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Surface enhanced Raman spectroscd®izRS of dyes in solution allows the study of the
differences between ensemble averaged spectroscopic signals and single molecular events. We
address several outstanding issues in single molecule detection via SERS; in particular, evidence for
single molecule vibrational pumping and/or single molecule laser heating, the statistics of hotspots
in the liquid, and anti-Stokes/Stokes anomalies. We demonstrate that anti-Stokes/Stokes ratios are a
very unreliable measure of temperature, because the two processes are affected differently by the
underlying frequency-dependent plasmon resonances. Subtle hints of vibrational pumping and/or
heating in single molecules can only obtained via careful cross correlations between the parameters
(frequency position, width, and intensitgf the Stokes signals for different excitation lasers. We
introduce the use of single-peak parameter cross correlations for the study of these
phenomena. €2004 American Institute of Physic§DOI: 10.1063/1.1804178

I. INTRODUCTION AND OVERVIEW centrations beyond the nanomolar range. In the pico to
femto-molar ranges, understanding issues of single-

Surface enhanced Raman scatteli8§RS"“is a tech-  molecular detection become mandatory. SERS has several
nigue capable of detecting single molecules in a wide Varie%otential advantages in that range, the most important of
of cases. From the analytical chemistry standpoint, SERS i?/vhich is the chemical specificity, which helps to overcome
in principle, a technique with the ultimate resolution for the background problems affecting FS in transient signals. But

tracing .Of certain types of moleculémamly dyes. But at- ..SERS experiments have to overcome still issues of reproduc-
tempts in the past to transform the single-molecule capabili-

ties of the technique into a reliable analytical tool at ultradi—'b'"t,y in the quant|f|c§t|on of §|gn§Is beforg it can be used
luted concentrations have failed in general. One of the maiﬁoutmely as an anlytical tool in this ultradiluted concentra-

possible applications of SERS is in the field of cell and mo-tion range. There are several reasons for this failure; the most

lecular biology. A nanomol is a typical concentration of in- S@lient of them is the fact that single-molecule detection
terest in biology; it corresponds approximately to the dilution(SMD) with SERS is achieved under the condition known as
of the chemical content of a pill in the size of a human body.amplificationvia hotspotsHotspots are believed to be highly
Nanomolar concentrations of dyes can be easily detecteldcalized optically active surface plasmon resonance interac-
with SERS, but the same holds for fluorescence spectroscopipns, appearing in metallic nanostructures with complex to-
(FS); which has a longstanding history of success and it is irpologies. They are believed to provide smakven
many cases preferred due to the simpler instrumentation arghbwavelengfh“) regions where the average enhancement
interpretation of the SpeCtra. SERS Competes with FS at CORactors of the e|ectr0magnetic field can be very |afgg
several orders of magnitudeDifferent claims in the litera-
dElectronic mail: Pablo.Etchegoin@vuw.ac.nz ture put the maximum enhancement factors in different
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FIG. 1. Uv-visible absorbance spectrum of citrate reduced Ag colloids in a
10 mM KCI solution. The spectrum is dominated by the single-colloid sur-
face plasmon resonance-a#410 nm. The position of the lasé@fdeNe with
respect to the main absorption peak is also shown in the figure. The HeNe-
laser profits from sporadic transient plasmon resonances, which are red-
shifted with respect to the main absorption péRlef. 4, but do not con-
tribute much to the absorption spectrum because they only happen
dynamically and they are sparsely distributed. The absorption of RH6G is
also shown for completeness. The 633 nm HeNe laser is below the main
absorption of RH6G in the transparency region. The intensities of both
absorptions are in arbitrary units and are not directly comparable.

Intensity [arb. units]

. L 3t
ranges, from 1®dto 10'°. Regardless of the discrepancies in

the literature, there is widespread consensus that SMD is b)
2 4 6

achievable in a wide variety of situatiors’ "
With the aim of contributing to the understanding of 0

what it is actually measured, and how it should be inter-

preted, this paper concentrates on two specific aspects of the

SERS-SMD problem in solutiongi) The existence of hid- FIG. 2. Confocality test of the scattering volum@ The objective(im-

den inhomogeneous plasmon resonances affecting the intefersed in wateris focused onto a Si wafer and the intensity of the
ity of th K d anti-Stokes/Stok . . d(ii 520 cm * Raman active phonon is monitored as a function of the defocus-

Sl )_/0 € peaks and an _I_ Okes/olokes ra(ta;&/S,.an (i) ing distance. Ir(b) we show the intensity profile and the two beam shapes at

Evidence for laser-heating events and/or vibrational pumpzero and maximum(10 um) defocusing. The FWHM of this profile

ing. These two topics have been the subject of a still-ongoing~8 xm) defines the scattering length in the axial direction. The beam

8 10 12
Defocusing [um]

discussion and discrepancy in the literature. diameter @i~ 650 nm) is determined with a similar test doing a line scan on
a cleaved Si edge. The scattering voluMg is measured to be-2.65
X102 cn?,

