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Scattering Conditions

R. C. Maher,*" L. F. Cohen, and J. C. Gallop
The Blackett Laboratory, Imperial College London, Prince Consort Road, London SW7 2BW, United Kingdom

E. C. Le Ru and P. G. Etchegoiri

The MacDiarmid Institute for Aghnced Materials and Nanotechnology, School of Chemical and Physical
Sciences, Victoria Umersity of Wellington, P.O. Box 600, Wellington, New Zealand

Receied: Nawember 8, 2005; In Final Form: January 5, 2006

We make systematic measurements of Raman anti-Stokes/Stokes (aS/S) ratios using two different laser
excitations (514 and 633 nm) of rhodamine 6G (RH6G) on dried Ag colloids over a wide range of temperatures
(100 to 350 K). We show that a temperature scan allows the separation of the contributions to the aS/S ratios
from resonance effectand heatingpumping thus decoupling the two main aspects of the problem. The
temperature rise is found to be larger when employing the 633 nm laser. In addition, we find evidence for
mode specific vibrational pumping at higher laser power densities. We analyze our results in the framework
of ongoing discussion on laser heating/pumping under surface-enhanced Raman scattering (SERS) conditions.

I. Introduction vibrational pumping at higher laser power densities and low
. ) temperatures.
Despite rapid progress on Surface Enhanced Raman Scatter-
ing (SERS)?toward applicationd; ® many fundamental ques- || General Considerations

tions remain open. An important issue that has been the subject . . ]

of controversy relates to whether the local enhanced electro- For the sake of clarity we shall repeat the essential details of
magnetic (EM) fields cause local heating and/or vibrational the discussion presented in refs 12 and 14, keeping details to a
pumping. This is important for reasons that range from the minimum. We callTe, the temperature of the local environment
purely practical (damage to analytes under study) to the more (Substrate+ ambient surrounding the sample), whilgom is
fundamental (vibrational pumping). In certain cases, plasmon- '00m temperatureTme: the temperature of the metal colloids,
related heating effects may even be usefor biomedical and Tmo the temperature of the molecule. The main possible
applications, but both the magnitude of the effect and how to Scenarios are the following:

control it need proper characterization. It is possible to use the 1. No heating: The whole system is in thermal equilibrium,
anti-Stokes/Stokes (aS/S) ratio under SERS conditions to study!-€.; Troom = Tenv = Tmet = Tmol.

heating/pumping effects with certain limitations, as we discuss 2. Global heating: The system is in thermal equilibrium at a
in detail below. T higher thanTgom, i.€., Tenv = Tmet = Tmol > Troom

The laser power dependence of the aS/S ratio was thought 3- Local heating of the substrate and the analifigs = Tmet
to provide strong evidence for SERS pumpfnigut this has > Teny 2 Tmom._ The analyte is in thermal eqwhbrl_um with the
been the source of controversy and alternative explanations havénetal, at a higher temperature than their environment. The
been offered12 Contributions to the aS/S ratio can be complex Source of heating here is mainly laser absorption in the metal
and include heating, pumping, and resonance effects. There aréubstrate. _
various hints for heating in SERS and the anomalous ratio 4. Local heating of the analyt€Tmo = Tmet = Tenv = Troom
(commonly measured even at low powers) was predicted to Here the molecule remains in internal thermal equilibrium at a
relate to hidden resonances in the systéfWe have recently ~ émperaturéTmg, higher than the rest of the system. Strong
demonstrated that it is indeed possible to use the aS/S ratio tolntéractions among vibrational modes within the molecule allow
map out roughly the underlying resonance in certain ckses. vibrational energy to thermalize and reach an equilibrium

Here we develop the use of aS/S ratios further; we expand through intramolecular vibrational relaxation or redistribution

and provide additional evidence to recent discussions in refs.(NR)' The source of heating here can be direct laser absorption

