
~-~ 
-·,_Jf!.,,,..~ 

LBL-13878 

-SIJ~J.1--5 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Materials & Molecular 
Research Division 

Presented at the Lasers '81 Conference, 
New Orleans .• LA, December 14-17, 1981 

NONLINEAR OPTICAL STUDY OF INTERFACES 

C.K. Chen. T.F. Heinz, D. Ricard. and 
Y.R. Shen 

January 1982 

'OISTR1i:.uTJOW Of ntt£ flDC~rWH IS UNUM! 

Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



LEGAL NOTICE 

This book was prepared as an account of work 
sponsored by an agency of the United States 
Government. either the United States Govern­
ment nor any agency thereof, nor any of their 
employees, makes any warranty, express or im­
plied, or assumes any legal liability or responsibility 
for the accuracy, completeness, or usefulness of 
any information, apparatus, product, or process 
disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein 
to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, 
or otherwise, does not necessarily constitute or 
imply its endorsement, recommendation, or favor­
ing by the United States Government or any agency 
thereof. The views and opinions of authors ex­
pressed herein do not necessarily state or reflect 
those of the United States Government or any 
agency thereof. 

Lawrence Berkeley Laboratory is an equal opportunity employer. 

... 



NONLINEAR OPTICAL STUDY OF INTERFACES 

* •• 
C. K. Chen, T. F. Heinz, D. Ricard, and Y. R. Shen 

Department of Physics 
University of California 

Berkeley, California 94720 
and 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 
Berkeley, California 9~720 

Abstract 

LBL--13B78 

DE82 011192 

Surface nonlinear optics can be used for study of interfaces. It is found that nonlinear 
optical effects can be greatly enhanced on a rough noble metal surface because of the large 
local-field enhancement due to local plasmon resonances and the lightning rod effect. Second 
harmonic generation ls sen~itive enouBh to detect adsorbed molecular monolayers on surfaces, 
arid can b~ used to study the molecular adsorption and desorption process at a solid-ll~uid 
interface. Monolnyer spectroscopy by nonlinear optical techniques is also possible. The po­
larization dependence of the nonlinear output can yield valuable information about the mole­
cular orientation on a surface. 

In recent years, our interest in nonlinear optics has been extended from the bulk to the 
surface. While surface nonlinear optics is interesting in its own right, 1 it is the g!'eat 
potential applications of surface nonlinear optics to surface study that makes this subfield 
very exciting. With the anticipation that it may soon become an attractive new area of re­
search, we present here a few examples to illustrate how surface nonlinear optics can be used 
to study Interfaces. We consider first the surface-enhancement pl'oblem. We show tllat be­
cau~e of the local-field enhancement, nonlinear optical effects on a rough noble metal sur­
face can be enhanced by several orders of magnitude over those on a smooth ·surface. 2 We then 
discuss the problem of monolayer detection at a silver electrode in an electrolytic solution 
by second harmonic generation. In the presence of surface enhancement, this turns out to be 
a rattier trivial task. 3 Finally, we consider the problem of nonlinear spectrosocopic study 
of adsorbed monolayers on smooth surfaces. We demonstrate the possibility by the detection 
of second harmonic generation from dye adsorbates on a fused quartz plate.' 

Surface-enhanced optical effects have recently become a hot topic in condensed matter 
physic~. The problem was initiated when it was discovered that the Raman scattering inten­
sity from the adsorbed molecules on a rough silver surface is - 10 6 times larger than that 
from the same molecules in liquid. 5 Two types of mechanisms have been proposed to explain 
the observed enhancement. One is the local-field enhancement. The small bumps or aggref,ates 
of the slze of - 500 A on the rough metal surface can have local plasmon resonances in the 
optical range. These resonances strongly enhance the optical fields on these local struc­
turet;. In addition, the local fields can be further enhanced on the pointing structures by 
the lir;htning l'Od effect. On rough silver surfaces, a local-field enhancement6 of ~ 20 is not 
ur11·easonahle. The other mechanism for surface enhancement comes from the molecule-metal in­
teract ion. Experiments have shown that the vibrational frequencies of the adsorbates are not 
very d1 frerent fi·om those of the molecules in liqu!d. We therefore hel1eve that the second 
mechanism is not as important as the first. 

