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ABSTRACT -

Spectra of the So + S, electronic transition of rhodamine dyes ad-

2 .
sorbed at submonblayer-cngrageS‘on'a fused silica substrate have been
obtained by resoﬁant second-harmonic generatiqn. Pblarization dependences
of the second-harmonic signal have been studied and are used in the con-
struction of a model for the orientation of the.adsotbates. A valﬁe for

the molecular second-order ﬁonlinear polarizability at resonance is de-

duced.
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Third-order nonlinear optical effects have proved to be of consider-
' .1
able advantage for a wide variety of spectroscopic studies. On the other
hand, the second-order processes of sum- and difference~frequency genera- : -

€

tion have found less use because they are forbidden in media with inver-

J
sion symmetry.2 Jqst this attribute, however, may make these processes g
particularly valuablé in investigations of interfaceé, éince it implies a
discrimination against signals from the bulk media and, hence, an intrin-
sic surfaée sensitivity. In previous_ekperiments,;théAsensitivity of se-
cond-harmonic generation (SHG) to‘thé CQndition of surfacgs3 and, notably,
to the presence of adsorbates has been demonstrated.z}—7 In this letter,
we report on the first application of a second-order nonlinear optical
process in measurements revealing spectral features of adsorbates at
submonolayer coveiages. We have obtained the position and lineshape of
the electronic transition for rhodaﬁine dye molecules adsorbed onto a
fused silica substrate>by optical éecond—harmohic‘(SH) épectroscopy. In
addition to the method's potential for identifying the quantity and nature
of adsorbates, tﬁe polarization dependences of ﬁhe signal may provide some
information about the structural properties of the adsorbate and of the
surface, as we sﬁéll illustrate in the discussion below. -

'As a model for SHG by a layer of an.adSOrbate, let us consider a

light wave of freqﬁency w incident on a thin slab of. a nonlinear medium
at an.angle 8 from the surféce_normal._ An indUcea current ét twiéebthe
driving fréquency is éstablished, leading to forward and-reflected.SH ra- . T
diation. If the incoming light has polarization ém’ then the iqfensity

- of the forward or reflected harmonic light of polarization é is given by

2w
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(L
(in cgs units)

In thisvequation the linear sdsceptibility of the material has been ne-

glected, and Iw is the incident pump intensity. The third-rank tensor

s¢(2) | ' . S

X (2w = w + w) represents the second-order surface nonlinear suscepti-.

bility, which, without local-field corrections, is simply the sum of the

- second«order nonlinear polarizabilities of the adsorbate molecules over

a unit ereaQ

The polarizability for SHG displays a resonant‘enhancement when either
the fuﬁdamental’or ﬁhe SH frequency coincides‘with that of a transition
from the ground state of the moiecule to‘an excited state. Treating the
molecular levels-as-inhomogeneously broadened and working in tﬁevelectric—
dipole approximation, we can express the nonlinear polerizability fof a

L L ’ 2
transition from state |g> to statevln> as

), - @ 25 (1) Ny
'1Jk(2w =wtw)= [aijk]NR - (1/m7h7)a (2w)<g]pi]n>
:E:<nlpj|n'><n'!pk{g§ + <n|pk|n'><n']pj[g>
X
. . W= Wy
n . n'g
’ (2)
Here. [a( )] is the nonresonant part of a( i, <n'|;]n>.and CHNEN denote,

respectively, the. dlpole-matrlx element and the frequency for a trans1t10n

from state |n> to state |n'>, and o 71 )(Zw) represents the llnear molecular
polarizability at freqﬁency 2w, normalized so that 1ntegrat1ng'over the re-
sonance-J”Im[a(l)(Zw)]d(Zw) = 1. Since*the.SH conversion'efficiency_is

proportional to [ai?i(Z@)]z, the obserﬁed'spectra,l(Zm) versus 2w, will
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have resonant contributions from both the real and iméginary parts of
E(l)(Zw).

