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Abstract

Surface-enhanced hyper-Raman scattering and surface-enhanced anti-Stokes Raman scattering were studied as potential
tools for non-linear single-molecule Raman spectroscopy. Experiments were performed using near-infrared excitation on
crystal violet adsorbed on colloidal silver or gold clusters. Strong enhancement factors on the order of 10%° were inferred
from hyper-Raman scattering experiments on colloidal silver. Such extremely high enhancement factors overcome the
inherently weak nature of the effect, and surface-enhanced hyper-Raman scattering appears on comparable intensity levels as
surface-enhanced Raman scattering. Surface-enhanced anti-Stokes Raman scattering starts from vibrational levels, that are
populated by the very strong surface-enhanced Raman process. Thus, the anti-Stokes Raman scattering signal depends
quadratically on the excitation laser intensity. For the first time, surface-enhanced anti-Stokes and Stokes Raman scattering
was detected from single molecules on colloidal gold clusters. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Optical spectroscopy of single molecules is an
area of growing interest. Of particular importance are
methods which can be applied under practical condi-
tions, such as at room temperature and in liquids or
on surfaces. One-photon excited fluorescence is the
most prominent technique for single-molecule detec-
tion [1,2]. Two-photon fluorescence has been demon-
strated to be a powerful tool for single-molecule
detection in solution [3], or for monitoring single
molecules on a surface [4]. Compared to one-photon
fluorescence, the advantages for spectroscopic appli-
cation of two-photon fluorescence are a confined
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probed volume, and signals which appear in a spec-
tral range well separated from the excitation laser.

An important challenge to analytical chemistry is
not only detecting a single molecule, but also identi-
fying its chemical structure. In general, fluorescence
spectroscopy at room temperature gives little infor-
mation on the structure of a molecule. A Raman
spectrum provides much structural information about
the molecule and alows chemica identification.
However, Raman scattering is a very weak effect and
a large number of molecules is required to achieve
adequate Raman signals.

This situation is dramatically altered for surface-
enhanced Raman scattering (SERS). The phe-
nomenon of a strongly increased Raman signal from
molecules attached to metallic nanostructures was
discovered in 1977 by Van Duyne, Jeanmaire, Al-
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brecht and Creighton [5,6]. The enhancement mecha-
nisms are roughly divided into ‘electromagnetic’ and
‘chemical’ effects. Chemical SERS enhancement is
attributed to a metal electron mediated resonance
Raman effect via a charge transfer intermediate state.
The electromagnetic or field enhancement factor
arises from enhanced laser and Raman fields due to
electromagnetic resonances in the metallic structures
[7,8]. As in ‘normal’ Raman scattering, surface-en-
hanced Raman scattering depends linearly on the
excitation laser intensity.

In the electromagnetic field enhancement model,
non-linear Raman effects such as hyper-Raman scat-
tering are surface enhanced to a greater extent than
‘normal’ Raman scattering since they depend non-
linearly on the laser field. This is confirmed by the
very strong signals obtained in surface-enhanced hy-
per-Raman scattering experiments [9—-11].

To use Raman scattering at the single-molecule
level, the effective Raman cross-section has to be
surface-enhanced about 14 orders of magnitude [12—
16]. We obtained such extremely high enhancement
factors at near-infrared (NIR) excitation for molecules
adsorbed on colloidal silver [12—16] or gold clusters
[17]. A very inhomogeneous field distribution on
such clusters can result in extremely strong fields,
which are confined in very small areas, the so-called
“hot spots’' [18,19]. These strong fields then give rise
to very high electromagnetic enhancement providing
a rationale for such an extreme SERS effect. Hot
spots imply particularly exciting perspectives for sur-
face-enhanced non-linear optical phenomena as was
theoretically demonstrated by Poliakov, Markel and
Shalaev for second- and third-harmonic generation
(SHG and THG, respectively), for degenerate four-
wave mixing (DFWM), and for the optical Kerr
effect [20].

In this study, we experimentally investigated sur-
face-enhanced non-linear Raman processes, which
should also benefit strongly from the extremely large
field enhancements available in hot spots. Particu-
larly, it might be challenging to apply non-linear
Raman scattering to single molecules located in the
hot spots. Surface-enhanced hyper-Raman scattering
and ‘ pumped’ anti-Stokes Raman scattering are se-
lected as effects where the Raman scattering signal
depends quadratically on the excitation laser inten-
sity.

2. Experimental

Non-linear Raman effects are studied on colloidal
silver or gold clusters, which are in agueous solution
or dried on a glass cover dide. Silver colloids are
prepared from silver nitrate by citrate-reduction tech-
nique [21]. Colloidal gold solutions are used as
commercially provided (Polysciences). NaCl was
added in 1072-10"! M concentration to the col-
loidal solutions to induce aggregation and to achieve
the formation of colloidal clusters. The colloidal
structures are characterized by extinction spectra of
their agueous solutions and by electron microscopy.

