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We observed significant transfer of ground state population to the first excited vibrational state by
spontaneous surface-enhanced Raman scattering (SERS) which can be explained by unexpectedly large
SERS cross sections. Evidence for this pumping includes (i) anti-Stokes to Stokes ratios which exceed
those expected from a Boltzmann distribution, (ii) a quadratic dependence of the anti-Stokes signal on
the excitation intensity, whereas the Stokes signal remains linearly dependent, and (iii) a component of
v = 1 to » = 2 Raman transitions in the SERS Stokes signals.

PACS numbers: 33.20.Fb, 42.62.Hk, 78.30.—j, 82.65.Pa

New methods of exciting coherent and incoherentsignal acquisition, due to both a large collection angle and
molecular vibrations are of growing interest as a preregtotal overlap of excitation and collection volumes, as well
uisite for studying phase and energy vibrational relaxatioras relatively high excitation intensities, betwekeix 102
processes [1], as well as for creating chemical pathwayand5 X 10?* photongcn? s.
which may not occur under normal excitation conditions Figures 1(a) and 1(b) show Stokes and anti-Stokes
[2]. Current methods of populating vibrational states in-SERS spectra of CV and R6G measured at 150 mW
clude IR absorption using intense far IR laser light [1,3],excitation power. The Stokes-SERS spectra agree with
stimulated Raman processes [1,2], and stimulated emishose previously reported [5,6,8,9]. For purpose of dis-
sion pumping [4]. play, Stokes and anti-Stokes spectra are normalized to the

The extremely small cross sections of spontaneou$174 cnt!band for CV and the 610 cm band for R6G.
Raman scattering preclude its use for pumping vibrational The anti-Stokes to Stokes SERS signal ratios,
states. However, this situation is dramatically alteredPSERS/PSERS for various SERS bands of CV and R6G
for surface-enhanced Raman scattering (SERS). SurfacRaman shiftsy,,) were normalized to the anti-Stokes
enhancement factors on the order off40r larger [5,6] to Stokes signal ratios for a “normal” (non-surface-
increase the effective Raman cross sections from a rangsmhanced) Raman experiment (RS) measured under the
of 10731-10"?to about 10%° cm?, suggesting that SERS same conditions and at the same temperature:
can be a valuable tool for pumping vibrational states
and performing vibrational pump-probe experiments on SERS SERS

PR () [PYER> ()
adsorbed molecules [7]. K(vn) = —553 RS

In this Letter we show that SERS can significantly PES(wn)/PES(vm)
populate the first excited vibrational states of molecules
adsorbed on the surface of colloidal metal particlesBy using this normalization potential errors due to sys-
even under cw conditions at relatively low excitationtem response were excluded, and thKiv,,) directly
intensities. We studied near infrared excited surfacedescribes the measured deviations of the anti-Stokes to
enhanced Stokes and anti-Stokes Raman scattering 8tokes SERS signal ratios from a Boltzmann population.
crystal violet (CV) and rhodamine 6G (R6G) adsorbedTo establish the expected Boltzmann values*$f /PRS
on colloidal silver in agueous solution. Samples wereat the appropriate Raman shifts, we measured the signal
prepared in the same way as described previously [8,9] tmtios of the anti-Stokes to Stokes Raman bands of ben-
achieve optimal conditions for SERS at near IR excitationzene in a non-SERS experiment using the same apparatus

SERS spectra were measured from a 10@roplet of and interpolated between the benzene peaks. The result-
the colloidal sample solution placed on a glass microscoping experimental values fok (v,,) for the different Ra-
slide. A microscope attachment was used for excitatiooman bands of CV and R6G measured at 150 mW excita-
and for collecting the scattered light. The water immer-tion power are indicated by crosses in Figs. 2(a) and 2(b),
sion microscope objective was brought into direct contactespectively. As can be seen, valueskdi ,,) between 3
with the droplet. Raman spectra were excited by means afnd 80 are observed.
an argon-ion laser pumped cw Ti:sapphire laser operating A simple theoretical estimate fd@¢(»,,) can be derived
at 830 nm with a power of 10 to 150 mW at the samplefrom the rate equation describing the population or
The scattered light was dispersed using a Chromex spedepopulation of the first excited vibrational level by SERS
trograph with a deep depletion charge coupled devic&tokes and anti-Stokes transitions [7]. In the steady
detector, This experimental geometry provides efficienstate, and assuming thaf®RS(v,,)7(v,,)n; < 1 (weak