Il. EXPERIMENTAL DETAILS

Ag colloids for SERS were prepared by reduction of
AgNO; using the standard technique introduced by Lee and An important parameter of the experiment, requiring
Meisel® Silver nitrate is reduced by sodium citratall  careful consideration, is the scattering volume of the immer-
chemicals purchased from Sigmaesulting in a brown- sion microscope. We use a Jobin-Yvon LabRam system
yellow colloidal suspension which is stable at room temperacoupled to an Olympus BX41 confocal microscope,
ture for a number of weekgand for several months at equipped with an achromatie 100 immersion objective in-
4-5°C). The absorption spectra of the suspensions showdex matched to water. The confocal pinhole of the instrument
characteristic single particle surface-plasmon peak atan be used to define different scattering volumes in the ex-
~400 nm, shown in Fig. 1. Independent measurements gberiment. We used a 200m pinhole throughout and define
the particles using an atomic force microscope showed colthe scattering volum¥ g by a confocal test on an immersed
loidal particles with diameters in the range60—65nm®  Si wafer. This is explicitly shown on Fig. 2. In the axial
We estimate the colloid concentration of the neat solution tairection, the microscope detects events over a distance of
be ~ 10" colloids/cn?. We study SERS events in this col- z~8 um; defined as the full width at half maximum
loidal liquid. The colloids are activated with a 20 mM KCI (FWHM) of the intensity vs defocusing-distance profile in
solution in a 50%-50% mixture with the colloids, immedi- Fig. 2. This distance is adequate for the frequency of events
ately prior to the experimer{producing an effective 10 mM we observe and within factory specifications for the 200
KCI concentration in the sampleThe final concentration of pinhole. In the radial direction, we perform edge beam pro-
the analytgrhodamine 6G: RH6EIn the sample is either 10 filing using the cleavefi110] edge of a Si wafer with & 10
nM or 1 uM depending on the experiment. Our choice of objective, and then rescale the diameter by a factor of 10.
dye to show the effects we want to demonstrate in this papebirect edge-beam profiling with the 100 is not possible
is based on the overwhelming amount of work done ordue to diffraction at the edge and limitations in the stepper
SERS of RH6G in the past. Our results on peak correlationgnotor stage which has a resolution of Q. We estimate
reported later, should be easily reproduced without the neethe beam diameter to bd~650 nm for the HeNe laser
for new dyes or further chemical aspects. (d~\). Our scattering volume turns out then to be
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(a) ‘ sec with the CCD centered at a Raman shift of 1360 ton
l the Stokes side of the HeNe lag@rmW). The careful char-
(b) acterization of the scattering volume, together with the num-
ber of molecules contained in it and the fact that rp,
allows us to conclude that hotspots are effectively rare events
in the liquid and we are obviously not seeing all the mol-
ecules that transit the scattering volume during the integra-
tion time. If we were observing every single molecule enter-
ing Vs we would have to observe the integrated signal of
~50-100 molecules. This is not, however, what it is ob-
‘ . . ‘ served experimentally. The signal completely disappears in
900 R a;ZaO:" shl‘fstofcm”‘]m between spectra that show very large and_ clear Raman sig-
natures of RH6G. It has been speculated in the past that we
FIG. 3. Distinctive features of single-molecule spectra in SERSiarela-  could counta small number of single-molecule events in a
tive fluctuations of Raman active peaks, diigl fluorescence quenching. In  colloidal fluic® by either flushing a microdroplet of liquid

(a) we show a spectrum taken for a concentrated 100 mM RH6G solution i : B f i
water. The difference in background fluorescence is obvious from the data inF\hrOUQh a laser omappinga small drOp contained in a mi

(b) which is a time scan over 25 sec with 250 spectra. The Raman fluctuzCrofluidic Channel-_ These methods, however, rely very
tions in (b) are monitored in a 10 nM RH6G SERS active solution. The strongly on the statistics and nature of the hotspots created in

integration time for this scan was 0.1 sec with the CCD centered aty fluid. The careful characterization ¥ performed here

1 ) - : :
1360 cm * on the Stokes side of the HeNe las2mW). Note the presence o\ ags that, in standard situations hotspots are rare. The ob-
of isolated single-molecule events separated by regions with zero intensit

The relative fluctuations of the two peaks labeled with arrows are shown ix{iOU.S reason for this is the sparsity of small ClUSter§ in the
more detail in Fig. 4. liquid, produced by the presence of KCI. The colloids by

themselves without KCI show relatively small SERS signals.
A simple calculation for our samples show that in the origi-

Vg= mzd?/4~2.6x 10”12 cm® under these conditions. nal solution we have an average of 0.25 colloids in the scat-