12 and 14. We demonstrate how to separate heating fromn the molecule (via electronic state transitions) or vibrational
resonance effects through temperatdredependent data. We pumping (via SERS processes) followed by fast IVR. However,
find a temperature rise at low laser powersd(5 mW on a it is difficult to distinguish between these two possible causes.
~1.5 um (diameter) spot) that depends on laser energy. We 5. Mode specific vibrational pumping: The analyte is not in

find evidence also suggesting the existence of mode specific'mem_al thermal equml_onum. Each vibrational mode can be
described by an effective mode temperatl]?i“é‘, that reflects

the population of its first vibrational excited stafdn general,

* Address correspondence to this author. . .
t E-mail: robert.rgaher@imperial.ac.uk. IVR ensures thatT®" is the same for all modes (internal
*E-mail: pablo.etchegoin@vuw.ac.nz. thermal equilibrium at a temperatufig,,). However, SERS
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processes affect the vibrational population and can pump .= A A exp(— hw ks TE™ 2)
vibrations from the ground to the first excited vibrational state S e

(for Stokes processes). If for a given vibrational mode the \herea is the averagasymmetry factoirom resonance effects
pumping rate becomes comparable or higher than the IVR rate, (asymmetries in cross sections), which can change from mode
this mode can ther:f have a higher effective temperature than;, mode.Tfff was used in this expression to account for the
the other modesT;" = Tmo = Tmet = Tenv = Troom this is possibility of different effective mode temperatures. When the
referred to asnode specific pumping vibrational pumping rate is small compared to the IVR rate,
The different scenarios deserve a brief comment. If vibrational we haveT;eﬂ = Tmo for all modes and the molecule is in
pumping occurs in the presence of fast IVR, pumping will only thermal equilibrium afl,. However, if vibrational pumping
be observed as an effective heating of the molecule (4th is not negligible, this expression needs to be modified to give
scenario). From the experimental point of view, under these (for weak pumping}10.12
circumstances, it would be impossible to distinguish this
situation from the 3rd scenario. It is indeed very difficult to pi = AAlEXp(—halkgT o) + ost,l|] 3)
determine independently the temperature of the metal and the
molecule, due to the lack of a spectroscopic feature coming wherert, is the vibrational relaxation time (including IVR and
explicitly from the metal. Even if one could prove that the 4th other relaxation processes), ahdis the laser intensity in
scenario was the correct one, it would then be extremely difficult Photons per unit time and surface area. We see in this latest
to determine the real cause of heating: direct laser absorptionexpression that vibrational pumping would tend to increase the
or vibrational pumping, or a combination of both effects. Vvalue ofpi. This could alternatively be described by eq 2, using
Consequently, the only clear-cut demonstration of vibrational an effective mode temperatufg” > T, but determiningre"
pumping is, in our view, the last scenario, i.e., mode specific would require the use of eq 3.
pumping. Heating and pumping under SERS conditions have Equation 2 or 3 forms the basis for the analysis of most SERS
previously been investigated with use of peak parameter €xperiments about heating/pumping that use aS/S ratio measure-
correlations, such as width or frequency vs intenSip. ments. From them, it is obvious that the measuremeptarfly
Evidence was found for local heating (3rd or 4th scenario) but is not sufficient to extraclmo or T;", as theA values are
no evidence of mode specific pumping was uncovéfed. unknown. One therefore needs an extra free parameter. In
Although yielding evidence for the existence of local heating, Previous works, the power dependencepfor example, was
it was impossible to distinguish its origin, i.e., either within the ~studied®!15A linear dependence @f with I, has been invoked
molecule itself or the colloid (and consequently the molecule as evidence of vibrational pumping that would appear to follow
through its close contact with the metal). These previous resultsfrom eq 3. This is not true, however, and direct heating of the

do not exclude the presence of pumping (vide supra) but they molecule has been proposed as an alternative explartation.
do not demonstrate it either. Equations 2 and 3 form the basis to understand the effect of

Most other studies of heating/pumping under SERS condi- heating orp, one can writeTmg = To + AT, and expand eq 2

tion~11 have focused on the measurements of the aS/S ratio,ConS'de”ng a small temperature increas®, < To:
p. This ratio is in principle directly related to the vibrational R B