(1)
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FIG. 1.
violet and (b) rhodamine 6G.

saturation) K (v,,) can be expressed as

K(Vm) = USERS(Vm)TI(Vm)thM/anL + 1»

)

where o-SERS s the effective SERS cross sectian, the
lifetime of the first excited vibrational state, and is

constant value for each dy&,x 10727 cn?s for R6G
and6 X 10727 cn? s for CV, which fit the experimental

SERS Stokes and anti-Stokes spectrum of (a) crystak () values for 1174 and 1180 crhfor CV and R6G,

respectively. The estimated(»,,) curves include cor-
rections for different electromagnetic SERS enhancement
factors for Stokes and anti-Stokes scattering as described
by curvesA [7].

The curves labeled show the anti-Stokes to Stokes
ratios predicted [10] for an increased SERS sample
temperature of 330 K compared to the normal ratio for
the reference sample at 300 K. There was no evidence

the photon flux density of the excitation laser beam. Theof heating effects in our SERS samples. However, even
first term on the right hand side of Eq. (2) is proportionalif the local temperature of the colloidal silver particles
to the population of the first excited vibrational state inin the focus of the laser beam had increased to 375 K,

excess of the Boltzmann population at temperafurd-or
normal Raman scattering®5(v,,)7:(v,,) is on the order

the second term on the right hand side of the expression
for K(v,,) in [10] would only change from 1 to values

of 100%cm?s. At a sample temperature of 300 K the between 1.5 and 4 for the different SERS bands. Thus,

exponential term is in the range 2010° so in order
to account for the larg&k(v,,) values we obtained in
our experiments for laser intensities of abouf ¥8/cm?,

the product oSERS(v,,)7(v,,) must be on the order

of 100%" cm?®s.

The curves labeledC in Fig. 2 show the esti-

the observe& (v,,) values cannot be attributed to sample
heating.

The qualitative agreement of curvéswith the exper-
imental data supports the explanation that spontaneous
SERS pumping is responsible for the largév,,) val-
ues we observe. However, some of the data points

mated K(»,) values versus Raman shift predicteddeviate from the predictions. Deviations are not surpris-
by Eg. (2) by settingn, to the experimental values ing because the theoretical estimate of curgeseglects
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features such as variations in the Raman cross sections 100
and energy relaxation behavior for different molecular
vibrations, as well as Stokes pumping to the second
excited vibrational state. The measured deviations may
reflect the relative lifetimes and the SERS cross sections
of the particular vibrational modes compared to the fitting
mode. The higheK(»,,) values measured mainly for the
low frequency modes could be the result of intramolecular
energy relaxation, which would give rise to longer effec-
tive lifetimes of the lower molecular vibrational levels.
Accepting the product-SERS(v,,)7(v,,) to be on the
order of 102" cm?s, which explains the observed pump- 0 . '
ing rates to the excited vibrational states, and assuming 0 2 4 6
a lifetime of the vibrational excited state on the order of Excitation Intensity (102“ photons/cmz-sec)
10 ps [11,12], the surface-enhanced Raman cross sectio . . _
must be on the order of ;66 cm?. Such a cross section EEnglty f’gptt'hitcl’lﬁi ?23 R%atr%l;ensbiﬁggf gg/r.\als Vs excitation
exceeds all previous estimates of SERS cross sections or
SERS enhancement factors [5,6]. These estimates were

