman scattered wavelengths, respectively.

While one-photon excited SERS depends on the field ampli-

tude enhancement in the near-field to the power of four (see

Equation 2), surface enhanced hyper Raman scattering

(SEHRS) increases with the field enhancement factor A(ν) to

Figure 4: Schematic of hyper Raman- and Raman scattering (left) and
surface enhanced Raman- and hyper Raman spectra of crystal violet
on silver nanoaggregates (right, excitation 850 nm, 107 W/cm2).
SEHRS and SERS signals of crystal violet measured in the same
spectrum by simultaneously using the first and second diffraction order
of the spectrograph (middle trace). In the upper and the lower trace,
SEHRS and SERS spectra are differentiated by placing a NIR
absorbing filter in front of the spectrograph or by switching off the
mode locked regime of the Ti:sapphire laser, respectively [44].
Reprinted with permission from [22], Copyright 2006 American Chem-
ical Society.

the power of six, because of its quadratic dependence on the

excitation intensity [44,45]. This different dependence allows to

infer the field enhancement Eloc
2/E0

2 in the hot spots of the

nanoaggregates from the ratio between their one- and their two-

photon excited surface enhanced Raman and hyper Raman

response, respectively. Despite very different signal levels of

“normal” Raman and hyper Raman scattering, SERS and

SEHRS spectra appear at comparable signal levels and can be

measured in the same spectrum as it is demonstrated in Figure 4

[44]. This shows that hyper Raman scattering must experience a

much stronger enhancement effect than Raman scattering. Since

it is reasonable that the chemical enhancement effect for Raman

and hyper Raman scattering is on the same order of magnitude,

we can ascribe extremely high SEHRS signals to the near-field.

Comparing SEHRS-and SERS-signal levels in more detail

[44,45], we find SEHRS enhancement levels that are up to 106

times higher than the SERS enhancement levels. This results in

an enhancement on the order of 103 for the field amplitudes in

the hottest spots of the near-field (see Equations 2 and Equa-

tions 3). Field enhancement factors of 103 give rise to “electro-

magnetic” SERS enhancement factors on the order of 1012.

With a “chemical” contribution to SERS enhancement on the

order of 102 [42], the total SERS enhancement factors reach

1014 as we inferred from anti-Stokes to Stokes signal ratios in

SEPARS experiments. An interesting question is the depen-

dence of the near-field enhancement on the photon energy. The

ratio between SEHRS and SERS signals measured vs the exci-

tation wavelengths delivers direct information about this depen-
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Figure 6: SERS signal of the 1510 cm−1 Raman line of rhodamine 6G (see Figure 7) vs concentrations of the molecule between 10−15 and 10−6 M,
excitation at 830 nm.

dence. Figure 5 shows the result of experiments, in which a

tunable ps Ti:sapphire was used for excitation. The experi-

ments show an increase of the local optical field with increasing

wave lengths. Increasing intensities for local fields in the hot

spots with decreasing photon energy have also been theoretical-

ly predicted [46].

Probing the number of hottest hot spots and their
geometrical size
Near-field intensities in the vicinity of plasmonic nanostruc-

tures such as silver nanoaggregates show strong spatial varia-

tions. Very early SERS experiments already did show that an

extremely high enhancement level, as it was obtained in SERS

vibrational pumping, is available for very few molecules only

[20]. Our experiments that were reported in the previous section

exploit an extremely high enhancement level as it is available in

these hottest spots. This was achieved by working at a very low

concentration of the target molecules so that molecules exclu-

sively reside in the hottest hot spots [29]. In the following, we

want to determine how many molecules can find a place at the

hottest hot spots. Based on this information, we can infer the

number of hot spots and their geometrical size.

