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Determination of surface complex nonlinear optical susceptibilities and molecular orientational
distribution functions using resonant surface second-harmonic generation

Byoungchoo Park, Jeong-Geun Yoo, Takahiro Sakai, Hajime Hoshi, Ken Ishikawa, and Hideo Takezoe
Department of Organic and Polymeric Materials, Tokyo Institute of Technology, O-okayama, Meguro-ku, Tokyo 152-5882, Ja

~Received 27 April 1998!

Using the resonant optical surface second-harmonic generation~SHG!, we have determined the relative
values of the complex nonlinear optical~NLO! components (xzzz, xzxx, andxxxz! at isotropic interfaces (C`v)
of a polymer with SHG active side chains. The introduced configuration of the SHG experiment was a
polarizer–rotating quarter wave plate–sample–analyzer. It was shown that this configuration gives information
on complex NLO coefficients without using the Kleinmann symmetry. For the experiments, we measured
resonant surface SHG from the air-polymer and the substrate-polymer interfaces of a thick polymer film. By
theoretically fitting the SHG data, we unambiguously determined the nonlinear susceptibility components at
the both interfaces of the polymer film. Moreover, unbiased molecular orientational distribution functions
~ODFs! at both interfaces were also determined using the modified maximum entropy method. The obtained
ODFs were found to be quite different from the previous ones obtained by assuming the Kleinmann symmetry,
indicating the important role of the imaginary part ofx’s played when determining ODFs.
@S1063-651X~98!02210-7#

PACS number~s!: 68.45.2v, 61.30.2v, 64.70.2p, 42.65.Ky
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I. INTRODUCTION

It is well known that molecular ordering at a surface or
interface may be significantly different from that in the bu
The molecular surface ordering is a problem not only
fundamental interest, but also of practical importance
fabricating organic devices such as liquid crystal~LC! dis-
plays @1–14#. In the past few years, many kinds of optic
methods have been proposed in order to obtain informa
about molecular ordering at surfaces@3–5#. Among them,
optical second-harmonic generation~SHG! has proved to be
a sensitive tool for studying the polar arrangement of
sorbed molecular layers@5–14#. Up to now, the surface SHG
measurement has been widely applied to various kinds
organic systems such as LC molecules on alignment la
@9–11,13,14#, polymer monolayers@15#, and spin-coated
films of polymer possessing SHG active side cha
@12,13,16,17#. In these SHG measurements, the polariz
sample-analyzer configuration has been usually used to
tain the surface nonlinear optical~NLO! coefficients. With
these NLO coefficients, one could deduce the molecular
entational distribution functions~ODFs! at surfaces or inter-
faces@9–18#.

Until now, most surface SHG has been measured un
optical resonance conditions because the generated s
level is too low to detect it at the off-resonance conditi
@5–17#. Two serious problems arise in the theoretical ana
sis for the surface SHG results under a resonant condit
The first is the contribution of imaginary parts of NLO c
efficients to the SHG intensity and the second is the inva
ity of the Kleinmann symmetry for the NLO coefficients.
these problems are taken into account, the number of
known NLO coefficients increases. Hence one needs in
pendent sets of experimental data sufficient to obtain
values of NLO coefficients. However, the theoretical ana
sis using the traditional polarizer-sample-analyzer configu
PRE 581063-651X/98/58~4!/4624~5!/$15.00
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tion does not allow one to obtain all of the complex NL
coefficients without assuming the Kleinmann symmetry u
der resonant conditions because the number of SHG data
is restricted by the four combinations of polarization sta
for the polarizer and the analyzer. Thus, to analyze the S
results, one usually assumes the real-valued NLO coe
cients and the validity of the Kleinmann symmetry even u
der resonance conditions. Because of these assumptions
molecular ODF deduced from the NLO coefficients is n
fully reliable.