A 10 nM dilution of RH6G (molecular weights is 499 tering volume. This means that, in the best possible situation,
haspy~ 6.02x 10'? molecules/cr i.e., the microscope has we might see two colloids coming close to each other in the
an average oN=p\Vs~15 molecules at all times in the scattering volume in the neat solution. This, however, seems
scattering volume. A similar analysis can be made for thdo be very ineffective to produce hotspots with large en-
514 nm Ar'-laser line, withN~ 10, being slightly smaller. hancements because there is a minimum screening distance
These numbers are transformed irtd500 and~1000 mol-  below which the colloids cannot approach each other. The
ecules for a 1uM solution. Another important parameter of addition of KCI nucleates small clusters of colloids up to a
the experiment is the diffusiofor transi} time 75 of the  certain size, which remain floating in the liquid by buoyancy.
dyes acrossVs. From simple diffusion theory p Preliminary data taken with DLS of the neat and KCI-mixed
~V§/3/(2D), where D is the diffusion coefficient. Taking solutions indicate this transition in size from single colloids
D~10 ® cn/sec, typical of many dyes in wat¥twe ob-  to small clusters. The results here show the importance of
tain a characteristic transit time @~ 1 msec. The integra- understanding theonvoluted problem of analyte concentra-
tion time 7 for the N,-cooled charge coupled devi€ECD)-  tion with the statistic of hotspat®\ SERS signal cannot be
detector of the spectrometer is always between 0.1 and 1 seahserved if either one or the other is missing. The infrequent
depending on the sample=0.1 sec is the minimum we can occurrence of hot-spots can be compensated to a large degree
use in a time dependent measurement, limited by the readoby averaging methods and integration times for quantifica-
time of the CCD. If the system were detecting a signal fromtion purposes, but this is precisely where a detailed under-
every dye coming insid¥g, over a period of~0.5 sec the standing of the statistics of hotspots is required.
instrument should register the signal 6f500—1000 mol- By the same token, we can infer from the data in Fig. 3
ecules. We used varying laser power on the samples from that these are truly single molecule events; the sparsity of the
to 20 mW at either 633 or 514 nm; we specify the conditionsdata makes two or more molecules events extremely rare. We
in each case where appropriate. are in the limit in which a histogram of intensities of a single

Dynamic light scatteringDLS) was used as an aid to peak for a long period of time reveals no substructure of two
estimate particle and cluster sizes. DLS experiments haver three molecules scattering events, as demonstrated
been performed on a Malvern particle size analyzer using areviously’ One important question at this stage is in which
digital autocorrelator and a 50 mW solid-state grean ( aspects single molecule spectra from RH6G differ from an

Intensity [arb. units]

1000 500 2000
Raman shift [em™1]

Intensity [arb. units]

=532 nm) diode laser. ensemble average. This allows us to turn the attention of the
analysis to the details of transient single-molecule scattering
IIl. RESULTS AND DISCUSSION events and, in particular, anomalies and evidence for single

molecule laser heating.
A. Hotspot statistics

Figure 3 shows a typical monitoring of the signal with B. Single versus ensemble averaged signals

the objective immersed in a solution with 10 nM RH6G in The first obvious difference between single and en-
the SERS active colloids. Each spectrum is taken every 0.4emble averaged data is fluorescence quenching; a phenom-
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enon reported in many previous SERS experiments and [ | T I T N S T
coming!! presumably, from rapid quenching of excitations [ ]
in the molecule into the metal. We shall argue later that these
relaxation mechanism might be responsible for the relatively
small effect of laser heating. The inset of Fig. 3 shows the
spectrum of RH6G taken with the same laser and objective
in a 100 mM solution in watefno colloid9 where the rela- 1
tive intensity of fluorescence and Raman signals can be seen. m\ ’ U M\
In addition, there are more subtle differences also in the (a) ] (b) 1 (o)
spectrum of a single dye. The most interesting one is the 9350 1600 1350 1500 238D 1500
observation of changes in the relative intensities of various Raman shift [cm"]
peaks. It is well known for RH6G that the most intense Ra- T ' ]
man modes come from totally symmetr&,; modes of (d) 633 nm laser |
stretching in-plane C-C vibrations of the main
backboné?3-1The structure of RH6G can be thought of as
a combination of a main backbone with a side moiety resem-
bling ethyl benzoate. The intense Raman modes come from
the backbone and are all represented by a highly uniaxial
Raman tensor®!® Vibrations with a highly uniaxial tensor
show, in large ensemble averages, a depolarization patio i
=|, /1,=1/3, wherel | andl are the perpendicular and par- |
allel polarized Raman intensities from a homogeneous [~ ' .
liquid.'® Effectively, ratios of parallel Ij) and perpendicu- 500 1000 1500
larly (1,) polarized Raman spectra taken in a concentrated Raman shift [ 1]
solution of RH6G in wate100 mM) with the HeNe laser FIG. 4. All spectra in this figure correspond to different transient single-
reveal that the depolarization ratio rule lgf/I,~1/3 is ful-  molecule SERS events in the experimental conditions of Rig). 3n (a),
filled to a very good approximation for all the intense modes.(b), and (c) we show three examples of relative fluctuations between the
In the single molecule SERS condition, however, inten-l360 and 1'510. cmt. "I.'hree diﬁergnt situations of larger, similar, and