Monolayer samples of rhodamine 110 and rhodamine 6G adsorbed on a
fused siliéa surface were used for our measurements. They were prepared

4 M ethanolic solution of thé dye on

by placing a few drops of a 3 x 107
the clean, optically flat substrate and spinning at 2000 RPM for 2 minutes.
Through a direct determination of the optical density of the strong SO -
S. transition in the adsorbate, we deduced an average surface density of

1
13 =2 ‘ . 3+
dye molecules of 5 x 10 cm ©, A dye laser pumped by a Q-switched Nd~ :

. YAG laser providéd~tunable pulééé of approximately 10 ns duration, 1 cm—l
linewidth and 1 mJ energy. The output 6f the dye lééer, focused to an
area of'lOn3 cmz,fell on the sample at an angle of 45°. The reflected SH
light, which amounted to ~'lO4 photons per pulse.for the peak signal, was
detectedbby aAphotomultiplier_and a gated integrator after it passed
through low frequencyblocking filters and a monochromator. A thin quartz -
plate, always adjusted to the péak of a Maker fringe,2 served as a nonlin-
ear reference signal; The observed signal at the SH frequency was well-
defined spectrally, reproduced the temporal profile of the exciting.pﬁlse,
and manifestedia quadratic power depeﬁdence on the pump laser power when
‘normalized against the quarté reference. Further, by continuously monif
toring the SHG frém.tﬁe moﬁolayer és time elapsed, we determined that no
_ laser-induced damage or molecular desorption occurred at the surféce.
Figure 1 dispiays the observed SH spectré for the monolayer samplés
of rhodamine ilO-and rhodamine GC in the region of the'SoA+ S2 electronic.
transition. The fesbnant SHG process 1is described in Fig. 2, thch élso

shows the transition energies of the relevant states for the two dyes dis-

>
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solved in ethanol. It was noted that the contribution to the SHG from the

fused silica plate was a few orders of magnitude smaller than that from

the monolayer of dye molecules. While a detailed study of tﬁe lineshape
could provide.insight into the structure of the adsorbed molecules and
théir inﬁeraction with the substrate, for the present, let us just remark
that the frequeﬁcy of the peak .in the SHG is suffiéiently similar to thét
of tHe molecules in solution so fhét such spectra could be useful in iden-
tifying adsorbed molecules. The data also suggest that the.nonresonant

a(Z) is relatively unimportant. The somewhat skewed appearance

part‘of
of thevspectrum for rhodamine 6G on the éhort wavelength side can be un-
derstood as a resonaﬁt enhancément as the fundamental frequency approaches
that of the So - Sl transition.

Measurements‘of the SHG by the adsorbed monolayers were taken for
both p= and s-polérized excitation. vIn either case, oﬁly p-polarized
light was observed at thé SH, the s-component being at least one order of
magnitude less intense. Thése fesulté suggest that the monolayer has re-
flectién symmetry about x-z and y-z planeé, where x and y are coordinates
in fhé-plane of the monolayer, parallel and.pefpendicular to the plane of

incidence, respectively, and z is the coordinate in the direction normal

to the surface. With such symmetries, the only nonvanishing components of

<> (2) - ) : Yy ' ‘
sX( ) are those of the form Sx(??, s.gg?’ and Sx??). Furthermore, the SH
. zii’ izi® iz
intensity was found to be independent of the rotation of the sample about
its surface normal, indiéatingvg a fully'isotrépic configuration in
the plane of the monolayer. The presencé of a SH signal then implies
that . the interface must -not have reflection symmetry with respect to the

x-y plane, either because there is a net average orientation of the mole-
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cules along the surface normal or because the electronic charge distribu-
tion of the adsorbate and of the substrate is distorted through their mu-
tual interaction. In view of the substantial strength of the SHG, the

former seems more reasonable.

oo

Since the optical properties of the rhodamine dyes are governed pri-
marily by the ﬁ—electrons in the system of three adjoining phenyl_groups,
the molecules can be treated as being planar and exhibiting mirror sym-
metry about the plane perpendlcular to the molecule pa331ng through the
oxygen atom and the opp051tely located carbon atom in- the central phenyl
group.9 Consequently, the transition dipole matrix elements must always
lie in thé plane of the molécule, either along the line of symmetry (say,
the z'~direction) or perpendicuiar to iﬁ (x'-direction). It has been de-
duced that the SO and the S atates are even under the reflection opera-

2

tion, while the Sl state is odd. vHence, the So - Sl and Sl - S2 transi-
‘tioh dipole moments must be directed along the x'-axis,and the So'+ 82

moment must be parallel to the z'-axis. Then,making the reasonable assump-

tion that in our experiment the S, level dominates as an intermediate le-

1
-vel in Eq. (2), we see that the only.nonvanishing component of the reson-
ant second-order polarlzablllty is a( ) <'x'" This single coefficient de-

s2(2)

termines the surface nonlinear susceptiblllty x and, consequently,

the ratio of the various tensor elements must depend only on the geometri-

i 4]

cal factors associated with the molecular orientation. We haye'meaéured
a ratio r ~ 2 for the strength of the SH signal arising from p—poiarizedv t;
excitation to that for s—polarized light.

