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Advantages of polarized two-beam second-harmonic generation in precise
characterization of thin films
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Polarized second-harmonic generation using two fundamental beams, instead of one, offers
significant advantages for characterizing nonlinear optical thin films. The technique is more precise
and allows the internal consistency of the results to be verified. The superiority of the two-beam
arrangement over the traditional single-beam arrangement is demonstrated by determining the
susceptibility tensors of Langmuir—Blodgett films. We show that, for a well-understood reference
sample, the results obtained using two fundamental beams agree qualitatively with those obtained
with a single fundamental beam, but are more precise. In a more complicated situation, however, the
single-beam technique appears to work well but yields results that are, in fact, incorrect. The
two-beam technique, instead, yields clearly inconsistent results, thereby highlighting systematic
errors in the experimental arrangement or in the theoretical model used to interpret the results.
© 2004 American Institute of Physic§DOI: 10.1063/1.1710858

I. INTRODUCTION tion on the electronic and vibrational states of the system.
On the other hand, studies aiming at a precise determination
Second-order nonlinear optical processes, such asf the susceptibility tensofe.g., for studies of molecular
second-harmonic generati¢8HG) and sum-frequency gen- orientation have generally been performed using SH&’
eration (SFG), are dipole forbidden in bulk media with in- SFG experiments involve two separate light sources and,
version symmetry but allowed wherever the symmetry istherefore, are naturally conducted using a geometry in which
broken! SHG and SFG are therefore attractive methods tahe two input beams are directed onto the sample at different
study surfaces, interfaces, and thin filffsThe key quantity angles. Such noncollinear arrangement allows for spatial
describing the processes is the second-order susceptibiligeparation of the signal from the input beams, thereby elimi-
tensor, which is directly associated with the macroscopitating the need for spectral filtering. The directional proper-
structure of the sample. The accurate determination of théies of noncollinear arrangements can be exploited in SHG
tensor is of great importance both for the characterization oéxperiments as well. Muenchausenhal. demonstrated that
new materials and for fundamental studies of surface anehe noise due to broadband fluorescence and scattered light is
interface effects. effectively reduced in a noncollinear SHG geometry by spa-
Unfortunately, the susceptibility tensor is not directly ac-tially filtering the signaf® In spite of these advantages, SHG
cessible in an experiment. Its determination occurs in twaexperiments are usually performed, for the sake of simplicity,
distinct parts: the first requires a precise experimental chatsing a single beam at the fundamental frequency.
acterization of the nonlinear response of the sample, while  Over the years, different SHG techniques have been pro-
the second consists of extracting the susceptibility tensoposed to determine the nonlinear susceptibility teAsor.
from experimental data using a theoretical model. The resultpractically all measurements have been conducted using a
for the susceptibility depend strongly on the quality of thesingle fundamental beam. Notable exceptions are Refs. 12
experimental data and on the details of the theoretical modeind 13, where a noncollinear SHG geometry with linearly
used’ Both aspects should therefore be thoroughly investipolarized fundamental beams was used to determine the ratio
gated. of real-valued susceptibility components. In general, tech-
Both SHG and SFG provide intrinsic surface sensitivity niques that use only linearly polarized fundamental beams do
on the scale of atomic monolayers and have found widenot posses phase sensitivity and are therefore not suitable for
spread applications in surface studiesHowever, the main  the determination of complex-valued susceptibilities. Phase
focus for the two methods has historically been different.sensitivity can be achieved by introducing a circular compo-
SFG has mostly been used to obtain spectroscopic informarent in the polarization state of the fundamental béam.
More advanced techniques involve continuous measurements

dAuthor to whom correspondence should be addressed; Electronic maiPf th_e _SHS’) signal as a function of the fur_‘dar_nental
stefano.cattaneo@tut.fi polarization.” Such techniques allow the determination of
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the susceptibility tensor components without any prior as- 7~ A
sumptions but still have two important limitations that arise A((D) pA pR
from the fact that a single fundamental beam is used. The
measured polarization line shapes are sometimes compli-

R(2w)

cated, which can prevent a precise characterization of the /S\ /l\(
nonlinear optical response. Even more importantly, the tech- . A
nigues do not offer a direct way of verifying the quality of thin film
the experimental data or of the calculated susceptibility ten- ~

