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Population Pumping of Excited Vibrational States by Spontaneous
Surface-Enhanced Raman Scattering
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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 la
SERS cross sections. Evidence for this pumping includes (i) anti-Stokes to Stokes ratios which excee
those expected from a Boltzmann distribution, (ii) a quadratic dependence of the anti-Stokes signal o
the excitation intensity, whereas the Stokes signal remains linearly dependent, and (iii) a component o
n  1 to n  2 Raman transitions in the SERS Stokes signals.

PACS numbers: 33.20.Fb, 42.62.Hk, 78.30.–j, 82.65.Pa
n
eq
io
a
n
in
3]
m

o
n
e
a

n

te
o

tly
le
e
n

ce
g
e
r
]

on

o
io
er
a
s
ti
le
pe
ic

en

nd
ell

kes
W
ith

is-
the

os,
G
s
e-

the

s-

s to
on.

gnal
en-
atus
sult-

ita-
(b),

or
S
dy
New methods of exciting coherent and incohere
molecular vibrations are of growing interest as a prer
uisite for studying phase and energy vibrational relaxat
processes [1], as well as for creating chemical pathw
which may not occur under normal excitation conditio
[2]. Current methods of populating vibrational states
clude IR absorption using intense far IR laser light [1,
stimulated Raman processes [1,2], and stimulated e
sion pumping [4].

The extremely small cross sections of spontane
Raman scattering preclude its use for pumping vibratio
states. However, this situation is dramatically alter
for surface-enhanced Raman scattering (SERS). Surf
enhancement factors on the order of 1010 or larger [5,6]
increase the effective Raman cross sections from a ra
of 10– 31–10– 29 to about 10– 20 cm2, suggesting that SERS
can be a valuable tool for pumping vibrational sta
and performing vibrational pump-probe experiments
adsorbed molecules [7].

In this Letter we show that SERS can significan
populate the first excited vibrational states of molecu
adsorbed on the surface of colloidal metal particl
even under cw conditions at relatively low excitatio
intensities. We studied near infrared excited surfa
enhanced Stokes and anti-Stokes Raman scatterin
crystal violet (CV) and rhodamine 6G (R6G) adsorb
on colloidal silver in aqueous solution. Samples we
prepared in the same way as described previously [8,9
achieve optimal conditions for SERS at near IR excitati

SERS spectra were measured from a 100ml droplet of
the colloidal sample solution placed on a glass microsc
slide. A microscope attachment was used for excitat
and for collecting the scattered light. The water imm
sion microscope objective was brought into direct cont
with the droplet. Raman spectra were excited by mean
an argon-ion laser pumped cw Ti:sapphire laser opera
at 830 nm with a power of 10 to 150 mW at the samp
The scattered light was dispersed using a Chromex s
trograph with a deep depletion charge coupled dev
detector, This experimental geometry provides effici
4 0031-9007y96y76(14)y2444(4)$10.00
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signal acquisition, due to both a large collection angle a
total overlap of excitation and collection volumes, as w
as relatively high excitation intensities, between4 3 1023

and5 3 1024 photonsycm2 s.
Figures 1(a) and 1(b) show Stokes and anti-Sto

SERS spectra of CV and R6G measured at 150 m
excitation power. The Stokes-SERS spectra agree w
those previously reported [5,6,8,9]. For purpose of d
play, Stokes and anti-Stokes spectra are normalized to
1174 cm– 1 band for CV and the 610 cm– 1 band for R6G.

The anti-Stokes to Stokes SERS signal rati
PSERS

a yPSERS
s , for various SERS bands of CV and R6

(Raman shiftsnm) were normalized to the anti-Stoke
to Stokes signal ratios for a “normal” (non-surfac
enhanced) Raman experiment (RS) measured under
same conditions and at the same temperature:

Ksnmd 
PSERS

a snmdyPSERS
s snmd

PRS
a snmdyPRS

s snmd
. (1)

By using this normalization potential errors due to sy
tem response were excluded, and thusKsnmd directly
describes the measured deviations of the anti-Stoke
Stokes SERS signal ratios from a Boltzmann populati
To establish the expected Boltzmann values ofPRS

a yPRS
s

at the appropriate Raman shifts, we measured the si
ratios of the anti-Stokes to Stokes Raman bands of b
zene in a non-SERS experiment using the same appar
and interpolated between the benzene peaks. The re
ing experimental values forKsnmd for the different Ra-
man bands of CV and R6G measured at 150 mW exc
tion power are indicated by crosses in Figs. 2(a) and 2
respectively. As can be seen, values ofKsnmd between 3
and 80 are observed.