To prove that the local-field enhancement is indeed the dominant mechanism for surface en­
hancement, our idea is quite simple. We realize that Raman scattering is a two-photon pro­
cess, and therefore is a nonlinear optical process. If the local-field enhancement exists, 
the Ramun intensity should be strongly enhanced because of its nonlinear dependence on the 
fields. Then, for the same reason, other nonlinear optical effects should also be greatly 
enhanced. We can use the rollow1ng equationo for a more explicit dls~ussion. 

Let the local field at~ on the surface be E1ocCw,~) = L(w,~)E(w). For simplicity, we 
sllal1. not treat• the field as a vectorial quantity here. It is well known in nonlinear optics 
tllat with the local-rield correction, the effective n-th order nonlinear optical suscept1bll­
ity should hecome 7 

(n) ( 
Xef f w) (1) 

The Raman cross-section a is known to be proportional to Im xC 3 l(ws = w1 - w2 + ws>· There­
fore, the local-field enhancement should be L 2 (w~)L 2 (ws>· The observed enhancement should be 
an aver;1.ge over the 1 lluminuted :surface, awl i:;i ~l ven by 

( 2) 

The nonlinear dependence on L in the above equation suggests that the integral is dominated 
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b¥ regions where the integrand is near the maximum. Let f be the fractional area where 
L (w~)L 2 (wsl is close to the maximum. Then, we have 

2 2 
nR = [L (wt)L (ws)]maxf. (3) 

A similar local-flold enhancement is expected for other nonlinear optical nrocesses. 
Thu:;, for second l1arinonl.c generation, the output I(2w) is proportional to JxPJ(2w = ""+ 
w)J 2

, and therefore, tlie enhancement :ihould be 

1 J 4 ... ? ... nSH I L (w,r)L-(2w,r)dA 

= [L
4

(w)L
2

(2w)]maxf. (4) 

Since wand 2w are very different, we expect that if L(w) is maximum, then L(2w) ls probably 
close to 1. We therefore write 

lj 
nsH = (L (w) ]maxf. (6) 

Similarly, the enhancement factors for sum-frequency generation, third harmonic Generation, 
multiphoton-excited luminescence, etc. can also be derived. Assuming L(w) = L(wi) = L(w 5 ) = 
20 and f = 0.05 on rough silver, we find nR - 10" and nsH - 10". Such an enhancement should 
of course, be easily observable. We note that in the presence of the molecule-metal inter­
action, the total enhancement factor can be appreciably larger. In surface Raman scatter­
ing, for example, an additional enhancement factor of - 100 can result from the molecule-me­
tal interaction. 

We have actually observed strong surface enhancement for a number of nonlinear processes. 
Here, we use only second harmonic generation (SHG) for illustration. 2 It should be noted 
tt1at experiments of SHG are usually rather simple. In our case, the Nd:YAG laser beam was 
directEd onto an electrochemically roughened silver surface, and then the diffused SH signal 
from the surface was collected and recorded by the detection system. To ensure that the 
signal was indeed second-harmonic, the spectrum of the output was analyzed, and the quadra­
tic dependence of the output on the input laser power was confirmed, as shown in Fig. 1. 
The signal was then compared with that from a smooth silver surface. As seen from Fig. 1, 
the observed enhancement was 1 x 10", which implies a local-field enhancement factor L(w) -
20 if f - 0.05. The interesting point of this experiment is that no adsorbed molecules are 
required for SHG, tiecause the bare silver surface already provides a detectable SH signal. 
1'hus, the molecule-metal interaction does not come into the picture, and the observed sur­
face enhancement ls rurely due to the local-field enhancement. 