P , ; pubrry substrate N\,
sors. Such consistency tests are desirable, as they can be used

to highlight possible systematic errors in the experimental ’z\ f)
setup or in the theoretical model used to interpret the results. £

In this paper, we demonstrate the advantages of polar- ™ A
ized SHG using two fundamental beams in the characteriza- X kT
tion of thin films as compared to the traditional single-beam A T(ZO))
arrangement. The technique allows the relative values of y

complex experimental parameters to be determined with in- i i )
FIG. 1. Geometry of the single-beam experiment to determine the suscep-

creased precision. In addition, it prOVIdeS direct ways totibility tensor components of a thin-film sampl&(w) is the field vector of

verify the internal consistency of the experimental data ashe fundamental beam incident on the sample, wRilgw) and T (2w) are
well as that of the calculated susceptibility components. Wehe field vectors of the SHG beams in, respectively, reflected and transmis-
measure the susceptibility components of Langmuir—SiO” directions. The fields are most naturally divided iptand s compo-
Blodgett (LB) films of various thicknesses using both one- nents(parallel and normal to the plane of incidence, respectjvédyring

g9 ) 9 the experiment, the polarization of the incoming beam is continuously
and two-beam polarized SHG arrangements. We show thakodulated. The coordinate systeqy, z, associated with the sample is also
for relatively thick films, for which the contribution of the shown.
glass substrate to the nonlinear response is negligible, the
results of the two-beam measurement agree qualitatively

with those of the single-beam measurement, but are more, - -
. : . ’ _ spectively. Regardless of sample symmetry, a given
precise. For thinner LB films where the substrate contribu-, P y g P y Y g

o . . second-harmonic signal is proportional to the nonlinear po-
tion is relatively more important, however, the results of thelarization and must therefore be of the form

two techniques are completely different. While the single-

beam arrangement appears to work but in fact yields incor- Ij(2w)=IfjAf,(w)+g,~A§(w)+thp(w)As(w)|2, 1

rect results, the two-beam technique yields internally inconi/vhere the subscrigtdenotes the polarization of the second-
sistent results, thereby highlighting systematic errors in th?‘narmonic signal.

procedure.

The st £ th . oll In Sec. I The expansion coefficienfs, g;, andh; in Eq. (1) are
€s ructu_re of the paper Is as T0lows. In S€c. 1, Weynaar combinations of the susceptibility components and de-
present the main concepts of both single- and two-beam p

. : T cb'end on the linear optical properties of the santpl@éhe
larized SHG techniques for the characterization of the NONG wefficients are, in general, complex quantities and can be

linear optical response Of_ th'.n f|Ims. The theoretical frame'interpreted as effective susceptibility components in phe
work of the techniques is first illustrated for samples of

bit ; d then for th t achi nd s reference system. However, the coefficients are not
arbitrary symmetry, and then for fn€ common case of ac IraEure material constants, as they also depend on the experi-
samples with in-plane isotropy. Section Il outlines the ex-

tracti f th tibility © ¢ : tal dat mental geometry? Neverthelessf;, g;, and h; are the
-Fﬁc lon of the ?UISCEP' ity enfor ro[nBiﬁperlmegﬁ] a a'quantities that can be measured most directly in an experi-

€ experimental measurements on ims -an €Il eent. Since they represent the starting point for any succes-
sults are described in detail in Secs. IV and V, respectivel

. . _ Ysive calculation, special attention should be given to their
Concluding remarks are given in Sec. VI. precise determination.

The coefficients are most conveniently determined by
recording a particular SHG signal while the polarization of
the incoming beam is continuously modulatédThe re-

Il. CHARACTERIZATION OF THE NONLINEAR corded polarization pattern can then be fitted with the model
OPTICAL RESPONSE of Eq. (1) to determin€f;, g;, andh;. As the measurements
are insensitive to absolute phase, one of the expansion coef-
ficients can always be taken as real. Nevertheless, the pattern