SERS signal vs concentration of the target molecule
The experiments were performed in aqueous solutions of silver

nanoaggreates described above (Figure 1). The concentration of

the nanoaggregates was on the order of 10−10 M. A NaCl solu-

tion of 10−3 M concentration was added to the solution of the

aggregates in order to achieve an optimum chemical SERS-

enhancement. Each of the silver aggregates provides a total

enhancement factor on the order of 1014 when 830 nm excita-

Figure 5: Near-field intensity Eloc
2/E0

2 in the hot spots inferred from
the ratio of SEHRS and SERS signals measured for crystal violet on
silver nanoaggregates while using excitation wavelengths between 780
and 830 nm. Reprinted with permission from [18]. Copyright 2013
Springer.

tion is used. This level of enhancement was confirmed by

checking anti-Stokes to Stokes signal ratios in SEPARS experi-

ments. SERS samples of rhodamine 6G concentrations between

10−15 and 10−6 M were prepared by adding aqueous solutions

of the dye at appropriate concentrations in 1:15 ratios to the

solutions of silver nanoaggreates. After non-resonant 830 nm

excitation, the Raman scattered light was collected in an 180°-

scattering geometry from probed volume of a 10–20 nL inside

1 mL of sample solution by using the same microscope objec-

tive for excitation and collection of the scattered light. Figure 6

shows the dependence of SERS signal on the concentrations of

the target molecule.
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For illustration, Figure 7 displays two SERS spectra, which

were measured at low concentrations of rhodamine 6G mole-

cules. Due to a relatively large scattering volume of approx.

10 nL, these low-concentration SERS spectra are “many mole-

cule spectra” and were collected from ca. 6 000 (spectrum a)

and 6 molecules (spectrum b). The silver nanoaggregates move

in and out of the probed volume because of Brownian motion.

However, for the applied probed volumes (≥10 nL) the number

of analyte-loaded nanoaggregates in the probed volume remains

statistically constant also at low analyte concentrations.

Figure 7: SERS spectra collected from a 10 nL probed volume at
concentrations of 10−15 and 10−12 M of rhodamine 6G in an aqueous
solution of silver nanoaggregates, excitation at 830 nm.

Coming back to the plot shown in Figure 6, we can see a linear

dependence (slope 1 in the double-logarithmic plot) for analyte

concentrations between concentrations of 10−15  and

5 × 10−12 M, i.e., which are at least two orders of magnitude

below the concentration of the nanoaggregates. In this concen-

tration range with canalyte << Cnanoagggregate, it is statistically

unlikely that two molecules are attached to the same aggregate.

Each molecule finds its own enhancing nanostructure where it

can occupy the hottest hot spots. As we discussed above, high

field gradients might direct single molecules to the hottest spots

[22,29,38].

Conducting experiments in this low concentration range and

reducing the probed volume to a size that only one target mole-

cule or less on average are present in the volume results in a

Poisson distribution of the scattering signals measured in time

sequence. This statistics reflects the probability of the presence

of 0, 1, 2, or 3 molecules in the probed volume during the actual

measurement [31-33,47]. Both, the linear increase of the SERS

signal vs the concentration of the target molecules in a “many-

molecule experiment” displayed in Figure 6 as well as the

Poisson distribution of scattering signals in single molecule

SERS indicate that each molecule experiences the same

extremely high SERS enhancement level, i.e., that molecules

reside exclusively in the hottest hot spots.

When the concentration of the target molecule approaches the

concentration of the nanoaggregates, the linear relation between

the concentration and the SERS signal no longer exists. In this

“transition range” statistically more than one molecule can

occupy the same nanoaggregate. Experiments show that in the

concentration range of the analyte between ca. 10−11 and

10−9 M, i.e., around a 1:1 concentration of target molecules and

nanoaggregates, the SERS signal increases much slower than

expected. This indicates that molecules now also start to occupy

spots that provide lower enhancement levels at relatively wide

intensity distributions. In agreement with losing the linear de-

pendence of SERS power vs analyte concentration at canalyte ≈

cnanoagggregate, single molecule SERS experiments performed in

this concentration range also show no Poisson statistics in the

distribution of the measured signals.

For higher concentrations of the analyte with canalyte >>

cnanoagggregate, concentrations between ca. 10−9 and 10−6 M in

Figure 6, the SERS signals depend again linearly on the analyte

concentrations. Under these conditions, 100–10000 molecules

are attached to the same nanoaggregate and experience an

average uniform enhancement. This regime is used in numerous

applications of SERS for quantitative studies, such as in chem-

ical analysis (see examples in [48]).

