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Determination of surface complex nonlinear optical susceptibilities and molecular orientational
distribution functions using resonant surface second-harmonic generation
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Using the resonant optical surface second-harmonic generédid®), we have determined the relative
values of the complex nonlinear opti¢hlLO) componentsX,,,, xzxx,» @Ndxyy,) at isotropic interfacesq..,)
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
(ODF9 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 @6 played when determining ODFs.
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PACS numbses): 68.45-v, 61.30-v, 64.70—p, 42.65.Ky

I. INTRODUCTION tion does not allow one to obtain all of the complex NLO
coefficients without assuming the Kleinmann symmetry un-

It is well known that molecular ordering at a surface or ander resonant conditions because the number of SHG data sets
interface may be significantly different from that in the bulk. is restricted by the four combinations of polarization states
The molecular surface ordering is a problem not only offor the polarizer and the analyzer. Thus, to analyze the SHG
fundamental interest, but also of practical importance foresults, one usually assumes the real-valued NLO coeffi-
fabricating organic devices such as liquid crystaC) dis-  cients and the validity of the Kleinmann symmetry even un-
plays[1-14). In the past few years, many kinds of optical der resonance conditions. Because of these assumptions, the

methods have been proposed in order to obtain informatiofi®lecular ODF deduced from the NLO coefficients is not

: fully reliable.
about molecular ordering at surfacg%-5]. Among them,
optical second-harmonic generati®HG) has proved to be Recently, the quarter wave plat€QWP-sample-

a sensitive tool for studying the polar arrangement of ad_analyzer configurations have been suggested for the study of

chiral [19,20 and nonchira[21] surfaces. These configura-
sorbed molecular layefs—14. Up to now, the surface SHG tions show a possibility to obtain the complex NLO coeffi-

measurement has been widely applied to various kinds o ients, although the direct application of its theoretical analy-

organic systems such as LC molecules on alignment layet§s 14 nonchiral surfaces is not suitable to obtain the direct
[9-11,13,14 polymer monolayerq15], and spin-coated i tormation about the surfaces such as the ratio of the imagi-

films of polymer possessing SHG active side c:h_ainsnary part and real part of the NLO coefficients.

[12,13,16,1T. In these SHG measurements, the polarizer- | this study, to overcome these restrictions, we propose a

sample-analyzer configuration has been usually used to O*E)Dlarizer—rotating QWP-sample geometry—analyzer con-

tain the surface nonlinear optic@NLO) coefficients. With  figuration. It is demonstrated that one can determine the rela-

these NLO coefficients, one could deduce the molecular oritive values of all the complex NLO coefficients of interfaces

entational distribution function€@ODFs at surfaces or inter- with C,,, symmetry without assuming the Kleinmann sym-

faces[9-18§|. metry under resonance conditions. Together with the com-
Until now, most surface SHG has been measured undgslex NLO coefficients, the molecular ODFs at the interfaces

optical resonance conditions because the generated signaére also obtained using the modified maximum entropy

level is too low to detect it at the off-resonance conditionmethod.

[5—17]. Two serious problems arise in the theoretical analy-

sis for the surface SHG results under a resonant condition. Il. THEORETICAL BACKGROUND

The first is the contribution of imaginary parts of NLO co-

efficients to the SHG intensity and the second is the invalid- The surface SHG signal is proportional to the square of

ity of the Kleinmann symmetry for the NLO coefficients. If the effective second-order surface NLO susceptibij{§}

these problems are taken into account, the number of uri5—8]. For the case of azimuthally isotropic surfaces,

known NLO coefficients increases. Hence one needs indesymmetry, there are three independent nonvanishing NLO

pendent sets of experimental data sufficient to obtain theomponents, i.€.x,,7 Xzxx» @Nd xxxz- IN Most of the pa-

values of NLO coefficients. However, the theoretical analy-pers,y,«, Was assumed to be equalxq,, (Kleinmann sym-

sis using the traditional polarizer-sample-analyzer configurametry) and moreover the imaginary part of these two inde-
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pendent componentsy{,, and x,,,) was neglected. In the polarizer /4 plate sample analyzer
present paper the three complex components are treated in Eo) Qo)
dependently. Then the surface SHG signals are described by
the three complex NLO coefficients under resonant condi- > H Ref. Tran.
tions. i