: : i i AT
populations, and therefore to the effective mode temperature. =A A expg— —| exg— =~
However, in the case of SERS, it can be modified by underlying 0, ksTo To
resonances associated with the wavelength dependence of the ) )
SERS enhancement factor, making the interpretations more!f heating effects are presemtT changes with power. Because
difficult. The most general expression for the ratio under SERS heat diffusion and transfer models are linear, it is reasonable to
conditions at low powers (in the absence of pumping) and for 2SSUme that the temperature increA3as proportional to laser

molecules in thermal equilibrium at a temperatifg, is'®17 power: AT, = al.. For a small temperature in.crease, the
argument in the second exponential of eq 4 is small and

expanding it leads to

(4)

las Oas N Ass
p= T = Awo_ v exp(— fiw /kgTrnq) 1) AA F( hw, )(1 +hwi 3, ) )
S SiF1I A o =AAexpg— — =
s ' ks T KeToTo -
with A, = (w1 + wv)*(wL — wy)* (accounting for the standard  The linear dependence of (or quadratic dependence bfs)
wavelength dependence of Raman processs)s) is the  with incident power can therefore equally be the result of
intensity of the anti-Stokes (Stokes) Raman madig,) is the conventional heating effects or of pumping. It is also worth

frequency of the laser (Raman modejss) is the anti-Stokes  noting that the argument in the second exponential of eq 4 can
(Stokes) scattering cross section of the moledwis,the number be comparable to 1, even for a smAll. This can be the case

of active molecules, andlas(s)is the SERS enhancement factor  for example for high energy modes, whéie/ksTo can bex~10.

at the molecule position at the anti-Stokes (Stokes) frequency. The power dependence pfas a result of heating effects would
The latter term includes both electromagnetic and chemical then be exponential. Such power dependence, linear for low-
enhancement effects. In general the enhancement can be sitenergy modes and exponential for high-energy modes, has
dependent and therefore should be summed over all active sitesalready been observéél This shows that heating effects can
Because anti-Stokes signals are typically small, their measure-be important and that a linear power dependengg isfnot in
ment requires relatively long integration times and/or large itself a proof of vibrational pumping.

analyte concentrations. The results are therefore an average over Instead of using the laser power as an additional parameter,
several active sites/molecules, each with different enhancementwe propose to study the aS/S ratios of each mode as a function
factors and resonances. To account for this averagirigr a of substrate temperatuiig. As we shall show, by investigating
given modei can be modeled in a first approximation as how these ratios change as a functionTadver a wide range,
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we can separate the contributions due to heating and resonance
effects. In addition, this approach enables us to detect a departure )
from internal thermal equilibrium of the molecule, i.e., vibra- Various A

-

:610 cm™ mode

tional pumping. ¥ D et e
/.}-';-;;-//t ) -
Ill. Experimental Details 001 X%;_/';/./"_.. Theoretical ]
Silver colloids were produced as described in ref 18. SERS /.'/'/-/' ::2:3:2
samples were prepared by mixing equal amounts of colloidal b I —4-A=15 3
and 25 mM KCI solutions together, to whichul of 1076 M A S hwe

-

Rhodamine 6G (RH6G) solution was added, resulting in& 10 £610 :cm'1 |=110de:

M RH6G concentration. The sample was then dried onto a Si

substrate. The temperature calibration in terms of aS/S data of vano‘f/lx;

non-SERS active signals (paracetamol) is described elsewhere. 0 ijl/:jib/‘f T
Measurements were carried out with a Renishaw 2000 CCD e TR
spectrometer and an Olympus BH-2 microscope with a Linkham ool /./' . .. Theoretical |
temperature stage, using both 514 nii &m and 633 nm HeNe Tt . —=—+T=50K
lasers with ax50 long working distance objective-(L.5 um a o Tisok
beam diameter at the focal point). Measurements with the 514 . —v—+T=200K |
nm laser were made at 0.5 mW, whereas for the 633 nm laser 100 150 200 280 300 350
they were performed at 0.5 and 5 mW, respectively, in the range Temperature [K]