We consider a situation where a laser beam at the fundepends simultaneously on no less than five real fitting pa-
damental frequency and with field amplitudeA (w) is inci-  rameters and is therefore sometimes not very sensitive to
dent on a thin film of arbitrary symmetry and transmitted orsmall changes in their values. This fact may compromise the
reflected second-harmonic light is detectedy. 1). For suf-  precise determination of the expansion coefficients.
ficiently thin films, polarization effects due to linear light The full characterization of the nonlinear response of the
propagation in the film can be neglected. For weakly focusedample for a given experimental geometry requires two dis-
beams, the fields are most naturally divided impteand s tinct sets of expansion coefficients, g;, andh;, for two
componentgparallel and normal to the plane of incidence, orthogonal polarization componen(s.g., p and s) of the

A. Single-beam arrangement, general symmetry
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a TABLE I. Convenient combinations of the control and signal polarizations
pA B(CO) A R(ZO)) of the two-beam setup and the expansion coefficients determined for a
~ Pr

A(O)) sample of arbitrary symmetry.
/s\ S 1/2 kR Measurement Control Signal a; B
Al
B °

k ) 1 +45 p fo+k h,+ g
- {hin flm 2 +45° s sk hotg
substrate 3 p +45° fo =+ fs h, = hg
~ A 4 S *+45° kp = K¢ Jp = Os

Z T 5 P P fo ho

I R § 6 p s fq hs

X A 7 S p Kp 9p

A k T(2 (D) 8 S S Ks Os

FIG. 2. Geometry to measure the susceptibility components by two-beam

SHG. The SHG light produced jointly by both fundamental beams is de- For a sample of arbitrary symmetry, a given SHG signal
tected in the transmitted or reflected directions. The polarization of the con- !

trol beamA(w) is kept fixed during the measurement, while the polarization prOduced ]Olntly by the two fundamental beai#s and B)
of the probe bearB(w) is continuously modulated. The coordinate system Can be expressed as

X, Y, z, associated with the sample is also shown.
1j(2w) =|f;Ay(0)Bp(w) +gjAq(®)By( )
+hjAp(@)Bg(w) +kjAy(0)By(w)]?. 3

SHG signal. The relative complex values of the coefficientsAs the termsAy(»)Bg(w) and A{(w)B(w) are distinct,
belonging to a given sép or s) can be determined separately contrariwise to the case where a single fundamental beam is
by detectingp- and s-polarized SHG signals, respectively. used, four expansion coefficiertts, g;, h;, andk; are now
Absolute calibration of the SHG signals allows relating theneeded to completely specify a given SHG signal. This may
absolute magnitudes of the coefficients belonging to differenat first appear as an additional complication compared to the
sets. However, besides being impractical and subject to esingle-beam arrangement. However, once the polarization of
rors, this procedure does not allow determining phase differene fundamental beafeontrol beam, e.g., bea is fixed,
ences betweep- ands-polarized coefficients. An alternative Eq. (3) implies that any SHG signal is completely specified
approach consists of intrggucing complex scaling factordby only two parameters,
unique to each measuremeh® drawback of this approach
is tﬂat it increases the number of unknowns in tthproblem, lj(20)=]a;By(w) + BBy(w)|* @)
as the complex scaling factors must be determined togethdihe parameters; and §; are determined by recording the
with the susceptibility components. SHG signal while the polarization of the fundamental beam
A more practical approach to determine phase differ-B (probe beamis continuously modulated. Assuming one
ences betweep- and s-polarized coefficients and to avoid parameter to be real, the recorded pattern depends on only
the need to calibrate absolute signal levels, is to mixghe three real parameters. Such simple dependence allows a very
ands-polarized SHG signals in detection. For example, theprecise determination of the experimental parameterand
SHG signal detected through an analyzer placed-46°  §;

with respect to the plane of incidence is of the form Similarly to the single-beam setup, the full characteriza-
5 5 tion of the SHG response for a given experimental geometry
| +45(20) = |(f = T)AG(@) +(gp~ gs) Ag(w) requires two distinct sets of expansion coefficiefyts g; ,
h;, andk;, with j=p, s. Detectingp- or s-polarized SHG

+(hy=hg) Ay (w)Ag( )| 2
(Np= ho) Ap(@)Ag( )| @ signals allows determining the relative values of the coeffi-