The loss of the linear relation between the concentration of the

target molecule and the SERS signal at approximately 1:1

concentration between aggregates and molecules indicates that

only one molecule per nanoaggregate can experience an

extremely high enhancement, i.e., there exists only one hottest

hot spot per nanoaggregate of about 100 nm dimension (see

Figure 1). Moreover, the hottest spot must have very small

dimensions since it provides space for only one molecule.

Considering a nanoaggregate at a dimension of ca. 100 nm

(Figure 1), its surface area is on the order of 3 × 10−14 m2 and

assuming a hot spot at the dimension of a small molecule, i.e.,

on the order of 10−20 m2, implies that only 0.00003 % of the

surface of the nanoaggregates provide electromagnetic SERS

enhancement factors on the order of 1012. For more regular Ag

films over nanospheres (AgFON) substrates, it has been found

that 0.0003% of the surface provides an enhancement factor

larger than 1010 [49] and 0.003% exhibit enhancement factors

larger than 109 [50].

Conclusion
SERS experiments at the single molecule level open up interest-

ing ways for probing the optical near-field in the hottest hot

spots of plasmonic nanostructures. Our studies identify field

enhancement factors on the order of 103 with corresponding

electromagnetic SERS enhancement factors on the order of 1012

for one-photon excited surface enhanced Raman signals and
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1018 for two-photon excited surface enhanced hyper Raman

signals. In agreement with theory [46], the intensities obtained

in the hottest spots of the plasmonic near-field increase with

increasing wavelengths. Monitoring the SERS signal while

increasing the number of target molecules shows that in the

near-field of nanoaggregates composed by 4–8 individual silver

particles with dimensions of ca. 100 nm (Figure 1) only one

hottest hot spot per nanoaggregate exists and that the dimen-

sion of these hottest spots must be in the subnanometer range.

Near-fields are always related to high field gradients. Beyond

the capabilities for probing the near-field by SERS discussed

previously, SERS studies can also provide interesting ways for

probing field gradients. Due to the failure of the assumption that

the field is constant over molecular dimensions, new selection

rules and polarization behavior in Raman signals can be

obtained, which could be used to infer information about field

gradients [51].

References
1. Stockman, M. I. Phys. Today 2011, 64, 39–44. doi:10.1063/1.3554315
2. Novotny, L. Phys. Today 2011, 64, 47–52. doi:10.1063/PT.3.1167
3. Kneipp, K. Phys. Today 2007, 60, 40–46. doi:10.1063/1.2812122
4. McMahon, J. M.; Gray, S. K.; Schatz, G. C. Phys. Rev. B 2011, 83,

No. 115428. doi:10.1103/PhysRevB.83.115428
5. Halas, N. J.; Lal, S.; Chang, W.-S.; Link, S.; Nordlander, P. Chem. Rev.

2011, 111, 3913–3961. doi:10.1021/cr200061k
6. Lee, J.-H.; Nam, J.-M.; Jeon, K.-S.; Lim, D.-K.; Kim, H.; Kwon, S.;

Lee, H.; Suh, Y. D. ACS Nano 2012, 6, 9574–9584.
doi:10.1021/nn3028216

7. Yoshida, K.-i.; Itoh, T.; Tamaru, H.; Biju, V.; Ishikawa, M.; Ozaki, Y.
Phys. Rev. B 2010, 81, No. 115406. doi:10.1103/PhysRevB.81.115406

8. Haran, G. Acc. Chem. Res. 2010, 43, 1135–1143.
doi:10.1021/ar100031v

9. Li, K.; Stockman, M. I.; Bergman, D. J. Phys. Rev. Lett. 2003, 91,
227402. doi:10.1103/PhysRevLett.91.227402

10. Podolskiy, V. A.; Shalaev, V. M. Laser Phys. 2001, 11, 26–30.
11. Weber, M. L.; Litz, J. P.; Masiello, D. J.; Willets, K. A. ACS Nano 2012,

6, 1839–1848. doi:10.1021/nn205080q
12. Bharadwaj, P.; Bouhelier, A.; Novotny, L. Phys. Rev. Lett. 2011, 106, 4.