A simple theoretical estimate forKsnmd can be derived
from the rate equation describing the population
depopulation of the first excited vibrational level by SER
Stokes and anti-Stokes transitions [7]. In the stea
state, and assuming thatsSERSsnmdt1snmdnL ø 1 (weak
© 1996 The American Physical Society
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FIG. 1. SERS Stokes and anti-Stokes spectrum of (a) cry
violet and (b) rhodamine 6G.

saturation),Ksnmd can be expressed as

Ksnmd  sSERSsnmdt1snmdehnmykT nL 1 1 , (2)

wheresSERS is the effective SERS cross section,t1 the
lifetime of the first excited vibrational state, andnL is
the photon flux density of the excitation laser beam. T
first term on the right hand side of Eq. (2) is proportion
to the population of the first excited vibrational state
excess of the Boltzmann population at temperatureT . For
normal Raman scatteringsRSsnmdt1snmd is on the order
of 10– 40 cm2 s. At a sample temperature of 300 K th
exponential term is in the range 102–103, so in order
to account for the largeKsnmd values we obtained in
our experiments for laser intensities of about 105 Wycm2,
the product sSERSsnmdt1snmd must be on the order
of 10– 27 cm2 s.

The curves labeledC in Fig. 2 show the esti-
mated Ksnmd values versus Raman shift predicte
by Eq. (2) by settingnL to the experimental values
tal

e
l

FIG. 2. ExperimentalKsnmd values (crosses) at 150 mW
excitation power for CV (a) and R6G (b) vs Raman shi
and estimatedKsnmd values (curvesC) (see text). CurvesA:
ratios of the electromagnetic SERS enhancement factors
anti-Stokes and Stokes scattering [7], curvesB: anti-Stokes to
Stokes ratios for an increased sample temperature (330 K) [

of 5 3 1024 photonsycm2 s and sSERSsnmdt1snmd to a
constant value for each dye,3 3 10227 cm2 s for R6G
and 6 3 10227 cm2 s for CV, which fit the experimenta
Ksnmd values for 1174 and 1180 cm– 1 for CV and R6G,
respectively. The estimatedKsnmd curves include cor-
rections for different electromagnetic SERS enhancem
factors for Stokes and anti-Stokes scattering as descr
by curvesA [7].

The curves labeledB show the anti-Stokes to Stoke
ratios predicted [10] for an increased SERS sam
temperature of 330 K compared to the normal ratio
the reference sample at 300 K. There was no evide
of heating effects in our SERS samples. However, ev
if the local temperature of the colloidal silver particle
in the focus of the laser beam had increased to 375
the second term on the right hand side of the express
for Ksnmd in [10] would only change from 1 to value
between 1.5 and 4 for the different SERS bands. Th
the observedKsnmd values cannot be attributed to samp
heating.

The qualitative agreement of curvesC with the exper-
imental data supports the explanation that spontane
SERS pumping is responsible for the largeKsnmd val-
ues we observe. However, some of the data po
deviate from the predictions. Deviations are not surpr
ing because the theoretical estimate of curvesC neglects
2445
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features such as variations in the Raman cross sec
and energy relaxation behavior for different molecu
vibrations, as well as Stokes pumping to the seco
excited vibrational state. The measured deviations m
reflect the relative lifetimes and the SERS cross secti
of the particular vibrational modes compared to the fitti
mode. The higherKsnmd values measured mainly for th
low frequency modes could be the result of intramolecu
energy relaxation, which would give rise to longer effe
tive lifetimes of the lower molecular vibrational levels.

Accepting the productsSERSsnmdt1snmd to be on the
order of 10– 27 cm2 s, which explains the observed pum
ing rates to the excited vibrational states, and assum
a lifetime of the vibrational excited state on the order
10 ps [11,12], the surface-enhanced Raman cross sec
must be on the order of 10– 16 cm2. Such a cross sectio
exceeds all previous estimates of SERS cross section
SERS enhancement factors [5,6]. These estimates w
based on the assumption that nearly all molecules in
SERS sample contribute in a similar way to the measu
SERS signal, resulting in a relatively “small” averag
cross section per molecule. In the present case, in ord
make the large cross sections consistent with the leve
the observed SERS Stokes signal, we must draw the
clusion that the number of molecules which are involv
in the SERS process is extremely small. By compar
the SERS-Stokes signal with the non-SERS Raman s
tering signal of pure benzene measured under the s
experimental conditions, we roughly estimate that the
molecules participating in the SERS process are10213M
to 10212M concentration. This means that only 0.01
of the molecules in the sample contribute to the obser
SERS signal.