Study of molecular adsorbates at an interface is, nevertheless, important in surface 
5tud1es. We then <.J.sk lf nonlinear optical techniques can be used to detect a surface mono­
laye::r. In the past, we have demonstrated that surface coherent anti Stokes Raman scattering 
has the sensitivity to detect a submonolayer of molecules. 8 Heritage et al.' have succeeded 
in detecting a molecular monolayer by the stimulated Raman gain technique. Both techniques 
are, however, quite complicated in the exrerimental setups. It would be most attractive if 
a second-order rrocess can be used to detect monolayers because of the relative experimental 
simplicity. It turns out that not only a second-order nonlinear optical effect from a mono­
laycr should be observable, but it also has the additional advantage of being surface-speci­
fic. Gecause the surface monolayer lacks inversion symmetry, its contribution to SHG is 
~lectrlc-d1pole allowed. On the other hand, SHG in a bulk medium with inversion symmetry is 
possible only through electric-quadrupole and magnetic-dipole contributions. Therefore, the 
surface monolayer contributes to SHG as much as several hundred layers of atoms or molecules 
ln·the bulk within the coherent length. This makes SHG particularly sensitive to changes at 
tl1e interface. That SHG from a monolayer should be observable can be seen explicitly from 
the following numerical estimate. 

Wtthout taking into account any local-filed correction, the second harmonic signal from a 
monolaycr is given by 10 

S = 128rr;w JNAa( 2 )J 2riAT photons/pulse (6) 
he 

where tin is the surface density of molecules, a< 2 l ls the second-order polarizability, I1 is 
the laser beam 1nten5ity, A is the surface area of illumination, and Tis the laser pulse­
wldth, all 1n esu. Substitution of !IA - 4 x 10 1 "/cm 2 , aC 2 l -10- 29 esu, I 1 -1 MW/cm 2 at 
1.06 µm, A - 0.2 cm 2 , and T - 10 nsec (corresponding to a pump uplse of 2 mJ/pulse) into the 
above equation, yields a signal S - 1.5 x 10 3 photons/pulse. This ls certainly lari;e ~11ougll 
Lu 1,,! 1.h:tt:cted. Wltt1 local-l'ieltl c:11lianccmcnt at; Llw :Jur·t'acc, the .;l~11al l!an lie evt:n mu..:!1 
lar~er. Surface alignment of the molecules also helps in increasing the effective value ot' 
a<21, and hence the signal. 

Because of the larc;e surface enhancement and hence the relative ease of detecting the ad­
sorbed monolayers by SHG, we decided to try out the monolayer detection experiment on a 
rou~hened silver electrode in an electrolytic cell undergoing an electrolytic cycling. With 
0.1 M KCl ln water as the electrolytic solution, Ag is oxidized into AgCl during the oxida­
tion half cycle, and AgCl is reduced to Ag and Cl during the reduction half cycle. By mon­
itorlnc; the SH signal from the As; electrode, we hoped to observe the formation and removal 
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of the first few monolayers of AgCi on Ag. Indeed, as shown in Fig. 2, the SH signal in­
creased sharply at the beginning of the oxidation cycle. From the amount of charge transfer 
we estimated that the sharp rise of the signal corresponded to the formation of an av<.!1·ai;e 
of 3 or 11 monolayers of Ap;Ci on Ag. 'rhe SH signal also decreased sharply at the .end of the 
reduction cycle, corresponding to the removal of the last 3 or 4 monolayers of AgC~ on Ag. 
Thus, .tl:e result in Ftr;. 2 clearly demonstrates the sensitivity of Slh~ for detectinr; ad­
sorbed monolayers on the Ag electrode. 

The monolayer detection capability of Sl!G is more clearly demonstrated in the following 
experiment. If at the end of an electroltyic cycle, 0.05 M pyridine is added into the elec­
trolytic solution, and tt1e bias potential on the Ag electrode with respect to a standard 
calomcl electrode VA~-SCE is decreased to a sufficiently negative value, it ls known tt1at a 
monolayer of pyridine should then appear on the Ag electrode. In our experiment, corres­
ponding to the appearance of the pyridine monolayer, the SH signal incr~ased by - 50 times 
from the background. For a Q-switched Nd:YAG laser input of 0.2 mJ/pulse over a surface 
area of 0.2 cm 2