bet\/\(eer; 100 1atnd33(‘)50 }é.m steps of 10 K and mtegratlon tlm%s Figure 1. Theoretical plots showing the effect on the anti-Stokes/Stokes

varylng rom 11o S. FIVe Or more measurements Were made i of various values oA (a) andAT (b). Differing values ofA result

to gain an average over the sample. Peaks were then analyzeg nested anti-Stokes/Stokes ratios over the full temperature range. In

by using standard Voigt functions with subtracted backgrounds. the case oAT, the effect on the anti-Stokes/Stokes ratio varies across
The variation in the aS/S ratio for each mode was fitted to the full temperature range with the largest effect being made at lower

cq 2. Wil ¥ = T + AT, where T is he incease in  |STDEIAUIES, WIET eresrisa gratrperceniag of e il

eﬁ?Ct'Ye mode temperature with respect to'ﬂ”cé_the substrate, temperatures which is noticeably larger for greater valueATof

which is measured by the aS/S ratio of the Si subsifatde

parameters\ in eq 2 will depend on the particular mode under or the molecule is not in internal thermal equilibrium (i.e.,

consideration, accounting for the asymmetry iR and pumping occurs). In the latter case, the effective mode temper-

oas produced by resonances. Four types of fits were per- atureT, + AT, is determined by the pumping rate, via eq 3.

formed: AT-only, whereA is set to 1 (no resonance effect) The fits with this model cannot therefore be valid, but fhe-

andAT; are fitting parametersi-only, whereAT; = 0 (nolocal AT fit can still be useful in identifying which modes present an
heating, no pumping) ané; are fitting parametersi + AT- anomalous effective mode temperature and are therefore most
shared, wherd\T; = AT is constant for all modes anyj are likely to be pumped.

fitting parameters (this corresponds to the case of internal |f the A + AT-shared fit fails, the model above cannot
thermal equilibrium for the molecule); adi+ AT, whereA; distinguish directly between pumpingT; different for different

and AT| are independent flttlng pal’ameters (thlS allows the modes) and temperature_dependent heam:é AT, butAT
modes to have different effective mode temperatures). varies with T). To prove that different modes cannot be

Figure 1 illustrates the predictions of the model and the accounted for by a singl€, we propose to define the following
influence of A and AT on the value of the aS/S -ratio as a function (for two modes andb):
function of T. Figure 1a shows the expected value of the ratio
for differentA values, while keepindh\T = 0. WhenA < 1 (A kzIn(py)  KkgIn(pp)
> 1) the ratio is suppressed (increased). In Figuréd1bheld F Ao,
constant whileAT is varied: the influence oAT is strongest
at low T values where it is a greater fraction of the initigl
resulting in a distinctive “flaring” of the ratio at low values
and a flattening of the overall curve shape.

The first two types of fits are only used to test whether a 1 1
simple model with heating only and no resonances, or reso- F=C+ [gf - Q] (7
nances only and no heating, is sufficient to explain the data. a b
For all fits, we assume thad and AT; are constant with
temperatureA;, which is the result of predominantly electro-
magnetic resonances, is not believed to vary with temperature.
For molecules in thermal equilibriumMT;, = AT is the same

(6)

a hwb

Then, describing each mode by an effective mode temperature,
we have from eq 2

where C is a constant accounting for the differeAtfactors.
The advantage of this function is as follows: if both modes
share the same temperature, this functisnconstant as a

for all modes and represents the temperature increase (heating unction of T The functionF can be used to monitor relative
changes between the effectidevalues of two modes as a

Many factors contribute to this increase, for example, the thermal : . - ;

properties of the SERS substrate and of the various interfaces[Unction of external varying conditions (hefe but it could
These factors could possibly vary with temperature, although also be used to prove nonequilibrium pumping in a power-
large variations typically occur mainly at even lower temper- dependence experiment).

