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Slow fluctuations in enhanced Raman scattering and surface roughness relaxation
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We propose an explanation for the recently measwleds fluctuationsand “blinking” in the surface-
enhanced Raman scattering spectrum of single molecules adsorbed on a silver colloidal particle. We suggest
that these fluctuations may be related to the dynamic relaxation of the surface roughness on the nanometer
scale and show that there are two classes of roughness with qualitatively different dynamics. The predictions
agree with the measurements of surface roughness relaxation. Using a theoretical model for the kinetics of
surface roughness relaxation in the presence of charges and optical electrical fields, we predict that the
high-frequency electromagnetic field increases both the effective surface tension and the surface diffusion
constant and thus accelerates the surface smoothing kinetics and time scale of the Raman fluctuations in a
manner that is linear with the laser power intensity, while the addition of salt retards the surface relaxation
kinetics and increases the time scale of the fluctuations. These predictions are in qualitative agreement with the
Raman experiments.
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In a recent experiment by Weiss and Harfdr, large fluctuations on the laser power intensity and on the amount
spectral fluctuations in the relative intensities of different Ra-of added salt in agreement with the observations.
man lines that varied on a time scale of a few tens of seconds Conventionally, the SERS enhancement mechanism is
were measured in the surface-enhanced Raman scatterifigparated into the electromagnetieM) field enhancement
(SERS of single rhodamine 6G molecules adsorbed on sil-and the chemical enhancemégt. The relaxation of surface
ver nanocrystals. The rate of spectral fluctuations was denfoughness can affect both the EM and the chemical mecha-
onstrated tdncreasewith laser intensity andlecreasewith ~ Nism of the SERS enhancement, depending on the character-
addition of salt in the solution of silver colloidal particles. In IStic length scale and the amplitude of the relaxation modes.
addition, a decay of the overall intensity of the scattering wag "€ Surface relaxation dynamics itself, however, is governed
observed on a scale of the order of hundreds of seconds; thiy ¢ EM mechanism in our model, as we elaborate below.
decay was also correlated with the laser inter(dify Finally, ese constitute the starting point of our an_a_llysls.
fluctuations of the overall intensity on a time scale compa-. Our dynamical model applle_:_; b.Oth to equilibrium fluctua-
rable with that of the fluctuations of the individual spectral tions an_ql to the decay to equilibriuta smooth surfageof .
lines were measured in ReHL]. These fluctuations, some- nonequmbnum., surface rogghness that can have large ampli-
. o : ' tudes, depending on the initial preparation of the nanopar-
times termed as “blinking,” are frequently observed in

. . s ticles. The amplitude of equilibrium fluctuations is typically
single-molecule SERS studig@—5]. The long-time scale  gmq) for perfectly smooth surfacé8]. However, rough sur-

observed in the modulations of the spectrum of moleculeg,ceswhere the roughness due to sample preparation decays
adsorbed on silver colloidal particles was suggestidto  sjowly) show larger thermal fluctuationgL0]. Thus, the
arise from the(slow) motion of the adsorbed molecule, youghness fluctuations may have a strong effect on the SERS
which leads to a variation of charge-transfer interaction beenhancement mechanism and may lead to the observed fluc-
tween the molecule and the surface. tuations in the relative intensities of the different Raman
In this paper, we propose an alternative interpretation ofines.
both the slow SERS spectrum fluctuations and the decay and We first estimate the time scale for the relaxation of the
the fluctuations of the overall intensitiblinking) of the  surface roughness. We use a model for the surface relaxation
SERS spectrum measured in Rdf], and show that the time developed by Mullind11] based on an isotropic expression
scales for these phenomena are consistent with the relaxatid@r the surface energy. This theory is applicable either above
of the surface roughness on the nanometer $64ldt is well the roughening transition temperature or for vicinal surfaces
known that a significant part of the enhancement of the(that are not perfectly smooth on the atomic sgaleen be-
SERS signal is due to the surface roughngas]. Using  low the roughening temperature. The dynamics of ideal, high
theoretical models for the kinetics of surface roughness resymmetry surfaces involves the creation of steps and facets
laxation in the presence of charges and optical electricdll2] and is outside the scope of our work. Assume that sur-

fields, we predict the dependence of the time scale of thé&ce diffusion(with diffusion constantDs for single atom
motion on the surfagds the only relevant process that leads
one to the following kinetic equation:
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whereh(p,t) is the local heighty, is the surface tension, ated, nanoscale surface roughness feat{t8} Since the
5=(x,y) is the in-plane position vectoﬁz(ax,ﬁy), and surface proflles in the e>.<per|n.1ental systems are, in gengral,
I'=D.a’y,/ ksT with a being an atomic length scale.g., far from bemg simple sinusoids, we predict the relaxation
the nearest-neighbor distance, for siheee2.8 A). To esti-  time for two important classes of surface features.