, the observed SI! signal from the adsorbed pyridine monolaver was 8 x 10s 
photons/pulse. This indicates that SH(] should have the sensitivity of detecting even a suh­
monolayer of adsorbed pyridine. Assuming a surface local-field enhancement of 10", we can 
deduce an effective· value of a< 2 l for th~ adsorbed pyridine molecules from Eq. (6). We find 
a< 2 l = 2 x 10- 29 esu. This value may be larger by an order of magnitude than what one would 
expect. 11 Such an enhancement in a\ 2 ) could result from the molecule-metal interaction. 
The dependence or the SH signal from the pyridine adsorbates on the bias voltage VA.-•-SCJ;: is 
shown in ~ig. 3, It shows that pyridine adsorption on Ag occurs only if VA -SCE ~ ~ O.ov. 
The data in Fig. 3 also indicate that the SH signal does not come from the Re-field-induced 
SHn in the bulk around the interface. 

Although Sl!G is sensitive enough to detect adsorbed monolayers, it clearly lacks the 
spectral selectivity. Then, will it still be useful for the study of molecular adsorptio11 
and denorption at an interface? The answer is yes, and we will illustrate it he1·e wlth two 
examples. Jlirst, because of its capability to detect a submonolayer of pyridine, SHG can he 
used to measure the adsorption isotherm of pyridine at the Ag-electrode interface. 12 This 
is shown in Fig. 11, where the surface density of pyridine Na is plotted as a function of the 
pyridine concentration p in the electrolytic solution. Note that Ha should be proportional 
to IITTWT - A, where P(2w) is the total SH output, and A is the background signal from Ae; 
without pyridine. The data in Fig. 4 can be fit by a simple Langmuir adsorption isotherm 
equation 

(7) 

The coefficient K is related to the adsorption free energy 4G by K = 55 exp(- 4G/RT). The 
theoretical fit to the data yields a value of 4G = 5.1 KCal/mole. Another example shows the 
sensitivity of SHG to molecule-metal interaction for a certain type of adsorbed molecule. 1 l 

Pyridine with a molecule structure :::/N and pyrazine with t-(~;--(N are quite similar, but one 
has no inversion symmetry and the other has. Consequently, a 2 l * 0 for free pyridine and 
r.C 2 l = O for free pyrazine. However, if the pyrazine molecules are adsorbed on a surface, 
tbeo the inversion symmetry of pyrazine is broken by the molecule-substrate interaction, and 
aC 2 J becomes finite, the value of which increases with the molecule-substrate interaction. 
By adding µyrazine instead of pyridine into the electrolytic solution at the end of an elec­
trolytic cycle, we actually observed a SH signal from the adsorbed pyrazine on Ag when the 
bias voltage VAg-SCE was sufficiently negative, as shown in Fig. 5. The mAx1mum signal, 
which presumably corresponds to a monolayer of adsorbed pyrazine, is only - 4 times smaller 
than that from adsorbed pyridine. This means that aC 2 l for adsorbed pyrazine on Ag is only 
2 times less than a< 2 l for adsorbed pyridine. The larger value of n< 2 J for the adsorbed 
molecules must result from the molecule-silver interaction. 

Study of molecular adsorption on an electrode in an electrolytic cell is interesting 
and important 1n electrochemistry. Unfortunately, difficulty in characterizing a rough me­
tal surface makes the problem very difficult to analyze. The problem that is mo~t intePest­
ing in surface 3C1cnce nowadays is on spectrosco~t of adsorbates on smooth surfaces. Vari­
ous methods have been invented for this purpose. One can use, for example, electron loss 
spectroscopy to study adsorbed molecules. It has tremendous sensitivity, but the resolution 
is limited to - io- 2 eV. If optical spectroscopic methods can be used, one could have a re­
solution better than l0- 6 eV. We therefore ask whether it is possible to do nonlinear opti­
cal spectroscopy on molecules adsorbed on a smooth surface. Since there is no surface lo­
cal-field enhancement on a smooth surface, the nonlinear optical signal is weak. Yet, ac­
cording to our earlier estimate following Eq. (6), SH(] from a smooth monolayer should still 
be observable, and therfore, we believe that monolayer spectroscopy by a second-order non­
linear process is rossible. (Monolayer spectroscopy by the stimulated Raman gain technique 
has already been demonstrated by Heritage et al. 9 ) 