atures T < 100 K). The assumptioAT = constant is therefore
reasonable in a first approximation. TAet AT-shared fit then
enables us to separate the resonance effagtBg¢m the heating A. Low Power. Example spectra for the 610 c\RH6G
effect (AT). If this fit fails, then eithelAT = constant is wrong, mode under various experimental conditions are shown in Figure

IV. Results and Discussion
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Figure 2. Example anti-Stokes (AS) (left) and Stokes (S) (right) spectra 1E3 | Aand T
for the 610 cm* RH6G mode under various experimental conditions. b - = Tonly
Note the change in scale between the AS and S spectra. Panels a and e ----Aonly
b show the AS and S modes respectively at 300 (dark gray) and 170 [/ - - - Theoretical
K (light gray) for low power 633 nm excitation. It is clear that while 1 1 L 1 1
there is little effect on the intensity on the Stokes side there is a 100 150 200 250 300 350
significant decrease in the intensity of the AS signal as the temperature Tempe rature [K]

is decreased, as is expected from a decrease in thermal populationgjq, e 3. Anti-Stokes/Stokes ratios as a function of temperature for
Panels ¢ and d show the AS and S modes respectively for 633 (darkthg 610 'le SERS active modes of RHEG for the 633 aF:md 514 nm

gray) and 514 nm (light gray) low power excitation at room temperature. | serq at low power (0.5 mW). There is a clear difference in the
\é\iisee a_sr;gnlflcant relﬁtlv&%ecrele_lse in the (ljntt)enilty of the AS for tfhle resonance contribution to the anomalous ratios between these lasers as
nm with respect to the 633 nm line caused by the resonance profile.\he 533 nm ratio is increased above the theoretical value while the 514

See the text for further details. nm ratio is suppressed below the theoretical value. The solid lines

: : represent the fit to the experimental data with theH AT) model
2. Spectra a and b in Figure 2 show the AS and S modes 50 4oched and dash-dot lines represent the fits obtained from

respectively at 300 (dark gray) and 170 K (light gray) for low 5ing only theAT or A parameter, respectively. The dotted line shows
power 633 nm excitation. It is clear that while there is little the theoretical ratio values. See the text for details.