As is evident from Eq(2), mixing introduces interfer- cients belonging to a given set. Interference betweeand
ence betweep- ands-polarized coefficients. Measurements s-polarized coefficients is induced by mixing the and
at both +45° and —45° are needed in order to resolve the s-polarized SHG signals in detection, in which case it is con-
individual coefficients. This procedure yields the minimum venient to use eithgp or s control polarization.
amount of experimental information needed to calculate all The convenient combinations of control and signal po-
six expansion coefficienty , g;, andh; (j=s,p). However, larizations are summarized in Table I. As in the single-beam
it does not offer a natural way to verify the quality of the case, measurements at bath5° and—45° polarizations are
experimental data. needed in order to resolve the individual coefficients. In fact,
only four of the eight measurement types listed in Table | are
sufficient to determine all eight expansion coefficients. For
example, combining measurements of type 1, 3, and 5 allows
determining the coefficients,, g,,, h,, k,, fs, andhs. Mea-

To overcome the problems of the single-beam setup, weurements of type 2 can then be used to calculate the missing
use an arrangement in which two beams at the fundamentabefficientsgs and kg. The coefficientsgs and kg can be
frequency are mixed in the nonlinear sample to produce recalculated in a fully independent way if measurements of
flected or transmitted second-harmonic lighig. 24 type 4(instead of 2 are used. The reason for this additional

B. Two-beam arrangement, general symmetry
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degree of freedom is the fact that, when measuring a signal 38BLE II. Convenient combinations of the control and signal polarizations
+45°, the choice of eithep- or s-polarized control beams of the two-beam setup and the expansion coefficients determined for a
N ' . T sample ofC.,, symmetry.

offers two independent ways of generating interference be:-
tweenp- ands-polarized coefficients. This feature is an im- measurement Control Signal a B

portant advantage of the two-beam setup over the single

. . . +45° f +

beam setup and it can be used as a rigorous test of the inter- a5 2 +E hgp
. . . . . - — S

nal consistency of the determined expansion coefficients and, 3 P +45° fps +h,
consequently, as a measure of possible systematic errors in 4 s +45° *ke 9

the experimental setuiguch as misalignments or bad optical
components

least two independent ways of determining a given expan-
C. Single-beam arrangement, C,, symmetry sion coefficient in order to address the proper operation of
the experimental setup and to verify the assumptio of

Achiral thin films with in-plane isotropy belong to sym- symmetry. Unfortunately, the single-beam setup offers only
t «p » Which incl technologically rel- : o e
metry groupC., , which includes many technologically re Qne way of determining thég coefficient. Measurements

evant samples used in nonlinear optics. Since the experimeri-. . o o .
tal demonstration of our techniqgue was performed onW'th the analyzer orl_entet_j atas _and—45 only result in a
samples of symmetnC.,, we briefly illustrate how the change of the relat!ve sign dfs in Eq. (7) but cannot be
equations are modified for this particular case. considered as fully independent measurements.

For samples ofC.., symmetry, the susceptibility tensor

X% has only three independent componemtsx=zyy, ~ D- Two-beam arrangement, C.., symmetry

xxz=yyz andzzz wherex andy are the in-plane coordi- For the two-beam arrangement and symmetry group
nates and is the sample normdFig. 1). For the one-beam ¢ _ | the coefficient$, , ky, fs, andgs vanishi® Thep and

setup, it can then be shown that the coefficidnts fs, and s components of the second-harmonic signal are in this case
gs vanish® The p- ands-polarized second-harmonic signals given by

are therefore described by

I, (2w)=|f,Ay(w)B +g,Aq(@)Bg(w)|?, (8)
| (20)= 1 A2 0) + goAZ (@), - o(20) = f,AN(©)By() +gpAs©)By( o))

1s(20) = |hAp(0)By(®) + KAy @)Bp(w)|?. 9

— 2 2

ls(20) = [hg*|Ap(@)Ag(@)]?. ©  asfora general symmetry, once the polarization of the con-

At first, the reduction of expansion coefficients seems tarol beam is fixed, a given SHG signal is specified by only
solve the problem of the complicated dependence of theyo parameters; and; [Eq. (4)], which can be determined
SHG signal on the coefficients. The detectiorpgfolarized  very precisely.
SHG signal allows namely a precise determination of the  The four expansion coefficienfs,, g,, hs, andks are
relative complex values off, and g,. However, the determined by using the same polarization combinations de-
s-polarized signal alone does not contain any informationscribed in Table 1l. Measuring a signal at45° or —45°
since the interference between coefficients is completely losthanges the relative sign of the respective coefficientsnd
and hs appears only as an absolute scaling constant. Thg;, but does not yield new information. Therefore, three
determination of the relative value of with respect tof,  measurements are sufficient to determine all four expansion
andg, requires mixing thep ands polarization components coefficients. Combining measurements of type 1 and type 3
of the SHG signal in detection. With an analyzer placed atllows determining the expansion coefficierits, g,, and
*=45° with respect to the plane of incidence, the detecteth,. A measurement of type 2 can then be used to calculate
SHG signal is of the form the missing coefficientks. The coefficients can be deter-