Recently, the quarter wave plate~QWP!–sample–
analyzer configurations have been suggested for the stud
chiral @19,20# and nonchiral@21# surfaces. These configura
tions show a possibility to obtain the complex NLO coef
cients, although the direct application of its theoretical ana
sis to nonchiral surfaces is not suitable to obtain the dir
information about the surfaces such as the ratio of the im
nary part and real part of the NLO coefficients.

In this study, to overcome these restrictions, we propos
polarizer–rotating QWP–sample geometry–analyzer c
figuration. It is demonstrated that one can determine the r
tive values of all the complex NLO coefficients of interfac
with C`v symmetry without assuming the Kleinmann sym
metry under resonance conditions. Together with the co
plex NLO coefficients, the molecular ODFs at the interfac
were also obtained using the modified maximum entro
method.

II. THEORETICAL BACKGROUND

The surface SHG signal is proportional to the square
the effective second-order surface NLO susceptibilityxeff

(2)

@5–8#. For the case of azimuthally isotropic surfaces (C`v
symmetry!, there are three independent nonvanishing N
components, i.e.,xzzz, xzxx, and xxxz. In most of the pa-
pers,xzxx was assumed to be equal toxxxz ~Kleinmann sym-
metry! and moreover the imaginary part of these two ind
4624 © 1998 The American Physical Society



d
d
d

a

p
am

to
e
fte

-
HG
th
-
(1

ic
th
n

SH
b

ns

-

–

PRE 58 4625DETERMINATION OF SURFACE COMPLEX NONLINEAR . . .
pendent components (xzzz and xzxx! was neglected. In the
present paper the three complex components are treate
dependently. Then the surface SHG signals are describe
the three complex NLO coefficients under resonant con
tions.

Let us consider the polarizer–rotating QWP–optic
sample geometry~reflection and transmission!–analyzer con-
figuration, which is shown in Fig. 1~a!. The rotating QWP
was used to continuously vary the relative phase and am
tude of the electric field components of a fundamental be
The rotating angle of the QWP is defined by the angleF
between the fast axis of the QWP and thes-polarized direc-
tion. When the polarization direction of the polarizer is set
p polarization, the unit vector of the electric field for th
incident fundamental beam at the SHG active layer a
passing through the QWP is given by (i cos2F
1sin2F)cosuin , (i cos2F1sin2F)sinuin , and (1
2 i )cosF sinF, whereu in anduout are the angles of refrac
tion at the layer for the propagating fundamental and S
waves, respectively. When the polarization direction of
polarizer is set tos polarization, the unit vector of the fun
damental electric field after the QWP is given by
2 i )cosF sinF cosuin , cos2F1i sin2F, and (1
2 i cosF sinF sin uin). If the surface second harmon
~SH! beam propagates to the reflected directions, then
unit vectors of the SHG electric field are writte
(2cosuout, 0, sinuout! for thep polarization and~0, 1, 0! for
the s polarization. On the other hand, for the transmitted
beam, the unit vectors of the electric field are given
(cosuout, 0, sinuout! for the p polarization and~0, 1, 0! for
in-
by
i-

l

li-
.

r

e

e

y

thes polarization. Thus we can obtain the eight combinatio
of the effective NLO susceptibilities for the polarizer~p or
s!–QWP–sample~r for reflection or t for transmission!–
analyzer~p or s! configuration. The eight effective NLO sus
ceptibilities can be written

FIG. 1. ~a! Configuration of polarizer–quarter wave plate
sample–analyzer.~b! Four kinds of sample geometries:~A! air-
reflection, ~B! air-transmission,~C! substrate-reflection, and~D!
substrate-transmission.
xeff,prp
~2! 522L~2v!xL~v!xL~v!zxxxz~ i cos2F1sin2F!2cosu insin u incosuout1L~2v!zL~v!x

2xzxx~ i cos2F

1sin2F!2cos2u insin uout1L~2v!zL~v!z
2xzzz~ i cos2F1sin2F!2sin2u insin uout

22iL ~2v!zL~v!y
2xzxxcos2F sin2F sin uout, ~1!

xeff,prs
~2! 52L~v!yL~v!zL~2v!y~12 i !xxxz~ i cos2F1sin2F!cosF sin F sin u in , ~2!