" . . smaller relative intensities of one with respect to the other can be observed.
sities of different modes are seen to vary considerably among,ger fluctuations in relative intensities can be observed for peaks further
themselves. Figure 4 shows selected transient singlexway in energy. An example is shown(i) between the 610 cit mode(of
molecule spectra taken in the liquid where the relative intenA, symmetry like the othejsand the group of peaks around 1400Cm

sities of different peaks are compared. The relative intensitie§"2nges in relative intensities up to factors of 4 and 5 can be easily ob-
Served as a function of time. Different underlying resonances at different

of the t_WO modes_ highlighted in Fig(13) are _expl_icitly COM-  energies boost the different Raman peaks to different extents, producing
pared in three different selected spectra in Figs),44(b), changes in relative intensities. See the text for further details.

and 4c). Even larger fluctuations in relative intensities are
seen for modes separated by larger energy differences, as
exemplified in Fig. 4d), where the relative intensity of the C- Single-molecule Stokes /anti-Stokes scattering,
~610 cmt mode is compared to the intensity of the higher!2Ser heating, and vibrational pumping
frequency modes at 1360 and 1510 ¢mf different vibra- Having established in the preceding section that large
tions had different Raman tensors, and if the signal comegelative fluctuations can occur in Raman active modes at dif-
from only one molecule, one could argue that the relativeferent energies for SMD, we now concentrate on how the
intensities of the modes correspond to the specific orientatiodifferent amplification of the modes affects the conclusion
of the molecule with respect to the laser beam at the momenggarding single molecule laser heating or vibrational pump-
where the scattering event occurred. The fact that the symng. We propose essentially a different way to look at evi-
metry of the modes is the same, precludes an explanation afence for these effects based on correlations among peak
this effect in terms of purely orientational effects. We shallparameters in single-molecular events.
show later that the most likely cause of these fluctuations is, A few years ago, Kneipp and co-workéfsuggested the
precisely, the different couplings of the modes to local plaspossibility of vibrational population pumping produced by
mon resonances, which is the same effect producing anom#ée massive enhancements typical of off-resonance SERS;
lous anti-Stokes/Stokes ratios. they suggested the possibility of observing scattering from
The main conclusion we would like to carry to the fol- the populated levels. The argument runs as follows: A har-
lowing section is the experimental fact that single moleculemonic potential has vibrational energy levels given by
events show large relative fluctuations of the most intense= (v+ 1/2)hwy, where »=0,1,2,. .., etc. Then, allowed
Raman peaks, an effect which cannot be easily ascribed tiansitions between any two consecutive levélg & + 1) in
orientational effects and reflects the different couplings ofa molecule have the same energyw,. In a more realistic
different frequencies with the local plasmon resonance envianharmonic potential the level spacing shrinks with increas-
ronment. In our opinion, these are tidéddenresonances ing v. Therefore, the transition-81 is at a slightly higher
postulated by Moskovits and co-workéfaye shall give fur-  energy than 1-2. At room temperature, only the=0 state
ther justification of this statement in the theoretical section.is populated appreciably. This means that an approaching

Intensity [arb. units]

Intensity [arb. units]
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photon from the lasef w, will find the molecule most of the -
time in the thev=0, state and produce a Stokes-Raman pro- Stokes

cess fromy=0 to v=1, thus emitting a scattered photar o~
| anti-Stokes i
\ A
J‘j\w
3

appreciably, as it would be the case under strong SERS en-
hancement, an incoming photon increases the chances of
finding the molecule now in the=1 state. Accordingly, if
pumping to the first vibrational level is very strong, we have
now the possibility of producing a Stokes-Raman process
from v=1 to »=2. But the transition -2 is at a slightly (b)

smaller energyi wo— 6. In this manner, ahoulderis added e o
to the main Stokes peak and a small “redshift” towards the oo s =

athws=(hw —hwg). If the laser populates the=1 state
(@ 2
WW

Intensity [arb. units]

- . . Cc

low energy side of the main line should develop. This con- (€ oy
tribution should be small, because the-Q transition is the -700 600 600 700
dominant; but the mode should show as a small softening Raman shift [cm™1]

(redshify of the peak on the Stokes side. This can be re_FIG. 5. Three examples of transient anti-Stokes/Stokes signaderded

vealed in principle by a difference spectrum, as shown bymyitaneously For the HeNe laser, the only possible mechanism changing
Kneipp, Wang, and Kneipp, their results have produced the aS/s ratio is strong Raman pumping, for the laser is far from the maxi-