based on the assumption that nearly all molecules in theigh enough to give clearly increased anti-Stokes to
SERS sample contribute in a similar way to the measuregtokes ratios. By subtracting a low excitation intensity
SERS signal, resulting in a relatively “small” average (4 x 10?* photongcn?s) SERS spectrum (tracest
cross section per molecule. Inthe present case, in order gnd C in Fig. 4) from a spectrum measured at higher
make the large cross sections consistent with the level daser intensity(5 X 10%* photongcn? s) and taking into
the observed SERS Stokes signal, we must draw the coccount the factor of 12 due to the ratio of the excitation
clusion that the number of molecules which are involvedntensities of the two spectra, a residual spectrum appears,
in the SERS process is extremely small. By comparingas shown by traceB andD in Fig. 4. The Raman bands
the SERS-Stokes signal with the non-SERS Raman scaiih the Stokes difference spectrum are shifted between
tering signal of pure benzene measured under the san®and 8 cmi! to lower wave numbers compared with
experimental conditions, we roughly estimate that the dyghe low-power spectrum, and it is reasonable to attribute
molecules participating in the SERS process Bye'’M  spectrumB to » = 1 to » = 2 vibrational transitions.
to 10~ '2M concentration. This means that only 0.01%The frequency shifts observed between the= 0 to
of the molecules in the sample contribute to the observeg = | (spectrumA) and » = 1 to » = 2 vibrational
SERS signal. transitions are proportional to the absolute Raman shifts
Pumping of vibrational levels by a surface-enhancecf the vibrational modes, and they provide direct infor-
Stokes process in the weakly saturating intensity regimenation about the anharmonicity of the electronic ground
[exp(hv,/kT) = o55RS(v,)71(v,)n, < 1], @s in our  state potentials. The anti-Stokes difference spectrum
experiments, gives rise to a quadratic dependence of theraceD) shows no spectral shifts, as expected, indicating
anti-Stokes poweP, on the excitation intensity, whereas that the anti-Stokes scattering is restrictedzte= 1 to
the Stokes poweP; remains linearly dependent [7]: v = 0 vibrational transitions. A contribution from the
Py = (Noe " /¥T 4 NooSERS £ Vo SERS,  (3a) ¥ = 2 to » = 1 anti-Stokes transition is not expected
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where Ny is the number of molecules in the vibrational ‘ §

ground state interacting with the laser beam andis = AT 20 g =

the laser intensity. The data of Fig. 3 show the plots of —&™ AT © N C

the anti-Stokes and Stokes SERS signals versus excitation § T, m}\/\/\!\ Mj Ml\w h,

intensity. The lines indicate quadratic and linear fits to @ " B " 0 W‘“ A eyt

the respective data, displaying the predicted dependence. § N§ B - o_5 E §

Plots displaying such dependence can be obtained for 5 =i A — D

every Raman line of both molecules. Analysis of either Fe | /\ i
; . L \f'l I ‘h‘ i WLE A

peak areas or heights gives the same results.

Appreciably populating the first excited vibrational Raman Shift (cm™)

gﬁf perm'I[';s _the Obserl\llatli)/\? Oﬁt lt :jo tkllj R2 FIG. 4. Low-excitation intensity Stoke&i) and anti-Stokes
okes scattering as well. € extractec € hamaiy) sers spectrum of CV and intensity-normalized difference
spectrum of ther =1 to v =2 transitions from gspectrum between high- and low-excitation intensity Stdigs
SERS Stokes spectra measured at excitation intensitiesd anti-Stoke$D) SERS.
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at excitation intensities employed in these experiment3he work was carried out at the NIH-supported MIT Laser
[7]. The appearance of the spectrumprovides further Biomedical Research Center and the NSF-supported MIT
evidence of the nonlinear dependence of the anti-Stokdsaser Research Facility. One of us (K. K.) is grateful to
power on the excitation intensity. the Deutsche Forschungsgemeinschaft for the award of
We did not observe a threshold intensity for thethe Heisenberg Fellowship.
appearance of a nonlinear dependence of the anti-Stokes
signal, nor for the appearance of deviations from
K(v,,) = 1. This, as well as the linear dependence of
the Stokes scattering signal on the excitation intensity,
provides evidence that the observed vibrational pumping
is the result of spontaneous Raman scattering and that
stimulated Raman scattering does not contribute to the

*Present address: Spektrum Laser GmbH, D10961 Berlin,

observed population transfer. This is reasonable be- Germany. :
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