xeff,ptp
~2! 52L~2v!xL~v!xL~v!zxxxz~ i cos2F1sin2F!2sin u incosu incosuout1L~2v!zL~v!x

2xzxx~ i cos2F

1sin2F!2cos2u insin uout1L~2v!zL~v!z
2xzzz~ i cos2F1sin2F!2sin2u insin uout

22iL ~2v!zL~v!y
2xzxxcos2F sin2F sin uout, ~3!

xeff,pts
~2! 52L~v!yL~v!zL~2v!y~12 i !xxxz~ i cos2F1sin2F!cosF sin F sin u in , ~4!

xeff,srp
~2! 54iL ~2v!xL~v!xL~v!zxxxzcos2F sin2F cosu insin u incosuout22iL ~2v!zL~v!x

2xzxxcos2F sin2F cos2u insin uout

1L~2v!zL~v!y
2xzxx~cos2F1 i sin2F!2sin uout22iL ~2v!zL~v!z

2xzzzcos2F sin2F sin2u insin uout, ~5!

xeff,srs
~2! 52L~2v!yL~v!yL~v!z~12 i !xxxz~cosF21 i sin F2!cosF sin F sin u in , ~6!

xeff,stp
~2! 524iL ~2v!xL~v!xL~v!zxxxzcos2F sin2F cosu insin u incosuout22iL ~2v!zL~v!x

2xzxxcos2F sin2F cos2u insin uout

1L~2v!zL~v!y
2xzxx~cos2F1 i sin2F!2sin uout22iL ~2v!zL~v!z

2xzzzcos2F sin2F sin2u insin uout, ~7!

xeff,sts
~2! 52L~2v!yL~v!yL~v!z~12 i !xxxz~cos2F1 i sin2F!cosF sin F sin u in , ~8!
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whereL(V) i ’s ( i 5x, y, andz! are the local field factors at
frequency ofV and generally depend on optical geometri
Equations~2! and~4! and Eqs.~6! and~8! are equivalent. As
shown in the above equations,xeff

(2)’s strongly depend on the
angleF. Therefore, measuring the surface SHG intensities
a function ofF for the different polarizer combinations an
fitting the obtained SHG data to the above correspond
expressions ofxeff

(2) with appropriate Fresnel factors allo
one to calculate the three complex NLO coefficients.

Usually NLO coefficients and molecular ODFs are d
duced by separate theoretical fitting procedures, i.e., first
NLO coefficients were determined by the SHG results a
the ODFs were deduced using these NLO coefficients. In
study, we combined the two fitting processes to obtain N
coefficients and ODFs at the same time because the two
cesses are mutually correlated through the dielectric c
stants in SHG active layers. For the purpose, the local fi
corrections for the active layer were made by considering
dielectric constants, which were deduced by taking into
count the ODF of the SHG active side chains@17#. Further-
more, an additional constraint function was introduced to
rid of the lack of information on the axial nonpolar orderin
when using the maximum entropy method to determ
ODFs, i.e., the modified maximum entropy method@18#.
These two pieces of the improvement in determining OD
have already been combined to obtain the anisotropic die
tric constants, the NLO constants, and the ODFs of the S
active layers, although the effect of the imaginary part of
NLO coefficients and the invalidity of the Kleinmann sym
metry were not taken into account@22#. In our fitting proce-
dure, seven constraint functions were used:

f 1~u,f!5cos3u,

f 2~u,f!5sin3u cos3f,

f 3~u,f!5~cosu2cos3u!~12cos2f!,

f 4~u,f!5~cosu2cos3u!cos2f, ~9!

f 5~u,f!5~sin u2sin3u!cosf,

f 6~u,f!5sin3u~cosf2cos3f!,

f 7~u,f!5~3 cos2u21!/2.