much controversy and have not yet been universally actum of the absorption peak. Larger signals should correlate with larger aS/S
cepted. ratlps. This is not, howeyer, observed all the tlme. In_ th_ese three e)_(amples
. . . (c) is actually the one with the largest aS/S ratio, whdgis the one with
On the anti-Stokes side, we expect the scattering procesge smallest. These single-molecule data show that aS/S ratios are a very
1—0 atZwg to be the dominant process. Even when the unreliable measure of temperature and the intensities are mostly dominated
=2 is being populated in the double pumping process @V the hidden surface resonances of the two peaks with the environment.
—1—2 described above, the equilibrium population of the
v=2 is bound to be negligible with respect to the1 and,
therefore, the normal 40 dominates. The intensity of the only possibility for a change in the aS/S ratio is direct Raman
anti-Stokes signal will increase above the Boltzmann valu@umping. In this way, one expects that the larger the Raman
because of the pumpinghe population ofv=1 is larger signal on the Stokes side, the larger the pumping, and the
than the thermal ongbut the frequency will not shift, be- larger the aS signal should ebove the thermal popula-
cause of the negligible contribution of the=2 level in the  tion); i.e., the larger the aS/S ratio. This ®t, however,
reversed scattering process. what it is observed in many transient spectra, as shown in
Vibrational pumping leads ultimately to a population im- Fig. 5. There are many situations in which a lafgenal)
balance of vibrations and, ultimately, to laser heating due t&ignal on the Stokes side is actually accompanied by a small
the inevitable relaxation of part of the energy into other(large aS/S ratio; the ratio is mainly determined by fluctua-
modes through anharmonic interactions. There are threlons in the electromagnetic coupling to the plasmon reso-
main possible mechanisms for single molecule laser heatingtances of the same type as those in Fig. 4.
(i) off-resonancewith respect to the absorption in the mol- Hence, since we cannot trust the aS/S ratio as a measure
eculd Raman vibrational pumping, as described abgii¢, ©f PUMping in a single molecule at a fixed input laser power
direct photon absorption followed by fluorescence emissioff€ have to resort to other methods. The following section is
and internal conversion of energy to vibrational degrees Of:_ievoted to alternatives to the use of anti-Stokes/Stokes ra-
freedom (fluorescence Stokes shiftand (iii) heating from  t0S.
the environment. If direct photon absorption is present it
completely dominates with respect to Raman pumping, on_ . _
account of the relative difference between direct absorptiofp- Single peak fluctuations
and third-order Raman processes. Both mechanisms are fast The Boltzmann factor does not affect the anti-Stokes/
and for RH6G they represent the difference between excitaStokes ratio only. It also affects the frequency shiftsften-
tion in the red(HeN® or the greer(514 nm, A -ion lase}.  ing) and broadening of the peaks. Pumping has a similar
Raman processes are instantaneous and the lifetime of exitedfect, but it can be, in principle, distinguished from heating
states in dyes is sub- nano-second. In the time scale of thfeom the fact that the latter affects smaller frequencies more
CCD readout(0.1-1 segthese processes have enough timethan higher ones, while the former can be selective and more
to occur and achieve thermalization if they produce heatingevident for modes with larger Raman cross sections. We ana-
A main source of information on the possibility of vibra- lyzed carefully the Stokes side of single-molecule spectra for
tional pumping has been the use of aS/S ratios. At a singlany evidence of vibrational pumping/heating. The experi-
molecule level, however, we showed already that relativanental evidence is such that it cannot be fully accounted for
fluctuations in the peaks can produce completely artificiawith a heating scenario. We shall show that there is some
results. Figure 5 shows an example for the 633 nm laser. Thevidence for vibrational pumping but the effect can only be
situation here is that direct absorption from the laser is smaltevealed not by a simple difference spectrum as in Ref. 17,
or negligible because the laser is well below the absorptiofut by a much more involved analysis of cross correlations
maximum of RH6G which is in the green. Accordingly, the of parameters. Observing the properties of a single peak
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avoids automatically the problem of comparing scattering 10° v
events at two different frequencies, which might be suspect 1510 cm” mode
to fluctuations produced by the different resonance condi-
tions of the incoming and outgoing photons. In the frequency
shift and broadening of a single peak there is hidden infor-
mation on the population of different vibrational levels for
that mode. It is the purpose of this section to analyze that
evidence.

The Stokes peak fluctuates continuously as a function of

Intensity [arb. units]

time by small amounts, as can be readily seen in real time -1512 -1509 1502 1510 1511
while the experiment is being done. Part of these fluctuations Raman shift [em1]

are a manifestation of molecules in slightly different situa-

tions, i.e., we are resolving the inhomogeneous broadening 10°1610 cm” mode

of the peak by measuring one molecule at a time. A relatively anii-Stokes side  Stokes side

simple argument based on the interaction energy of the mol-
ecule with the metal surface-(kgT), obtained from concen-
tration isotherms, as compared to typical electronic energies
(~3-4eV) and the effect of this on the vibrations gives an
expected random change width a maximum amplitude of
~0.5 cm L. In addition to the random fluctuations of a
single peak, one can expect a correlation between intensity 6135 -613.0

and a redshift of the frequency and, simultaneously, a broad- Raman shift [cm™1]

ening of the peak. The underlying logic of this is that high 6. 6. Frequency-intensity correlations fag 1510 cm® and (b)
mtens_lty events are the most “k_e_ly t°_ aﬁeCt the populatl_on mglolcm’.1 moges fo?/ 2500 SéRS events. Note that the intensity scales are
the different levels in a specific vibration through either ogarithmic. In (a) the visible skewing of the data implies a correlation
pumping, or heating, or both, and this will reveal itself in a between high intensity and downward shifts in frequency. The dispersion of
small softening of the mode and an increase in the widthpoints for each case is a manifestation of molecules in slightly different