effect on the intensity of the S modes, there is a significant
decrease in the intensity of the AS modes as the temperature isvork!® investigating resonance contributions to the anti-Stokes/
decreased. This is expected from the decrease in the thermabtokes ratio and it is attributed to a combined effect of collective
population of the vibrational mode as the temperature is reducedplasmon resonances and the shift of the intrinsic resonance of
and similar trends are observed for other modes. There is athe dye by the interaction with plasmons. A much larger
corresponding decrease in the aS/S ratio as a function ofcoupling with the laser results at 633 nm than at 514 nm,
temperature, which is described by eq 1. Spectra ¢ and d inaccordingly.
Figure 2 show the AS and S modes respectively for 633 (dark  Useful insight into the colloidal heating problem can be
gray) and 514 nm (light gray) low power excitation at room gained from considering a simplified 1-D model. Consider a
temperature. There is a significant decrease in the intensity of single colloid where the laser power is assumed to dissipate
the AS at 514 nm with respect to 633 nm while the intensity of through the top surface with no lateral heat flow. The
the Stokes signal remains constant. This is consistent with bothdependence of the thermal conductivity of Ag is small down to
a resonance profile that peaks somewhere between 514 and 6330 K and we can use the room temperature value. The internal
nm and previous results. thermal time constant of the colloid (the time for the colloid to
Figure 3 shows examples of aS/S ratios as a functiol of come to a uniform temperature), is given byze = Cag/Kc =
for the 610 cn! mode of RH6G and 633 nm excitation (top 1 x 10711s, whereK. is the thermal conductance of a single
curve). The theoretically predicted behaviér€ 1, AT = 0) Ag particle (of size~20 x 10°° m®) and Cag is the phononic
and the fits to the experimental data with thet AT, A-only, contribution to the specific heat with Debye temperat@gg,
andAT-only models are shown. The experimental data are well given byCag = cag((Dag/MWag x 1073) x d¥) ~ 6.1 x 1077
approximated by thé + AT-shared fit for all modes investi-  J/K. In this latter expressioW/ag is the atomic weight of Ag,
gated. The fitting to all the modes, using the four fitting Dag its density,d the length of the colloid, andag ~ 7.8 x
procedures presented above, is summarized in Table 1. Figurel0* J/(motK). We ignore the electronic contribution tag as
3 also shows the equivalent data for the 610 tmode under it is much smaller than the phonon contribution, except at liquid
the 514 nm laser excitation (bottom curve). The AS peaks He temperatures.
associated with the higher modes were too small to analyze at Assuming an incident power of 1 mW is focused into a 1
these laser powers. The+ AT fitting provides the best fitto ~ um? area with a reflectivity of 80%, the number of photons
the experimental data althoug\T is small and consequently — absorbed per second by the colloid~®.6 x 10! s™1. Note
the A-only model also fits the data reasonably well. The fitting that when dealing with small objects; is comparable to the
results for the 610 cmt mode taken with the 514 nm laser are arrival rate of the photons. The dynamics of the system is
also summarized in Table 1. therefore rather interesting. The absorption of a single photon
The low power measurements tell us that the molecule is in increases the colloid’s upper surface temperaturesby?2 x
thermal equilibrium with a heating of25 K when using the 1073 K. By modeling the acoustic mismatch between Ag and
633 nm laser and-3 K when using the same low power 514 Si!° we can estimate the expected increasd.irEstimating
nm laser. This is despite the latter being closer to the bare values from experimental data for interfaces betweenAdOs
molecular resonance and the single plasmon resonance of thend Pb-diamond, we find temperature increases of 2 and 10
individual colloids. However, this is consistent with our previous K, respectively, which are of the right order of magnitude for
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TABLE 1: Fitting Results for the 514 and 633 nm Lasers with Use of the Models Described in the Text

A+ AT-shared A+ AT A-only AT-only
mode (cnT?) A A AT (K) A AT (K)

low power 633 nm laser

610 1.30+ 0.05 AT = 25 K) 1.50+ 0.05 17+5 2.00+ 0.20 40+ 5

780 1.35+ 0.05 AT = 25 K) 1.65+ 0.10 16+ 5 2.35+£0.20 35+ 5

1310 0.85+ 0.10 AT = 25 K) 0.50+ 0.10 55+ 10 1.60+ 0.30 20+ 5

1360 0.95+ 0.10 AT = 25 K) 0.80+ 0.10 35+5 1.90+ 0.30 25+ 5

1510 1.05+ 0.10 AT = 25K) 0.70+ 0.10 40+ 6 2.20+ 0.40 30+ 10
high power 633 nm laser

610 0.45+ 0.05 AT = 96 K) 1.05+0.10 40+ 5 3.1+ 0.5 40+ 5

780 0.40+ 0.04 AT = 96 K) 0.70+ 0.10 60+ 15 4441 50+ 5

1310 0.50+ 0.10 AT = 96 K) 0.15+ 0.05 160+ 35 12+ 3 75+ 10

1360 0.40+ 0.10 AT =96 K) 0.25+ 0.10 120+ 35 14+ 3 70+ 10

1510 0.50+ 0.10 AT = 96 K) 0.08+ 0.03 200+ 40 20+ 6 80+ 10
low power 514 nm laser

610 0.45+ 0.05 3+2 0.50+ 0.03 -20+ 4

aResults are shown for both high and low power measurements for the 633 nm laser while only low power measurements were possible with

the 514 nm laser. Low power mean€).5 mW at the focal point while the high power measurement was an order of magnitude larger. All
measurements were made on large colloidal clustersAFR\ T shared fitting is not possible for the 514 nm laser as only one mode was measurable.
The A + AT shared andA + AT models provide the best representation of the data at low and high power respectively.