Crystal violet was selected as a target molecule.
From its absorption spectrum [10], we conclude that
only a very small molecular resonance Raman signal
is expected to contribute to the observed total signal
at the applied near-infrared excitation wavelength.
Crystal violet is prepared as low-concentration solute
in methanol and added to the colloidal solution
resulting in final concentrations between 10~ ° and
107° M in the target species.

The Raman systems for the surface-enhanced hy-
per-Raman experiments and for surface-enhanced
anti-Stokes Raman spectroscopy are the same as
described in previous papers [11,22].

In the hyper-Raman experiments the excitation
source is an argon-ion laser pumped mode locked
Ti:sapphire laser operating at 82 MHz with an aver-
age power of ~ 1 W. The excitation wavelength is
tuned between 750 and 830 nm. The laser beam is
focused into the sample to obtain a peak power
density on the order of 10'—10® W /cm?. The scat-
tered light is collected at an angle of 90° relative to
the incident laser beam and directed onto the en-
trance dlit of the double grating monochromator. The
Raman spectrum is recorded in a scanning regime
using a photomultiplier tube for detection. To mea-
sure the SEHRS spectrum (shifted to the second
harmonic of the NIR excitation), a NIR absorbing
Schott filter is placed in front of the entrance dlit of
the monochromator. By removing this filter, the
surface-enhanced Raman light and the surface-en-
hanced hyper-Raman light are measured simultane-
oudy in the same spectrum using the first and sec-
ond diffraction orders of the monochromator. This
allows a direct determination of the ratio between
SEHRS and SERS signa intensities. The relative
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wavelength sensitivity of the system for Raman, as
compared to hyper-Raman scattering was determined
by using Raman spectra of benzene measured at NIR
excitation and at the appropriate second-harmonic
excitation [11].

Anti-Stokes Raman spectroscopy experiments
were performed with 830 nm cw Ti:sapphire laser
excitation at a power of ~ 100 mW at the sample. A
microscope is used for focusing excitation light and
for collecting Raman scattered light in a 180° scatter-
ing geometry. Dispersion and detection of the scat-
tered light is achieved using single grating spectro-
graphs with deep depletion CCD detectors. Stokes-
and anti-Stokes spectra are collected in 1 s.

Collection volumes are on the order of pl in the
hyper-Raman experiments. By using a confoca Ra-
man microscope in the anti-Stokes Raman experi-
ments, the probed volumes are ~ 1 fl.

3. Results and discussion

3.1. Colloidal gold and silver clusters

Fig. 1a shows extinction spectra of the colloidal
gold and silver cluster structures used in the experi-
ments. The broad extinction curve, which extends
into the near-infrared region is an indication of the
formation of relatively large clusters [10,17]. Fig. 1b
shows an electron microscope view of a typical
colloidal silver cluster with a pm dimension. Col-
loidal gold shows very similar aggregation behavior
and cluster formation [23,24]. From surface-en-
hanced Raman experiments performed using col-
loidal gold and silver cluster structures, we know,
that these clusters can provide extremely high en-
hancement level, on the order of 10, in linear
surface-enhanced Raman scattering experiments
[12-17]. After exceeding a critical size dimension,
SERS enhancement factors are found to be indepen-
dent of the size of colloidal clusters [16,17]. Col-
loidal gold clusters, which represent about the re-
quired minimum cluster size are displayed in Fig. 1c.

In order to make the large enhancement factors
consistent with the level of the observed SERS Stokes
signal, we must conclude that only a very small
fraction of target molecules available in the sample

are involved in the Raman process at the extremely
high enhancement level and contribute to the mea-
sured SERS spectrum [12]. This experimental finding
might be explained by the existence of hot spots in
the cluster structures [18—20]. Only a small fraction
of the molecules in the sample can find a place at
such hot zones and can ‘feel’ the extreme field
enhancement.

In the following, these colloidal structures are
studied in non-linear Raman experiments.

3.2. Surface-enhanced hyper-Raman scattering
(SEHR9S

Hyper-Raman scattering (HRS) results in a scat-
tering signal that is Raman shifted relative to the
second harmonic of the excitation frequency, and
that depends quadratically on the excitation intensity
(for an overview, see Ref. [25]). For molecules hav-
ing high symmetry, hyper-Raman spectra can pro-
vide vibrational information on so-called ‘silent
modes’ which cannot be obtained using ‘normal’
Raman scattering (RS) or infrared absorption spec-
troscopy. Since HRS has a very low cross-section,
the effect has not been used in practical spectro-
scopic applications.

Strong surface enhancement factors can overcome
the inherently weak nature of hyper-Raman scatter-
ing and surface-enhanced hyper-Raman spectra have
been measured at relatively low excitation intensities
for several molecules ([11] and references therein).