_ 2 20 N4 2 mined in a fully independent way using a measurement of

|4 20) = [ToAp(@) T GpAs(@) = MA@ As( @) % (7)  type 4(instead of 2. Comparison of the two independent

) ) . values ofkg is an excellent measure of the quality of experi-
A single measuremertat +45° or —45°) is then sufficientto  mental data. Inconsistency at this stage indicates a systematic

determine all three expansion coefficiefiis f,, andg,.  error in the experimental system or a sample with symmetry
Unfortunately, this procedure results again in signals dependgyer thanC
©p

ing simultaneously on five real parameters, similarly to the

case of arbitrary symmetEq. (1)}, which may preventa | "\ o ATION OF THE SUSCEPTIBILITY TENSOR

precise determination of the coefficients. In principle, one

could use the values fof, and g, determined from the To extract the components of the susceptibility tensor,

p-polarized measurement when fitting the line shape athe experimentally determined coefficients must be com-

+45°, However, such multistep procedures result in in-pared to their expressions calculated using a theoretical

creased experimental errors. model. The choice of the theoretical model is very important,
Also the second important limitation of the single-beamsince its details have strong influence on the results for the

arrangement, the lack of a natural way to verify the quality ofsusceptibility components.

the experimental data, is still present when samples of sym- When modeling the second-harmonic response of a thin

metry C.., are investigated. It would be desirable to have atfilm, the sample can be considered as a multilayer structure
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(air—film—substrate—air In our calculations, we use a model
based on a Green’s function formalism to calculate the fun-
damental fields inside the thin film and the actual second-
harmonic field that exits the sampieThe model fully ac-
counts for the linear properties of each layer and includes
refraction, multiple reflections, and propagation effects over

the thickness of the film, at both the fundamental andFIG. 3. Structure of terthiophene—vinylbenzo&t&Se. The molecular hy-
second-harmonic frequencies perpolarizability tensor of TSe is dominated by a single component along

. .. . the charge transfer axis. When embedded in an octadecyl amine inactive
As mentioned above, two distinct sets of expansion COmaix, TSe forms ordered head-to-téz-type) LB films up to at least 100

efficients for two orthogonal polarization componef@sy.,p molecular layers.
ands) of the SHG signal completely specify the nonlinear

response of the sample for a given experimental geometry.

However, for low symmetry samples, the number of un-
knowns(the independent susceptibility compongntsy be . -

higher than the number of expansion coefficients available isyr_nmetry group the expansion coefficiehs, ky, fs, and

. in Egs. (1) and (3) vanish, where the subscripts refer to
a given geometry. For such samples, measurements must f& S :
o . L e polarization of the second-harmonic beam. The samples
performed in different geometries, e.g., by measuring in both

reflection and transmissibhand/or (for samples with in- were investigated by linear absorption and ellipsometry to

olane anisotropy rotating the sample about its surface determine the complex refractive indices of the glass sub-
normall8 strate (1.441 and 1.487 and of the LB films (1.530

For samples ofC,,, symmetry, the problem has only +0.008 and 1.596-0.068) at both the fundamental and

three unknownsthe three independent susceptibility compo-SHG _frequenC|es{1_064 nm _and 532 nm wavelenglh_se-
. spectively. The ellipsometric measurements also yielded a
nentszxx xxz andzz3. In the single-beam arrangement,

the number of unknowns matches the number of mdependerqt“Ckness of approximately 25. A per TSe/ODA mon.olayer..
: . . The molecular hyperpolarizability tensor of TSe is domi-
experimental coefficients,, g,, andhg and a solution can . .
P’ <P nated by a single component along the charge transfer axis.