Pumping of vibrational levels by a surface-enhanc
Stokes process in the weakly saturating intensity reg
fexpshnmykT d # sSERSsnmdt1snmdnL ø 1g, as in our
experiments, gives rise to a quadratic dependence of
anti-Stokes powerPa on the excitation intensity, wherea
the Stokes powerPs remains linearly dependent [7]:

Pa ø sN0e2hnmykT 1 N0sSERSt1nLdsSERSnL , (3a)

Ps ø N0sSERSnL , (3b)

where N0 is the number of molecules in the vibration
ground state interacting with the laser beam andnL is
the laser intensity. The data of Fig. 3 show the plots
the anti-Stokes and Stokes SERS signals versus excita
intensity. The lines indicate quadratic and linear fits
the respective data, displaying the predicted depende
Plots displaying such dependence can be obtained
every Raman line of both molecules. Analysis of eith
peak areas or heights gives the same results.

Appreciably populating the first excited vibration
state permits the observation ofn  1 to n  2
Stokes scattering as well. We extracted the Ram
spectrum of the n  1 to n  2 transitions from
SERS Stokes spectra measured at excitation intens
2446
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FIG. 3. Anti-Stokes and Stokes SERS signals vs excita
intensity for the 1174 cm– 1 Raman band of CV.

high enough to give clearly increased anti-Stokes
Stokes ratios. By subtracting a low excitation intens
s4 3 1023 photonsycm2 sd SERS spectrum (tracesA
and C in Fig. 4) from a spectrum measured at high
laser intensitys5 3 1024 photonsycm2 sd and taking into
account the factor of 12 due to the ratio of the excitat
intensities of the two spectra, a residual spectrum appe
as shown by tracesB andD in Fig. 4. The Raman band
in the Stokes difference spectrum are shifted betw
3 and 8 cm– 1 to lower wave numbers compared wi
the low-power spectrum, and it is reasonable to attrib
spectrumB to n  1 to n  2 vibrational transitions.
The frequency shifts observed between then  0 to
n  1 (spectrum A) and n  1 to n  2 vibrational
transitions are proportional to the absolute Raman sh
of the vibrational modes, and they provide direct info
mation about the anharmonicity of the electronic grou
state potentials. The anti-Stokes difference spect
(traceD) shows no spectral shifts, as expected, indicat
that the anti-Stokes scattering is restricted ton  1 to
n  0 vibrational transitions. A contribution from th
n  2 to n  1 anti-Stokes transition is not expecte

FIG. 4. Low-excitation intensity StokessAd and anti-Stokes
sCd SERS spectrum of CV and intensity-normalized differen
spectrum between high- and low-excitation intensity StokessBd
and anti-StokessDd SERS.
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the
at excitation intensities employed in these experime
[7]. The appearance of the spectrumD provides further
evidence of the nonlinear dependence of the anti-Sto
power on the excitation intensity.

We did not observe a threshold intensity for t
appearance of a nonlinear dependence of the anti-St
signal, nor for the appearance of deviations fro
Ksnmd  1. This, as well as the linear dependence
the Stokes scattering signal on the excitation intens
provides evidence that the observed vibrational pump
is the result of spontaneous Raman scattering and
stimulated Raman scattering does not contribute to
observed population transfer. This is reasonable
cause, despite the extremely large Raman cross sec
the stimulated Raman gain remains small due to
small number of scattering molecules participating
the process.

In summary, we have shown that spontaneous surf
enhanced Raman scattering can transfer significant p
lation to the first excited vibrational states. Our exp
imental results using cw excitation at a relatively lo
power level suggest a simple way to pump a “syste
in order to populate high-lying vibrational levels usin
pulsed excitation lasers at higher intensities. It should
noted that system means that small fraction of molecu
that are subject to the extremely large SERS enhancem
or, in other words, the system has a very low dens
Consequently, the method of probing the population
such a system must be extremely sensitive. As we h
shown, spontaneous surface-enhanced anti-Stokes R
scattering meets this requirement. In this way, SE
pumping using pulsed excitation and time resolved a
Stokes SERS probing could provide a method to stu
vibrational energy relaxation of adsorbed molecules. T
large effective SERS cross sections also present inte
ing possibilities for coherently driven Raman experime
[2] and for generating large coherent vibrational amp
tudes of adsorbed molecules.
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