doi:10.1103/PhysRevLett.106.226802
13. Nelayah, J.; Kociak, M.; Stephan, O.; de Abajo, F. J. G.; Tencé, M.;

Henrard, L.; Taverna, D.; Pastoriza-Santos, I.; Liz-Marzán, L. M.;
Colliex, C. Nat. Phys. 2007, 3, 348–353. doi:10.1038/nphys575

14. Barwick, B.; Flannigan, D. J.; Zewail, A. H. Nature 2009, 462, 902–906.
doi:10.1038/nature08662

15. Koh, A. L.; Bao, K.; Khan, I.; Smith, W. E.; Kothleitner, G.;
Nordlander, P.; Maier, S. A.; McComb, D. W. ACS Nano 2009, 3,
3015–3022. doi:10.1021/nn900922z

16. Chu, M.-W.; Sharma, P.; Chang, C.-P.; Liou, S. C.; Tsai, K.-T.;
Wang, J.-K.; Wang, Y.-L.; Chen, C. H. Nanotechnology 2009, 20,
No. 235705. doi:10.1088/0957-4484/20/23/235705

17. Guiton, B. S.; Iberi, V.; Li, S.; Leonard, D. N.; Parish, C. M.;
Kotula, P. G.; Varela, M.; Schatz, G. C.; Pennycook, S. J.;
Camden, J. P. Nano Lett. 2011, 11, 3482–3488.
doi:10.1021/nl202027h

18. Kadkhodazadeh, S.; Wagner, J. B.; Joseph, V.; Kneipp, J.; Kneipp, H.;
Kneipp, K. Plasmonics 2012, 8, 763–767.
doi:10.1007/s11468-012-9470-1

19. Iberi, V.; Mirsaleh-Kohan, N.; Camden, J. P. J. Phys. Chem. Lett. 2013,
4, 1070–1078. doi:10.1021/jz302140h

20. Kneipp, K.; Yang, W.; Kneipp, H.; Itzkan, I.; Dasari, R. R.; Feld, M. S.
Phys. Rev. Lett. 1996, 76, 2444–2447.
doi:10.1103/PhysRevLett.76.2444

21. Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L. T.; Itzkan, I.;
Dasari, R. R.; Feld, M. S. Phys. Rev. Lett. 1997, 78, 1667.
doi:10.1103/PhysRevLett.78.1667

22. Kneipp, K.; Kneipp, H.; Kneipp, J. Acc. Chem. Res. 2006, 39, 443–450.
doi:10.1021/ar050107x

23. Dieringer, J. A.; Lettan, R. B.; Scheidt, K. A.; Van Duyne, R. P.
J. Am. Chem. Soc. 2007, 129, 16249–16256. doi:10.1021/ja077243c

24. Nie, S.; Emroy, S. R. Science 1997, 275, 1102–1106.
doi:10.1126/science.275.5303.1102

25. Xu, H. X.; Bjerneld, E. J.; Kall, M.; Borjesson, L. Phys. Rev. Lett. 1999,
83, 4357–4360. doi:10.1103/PhysRevLett.83.4357

26. Michaels, A. M.; Jiang, J.; Brus, L. J. Phys. Chem. B 2000, 104,
11965–11971. doi:10.1021/jp0025476

27. Meixner, A. J.; Vosgrone, T.; Sackrow, M. J. Lumin. 2001, 94,
147–152. doi:10.1016/S0022-2313(01)00248-4

28. Moula, G.; Rodriguez-Oliveros, R.; Albella, P.; Sanchez-Gil, J. A.;
Aroca, R. F. Ann. Phys. (Berlin, Ger.) 2012, 524, 697–704.
doi:10.1002/andp.201200149

29. Kneipp, K.; Kneipp, H. Appl. Spectrosc. 2006, 60, 322A–334A.
doi:10.1366/000370206779321418

30. Pettinger, B.; Schambach, P.; Villagómez, C. J.; Scott, N.
Annu. Rev. Phys. Chem. 2012, 63, 379–399.
doi:10.1146/annurev-physchem-032511-143807