Here f 2 , f 5 , and f 6 are zero inC`v symmetry andf 7 is the
additional constraint to introduce the information of ax
nonpolar order parameter for the maximum entropy met
@18#. For the fitting four undetermined multipliersl i ( i
51,3,4,7) were used as fitting parameters for the experim
tal SHG data with Eqs.~1!–~8!. As the result, we obtain the
anisotropic dielectric constants, all the complexx i jk , and the
ODFs of the SHG active layers.

III. EXPERIMENTAL PROCEDURE

The SHG signals were generated using the frequen
doubled output at a wavelength of 532 nm of aQ-switched
Nd:YAG pulsed laser~where YAG denotes yttrium alumi
num garnet!. The incident fundamental beam was direct
onto the sample at an incidence angle of 45° (u0). The po-
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larization state of the fundamental beam was controlled
rotating a QWP after selecting thep or s polarization of the
incident beam. The reflected or transmitted SHG output~266
nm! was selected using an interference filter for bothp ands
polarizations.

The polymer used in this experiment was polyimide~PI!
with cyanobiphenyl-substituted side chains, which give r
to second-order nonlinear activity, whose structure and o
cal properties are shown in Refs.@16,17#. The optical absorp-
tion peak of the PI film was observed at 288 nm. For the
film spin coated on a fused quartz substrate, the bulk po
mer film does not generate a SH signal because of the
dom orientation of the side chains. However, the side cha
at the air-PI and substrate-PI interfaces can generate a
signal because of their polar orientations@16,17#. Thus the
film sample can be described as a system consisting of
SHG active air-PI interface, the SHG inactive bulk film, a
the SHG active substrate-PI interface. To distinguish
SHG signals from the two interfaces, we prepared th
~about 740 nm! PI films whose optical density was more tha
3 at the SHG wavelength~266 nm!. The high optical density
ensures that the SHG light from the rear interface with
spect to the detector is completely absorbed during
propagation in the bulk film and cannot be detected. Thus
SHG from the two interfaces can be selectively observ
For the study of the air-PI interface, we used the a
reflection~A! and air-transmission~B! sample geometries, a
shown in Fig. 1~b!. For the study of the substrate-PI inte
face, we used the substrate-reflection~C! and substrate-
transmission~D! sample geometries.

IV. RESULTS AND DISCUSSION

Now we describe the surface SHG results for the polym
film. Figures 2~a! and 2~b! show the SHG intensity profiles
as a function ofF for the eight configurations from the air-P
and substrate-PI interfaces, respectively. The four-letter
bels of data in the figure such as ‘‘parp’’ represents the po-
larization state of the polarizer~p or s!, the interfaced me-
dium @a for air or g for glass~fused quartz! substrate#, the
optical geometry~r for reflection ort for transmission!, and
the polarization state of the analyzer~p or s!. As shown in
Fig. 2, the SHG intensity profiles show the characteristic l
shapes. It is noted that the SHG intensities from
substrate-PI interface are smaller than those from the ai
interface. In order to determine the values ofxzzz, xzxx, and
xxxz of each interface, we fitted the obtained SHG results
the theoretical expressions using the fitting procedure m
tioned above for each interface. In this fitting procedure,
fitting routines for the air-PI@Fig. 2~a!# and substrate-PI@Fig.
2~b!# interfaces were combined to obtain NLO coefficien
and ODFs at each interface simultaneously because the
results of each interface are mutually affected by the ot
interface in terms of the dielectric constants and the bou
ary conditions for transmission and reflection of the fund
mental and SHG fields. Only relative values of the coe
cients need to be known and so we normalize Re(xzzz)51 for
the air-PI interface. From the best fit, we could obtain t
theoretical SHG intensity profiles, as shown in Fig. 2~solid
curves!. It is clear that the theoretical SHG intensity profile
fit very well with the experimental results within the expe
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FIG. 2. ~a! SHG intensities~circles! from the air-PI interface as a function ofF using theA and B geometries.~b! SHG intensities
~circles! from the substrate-PI interface as a function ofF using theC andD geometries. The best-fit results are shown by solid curve
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mental errors. The obtained ratios of the complex NLO
efficients arexzzz:xzxx:xxxz51.001 i0.13:0.111 i0.01:0.12
1 i0.02 for the air-PI interface andxzzz:xzxx:xxxz523.84
1 i3.03:2.531 i0.33:2.841 i0.36 for the substrate-PI inter
face. According to this fitted result, the imaginary parts
the NLO coefficients are approximately 13% andxxxz is
slightly larger thanxzxx by 12%. In the present treatment, th
standard deviation for the best fitting was 7.9531023, while
that without considering the imaginary part was 8.
31022. This indicates the importance of considering t
imaginary part.