Fig. 2a displays a portion of the hyper-Raman
spectrum of 1078 M crystal violet on colloidal silver
clusters measured at different excitation wave-
lengths. From surface-enhanced Raman experiments
we know, that target molecules are involved in the
Raman process at extremely large enhancement level
only in ~ 10712 M concentration [12]. We are using
SO many excess molecules to make sure that —
wherever a ‘hot spot’” might be generated for the
different excitation wave lengths — a target molecule
will be available to probe the field by an enhanced
Raman process.

The hyper-Raman signal strongly increases with
increasing excitation wavelength. No hyper-Raman
spectrum could be measured at 750 nm excitation.
This can be explained with a ‘field enhancement
model’ where the total enhancement benefits from
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Fig. 1. (a) Extinction spectra of the aqueous solutions of the applied colloidal gold (A) and silver (B) clusters. (b) Electron microscopic view
of typical colloidal silver cluster structure. (c) Electron microscopic view of typical colloidal gold cluster.

enhancement of laser and scattering field. At 750
nm excitation, the hyper-Raman Stokes field wave-
length is too short to benefit from any resonances
with the colloidal silver. This missing enhancement
for the scattering field reduces the total enhancement
to a level which is not sufficient to compensate for

the extreme weakness of the hyper-Raman effect.
This situation is atered at 785 nm and longer excita
tion wavelengths. In general, the field confinement
will become more pronounced at longer excitation
wavelengths [20] in agreement with our experimental
observation of increasing hyper-Raman signals.
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Fig. 2. (a) Surface-enhanced hyper-Raman bands of crystal violet
measured on colloidal silver clusters at: 833 nm (A), 815 nm (B),
798 nm (C), and 785 nm (D) excitation wavelength. (b) Surface-
enhanced hyper-Raman bands (wave numbers on the top) and
surface-enhanced Raman bands (wave numbers below) of crystal
violet measured on colloidal silver cluster at 805 nm excitation.

Fig. 2b shows surface-enhanced hyper-Raman and
Raman scattering signals added together in the same
spectrum. The Raman wave numbers and relative

intensities of SERS and SEHRS lines in the crystal
violet spectrum are in agreement with previously
published spectra of this molecule on silver colloids
[10,11]. The appearance of surface-enhanced hyper-
Raman and Raman scattering at the same signal
intensity ! suggests that surface-enhanced hyper-Ra-
man scattering is a spectroscopic technique that can
be applied at single-molecule level.

As described in Ref. [11], the experimental ratios
between SERS and SEHRS intensities can be com-
bined with the corresponding estimated * bulk’ inten-
Sity ratio between Raman scattering and hyper-Ra-
man scattering for the applied 10° W /cm? excita-
tion intensity to infer a ratio between surface-en-
hancement factors of hyper-Raman scattering and
Raman scattering of ~ 10°. Combining this ratio
with NIR-SERS enhancement factors for crystal vio-
let on the order of 10'* [12,13] total surface enhance-
ment factors of hyper-Raman scattering on crystal
violet adsorbed on colloida silver clusters can be
inferred to be on the order of 10%.

Note that this enhancement can include electro-
magnetic and chemical contributions.

However, the experimental finding that extremely
large enhancement at near-infrared excitation was
obtained on colloidal clusters and has not been ob-
served for non-aggregated silver or gold colloids
[16,17] is an important indication that the electro-
magnetic field enhancement effect dominates.

3.3. Surface-enhanced anti-Sokes Raman scattering

As another non-linear Raman method, we studied
surface-enhanced anti-Stokes Raman scattering. In
surface-enhanced anti-Stokes Raman scattering, the
increased population of the first excited vibrational
states due to an extremely strong Raman process
results in an increase of the anti-Stokes signal [12].
At relatively low excitation intensities (weakly
saturating intensity regime [exp(—hv,,/KT) <
o ERS(y )7 (v,)n, < 1] asin our experiments), the
anti-Stokes signal, P,, depends quadrétically on the

! Accounti ng for the different sensitivity of the detection sys-
tem in the Raman and hyper-Raman region, the SERS intensity is
stronger than the SEHRS intensity by about two orders of magni-
tude.
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excitation intensity, whereas the Stokes signal, P,,
remains linearly dependent [12]:

P~|N _ % 4 N, SERS SERS
a = | Nog €Xp KT o0~ TN O ne,
(1a)

P, = Nyo ERn_, (1b)

where N, is the number of molecules in the vibra-
tional ground state, n, is the laser intensity, o 5ERS
and 7, are the effective SERS cross- section and the
lifetime of the first excited vibrationa state of a
molecular vibration u,,, respectively, and T is the
temperature of the sample. Fig. 3a shows the plots of
the 1174 cm™?! anti-Stokes and Stokes SERS signals
of crystal violet on colloidal gold clusters for differ-
ent excitation intensities. The lines indicate quadratic
and linear fits to the respective data, displaying the
predicted dependence.