always b_e found. For simple _m(_)lecul(aes.g., rodlike mol- For such rodlike molecules, the componeijts of the mac-
ecules with only one nonvanishing component of the mo-

lecular hyperpolarizability tenspithe results can, to some roscopic susceptibility tensor are expected to be
extent, be compared to the values predicted by the tHeory. zxx=xxz=zz4r, (10
However, for more complicated molecules the three indepe;gv

the symmetry groupC..,. As mentioned above, for such

ith r a real constantWe note that the relationxx=xxzis
ormally similar to Kleinmann’s symmetry, which is only
Yalid under completely nonresonant conditions. However, for
9%0dlike molecules the relation is a fundamental symmetry

roperty of the susceptibility tensor and therefore remains
In the two-beam arrangement, on the other hand, fouEalid in all spectral ranges.

expa_ns_ion coefficientsy,, gy, hs, andk, are accessible. The Infrared radiation from a Q-switched Nd:YAG laser
coefficientshg andkg both depend solely on the same tensor(1064 nm,~5 mJ, 10 ns, 30 Hzwas used as the source of
componenixz Therefore, when solving for the susceptibil- (fi.mdamen,tal Iigh,t for ,second-harmonic generation. For

ity components, one ,Of these c_oeﬁicients can t,)e neglecte ingle-beam SHG measurements, the fundamental beam was
(?Ompa””g the solutions ,O?ta'”ed by r_1eg|ect|ng, reSpecéppIied to the sample at an incident angle of 45°. The beam
tively, hg and kg allows verifying the consistency of the re-

Its. | tioul ¢ i in th X ¢ as weakly focused to a spot size of approximately 0.5 mm
sults.In particuiar, systemalic errors in the expenmentay; y,q sample to achieve sufficient separation of its reflec-

setup or in the theoretical model can be detected, even if thf‘;r’ons from the front and back surfaces of the glass substrate.
overall SHG response of the sample shadyg symmetry. The polarization state of the fundamental beam was cleaned
with a calcite Glan polarizefextinction ratio ~4x 10 )
and then modulated by rotating a zero-order quarter-wave
To demonstrate the advantages of the two-beam arrangetate. A long pass filter before the sample blocked the SHG
ment, we used LB films of terthiophene—vinylbenzadi8e, light generated by the preceding optical components. The
Fig. 3.1° TSe is an asymmetric molecule with a conjugatedSHG component of the transmitted beam was isolated with a
m-electron bridge, and is therefore expected to have ahort pass filter and a 532 nm interference filter and collected
second-order response. However, the molecule is far frorwith a photomultiplier tube. To determine the expansion co-
being optimized for nonlinear optical applicatiofis does  efficientsf,, g,, andhg, the p ands polarization compo-
not include strong electron donors or accept@sd there- nents of the SHG signal were mixed in detection with an
fore its response is expected to be low compared to widelanalyzer placed at45°.
used chromophores such as Disperse Red 1. For two-beam SHG measurements, the fundamental
When embedded in an octadecyl ami@DA) inactive  beam was split into two beams of nearly the same intensity
matrix, TSe was found to form ordered head-to-(itype) (control and probg which were applied to the same spot of
LB films up to at least 100 molecular layers. The films havethe film at incident angles of 40.9° and 51.7°, respectively.
no preferred directions in the plane and therefore belong tdhe control beam was linearly polarized by a calcite polar-

dent tensor components can assume arbitrary complex v
ues. In such cases, there is no direct way of verifyin
whether the results obtained with the single-beam arran
ment are correct.

IV. EXPERIMENTAL DETAILS
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04 F v " TABLE IIl. Results for the relative complex values of the susceptibility
components obtained with the single-beam SHG arrangement.
’:? 0.3 Sample ZXX XXZ zzz
2
2 70 layers TSe/ODA 1 1.080.19 17.66-0.77
g 02 50 layers TSe/ODA 1 1.260.02 16.92+6.24
E 20 layers TSe/ODA 1 0.780.30 12.09+4.4%
Q
= 0l
0.0 J strate were clearly separated, we neglected multiple reflec-
-%0 -45 0 45 90 tions in the glass substrate in the theoretical model and just
quarter-wave plate rotation angle (degrees) corrected the SHG field with the Fresnel transmission coef-

ficient for the glass—air interface. As pointed out before, we

FIG. 4. A typical second-harmonic polarization line shdpguaresmea- g5 neglected all substrate contributions to the nonlinear re-
sured with the two-beam setup. During the measurement, the polarization of
ponse of the sample.