mate the characteristic time of the SERS spectral fluctua- 10 €stimate the relaxation time for the two classes of sur-

tions, we analyze the height-height dynamic correlationface features, we consider two specific surface roughness
function Cui(p,t)=(h(p,t)h(0,0)). profiles at an initial timet=0: (i) a non-mass-conserving

Chn(p,t) can be straightforwardly obtained from EQ) prclﬁle, modeleija azls a G?USS'an protrusion 'thteo,.
(see, e.g., Refg9,13)) assuming that the surface atoms areh(p,t=0)=hoe™*”" and (ii) a mass-conserving profile,

in contact with a thermal bath: modeled as a region where a protrusion with 0 is adja-
cent to an indentation whete<0. The average value df
. kg T »g-Ta't over the entire surface is zero and for convenience, we con-
Chnlp ) = 277')’0qu q Jo(gp)dq, sider h(p,t=0)=hoe™ ***(1—ap?), where o 2 is the
0

characteristic lateral scale of the feature &gds the ampli-
where Jo(X) is the Bessel function andy=27/L, with L  tude. The experiments of R€fl5] correspond to the mass-
being the system size. To estimate the characteristic relaéonserving caseii) (possibly because of the manner in
ation time 7 numerically, one can adopt the criterion Whil‘Jh ”f‘e surfac?] was s?ratﬁh%wlhile ;’V‘T expeCtI'thilgetn-th
- - - eral surface roughness of colloidal particles, applicable to the
g{‘;ép oOf’ ;%écghéggégg ﬁﬁg((:t)lélwhere»o isofthe orderofa o man .experirr?ents., to be more F;imilar to ?k?e non-mass-
An accurate estimate of the relaxation timeequires a conseving casd). Itis stralghtforwarq to compute the time
knowledge of the surface diffusion constd of silver es- e\_/olutlon of these two types of pf‘?f"es by so_lvmg EG‘)
timated in the rangeD.~1.8x 10~ 2° cn/sec [14] to D with the corresponding initial conditions of cas(e);and(u). _
~10"  cnP/sec[15]. UsingL ~50 nm of the order of a size The time dependence of the decay of the maximum height

of silver colloids in the experimeni], surface tension of Ag (Iocatte)d at bth?‘ o:jlglnp=|0)_ of these Gausslan-llke peaks
[16], yo=1500 erg/crh, andp,=6 A, we find that the cor- ﬁagt _eh ° taw;;e 12 ana;//ilcalhé For cas@), we ;mg
relation time of the equilibrium fluctuations is=18 sec. ( ’): o (m7g/t)""B(7/1). 3 or case (i), we fin

This shows that the time scale for taquilibrium relaxation  (01) = ho[2 7g/t=2\m(79/0)¥*B(74/0)], where B(x)

of surface roughness on a nanometer scale at room tempera£xpeerfc(vx), 7o=kgT/(64yDsa’a’) is the characteris-
ture is comparable to the correlation times of the slow flucdic decay time, and erfa) is the complementary error
tuations of the SERS spectrum measured in R&f. An  function.

analytic estimate for the correlation time can be obtained The mostimportant observation is that these two types of

from the asymptotic long-time form profiles have qualitatively different smoothing kinetics—the
mass-conserving profiléi) decays mucliastersince in this
- kegT exp(—t/7) case the transport of matter need only occur near the bound-
Chh(po,t)=Chn(0t)~ Y tUr ary between the protrusion and the indentation; that is, atoms

are locally transferred from the region whene-0 to the

wherer= 1/1“q3_ We emphasize that the relaxation timés ~ region whereh<0. For casdi) of the non-mass-conserving
sensitive to the numerical values used for the lattice constarrofile, the matter must be transported to a much larger scale.
as well as to the wavelength associated with the size of &his is reflected in the expressions for the asymptotic, long-
colloid. time (74<t) evolution of the height. For cage), the decay