Let us consider the polarizer—rotating QWP—optical s

sample geometrgreflection and transmissidranalyzer con- analyzer
figuration, which is shown in Fig.(&). The rotating QWP EQo)

was used to continuously vary the relative phase and ampli-
tude of the electric field components of a fundamental beam.
The rotating angle of the QWP is defined by the angle
between the fast axis of the QWP and tipolarized direc-
tion. When the polarization direction of the polarizer is set to
p polarization, the unit vector of the electric field for the
incident fundamental beam at the SHG active layer after
passing through the QWP is given byi dos®
+sirfd)cosd,, (i cogd+sirtd)sing,, and (1
—i)cos® sin®, where#,, and 6,,; are the angles of refrac-
tion at the layer for the propagating fundamental and SHG (b)

waves, respectively. When the polarization direction of the

polarizer is set tes polarization, the unit vector of the fun-  FIG. 1. (8 Configuration of polarizer—quarter wave plate—
damental electric field after the QWP is given by (1 Sample—analyzerb) Four kinds of sample geometrie¢A) air-
—i)cos® sin® cosé,,, co2d+i sirkd, and (1 reflection, (B) alr_-tra_msmlssnon,(C) substrate-reflection, an(D)

—i cos®sin®sing,). If the surface second harmonic Substrate-transmission.

(SH) beam propagates to the reflected directions, then the

unit vectors of the SHG electric field are written thespolarization. Thus we can obtain the eight combinations
(—coSby, 0, sind,,y) for thep polarization and0, 1, 0 for  of the effective NLO susceptibilities for the polariz@r or
the s polarization. On the other hand, for the transmitted SHs)—-QWP—sample(r for reflection ort for transmissioj—
beam, the unit vectors of the electric field are given byanalyzer(p or s) configuration. The eight effective NLO sus-
(cos by, 0, sind,,y) for the p polarization and0, 1, 0 for  ceptibilities can be written

@

XS orp= —2L(20) 4L (@)L (@) xxxAi COSD + SInPD)2C0S 0),SiN 6,08 Ooyet L(200) L (@) 5x7xdi COSD
+SirPd) 200 0j,SiN Oout L(20),L(0)2x,,4i coSD + sirPd)?sir? 6,,sin Oy,
—2iL(20),L(0)5x 508D SirPD sin oy, (1)
XS prs= 2L(0)yL(0),L(20),(1=1) xxxAi COSD +sirPd)cosd sin ® sin 6;,, 2
XS ptp= 2L (20) L (@)L (@) xxxAi COSD + SirPD)2SiN 6,COS 0inCOS ot L(20) (@) ox 751 COSD
+sirP®)2c0S 0j,SiN oyt L(20),L(0)2x,,4i coSD + sirPd)?sir? 6;,sin O,
—2IL(20),L(0)5x ;50D SInPP sin Oy, (3
XS ots= 2L(0)yL(0),L.(20)y(1 =) xyxd i COSD +sirPD)cosd sin d sin 6;,, (4)

XS srp= 4L (20)4L(0)4L(0) xxxLOFP SIPD COS 0SiN 6;,C0S Ooy— 2iL (20) ,L(0) 2x5,COSP SIPD COS 0),SiN Go
+L(20),L (@) x7xd COSD +i SirPP)?sin G 2iL (20),L(0)2x,,£0FD SINPD SiP6i,Sin oy, (5)

XA srs=2L(20),L(0),L(0),(1—i) xxxACOsD?+i sin d?)cosd sin ® sin 6;,, (6)

XS stp= — 4L (20),L(0)4L(0) XxxLOFD SIPD COS GySiN GinCOS Ooy— 2iL (20) L () 2x 14, COSP SiPD COS GirSiN oy
+L(20),L(0)5x2xd COSP +i SINPP)?SiN Gy 2iL (20) L (0)2 ), £0SD SIPD SiP6i,Sin Oy, 7)