the fundamental beam is varied by a rotating quarter-wave plate. In thi§ . .
particular measurement, control and signal polarizations were, respectively, ~Table Ill shows the single-beam results for the relative

sand+45°. The fit(line) yields the complex relative value of the expansion complex values of the susceptibility components. For a thick
coefficientsks andg, . LB film of 70 layers, for which the response of the glass
substrate can be neglected, the phase difference between the
iﬁusceptibility componentszzandzxxis small, as expected.

izer and its polarization state was kept fixed during eac : . .
P P 9 \evertheless, the results still show a residual phase differ-

measurement. A given polarization component of the secon ¢ imatelv 10° bet ex and
harmonic signal was then recorded while continuously vary—ence of approximately etween tnex andxxz compo-
ing the probe polarization using a quarter-wave plate. Eacﬁ'ems' We verified by a humerical simulation that the suscep-

recorded polarization line shape could be described by On|tgb|l|t)-/t.valltjesthcalculated V(\j”th the theoreucf?] mO?el lare v<ta_ry
two expansion coefficients. All nonvanishing expansion co- ensitive o the measured expansion coeflicients. In particu-

efficientsf,, g,, hs, andks were precisely determined us- !ar, the observedfpl;ase shift r_esults f][f‘."T‘ sma_:_lherrofrs in the
ing the polarization combinations listed in Table Il. A typical imaginary part of the expansion coefficieind. eretore,

polarization line shape and its corresponding fit are shown "t'hese results are a consequence of the I|m|ted.preC|S|or'1 Qf the

Fig. 4. Since the measured SHG signal and the fundament§1|ngle beam setup in determining the expansion coefficients

beams are spatially separated, no spectral filters were needé)ci.the samp_le. . .
Our measurements were performed in transmission usin In the single-beam setup, the precision of the expansion

substrates with parallel surfaces. In this geometry, the SH oefficients is limited by the high number of fitting param-

signals include contributions also from both surfaces of theters needed to describe a given signal. In addition, the setup

substrate and a dipole-forbidden contribution from the bqurequires the use of filters to spect_rally separate th? SHG sig-
of the substraté’ While the contribution of the clean surface nal and to block unwanted SHG light from the optical com-

of the substrate can easily be eliminated by choosing appr(fgonents. In principle, an isotropic_ filter oriented at r.‘O”T‘a'
priate experimental geometry and substrate, eliminating thll::(:mdence should n'otl fhl?ve agy mfluenc? on polllarlzqtc;oni
contribution of the surface carrying the thin film is not Owever, commercial Tilters omten present a small residua

straightforwardf? In addition, an important component of the am_ount of stress-ln_duc_ed blrefnngen(_:e, which can change
bulk contribution to SHG is inseparable from the SurfaCenotlceably the polarization of a transmitted beam even when
contribution in any experimental geomeffy the filter is aligned at normal incidence. Such filters compro-

It is common to neglect all substrate contributions whenr_nise_ the polarization pu_rity of the arrangement, as we veri-
they are expected to be much lower than the response of tied ;n ats_eparalt_%?;penr‘r;egg. 4201 the diff
nonlinear film. For molecules with weak second-harmonic or thinher ms o an ayers, the diierence

responsdésuch as TSe the assumption is justified for suffi- betvveefn ;haxx andxxz components End thgl.lf hase|d|ﬁclar—
ciently thick LB films but should be waived for thin films. In €NC€ Of thezzzcomponent increase. For rodlike molecules

our calculation we deliberately used the same assumptio“?UCh ES thl% one m:/esttlg?)edd:hilresults a;e clearly wronglj',
with every film investigated to address the ability of the since Eq.(10) is hot satistied. However, for more compil-
single- and two-beam arrangements to detect deviations p&ated molecules in which the three nonvanishing tensor com-

tween the theoretical model used and the actual experimentBPnents can assume arbitrary complex values_there WOUId be
situation. no way of verifying whether the results obtained with the

single-beam arrangement are correct.