One simple model for the molecular orientation consists‘of the as-

sumption that the-xLagés of the adsorbates lie in a randomly distributed
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fashion in the plane of the surface. Iﬁ this case, one expects the ratio

r of the SH signal strengths.for the two polarizations to be %, regardless
of the directions assumed for the molecular z'-axes. An alternative scheme
in which the moleculér y'-axes (the directions normal to the plane of each
molecule) are oriented randomly in the plane of the surface leads to r =
(2<cose'>/<cos3e'> -.3/2)2,'where 8' is the angle between the z'-axis of

a molecule and the surface normal,. and averages are to be extended over

the distribution of this angle for ali of the adsorbed molecules. For r =

2, we infer that <c0536’>/<cose'> = 0.69.0r, 1if molecules all make the same

angle, 8' = 34°,

Within the framework of the second model for the molecular orienta-

‘tion, we can estimate the value of nonlinear polarizability of the adsorb-.

ates. For s—polarlzed excitation, the only relevant component of the sur-

Sy (2) (2) 3"

face susceptibility tensor is = (N/2)<cos e CANEIEE With <cos™8 >

A,cbs334°, we deduce from Eq.'(l) that a(?) x,l ~ 3 x lO_29 esu for rho-

démine 110 at the peak of the resonaﬁt SHG. In the calculation, the ob-
served SH signal strength of IZ/Ii = 7 X lO_29 esu was used; this value
was obtained by comparing with the signal from an evaporated silver film,

for which an absolute calibration has been established.lO With the mea-

sured values of 8 x 10—-18 esu and 3"><'10-18 esu for the So - Sl and So -> 82

transition dipole moments and a'figure_for the Sl > 82 transition of 1.1 x
10_17>esu derived from a free-electron model for the dye,ll Eq. (2) yields
(2) ‘

S x! ~ 2 x 10.-‘28 esu for resonant SHG, in rough agreement with the

value deduced above. In thls estimate, the linear absorptlon band a( )(2w)

‘was treated as having a trlangular profile of w1dth 40 nm.

In summary, we have measured'spectra of transitions’in molecules ad-



<

8 LBL-13667

sorbed at a surface at submonolayer coverage by means of resonantvSHG.

The polarization dependence of the signal ailowed us to. propose a model
for the orientation of the adsorbates, with the aid 6f which we deduced - o
a rough value for the previously unknown molecular nonlinear polarizabil-
ity. Being applicable to interfaces between two dense media and being
capable of providing high-reéolution measurements, the second-order non-
linear optical procesées share the advantages of other optical techniques
for surface study. Yet unlike other optical methods, these processés can .
" exhibit the high degree of intrimsic surface sensitivity characteristic

of the techniques relying on the-absorption, emission, or scattering of
electrons and other massive particles.

One of the authbrs (TFH) acknowledges financial assistance under a
National Science Foundation giaduate fellowship. YRS acknowledges a ré—
search professorship from the Miller Institute of the University of Calif-
ornia. This work was supported by the Director, Office of Energy Reéearch,
Office of Basic Energy Sciences, Matefials Sciences Division of the U.S.

Department of Energy under Contract Number W-7405-ENG-48.
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Figure Captions
Normalized SH intensitf for p-polarized excitation of monolayer
samples of rhodaﬁ;ne 110 and rhodamine 6G on fused silica as a
function of the SH wavelength in the region of the SO > 82 transi-
tion. . |
Energy level diagrams for rhodamine.llo and rhodamine 6G with the
linecenters for the linear absorption of the dyes dissolved in
ethanol given in units of cm—l. The structure of the dyes and

the molecular axes referred to in the text are indicated.
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