XA sts= 2L (20)yL(@)yL (@) (1—1) xxxA COSP +i sirPP)cos® sin @ sin 6, (8)
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whereL(Q);’s (i=X, y, andz) are the local field factors at a larization state of the fundamental beam was controlled by
frequency of() and generally depend on optical geometries.rotating a QWP after selecting theor s polarization of the
Equations2) and(4) and Eqs(6) and(8) are equivalent. As incident beam. The reflected or transmitted SHG outp66
shown in the above equatior;gfffg’s strongly depend on the nm) was selected using an interference filter for bptnds
angled. Therefore, measuring the surface SHG intensities apolarizations.
a function ofd for the different polarizer combinations and ~ The polymer used in this experiment was polyimi¢hs)
fitting the obtained SHG data to the above correspondingvith cyanobiphenyl-substituted side chains, which give rise
expressions ofngg with appropriate Fresnel factors allow t0 second-order nonlinear activity, whose structure and opti-
one to calculate the three complex NLO coefficients. cal properties are shown in Refd6,17]. The optical absorp-
Usually NLO coefficients and molecular ODFs are de-tion peak of the PI film was observed at 288 nm. For the PI
duced by separate theoretical fitting procedures, i.e., first thelm spin coated on a fused quartz substrate, the bulk poly-
NLO coefficients were determined by the SHG results andner film does not generate a SH signal because of the ran-
the ODFs were deduced using these NLO coefficients. In thigdom orientation of the side chains. However, the side chains
study, we combined the two fitting processes to obtain NLOAt the air-Pl and substrate-Pl interfaces can generate a SH
coefficients and ODFs at the same time because the two préignal because of their polar orientatiofi$,17. Thus the
cesses are mutually correlated through the dielectric corfilm sample can be described as a system consisting of the
stants in SHG active layers. For the purpose, the local fiel®HG active air-Pl interface, the SHG inactive bulk film, and
corrections for the active layer were made by considering théhe SHG active substrate-Pl interface. To distinguish the
dielectric constants, which were deduced by taking into acSHG signals from the two interfaces, we prepared thick
count the ODF of the SHG active side chajig]. Further- (about 740 nmPI films whose optical density was more than
more, an additional constraint function was introduced to ge8 at the SHG wavelengtt266 nm). The high optical density
rid of the lack of information on the axial nonpolar ordering €nsures that the SHG light from the rear interface with re-
when using the maximum entropy method to determineSPect to the detector is completely absorbed during the
ODFs, i.e., the modified maximum entropy methfB].  Propagation in the bl_JkalIm and cannot be det_ected.Thus the
These two pieces of the improvement in determining ODFsSHG from the two interfaces can be selectively observed.
have already been combined to obtain the anisotropic dieled=0r the study of the air-PI interface, we used the air-
tric constants, the NLO constants, and the ODFs of the SHdeflection(A) and air-transmissiofB) sample geometries, as
active layers, although the effect of the imaginary part of thesShown in Fig. 1b). For the study of the substrate-Pl inter-
NLO coefficients and the invalidity of the Kleinmann sym- face, we used the substrate-reflectid®) and substrate-
metry were not taken into accouf2]. In our fitting proce- ~ transmission(D) sample geometries.
dure, seven constraint functions were used:

f1(0,¢)=cose, IV. RESULTS AND DISCUSSION

Now we describe the surface SHG results for the polymer
film. Figures 2a) and 2b) show the SHG intensity profiles
as a function ofb for the eight configurations from the air-PlI
and substrate-PI interfaces, respectively. The four-letter la-

) bels of data in the figure such ap&rp” represents the po-
larization state of the polarizép or s), the interfaced me-

f2(0,¢)=sin’0 cos ¢,
f3(0,¢)=(cos #—cosh)(1—cose),

f4(0, )= (cos §—cos 0)coS ¢,

—ain A i dium [a for air or g for glass(fused quartg substraté the
f5(68.4)=(sin 6—sir)cos ¢, optical geometry(r for reflection ort for transmissiop and
f —sirP -~ the polarization state pf the fanalyz(qar ors). As shown _in _
o( 6, ¢)=sin’¢(cos —cos'g), Fig. 2, the SHG intensity profiles show the characteristic line
£(6,¢)=(3 cofo—1)/2. shapes. It is noted that the SHG intensities from the

substrate-PI interface are smaller than those from the air-PlI
Heref,, fs, andfq are zero inC.., symmetry and, is the  interface. In order to determine the valuesygf,, x,xx, and
additional constraint to introduce the information of axial Xxx Of each interface, we fitted the obtained SHG results to
nonpolar order parameter for the maximum entropy methodhe theoretical expressions using the fitting procedure men-
[18]. For the fitting four undetermined multipliers; (i tioned above for each interface. In this fitting procedure, the
=1,3,4,7) were used as fitting parameters for the experimeritting routines for the air-PIFig. 2a)] and substrate-RFig.

tal SHG data with Eqs(1)—(8). As the result, we obtain the 2(b)] interfaces were combined to obtain NLO coefficients
anisotropic dielectric constants, all the compjg, and the and ODFs at each interface simultaneously because the SHG

ODFs of the SHG active layers. results of each interface are mutually affected by the other
interface in terms of the dielectric constants and the bound-
Ill. EXPERIMENTAL PROCEDURE ary conditions for transmission and reflection of the funda-

mental and SHG fields. Only relative values of the coeffi-
The SHG signals were generated using the frequencyeients need to be known and so we normalizexRg& 1 for
doubled output at a wavelength of 532 nm oRQaswitched the air-Pl interface. From the best fit, we could obtain the
Nd:YAG pulsed lasefwhere YAG denotes yttrium alumi- theoretical SHG intensity profiles, as shown in Fig(slid
num garnet The incident fundamental beam was directedcurves. It is clear that the theoretical SHG intensity profiles
onto the sample at an incidence angle of 483)( The po- fit very well with the experimental results within the experi-
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FIG. 2. (a) SHG intensitiegcircles from the air-Pl interface as a function df using theA and B geometries(b) SHG intensities
(circles from the substrate-PI interface as a functiordofising theC andD geometries. The best-fit results are shown by solid curves.