In addition to the small amplitude, equilibrium fluctua- of the maximum of the profile(located at the origin
tions of the surface, much larger amplitude surface roughh(O,t)zhOTrl’z(Tg/t)”z. For case (i), h(0t)=2 hyry/t
ness may arise due to the sample preparation. These featuitesds to zero much faster.
tend to decay in time, leading to a smooth surface at the We now use this model for surface smoothing in céise
atomic level, and this relaxation to equilibrium of a relatively to estimate the decay time for tH@pproximately mass-
smooth surfacéand hence less enhancement of the Ramagonserving surface features studied in R&g]. Using their
scattering leads to the overall decay of the SERS spectrunestimate for the diffusion constant at zero external potential,
intensity. The loss of the Raman signal is a well known pheDs=10"1* cn?/sec and a value fo~ ¥?~8 nm that corre-
nomenon that also occurs in electrochem|[dal,18 and ul-  sponds to the extent of the scratch, we obtain that a mass-
trahigh vacuuni19,20 SERS systems. This effect was at- conserving Gaussian profile with initial amplitudie,
tributed to a diffusive loss of surface adatoms in a number of=2 nm decays to an atomic scale estimated {s)
investigationgsee, e.g., Introduction in Refsl7,18); how-  =0.3 nm, in timer=200 sec. This theoretical estimate is
ever, none of these, to the best of our knowledge, explain theonsistent with the experimentally measured times in the
slow time scale in terms of cooperative surface tension efscratch experiments of Hirdll5]. An estimate of the decay
fects nor do they discuss the dependence of the decay on thiene for casdi) (i.e., the non-mass-conserving profijéelds
laser optical field and on added salt. for the same parameters, a decay time that is about 15 times

Another type of experiment for which our kinetic model slower, 7=3100 sec. In the case of colloidal particles, we
is relevant, directly measures the dynamics of artificially cre-expect that typical nonequilibrium featurgsreparation de-
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pendent roughnepsay be non-mass-conserving protrusionswhere E(z) =E, €' Z is the spatially dependent part of the

or indentations and that the kinetics of cégewould apply. electric field vector with amplitud€, and the plane=0

We estimate, for instance, that a moreligcahzed, Gauss'a{:]orresponds to the metal interface plane; the same definitions
protrusion of amplitude 1 nm and extemt ““=6 nm would

decay to an atomic size of 0.3 nm in time 200 sec, consisterfPPlY t0 the magnetic fielél. For the frequency-dependent