31. Kneipp, K.; Kneipp, H.; Manoharan, R.; Hanlon, E. B.; Itzkan, I.;
Dasari, R. R.; Feld, M. S. Appl. Spectrosc. 1998, 52, 1493–14987.
doi:10.1366/0003702981943059

32. Kneipp, K.; Kneipp, H.; Deinum, G.; Itzkan, I.; Dasari, R. R.; Feld, M. S.
Appl. Spectrosc. 1998, 52, 175–178. doi:10.1366/0003702981943275

33. Kneipp, K.; Kneipp, H.; Kartha, V. B.; Manoharan, R.; Deinum, G.;
Itzkan, I.; Dasari, R. R.; Feld, M. S. Phys. Rev. E 1998, 57,
R6281–R6284. doi:10.1103/PhysRevE.57.R6281

34. Maruyama, Y.; Ishikawa, M.; Futamata, M. Chem. Lett. 2001, 834–835.
doi:10.1246/cl.2001.834

35. Blackie, E. J.; Le Ru, E. C.; Etchegoin, P. G. J. Am. Chem. Soc. 2009,
131, 14466–14472. doi:10.1021/ja905319w

36. Treffer, R.; Lin, X. M.; Bailo, E.; Deckert-Gaudig, T.; Deckert, V.
Beilstein J. Nanotechnol. 2011, 2, 628–637. doi:10.3762/bjnano.2.66

37. Lee, P. C.; Meisel, D. J. Phys. Chem. 1982, 86, 3391–3395.
doi:10.1021/j100214a025

38. Xu, H.; Käll, M. Phys. Rev. Lett. 2002, 89, No. 246802.
doi:10.1103/PhysRevLett.89.246802

39. Kneipp, K.; Kneipp, H.; Itzkan, I.; Dasari, R. R.; Feld, M. S. Chem. Rev.
1999, 99, 2957–2975. doi:10.1021/cr980133r

40. Kozich, V.; Werncke, W. J. Phys. Chem. C 2010, 114, 10484–10488.
doi:10.1021/jp101219e

41. Otto, A. In Light scattering in solids IV. Electronic scattering, spin
effects, SERS and morphic effects; Cardona, M.; Guntherodt, G., Eds.;
Springer-Verlag: Berlin, Germany; pp 289–418.
doi:10.1007/3-540-11942-6_24

42. Campion, A.; Kambhampati, P. Chem. Soc. Rev. 1998, 27, 241–250.
doi:10.1039/a827241z

http://dx.doi.org/10.1063%2F1.3554315
http://dx.doi.org/10.1063%2FPT.3.1167
http://dx.doi.org/10.1063%2F1.2812122
http://dx.doi.org/10.1103%2FPhysRevB.83.115428
http://dx.doi.org/10.1021%2Fcr200061k
http://dx.doi.org/10.1021%2Fnn3028216
http://dx.doi.org/10.1103%2FPhysRevB.81.115406
http://dx.doi.org/10.1021%2Far100031v
http://dx.doi.org/10.1103%2FPhysRevLett.91.227402
http://dx.doi.org/10.1021%2Fnn205080q
http://dx.doi.org/10.1103%2FPhysRevLett.106.226802
http://dx.doi.org/10.1038%2Fnphys575
http://dx.doi.org/10.1038%2Fnature08662
http://dx.doi.org/10.1021%2Fnn900922z
http://dx.doi.org/10.1088%2F0957-4484%2F20%2F23%2F235705
http://dx.doi.org/10.1021%2Fnl202027h
http://dx.doi.org/10.1007%2Fs11468-012-9470-1
http://dx.doi.org/10.1021%2Fjz302140h
http://dx.doi.org/10.1103%2FPhysRevLett.76.2444
http://dx.doi.org/10.1103%2FPhysRevLett.78.1667
http://dx.doi.org/10.1021%2Far050107x
http://dx.doi.org/10.1021%2Fja077243c
http://dx.doi.org/10.1126%2Fscience.275.5303.1102
http://dx.doi.org/10.1103%2FPhysRevLett.83.4357
http://dx.doi.org/10.1021%2Fjp0025476
http://dx.doi.org/10.1016%2FS0022-2313%2801%2900248-4
http://dx.doi.org/10.1002%2Fandp.201200149
http://dx.doi.org/10.1366%2F000370206779321418
http://dx.doi.org/10.1146%2Fannurev-physchem-032511-143807
http://dx.doi.org/10.1366%2F0003702981943059
http://dx.doi.org/10.1366%2F0003702981943275
http://dx.doi.org/10.1103%2FPhysRevE.57.R6281
http://dx.doi.org/10.1246%2Fcl.2001.834
http://dx.doi.org/10.1021%2Fja905319w
http://dx.doi.org/10.3762%2Fbjnano.2.66
http://dx.doi.org/10.1021%2Fj100214a025
http://dx.doi.org/10.1103%2FPhysRevLett.89.246802
http://dx.doi.org/10.1021%2Fcr980133r
http://dx.doi.org/10.1021%2Fjp101219e
http://dx.doi.org/10.1007%2F3-540-11942-6_24
http://dx.doi.org/10.1039%2Fa827241z