mental errors. The obtained ratios of the complex NLO co-betweend=90° and 180° in the distributiofi, is approxi-
efficients arex,,, xzxx: Xxxz= 1.00+10.13:0.11+i0.01:0.12  mately 46.0%, while that in the distributidy is zero. At this
+i0.02 for the air-PI interface ang,,, xzxx: Xxxz=23-84 moment, we cannot define the directional sense, namely,
+i3.03:2.53+10.33:2.84+i10.36 for the substrate-PI inter- whetherd=0° is defined toward the outside of the polymer
face. According to this fitted result, the imaginary parts offilm or toward the inside of the polymer film. For the deter-
the NLO coefficients are approximately 13% apd,, is
slightly larger thany,., by 12%. In the present treatment, the
standard deviation for the best fitting was 7x980 3, while
that without considering the imaginary part was 8.79
X 10 2. This indicates the importance of considering the

0.25

imaginary part. 0.20
Next we describe the surface ODFs of the SHG active

side chains at both interfaces of the polymer film. It was 0.15

assumed that the side chain is a rodlike molecule whose s

second-order hyperpolarizability is dominated by a single el- h

ement B, along the molecular long axig§ [5-8]. In the 0.10

calculation of ODFs, we used the obtained ratiogf,/ x ,xx

because of the small difference betwegh, and yyy,. With 0.05

the ratios of NLO coefficients for the two interfaces, we

obtained the ODF§, andf of the side chains at the air-side 0.00

and the substrate-side active layers, respectively. The distri-
butionsf, andf 4 are plotted in Fig. 3 as a function éfsince
they are isotropic with respect to the azimuth angleThe
distribution f, exhibits two broad peaks for the ti(polar FIG. 3. Orientation distribution functions of the side chains: the
angleg at =0° and 180°, while the distributiofy, exhibits  distribution f, at the air-PI interface and the distributidy at the
only one broad peak at=0°. The proportion of molecules PI-substrate interface.

0 30 60 90 120 150 180
0 (degrees)
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mination, SHG interferometry measurements are necessary. V. CONCLUSIONS
In order to estimate the ordering of the side chain at the

interface, we calculated the surface order paramétarsé) In summary, the measurements of the surface SHG using

and (co£6), which correspond to the polar and axial Orderthe polarizer—QWP—-sample—analyzer configuration together

parameters, respectively, with respect to the surface normg\f'th the analysis using the_ modified maximum _entropy
direction(2). For the distributiorf , . i.e., the air-P! interface method have led us to determine unambiguously the ratios of
. a, . .y L

: ; ; : the complex NLO coefficients and ODFs at interfaces. The
the obtainedcose) is 0.01 andcosé) is 0.54. Thus the side results for the interfaces of polymer film indicate that highly

chains at the air-P! interface are axially ordered with respeg olar surface orientation is formed at the substrate-PI inter-
oz t_hough fche polar ordering is we_ak. On the other har_'df ce. In contrast, there exist two orientations pointing away
the side chains at the substrate-PI interface take an uprig om the polymer and toward inside of the polymer at the
pasition due to the strong polar interaction between the Sld‘{aiir-PI interface, resulting in less polar orientation. These ori-

icshglg(?r;(rj]&hceozzuet))ir%tzllzcgr:)hrﬁ fﬁfsctﬁe;ilslgaeg?&eeﬂé ur- entations have not been obtained under the assumption of
: e P Kleinmann symmetry, indicating the serious influence of the

facbe t?rctierpﬁ)?rr]?n:fters, rlt |fnclrearr1ithﬁt thel s:dengha;ri]s”at tr aginary part of they components under resonant condi-
Zu Sd ?he_ th € affha e Pci 'et gf y polar and axially ofy;qng i determining the ODF. Both the optical technique and
ered than Inose at the air-ri intertace. the theoretical analysis for this configuration can be easily

Finally, we want. to comment on the hypgrpolarlzabll|ty generalized to the study of various organic surfaces and in-
Bege C.)f.the S|d_e—cha|n molecules. From the ratios of the NLOy t5 005 such as LC molecules on the alignment layer, poly-
coefficients with the order parameters calculated from th%er interfaces, and Langmuir-Blodgett films

molecular ODFs, we could deduce that the ratio of
IM(Beze):ReB) is 0.13. The ratio obtained froi@.., sym-

metry could be used to analyze the more complicated sys-
tems, for example, th€,, symmetry system such as the B.P. was supported by the Korea Science & Engineering
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