. . ] situations; i.e., inhomogeneous broadening(bdnthere is a much smaller
Wh?ther the effect !S due to pumping OT heating can Or?ly b,%orrelation between intensity and frequency shift thaejnAn estimate of
decided by comparing two modes at different frequencies ifhe temperature needed to produce the effe¢iiris completely inconsis-

identical experimental conditions. Heating should have dent with the behavior of the mode {h). Further evidence of the difference
larger effect for low frequency modes to be consistent with d" Pehavior between the two can be seen in Fig. 7.
Boltzmann distribution.

Figure 6 shows the data for 2500 transient Raman events
for the 1510 cm® mode. Measurements were done with thepumping. In the case of pumping, if the=2 level is not
maximum power available for the HeNe laser@ mW at  strongly populated as explained before, we expect the Stokes
the focal point with the immersionxX 100 objective in a side only to soften. This is however not entirely consistent
sample with 10 nM RH6G prepared under the conditionswith what it is observed for a lower energy mode. Figure
stated in the experimental section. The data are taken on tigb) shows the case of the 610 chmode again for Stokes
Stokes and anti-Stokes sides separately with a 2408nd anti-Stokes sides. A very weak correlation between in-
lines/mm grating to increase the resolution of the peak taensity and frequency can be seen, but not on the scale ex-
~0.1 cmi * and improve the determination of the frequency. pected from the data in Fig(#®.
The background is subtracted and a Lorentzian shape fitted A few estimates are useful at this stage. Suppose that the
for each spectrum. We gain from here the intensity, freshift observed in the 1510 cmd mode in Fig. &a) is pro-
quency, and width of isolated single-molecule events. Weluced by a 5% contribution of the=1—v=2 transition.
then plot in Fig. 6 the intensity of each peak as a function ofThis is a very conservative estimate, it is normally very hard
its frequency for both Stokes and anti-Stokes sides. We olto observe a contribution of a 5% pediwhich is only
tain, in this manner, a correlation plot between intensity andlightly shifted in frequencyto the total width and frequency
frequency. If the two properties are completely uncorrelatedof the main peak. If that were the case, we would need a
the plots should look like a uniform distribution of points, temperature of T~725 K. For that temperature, the
representing the contribution of the inhomogeneous broader$10 cm * mode would have a population for=1 of 30%,
ing only. and 10% and 2.5% for= 2, andv= 3, respectively. Accord-

Figure 6a) shows that the clouds of points for the Stokesingly, we would expect the 610 ch to show substantial
and anti-Stokes events of the 1510 chare skewed. We are and more evident correlations between intensity and fre-
seeing two effects at the same time; the inhomogeneouguency than the 1510 cm mode, even with a very conser-
broadening plus the direct effect of the laser. This revealyative estimate of the temperature rise. This is not what it is
that, in the statistical sense, larger intensity events are corr@bserved, however. Further evidence that the two modes do
lated with a softening of the peak. The fact thath Stokes behave differently under the same conditions in terms of
and anti-Stokes scattering show the same correlation sudheir correlations among parameters comes from plots of fre-
gests that the reason for this effect is heating rather thaguency vs broadening, as shown in Fig. 7. Even without any

o

Intensity [arb. units]
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clusions on the population of different vibrational levels un-
der SERS conditions should be obtained from single-peak
parameters as demonstrated here.

Finally, results with 20 mW of the 514 nm green laser
line, in addition, show again only a marginal evidence for
heating. With 20 mW and thé<100 objective the power
density at the focal point is-10'* W/m? and there is a fur-
ther contribution from the local plasmon enhancement. It is
remarkable that evidence for heating is only marginal in
these experiments, even under direct absorption conditions;
this points out the importance of rapid nonradiative recom-
bination channels to the metal which both:remove energy
1508 1509 1510 from the molecule before it can be thermalized by anhar-
monic processes and transformed into an effective tempera-
ture, and(ii) quench the fluorescence.

"o ' In order to provide a qualitative theoretical understand-
ing of the results in this paper and make several connections
among results we study a schematic model of colloid cluster
in the following section.