with the times measured in the Raman experimétits ielectric function e(w), we use the simplest dispersion
The Raman experiments show a systematic dependence §0de! of the free, classical electron gp&3]: e(w)=1
the modulation and relaxation time scales on the salt and the (@p/®)", Where w,=9.2 eV=1.4x 10" e s the
electric field as mentioned at the beginning. Since the chaf!aSma frequency of silver and=3.5x 10 sec'! for the
acteristic time scales vary inversely with the product of the>30-Nm-wavelength laser beam. For the optical frequencies
surface tension and the diffusion constfste Eq(1)], we 'elevantto the experlzmenﬁs], M(Z“’)jl- Using the disper-
consider(i) the effect of salt on the surface tensigit) the ~ Sion_relation [23], k®=[&(w)/c"] »*, we obtain k=ix
effect of the laser field on the time scale via its effect on the=i V@, — ?/c, and therefore, both the electric and magnetic
surface tension, andii) the effect of the laser field on the fields decay exponentially within the silver colloidal particle
surface diffusion constant. To treat the effects of surfacvith a typical decay lengtfi24] x~* of 22 nm. In this fre-
charged21] and the laser electric field on the silver surfacedquency region, therefore, the metal is reflecting with a skin
tension and hence on the surface relaxation, we model thgepthy ~*. Using the relationship betwe¢h andE [23], we
charged colloidal interface as an elastic, almost planar sumbtain the time-averaged energy per unit surface éirea
face, with a fixed and uniform surface density of charge effective surface tensiony.,= [yu(z) dz, in the presence
and heighth(p). The surface tension, given by calculating of an electromagnetic fielgl, ,= E§/87T x- Again, this can be
the free-energy cosincluding the electrostatic effects due to predicted by a scaling argument: the tension is the product of
the charges and the spitf deviations of the surface from the the energy densityproportional to the laser intensjtyand
planar geometry22] is y.=2mo? ex=e€E2/8wk, wheree  the characteristic length, here the skin depth, in qualitative
=80 is the dielectric constant of wate; ! is the Debye agreement with the experiment.
screening length, k>=8m¢z2%n, where {g=e?/ekgT However, an estimate of the magnitude of this effect using
=7 Ais the valence of salt ions anis the salt concentra- the bare values E;=0.6 erg’?cm’?=180 V/icm (corre-
tion; Ec=4mole is the electric field at the colloid surface. sponding to a laser power density of 100 Wfgnand y ~*
This result can also be obtained from a scaling argument: thes22 NM IS yg=3X 10 8erg/cnt. This quantity yem iS
tension is the product of the energy density and the voluméhus about 18 times smaller than the bare coefficient of
divided by the cross-sectional area; this is proportional tcsurface tension of silvery,. It is known that the electric field
energy densityeE? multiplied by a characterisitic length, at the surface in the case of SERS is greatly enhanced by the
which here is the Debye lengta 1. surface plasmon resonances in the sydté/@5]. Recent ex-
This result shows that with the addition of salt, the effec-periments[2,3] report that the SERS enhancement factor
tive surface tension decreaseg~n~Y2 This leads to an [theoretically predicted to be proportional & Ey)“], where
increase of the relaxation time as observed. Taking the £ is the intensity of scattered, enhanced optical fiskk also
experimental values of the parameters used above, we s&efs.[27,28), reaches a value of 36-10". This enhance-
that in order to obtain an effect of the order of unite., an  ment is still not large enough to bridge the gap between our
effective electrostatic surface tensign equal to the bare prediction for the optical field-induced effective surface ten-
surface tension of silvety,= vy,=1500 erg/cr) the surface Sion y., and the bare surface tension of silvgy. We note,
of a silver colloidal particle must have a surface charge denhowever, that the intensity of the localized field at the surface
sity o=10e/nn? in 100-mM salt solution. This is a rather of a metal colloid may exceed the intensity of the radiated,
high surface charge density, but is still within a realisticenhanced optical fielfi7]. Atomic scale, globally distributed
range for the experiments. roughnesgadatoms, terraces, kinks, and small islandsy
To quantify the contribution of the laser field to the sur- produce an extra enhancement of the electric field at the
face energy and the diffusion constant of a silver nanocrystegurface of a colloidal particle, as well, although a quantita-
requires an accurate value for the enhanced surface elective understanding of this mechanism is still lackitgge,
field; this requires an accurate model of the microscopic.g., Ref.[26]). In summary, the scaling of the tension and
mechanism of the enhancement, which is not yet completelence the time scale for surface relaxation with the electric
understood7]. However, we can predict the functional de- field is qualitatively correct; however, the magnitude de-
pendence of both the surface tension as well as the surfagends on the actual value of the surface field.
diffusion constant on the field at the surface. The surface Although the effect of the field on the surface tension may
energy density of a semi-infinite metal sample with a pla- turn out to be too small to matter, the change in the local
nar surface boundary in the presence of a high-frequencgiffusion constant of silver adatoms with field may be more
optical electromagnetic field 23] significant; the diffusion constant enters the kinetic equations
discussed above. Indeed, in the case sfatic electric field
applied to a roughened metal interface, Hetal.[15] show
from their experiment that the surface diffusion coefficient
D, dependexponentiallyon the applied potential difference.
2 This is in accord with theoretical calculatiof9] of surface
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diffusion in the presence of external fields, in the limit whereof the surface tension, this requires a significant enhance-
the electrostatic energy is much larger than the thermal ement of the local surface field to yield a measureable effect.
ergy. This is the case in the static experiments where thgve note that even if the field contribution to the tension is
potential drop occurs on a length scale -oflL nm of the  small, the effect on the diffusion constant may be signifi-
order of the Debye length; this gives rise to a very largecantly larger since the field dependence of the tension de-
electric field. However, this limit is not applicable to the pends on the ratio of the intensity to the bare silver surface
Raman experiments. The electrolyte cannot respond to th@nsjon, while the correction to the diffusion constant varies
high-frequency optical field and provides no screening of thgyith the ratio of the intensity to the thermal energy, which is

laser fi_eld. The potential drops over a length scale given bypout two orders of magnitude smaller than the energy asso-
the optical wavelength, and not the Debye length. The resultgjgted with the surface tension of silver.

ing field is thus several orders of magnitude smaller than in  Tpe pest way to verify our predictions would be to per-
the static case. Indeed, the Raman experiments show onlysgrm SERS measurements on surfaces withitu control of
linear dependence of the rate of the SERS spectral fluctuay, face roughness by, e.g., the methods described in Ref.
tions on the laser intensity and no exponential behavior. [15]. Monitoring the SERS spectrum as a function of the

Calculations|29] of surface diffusion in the presence of grface roughness, the salt concentration, and the laser inten-
external fields in the limit where the field energy is smallerjiy should provide an ultimate test of our idea.

than the thermal energy show that the surface diffusion co-

efficient dependdinearly on the laser intensitf30]: Dg We thank J. Imry, D. Kandel, and A. Nitzan for useful
=D((Ex=0)(1+W?), where W=eE,a/(4kgT)<1. This discussions. S.A.S. acknowledges the support of the U.S.
trend agrees with the experimental observation that the timésrael Binational Science Foundation, the Schmidt Minerva
scale varies with the laser intensity. However, as in the cas€enter, and the German-Israel Foundation.
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