We have recently tried out SH spectroscopy on dye adsorbates on a smooth fused quartz . 
plate.• Dye molecules were deposited on tne substrate with a surface density of - 5 • 10' 1 

molecules/cm 2 • A dye laser pumped by a doubled Nd:YAG laser was directed onto the surface 
with a 45° angle of incidence. Its frequency was tuned so that the SH frequency would scan 
over the S 0 ~ S 2 electronic transition of the molecules (see Fig. 6). The resonant spectrum 
of SHCl was then recorded. Two different dye molecules, Rhodamine 6G and Rhodamine 110, were 
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used in the experiment. The results are shown in Fig. 7. The resonant peak corresponding 
to the So ~ S 2 transition is very pronounced. The peak shift resulting from the difference 
in tl1e structures of the two dye molecules ls clearly resolved. This preliminary success on 
the dye molecules points to the possibility of extending the SH spectroscopy to the sum-fre­
quency spectroscopy. With w1 tunable in the infrared and w2 fixed in the visible, it is 
then possible to carry out vibrational spectroscopy on adsorbed molecules. If successful, 
the l1l~h-resolution and time-resolved capability of the nonlinear optical technique could 
have r·evolutionary effects on the future of surface science research. 

Aside from the spectroscopic information, SHG from the adsorbates can also yield infor­
mation about the molecular orientation on the surface through its polarization dependence. 
In the present case of dye molecules, we found that the SH output was p-polarized for a la­
ser input either s- or p-polartzed. This implies that the molecular arrangement should have 
reflection symmetry about the i-z and 9-z planes, where we denote the surface plane to be 
th7 ~-y plane. The9, the only n~nvanishing elements of the surface susceptibility tensor 
sxlj' are sx,fl, 5 xl~l. and sx{f,, We also found that the output remained unchanged when 
the sample was rotated about the z-axis. This immediately suggests that the molecular a1·­
rangement is isotropic in the surface plane. 

Prom the microscopic point of view, the dye molecule has a reflection symmetry about a 
vertical plane uymmetrically dividing the molecule. It is known that the <So I anu <S2I 
states are even with respect to reflection about this symmetry plane, while <S 1 I is odd. 1 s 
Therefore, with x', y', and z' defined ln Fl~. 6, we see that the nonvanishing matrix ele­
ments are <S 0 Ix' IS 1>, <S 1 Ix' IS2>, and <Solz' JS2>. If <S1 I is the dominant intermediate 
state in the two-photon transition from <~o I to <S2J, then the only nonvanishing component 
of the second-order polarizab111ty is a~~x'x' a: <So z 1 IS2><S2lx'IS1><S1lx'IS0>. From 
a'~~'x', if the molecular orientation on ihe surface is known, we can calculate sx{i~· Ex­
perimentally, the ratio of the SH signals with p-polarized excitation and with s-polarized 
excitation can be measured. This ratio is given by 

1sx(2) + sx(2)l2 
r = zzz zxx 

21 (2)12 
Xzyy 

( 8) 

The measured ratio was - 2, which cannot be explained by eith~r the x' or the z' axis of the 
molecules lying in the surface plane, but is consistent with y' lying in the surface plane. 
This result leads to the conclusion that the dye molecules do not lie flat on the surface, 
but are standing up with the molecular plane perpendicular to the surface plane. 

In summary, we have shown that nonlinear optical effects can be greatly enhanced on a 
rough noble metal surface because of the large local-field enhancement. The surface en­
hancement makes the detection of adsorbed molecular monolayers by SHG very simple. In gen­
eral, SHG can be used to study molecular adsorption and desorption at a solid-liquid inter­
face, ln particular, at the electrode-electrolyte interface in an electrolytic cell. Mono­
layer Hpectroscopy usln~ nonlinear optical techniques is also found to be possible, and may 
bL~come a11 important tool for surface science study. 
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