Fitwith T T T ™ this is clearly larger, as would be expected, the quality of the

ATgp=200K  _ _—-="" fits was badly compromised fo_r the high power da_lta, as
ot L ~ - = measu_red by g_z-test (not shOV\_/n in th_e tab!e). This indicates
Fit with’ 3 that Fh!s model is no longer valid in this regime. The results of
ATgqo = 40K (a) ] the fitting to the high power 633 nm data for all the modes are
~a p also summarized in Table 1. Although photodecomposition of
00t " 610 cm mode 3 the analyte is reduced through the changing of the laser position
o 633 nm laser ] for each measurement and avgraging, i.t still affects the measure-
O high power ment. Under low power conditions, this effect was negligible
Q_fo'f ——t } } } } ' but became more important for higher intensities and contributed
£ Fit with ‘ to the greater scatter encountered under these conditions. This
e | AT1s10 =W ] is included in the errors quoted.
g O/ 2 e ’ The results in Table 1 show that the higher frequency modes
14k Eit with s (b) 3 have a lowerA factor than lower modes for both the high and
AT 500 =40K 7.~ low power measurements. Some variation in #eactors
lad § /1510 em” mode ! between different modes is expected as a result of the changing
esf 7 633 nm laser 1 contribution from the res_onanpe_profil_e over the spectral range
. of the measurement. This variation will depend on the specific
b high power shape of the resonance profile and the wavelength at which the

S0 100 150 200 250 300 350 measurement is made. There is a small variation in the values

Temperature [K] of A between the high and low power results attributed to an
Figure 4. Anti-Stokes/Stokes ratio as a function of temperature for optlcally induced change in elth_er_the lnterac_tlon of the analyte
the 610 and 1510 cm SERS active modes of RH6G taken with the With the metal or the characteristic geometries of the clusters.
633 nm laser at high power (5 mW). The theoretically calculated ratio The exact origin of this change is unknown at present and cannot
is shown as the dotted line. Two fits with the same valueAddre be decided from these measurements by themselves.

shown for each modéTex = 40 K andATisio= 200 K (solid lines) The 610 cmi? ratio as a function oT at high power is similar
represents the best fit values for these modes. The secondary fits se{0 that obtained at low powers; when plotted on the same graph
ATe10 = 200 K andATis10 = 40 K (dashed lines). g . . ’ -
it is almost impossible to separate them by eye suggesting that

our low power observations with the 633 nm laser. This is the mode temperature is not too dissimilar, despite an order of
remarkable when we consider that we have ignored any potentialmagnitude difference in the incident power. Indeed, the result
contribution originating from SERS hot-spots and that the of theA+ AT fitting of the 610 cnm* mode in both cases gives
thermal model is extremely simplified. This model supports the AT = 17 £ 5 K for low power andAT = 40 & 5 K for high
scenario that at low powers the molecules could be heating power, which is difficult to visualize on a log scale. For the
through direct interaction with the colloids. 1510 cnt! mode, although there is a great deal of scatter, there