The reason for the errors obtained for thin LB films is
the contribution of the glass substrate to the nonlinear re-

The experimental coefficients of TSe/ODA LB films of sponse, which was deliberately neglected in our theoretical
various thicknesses were measured using both single- andodel. Since plane substrates were used, the contributions
two-beam polarized SHG arrangements and were used to cdlom both surfaces of the substrate contribute to the mea-
culate the susceptibility components of the films. Since thesured signal. While the relative phase of the contributions
reflections from the front and back surfaces of the glass sulfrom the film and from the first surface is fixédepending

V. RESULTS AND DISCUSSION
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TABLE IV. Results for the relative complex values of the susceptibility components obtained with the two-
beam SHG arrangement.

Sample ZXX xxz calculated neglectinb,/ks zzz7 calculated neglectinbg/ks
70 layers TSe/ODA 1 1.080.03/1.01-0.05 16.86-0.05i/16.97-0.05i
50 layers TSe/ODA 1 1.040.12/1.00-0.11 15.97+3.31i/16.24+3.28i
20 layers TSe/ODA 1 0.940.61/0.85-0.45 17.46+5.13i/18.47-3.96i
2 layers TSe/ODA 1 1.140.84/0.57-1.76 15.39-13.39i/17.83-12.26i
Glass substrate 1 —2.77+0.05/5.81-0.54 37.79-1.52i/—26.29+2.84i

on the susceptibility tensprthe relative phase of the contri- VI. CONCLUSIONS
butions of the bulk and of the second surface of the glass

depﬁ nd on ;Zesexact thICkl_IWG?S dof etacfh subs(M?rint;or two fundamental beams for the characterization of thin films
each sample such complicated Interierence etiects have a, compared to the more common single-beam arrangement.

dramatic impact on the measured signals for thin films. The technique allows precise determination of the relative

.thTtT]e rt\i/sultt)s for the suscept}[blllty compotn%nFs ?_b:)?m?\c}/alues of complex experimental parameters and provides di-
Wi € two-beam arrangement are presented in 1able 1vyq . ways of verifying the internal consistency of the experi-

F;):ha thick Sa?bp:.? O{ 70 layers, the (I:omp:jo?hemtxandxxz h mental data and of the calculated susceptibility components.
g.ﬁ € susceg) It ity etr;]sor are e?.‘gfll_’t and there arte n_tl?hp as€ The superiority of the two-beam arrangement was dem-
nerences between the Susceptibiiity components. 1Ne 1€, . ated by determining the susceptibility tensors of LB

sults obtained with the two-beam setup are in quahtatlvq”m& We showed that the results obtained with the single-

agreement with those ob_tained with the si_ngle—beam SeWURing two-beam SHG arrangements are in good agreement for
but are clearly more precise and better satisfy @@). The a well-understood reference sample. In a more complicated

increased precision Is a consequence of the §|mpler qe.pegkperimental situation, however, the single-beam technique
dence of the measured signals on the expansion coefflclen(l;l

. . %pears to work well but yields results that are, in fact, in-
and of the fact that no spectral filters are necessary in thgOrre ct, whereas the two-beam technique yields internally
two-beam arrangement. '

When the film thickness is reduced to 50 and 20 Iayers|nconS|stent results, thereby highlighting systematic errors in

. . the experimental arrangement or, alternatively, in the theoret-
the results progressively deviate from the expected values, 384l model

in the single-bez_am case. HOWG‘_’GF' the two-beam arrange- Similarly to single-beam arrangements, the two-beam
mbetnf[ ogfers a d|re_ctt wtayTof v_er(;fymg (;Nh(tathelr tt_he r(?cSljlif]technique can be extended to measure the complex values of
° amet_b_?:e consisten .tx wo 'Tj epen enb sott)Jtlc_)nsd %r fhe susceptibility components with respect to a well charac-
susclzeptll ']ly componen ):.Z aln ézztche_tnk IiaBof'I alneth Y terized reference material by using interferometric methods
neglectingls or gs, respectively. For thic ms, ese  and by exercising due care in the proper calibration of the

two solutions are in excellent agreemésee Table IY. The results?® The advantages of two-beam polarized SHG can be

consistency of the results is clearly compromised for thmne%asily extended to polarized SFG experiments, which are

LB films, for which the response from the glass surface '_Snaturally performed in a noncollinear geometry.

relatively stronger. This consistency check is not available in
the single beam setup.
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