Fig. 3b shows SERS spectra of crystal violet on
colloidal gold clusters measured at the anti-Stokes
side of the 830 nm cw excitation laser. The 1174
cm~! anti-Stokes line in curve A appears at ~ 20
times lower intensity compared to the appropriate
Stokes line. (Surface-enhanced Stokes spectra of
crystal violet on colloidal gold clusters are shown in
Ref. [17].) Methanol anti-Stokes signals are not de-
tected under these experimental conditions. As Fig.
3b shows, the anti-Stokes spectra appear at the
Rayleigh background which is suppressed by a notch
filter upto ~ 900 cm™ 1. Due to the quadratic depen-
dence of the anti-Stokes signal, the signal to back-
ground ratio is improved for increasing excitation
laser intensities.

Fig. 4 shows anti-Stokes and Stokes SERS spectra
of 107° M crystal violet in solution of colloidal gold
clusters measured in 1 s collection time. Based on a
concentration volume estimate, an average of about
one molecule contributes to the spectra collected
from ~ 1 fl probed volume. Thisis the first demon-
stration of single-molecule sensitivity in a SERS
experiment performed on colloidal gold. The relative
strong band at 1620 cm™*! in the anti-Stokes spec-
trum is an indication that the anti-Stokes signal
arises from pumped vibrational levels and not from
thermally populated ones. In the anti-Stokes spec-
trum the single-molecule lines appear at a signal to
noise level of about 2:1. Fig. 4b shows the statistical
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Fig. 3. (@ Surface-enhanced Stokes (a) and anti-Stokes (O)
Raman scattering signal as a function of cw excitation intensity at
830 nm. (b) Surface-enhanced anti-Stokes Raman scattering of
crystal violet on colloidal gold clusters at: 3 MW /cm? (A), 1.4
MW /cm? (B), and 0.7 MW /cm? (C) cw excitation intensities.
The 1174 cm~! Raman signa is increased compared to the
Rayleigh background from (C) to (A).

distribution of the signals of 100 anti-Stokes mea
surements. The anti-Stokes Raman signals measured
in time sequence were selected in 10 bins whose
widths are 10% of the maximum of the observed
signals (x-axis). The y-axis displays the frequency
of the appearance of the appropriate signal levels of
the bin. All signals at 10% level of the maximum
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Fig. 4. (&) Surface-enhanced Stokes and anti-Stokes Raman scat-
tering of single crystal violet molecules measured on colloidal
gold clusters at 830 nm excitation wavelength in 1 s collection
time. For assignment of bands, see also Fig. 3b and Ref. [17]
where about 100-1000 crystal violet molecules contribute to the
anti-Stokes and Stokes spectrum, respectively. (b) Statistical dis-
tribution of the anti-Stokes SERS signal at 1174 cm™*. The peaks
centered at the relative intensities 1, 3, and 6 reflect the probabil-
ity to find just O, 1, and 2 molecules in the scattering volume
during the actual measurement, respectively.

intensity and lower were collected in bin ‘1’ repre-
senting zero molecules in the probed volume. The
statistical distribution of the anti-Stokes Raman sig-
nals shows a clear change from Gaussian, expected
for “‘many’ molecules [13,15], to Poisson when the
average number of analyte molecules in the scatter-
ing volume is one or fewer. Asthe signal distribution
in Fig. 4b shows, ~60, ~ 30, and ~ 10 measure-
ments indicate zero, one, and two molecules in the
probed volume, respectively. These numbers are
roughly consistent with a Poisson distribution for an
average number of 0.5 molecule in approximate
agreement with the above concentration /volume es-
timates.

4. Summary

Surface-enhanced hyper-Raman scattering and
surface-enhanced anti-Stokes Raman scattering from
pumped vibrational levels were studied as Raman
processes where the scattering signal depends non-
linearly on the excitation laser intensity.

Both effects are observed on colloidal gold or
silver clusters at near-infrared excitation and seem to
benefit from extremely large field enhancements pre-
dicted for such cluster structures in so-called ‘hot
spots'.

Surface-enhanced hyper-Raman scattering bene-
fits from an enhancement factor of ~ 20 orders of
magnitude and can appear at comparable intensity
levels as surface-enhanced Raman scattering. This
provides hope that the effect can be successfully
applied for single-molecule spectroscopy.

Due to the population of the first excited vibra-
tional state in a strong Raman process, the surface-
enhanced anti-Stokes signal shows a quadratic de-
pendence on excitation laser intensity. Single crystal
violet molecules on colloidal gold clusters can be
detected by their surface-enhanced Raman signal at
the anti-Stokes side of the near-infrared excitation
laser.
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