B. High Power. Figure 4 show$ as a function off for the is a noticeable difference in the trend of the data when compared
610 and 1510 cmt modes for high power (5 mW) 633 nm  with the low power measurement. This behavior is very similar
excitation, while all other parameters were identical with the to the “flaring” of the theoretically determinggvalues for high
measurements at low power. We show the resulting fitd f AT as shown in Figure 1. This is confirmed with the fitting of
AT for both modes, as well as secondary fits swapping the the data to the At AT model, which results i\ T1s10= 200
temperatures and the theoretically expegieglues. The high + 40 K, i.e., much larger than th&i1p = 40 £ 5 K from the
power ratios for all the modes were also fitted by usingAhe  best fit to the 610 cm! mode at high power. Figure 4 also
+ AT-shared model as in the low power data. This resulted in shows fits for the 610 and 1510 cimodes withATs10= 200
AT = 96 K whereas the low power results gave 25 K. Although K and ATis10 = 40, both with the best fit value o4 for that
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T v T T 7 modes are not strongly coupled to each other and are thus unable
000 iy to thermalize quickly as described in the 4th scenario of section
gpo&goo(@go o Ooo _ Il. We note that the original paper on SERS pumping also
! 0 08 ° | presented some evidence for mode dependent effebts:.
0001 |60 o i results certainly contribute to this body of work and suggest
L -1 that several mechanisms (vibrational pumping, underlying
-0.002 | 610 - 780 cm (a) . resonances, and colloid or SERS substrate heating) operate
} } } : } + } + } simultaneously and contribute together to the aS/S ratio
0.001 |- . anomalies.
In summary, we detail the key results presented in Table 1
7 as follows: (i) TheA + AT-shared model provides a satisfying
agreement at low powers. The molecule is then in thermal
equilibrium with a heating of~25 K with respect to the substrate
for the 633 nm laser, but only-a3 K rise for 514 nm excitation
R S T T which is be attributed to the molecular resonance being shifted
100 150 200 250 300 350 by interaction with the metal surface. (i) Models with only A
Tem pe rature [K] or AT alone as fitting' parameters systematically 'produce worse
overall agreement with the data or even unphysical values, like
Figure 5. F function (eq 7) vsT comparing the effective temperatures negative heating (see for example the 610" tmode at 514
of two different pairs of modes: (a) 780 and 610¢nand (b) 1510 nm excitation in Table 1). (i) For high powers using the 633

and 610 cm®. A constant value of vs T in part a means that these | | sharedr th des i h ibl
two modes share a common temperature. The comparison in part b,nm aser, an overall shar among thé modes IS not possibie

0000  Op

0.000 |-

F [arb. units]

-0.001 -

610-1510cm  (b)

-0.002 -

however, points toward mode selective pumping of the 1516 cnode and one is forced to a better quality fit by allowing different
with respect to the 610 cmh mode. Solid lines are fits to the data. See  effective temperatures for different modes. Using the function
the text for further details. F, one can then demonstrate that this is the result of vibrational

pumping in the 1510 cm mode.

mode. It is obvious from these fits that the 610 dmaode is

much cooler than the 1510 crhmode. All these results suggest /. Conclusion
that vibrational pumping in the 1510 crhmode could be the )
explanation for the failure of tha + AT-shared fits. In closing, we have observed a laser frequency dependent

To explore this hypothesis, we plot in Figure 5 the function N€ating of the order of 25 K at low laser power under SERS
F, discussed in the previous section, which compares the condit|ons with 633 nm excitation. We have sh_owr_i that it is
effective T values of (Figure 5a) the 780 and 610 ¢hmodes possible to deco_uple in dry samples tiie contributions _of the
and (Figure 5b) the 1510 and 610 chmodes. The monotonic ~ thermal population and resonances in the aS/S ratios by
departure from a constant observed in Figure 5b is an additionalP€rforming af-scan, thus overcoming the basic uncertainty in
demonstration of nonthermal equilibrium between these two ti_ie different rel_atlve contributions which exist in studl_es at a
modes and therefore in the molecule. This confirms that the SiNgle T. Most importantly, we have used this technique to
failure of theA + AT-shared fits is a consequence of vibrational prowde evidence for at least two possible scenarios: a molecule

pumping, and not of a temperature-dependent heating (same" thgrmal equilibrium at low powers and mode specific
AT for all modes, but varying with temperature). In fact, the PUMPINg at high powers. Experiments at lower temperatures
data in Figure 5 not only show evidence for mode specific '€ in progress and will be reported elsewhere.

pumping but also highlight the limitations of tihe+ AT model.
The kink inF as a function off means that the 1510, 780, and Acknowledgment. P.G.E. and L.F.C. acknowledge support
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account for pumping properly. Fits with eq 3 and 6 are also
shown in Figure 5 and are in good agreement with the data.
Moreover, we extract from the fit for the 1510 cihhmode a (1) Moskovits, M.Rev. Mod. Phys1985 57, 783.
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