> 1510 cm™ mode

- -
~ ™

Broadening [cm"]
*

ey
0N

Frequency [cm"]

[
(=]

IV. THEORY

Broadening [cm"]

—
o
N,

The optical properties of nanometer-sized metallic ob-
jects are normally complex and one must resort to approxi-
mations which are case dependent. This holds even for peri-
. . odic structures which are substantially more complex than
610.5 611.0 611.5 the dielectric counterparts due to the frequency dependence

Frequency [om™] of the dielectric functiort® We work with the discrete-dipole

) ) __ approximation (DDA) method of Purcell and Penny-
FIG. 7. Frequency-broadening correlation plots for the same modes in Fig. keP%-22 A mini fd il . h d th
6 under the same experimental conditions. A much higher degree of corr packe " minimum o gt?.l S a_-re g'Ve_nz ere and the
lation can be seen ifa), showing a marked difference with the data(im. reader is referred to the original literatéfte? for further

A simple heating effect cannot explain the data. See the text for furthegetails.

details. A given geometry is divided into small cells with char-
acteristic dimensiord (d<\; A=wavelength of the light

sophisticated correlation analysis it is possible to concluddhe polarization vector at thigh cell P; is
that the 1510 cm® mode has a much stronger correlation for

610 cm™ mode

single-molecule events between broadening and frequency, |5i=ai Eitot, 1)
as can be seen in the comparison between Figs. ahd . o -
7(b). where «; is the local scalar polarizability anf,,; the total

Therefore, it seems that pumping is the best candidate tglectric field at sité, given by
explain the difference between the behavior of the two o -
modes. The reason why the 1510 chmode is more corre- Eiot= Edipt Eo, @
lated is then because it has a larger Raman cross section and - ] . .
its vibrational levels above=0 are being pumped harder. WhereEg;, is the field produced by all other dipoles with
But this still leaves open the question of why the anti-Stokes#i andEj is the field produced by an incident laser fi¢id
side of the 1510 cm' mode is softened. The only possible the planewave approximatiprwith wave vectork=2m/\
explanation in the pumping scenario is that the2 vibra-  and frequencyw. The electric field at celi produced by all
tional state is also considerably populated, a situation thahe other cells &4
can be achieved under strong pumping conditions.

The results provided in this section demonstrate how dif- Eiﬂp: -> Aij _ Isj , 3
ficult it is to prove the existence of heating or pumping ef- j#i
fects. However, we believe that the experiments presented in
this section, and the data analysis based on cross correlatioh1€re

of single-peak parameters, are possibly the best evidence Lk ) (1—ikr )
presented so far for the possible existence of SERS pumping. Aj-Pj=—3 [kzrij X (Fj X Pj)+ 5 .

The use of single peak parameters avoids the spurious arti- iy rij

facts normally obtained in aS/S ratios due to the presence of _

underlying plasmon resonances. We believe any future con- ><[ri2]-|5]-—3r*ij(r*ij . Pj)]}, 4)
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colloids in a volume of 300 nf) we use this cluster as a
representative situation inside the colloidal fluid when the
KCI has partly nucleated the particles and brought them into
close proximity. We used slightly smaller colloids than the
ones used in the experiment to avoid using too many cells or
cells which are too big for the approximations in the DDA to
be valid.

An incident plane wave comes along from the vertical
direction on the cluster shown in Fig(t8 and the self-
consistent polarizations in the cells are calculated by means
of an iterativeconjugate gradient algorithras developed by
Markel ?® Intensity maps inside the cluster can be done only
along specific planes; they all show the same qualitative fea-
tures. Figure 9 shows an example of an intensity map along
one of the many possible vertical planes cutting the cluster
through the middle. We perform calculations at three differ-
ent wavelengths corresponding to the la€&33 nm and at
the Stokes and anti-Stokes frequencies, assuming a Stokes
shift of 1000 cm'* (typical for organic moleculés

The main purpose of this calculation is to present a
physical basis for the anti-Stokes/Stokes fluctuations. A care-
ful inspection of the intensity patterns reveals that a single
0(0 point.can be str-ongly coupled to the Iasgr frequency while

QQ showing very different amounts of coupling to the Stokes
> and anti-Stokes energies. A molecule sitting in that place in
FIG. 8. (a) A single colloid of 30 nm in diameter is modeled with 136 the solution will have a natural asymmetry in the intensity of

single-polarizable cells as in the original paper by Purcell and Pennypackethe two peaks, which ipurely electromagnetiand it is not
(Ref. 20. (b) A snapshot into a configuration of 20 colloids within a volume related to temperature.

of 300 nn¥. The configuration is set up by choosing random positions inside Th . litative | | f the si
the volume while avoiding direct overlaps among the colloids. The incident € main qualitative lesson we can learn irom the simu-

EM wave travels along the vertical directidn lations is that asymmetries in anti-Stokes/Stokes signals are a
natural consequence of having the molecule in a medium
with resonant plasmon interactions. This will naturally affect

and where; =|F;;| (i#]) is the distance between ceiland single molecular spectra and the interpretation of aS/S ratios,

j, respectively. The solution of theNB< 3N linear inhomo- &S demonstrated in the previous sections.

geneous equations Moreover, further analysis of the intensity patterns in
these maps reveals several hints of features seen in actual
ai—1|5i+2 Aij ) ﬁj:éio (5) experiments. Iq Figure 10 Welplot for the maps shown ip Fig.
j#i 9 the aS/S ratio at each point vs the laser intensity in the
gives the answer to the problem. All the fields have &’k Same place. Since the incident wave is normalized to an
time dependence. intensity=1, the laser intensity map is automatically em-