Beilstein J. Nanotechnol. 2013, 4, 834–842.

842

43. Kleinman, S. L.; Sharma, B.; Blaber, M. G.; Henry, A.-I.; Valley, N.;
Freeman, R. G.; Natan, M. J.; Schatz, G. C.; Van Duyne, R. P.
J. Am. Chem. Soc. 2013, 135, 301–308. doi:10.1021/ja309300d

44. Kneipp, K.; Kneipp, H.; Itzkan, I.; Dasari, R. R.; Feld, M. S.;
Dresselhaus, M. S. In Optical Properties of Nanostructured Random
Media; Shalaev, V. M., Ed.; Topics in Applied Physics, Vol. 82;
Springer-Verlag: Berlin, Germany, 2002; pp 227–247.

45. Kneipp, J.; Kneipp, H.; Kneipp, K. Proc. Natl. Acad. Sci. U. S. A. 2006,
103, 17149–17153. doi:10.1073/pnas.0608262103

46. Stockman, M. I. In Surface-Enhanced Raman Scattering: Physics and
Applications; Kneipp, K.; Moskovits, M.; Kneipp, H., Eds.; Topics in
Applied Physics, Vol. 103; Springer-Verlag: Berlin, Germany, 2006;
pp 47–65.

47. Zhou, Z.; Wang, G.; Xu, Z. Appl. Phys. Lett. 2006, 88, 034104.
doi:10.1063/1.2166474

48. McNay, G.; Eustace, D.; Smith, W. E.; Faulds, K.; Graham, D.
Appl. Spectrosc. 2011, 65, 825–837. doi:10.1366/11-06365

49. Fang, Y.; Seong, N.-H.; Dlott, D. D. Science 2008, 321, 388–392.
doi:10.1126/science.1159499

50. Chien, F. C.; Huang, W. Y.; Shiu, J.-Y.; Kuo, C. W.; Chen, P. L.
Opt. Express 2009, 17, 13974–13981. doi:10.1364/OE.17.013974

51. Ayars, E. J.; Hallen, H. D.; Jahncke, C. L. Phys. Rev. Lett. 2000, 85,
4180–4183. doi:10.1103/PhysRevLett.85.4180

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.4.94

http://dx.doi.org/10.1021%2Fja309300d
http://dx.doi.org/10.1073%2Fpnas.0608262103
http://dx.doi.org/10.1063%2F1.2166474
http://dx.doi.org/10.1366%2F11-06365
http://dx.doi.org/10.1126%2Fscience.1159499
http://dx.doi.org/10.1364%2FOE.17.013974
http://dx.doi.org/10.1103%2FPhysRevLett.85.4180
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.4.94

	Abstract
	Introduction
	Results and Discussion
	Plasmonic silver nanoaggregates
	Probing the field enhancement in the hottest hot spots of the near-field
	Surface-enhanced pumped anti-Stokes Raman scattering(SEPARS)
	Surface enhanced two-photon excited hyper Raman scattering
	Probing the number of hottest hot spots and their geometrical size
	SERS signal vs concentration of the target molecule


	Conclusion
	References