Next we describe the surface ODFs of the SHG act
side chains at both interfaces of the polymer film. It w
assumed that the side chain is a rodlike molecule wh
second-order hyperpolarizability is dominated by a single
ementbjjj along the molecular long axisj @5–8#. In the
calculation of ODFs, we used the obtained ratio ofxzzz/xzxx
because of the small difference betweenxzxx andxxxz. With
the ratios of NLO coefficients for the two interfaces, w
obtained the ODFsf a and f g of the side chains at the air-sid
and the substrate-side active layers, respectively. The d
butionsf a and f g are plotted in Fig. 3 as a function ofu since
they are isotropic with respect to the azimuth anglef. The
distribution f a exhibits two broad peaks for the tilt~polar!
angleu at u50° and 180°, while the distributionf g exhibits
only one broad peak atu50°. The proportion of molecules
-

f

e
s
e

l-

ri-

betweenu590° and 180° in the distributionf a is approxi-
mately 46.0%, while that in the distributionf g is zero. At this
moment, we cannot define the directional sense, nam
whetheru50° is defined toward the outside of the polym
film or toward the inside of the polymer film. For the dete

FIG. 3. Orientation distribution functions of the side chains: t
distribution f a at the air-PI interface and the distributionf g at the
PI-substrate interface.
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mination, SHG interferometry measurements are necess
In order to estimate the ordering of the side chain at
interface, we calculated the surface order parameters^cosu&
and ^cos2u&, which correspond to the polar and axial ord
parameters, respectively, with respect to the surface no
direction~z!. For the distributionf a , i.e., the air-PI interface
the obtained̂cosu& is 0.01 and̂ cos2u& is 0.54. Thus the side
chains at the air-PI interface are axially ordered with resp
to z, though the polar ordering is weak. On the other ha
the side chains at the substrate-PI interface take an up
position due to the strong polar interaction between the s
chain and the substrate. For the substrate-PI interface,^cosu&
is 0.90 and̂ cos2u& is 0.81. From the comparison of the su
face order parameters, it is clear that the side chains at
substrate-PI interface are more highly polar and axially
dered than those at the air-PI interface.

Finally, we want to comment on the hyperpolarizabili
bjjj of the side-chain molecules. From the ratios of the NL
coefficients with the order parameters calculated from
molecular ODFs, we could deduce that the ratio
Im(bjjj):Re(bjjj) is 0.13. The ratio obtained fromC`v sym-
metry could be used to analyze the more complicated
tems, for example, theC1v symmetry system such as th
rubbed surface of the LC alignment layer.
ce
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V. CONCLUSIONS

In summary, the measurements of the surface SHG u
the polarizer–QWP–sample–analyzer configuration toge
with the analysis using the modified maximum entro
method have led us to determine unambiguously the ratio
the complex NLO coefficients and ODFs at interfaces. T
results for the interfaces of polymer film indicate that high
polar surface orientation is formed at the substrate-PI in
face. In contrast, there exist two orientations pointing aw
from the polymer and toward inside of the polymer at t
air-PI interface, resulting in less polar orientation. These o
entations have not been obtained under the assumptio
Kleinmann symmetry, indicating the serious influence of t
imaginary part of thex components under resonant cond
tions in determining the ODF. Both the optical technique a
the theoretical analysis for this configuration can be ea
generalized to the study of various organic surfaces and
terfaces such as LC molecules on the alignment layer, p
mer interfaces, and Langmuir-Blodgett films.
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