We aim at understanding qualitative aspects of the propfancement factor magso Fig. 10 shows the asS/S ratio as a
lem in this section; several approximations going from thefunction of the local enhancement factor for 20000=4
size of the colloids to the shape of the clusters, to the numbek 10° points in the maps of Fig. 9. Similar results are ob-
of cells used in each individual colloid will be necessary. Wetained for maps along other planes. The data in Fig. 10 show
are not aiming at reproducing exactly the experimental con2 striking overall correlation between enhancement factor
ditions which have many unknown parameters. The exac@nd larger aS/S ratios. The important details of the data are
nature of the geometry of the clusters formed by colloidthat (i) the average of all these points is larger than 1
coming in close proximity is, for example, not known. Many (~1.3), implying that in situations of high concentration of
trends can be understood, however, in simplified models anfholecules one would obtain an overall aS/S ratio above the
we shall makead hocapproximation where necessary. Boltzmann factor predictiofas it is almost always the case

In Fig. 8@ we show the basic DDA decomposition of a with the 633 nm lase¢y and (ii) when looking at individual
single colloid in polarizable cells. A single colloid of 30 nm events, however, as it would be the case in SMD, it is pos-
in diameter is modelled with 136 single-polarizable cells assible to have isolated cases in which the signal is (small
in the original paper by Purcell and Pennypackerhis de-  enhancemeitbut the aS/S ratio is higtpoint A in the fig-
composition has been shown to reproduce very accuratelyre), or cases where the signal is large but the aS/S ratio is
most of the basic single-particle scattering propertdi), suppressedpoint B). Accordingly, a simple calculation like
as well as the near field down to very small distances close tthis then can explain qualitatively many aspects of single-
the surface of the colloids. Figurét8 shows a cluster of 20 molecule data like that in Fig. 5.
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aS/S-ratio (EM-component)

0.1 1 10 100
Enhancement factor

FIG. 10. aS/S ratio as a function of normalized laser inter(sityenhance-

ment factoy for 4X10° points in the maps shown in Fig. 9. An overall
correlation between the aS/S ratio and the enhancement factor can be ob-
served. Note the presence of a double log-scale. Since the intensity of the
largest signals dominates the spectra in the presence of many molecules, and
they tend to have aS/S ratiosl, this results ultimately in overall aS/S
ratios larger than unity for the 633 nm laser. This is observed all the time for
the HeNe excitation. When looked individualigs done in SMD experi-
ments it is possible to have weak signals with high aS/S ré&ie exempli-

fied with pointA in the graph or large signals with small aS/S rat{B), as

seen often in experimentsee Fig. 5.

only be used if there is an underlying understanding of the
electromagnetic contribution to the peaks on both sides of
the laser and, in addition, that they are generally not very
good indicators of temperatures and/or pumping. A few hints
of heating/vibrational pumping in SMD can only be obtained
in a statistical sense once detailed correlations between the
parameters of the Stokes scattering are analyzed. A mode
with a higher Raman cross section, such as 1510%mdis-
plays a very different behavior from lower energy modes like
the 610 cm! in a way, which is not entirely consistent with

a temperature rise and suggest some degree of pumping. A
marginal skewing of the intensity-frequency plots for the
610 cm * mode and a mild correlation between frequency
and broadening suggests that there might be a small contri-
bution from heating in the total effect. This is acceptable if
we take into account that pumping will result inevitably in a
small conversion of energy to other modes through anhar-
6.0, Thiee intensit . . el sto monic interactions and, therefore, a small amount of heating.
i e i o . The mostlkely situation suggesied by our data s that both
logarithmic scale of colors from 0.0tblack) to 250 (white). The maps are  €ffeCts play a role to different extents.

along the plane of incidence of the incoming wave cutting the cluster ~ Our work here leaves completely aside the issue of the
through the middle. The interior of the colloids which are cut through appeapower dependence of the SERS signals. In this paper we

as dark black features in the map. The arrow on the map at the top eXenkave established the technigues and methods to be used
plifies a position where the laser intensity is relatively high, but the Stokes q

and anti-Stokes fields are coupled to different extents in the same(siage  (CIOSS Correlaﬁons among parameters of the Same) pgak
the equivalent place in the middle and bottom mapsmolecule sitting in ~ reveal trends in transient single-molecule vibrational
that ?OSi}iOT will havet_a” asdyf;]‘me”y bEtIWt?e“ tthetaS a”dtSSignﬁ'sv Whicqiﬁumping/heating. Our results reveal that there might be a
purely electromagnetic an as no relation to temperature changes. . . . . . _
phenomenon is widespread over the intensity map and supports the idea th Qntrlbutlon from pumping and hea_tmg to S”_]gle m_OIGCUIe
aS/S asymmetries are purely electromagnetic in origin. spectra, but both seem to be small in comparison with other
claims’?® A companion separate study with cross correla-
tions among parameters at different incident powers is in

V. CONCLUSIONS progress and will be published elsewhéte.

We have studied several aspects of SMD in SERS re-
lated to the evidence of hidden plasmon resonances as wé
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