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Second-harmonic imaging of the absolute polar molecular orientation at interfaces
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Interface specific second-harmorigH) and sum-frequency microscopes have been developed recently. In
these microscopes, the two-dimensional intensity distribution of the nonlinear signal is used to create an image
of the interface structure. In the intensity measurements, however, the phases of the nonlinear signals become
obscured. The phases provide information onaheolutemolecular orientation, which is not accessible in a
corresponding linear optical experiment. Here we describe two homodyne techniques for the quantitative
measurement of the absolute phases and their two-dimensional distribution. The data can be transformed into
the polar molecular orientation field of an interface. As a model example, a Langmuir monolayer of organic
molecules, 2-docosylamino-5-nitropyridine, is investigated. The SH and laser light are off resonance with the
molecular dipole oscillators. In this case, the electromagnetic theory predicts a signal phase of 90° relative to
the laser light. Intensity and homodyne images are taken. Dendritic features are observed in the monolayers.
Any local feature which is clearly resolved in the images we consider as an individual sample whose local
symmetry and polar order we determine. For the description of the features, it is important to introduce local
sample coordinates. As we have shown recently, the point group of the local objects and the axial orientation
of their moleculegorientation with an uncertainty of 180€an be determined from a series of intensity images
taken with different polarizer orientations. We may then fix a sample coordinate system at any local feature.
One coordinate axis may correspond to the preferential molecular orientation of the feature. Since the absolute
orientation of the molecules is not known at this state of the investigations, we may assume an arbitrary polar
sign of this coordinate axis as a first hypothesis. If this sign agrees with the real sign of the molecular dipoles,
we expect a phase of the SH signal#e®0°. Since the inversion of a dipole’s absolute orientation corresponds
with a phase shift of 180° in the SH signal, we expect a phase96F if the real dipole orientation is opposite
to the local coordinate axis. In the homodyne experiments, the intensity image of the interface is then coher-
ently mixed with a spatially homogeneous SH signal from a reference sample. From the local homodyne
intensities and the known phase of the reference signal, the local features’ signal phase is calculated. The
results (+90°, —90°) agree with the theory. Thus we can determine the absolute orientation of any local
feature. In experiments, carried out near or in resonance, additional phases contribute to the SH signal. We
show that the absolute dipole orientation can also be measured in these cases without ambiguity.
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[. INTRODUCTION spot is then measured with a photomultiplier. This spatially
integrated signal provides information on the symmetry and
Optical second-harmoni€¢SH) and sum-frequencySH order of the interface averaged over the area of the spot.
generatioh have been developed into versatile surface anaRecently, this experiment has been improved in order to pro-
lytical tools during the last two decades. The techniques takeide lateral resolution. Interface-sensitive SH microscopes
advantage of the fact that second-order nonlinear optical prdaave been developed by various tedths! In these experi-
cesses are dipole forbidden in centrosymmetric media, bunents, the SH light is used to form an image of the interface
allowed at surfaces and interfaces where the inversion synstructure. In recent imaging studies, we also calibrated the
metry is necessarily broken. A signal can thus be generategsponse of our camera using a reference sample with known
which is specific to the one or few monomolecular layerssecond-order optical susceptibilfy.We then showed that
which form the surface of a centrosymmetric material or thethe lateral distribution of the SH intensity in the calibrated
interface between two inversion symmetric media. The techimages can be quantitatively transformed into the corre-
niques can be applied to all kinds of interfaces which aresponding molecular orientation field of the interfd@e.
accessible to light including the surfaces of liqutd$sur- Recently, also an SF microscéfevas developed. Here a
faces in vacuuni? and buried interfaces such as electrodesection of a surface is illuminated with two laser beams. One
surfaces in electrolytic celfs®*®as well as surfactant layers of the lasers is tunable to the infraré®) absorption bands
at liquid/liquid interface$:” Also, SH and SF generation (frequencywr) of the sample. The other one provides vis-
have been extensively used to study the siliconfible light (frequencyw,;s). At the surface, an SF signéte-

silicondioxide interfac®® and semiconductor quencywsr= w g+ i) IS generated which is used for im-
heterointerfacés’ which are important for the micro- and aging. Tuning the IR laser, the SF intensity from the interface
optoelectronic device technology. becomes resonance enhanced if the laser frequency is close

The simplest nonlinear optical experiment is SH generato a vibrational absorption band of the sample molecules.
tion. Here a spot of an interface is illuminated with high laserThus spectroscopic informatibon the chemical composi-
light intensities. Usually, the SH signal radiated from thetion of the interface and on the conformation of the mol-
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ecules is obtained. An additional benefit of the SF technique
is that the signal appears in the visible spectfults. small
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wavelength as compared with the IR wavelength allows us to /’_\ g‘blfergtsisgpe
take images with high far-field optical resolution. The SF 20 )
microscope thus represents an interface-specific, chemical- ' yy — beamsplitter
analytical IR microscope with the improved spatial resolu- = m@ interface
tion limit of a visible-light microscopé&’

All microscopes which image the SH and SF intensity
distribution of an interface, however, do not take advantage
of the full information in the signals because the phase is
obscured in the intensity measurement. Similar to linear op- ®
tics, the phase in a nonlinear optical experiment depends on (b)
the spectral distance between the frequency of the probing /"x microscope
light and the resonance frequency of the molecular oscilla- YWV objective
tors which are responsible for the signal generation. Reliable | 1 yide | beamsoli

. L . . ; . Lo plitter

phase information is particularly important if the surface sig- Plois
nal originates from twdor more different sources which are N interface
out of phase, for example, from the topmost molecules of a E ; y
substrate and from additional adsorbate species. Then, the ; ; lz_> reference
total signal can only be understood in terms of magnitudes ' | < fg@ﬂgpme)
and phases of all contributioh$?! ®

The phase of the nonlinear signal, however, is additionally
useful because it depends on tiesoluteorientation of the (c) )
molecular dipoles which are responsible for SH and SF gen- (’—\ Qﬁfégﬁsgpe
eration. The inversion of a dipole’s orientation corresponds ,
with a phase shift of 180° in the radiated SH or SF wave. In beamsplitter
contrast, the corresponding linear optical signal is indepen- )
dent of the sign of the dipole’s orientation. As a result, linear interface
optical experiments such as ellipsometric imadih@rew-
ster angle microscopy®* or reflection anisotropy : :
microscopy® do not allow one to distinguish between a polar ' '
and an axial order of the molecules in a sample. SH and SF : : nitrogen
experiments are specific to polar order, but framensity P b
measurements alone, the information on the orientation of - i)
the dipoles can only be obtained with the uncertainty of = :
180°. The determination of the absolute polar order requires ; ; fEfefelnce
the additional measurement of tipasesin the nonlinear I - | ?(?lﬂ';‘r’éplate)
signals.

Applying homodyne techniques, the phases can be mea-
sured. Such interference experiments have been used in re- e .
FIG. 1. Principal schemes of the experiments. The fundamental

cent spatially integrating SH and SF studi&é26-38Here, . e
however, we describe two interface-specific, monolayer-“ght. (fr?quency“’) and the forward_ra.d'ated harmqn.'c S.'gnéﬂﬁ’)
T . . - : . __are indicated. The molecules of the interface exhibit dip&asall

sensitive SH imaging experiments with homodyne detection, : , :
The t thods all th titati twWo-di . I arrows. (a) Intensity contrast microscopéb) Homodyne experi-

€ | W?j n;e 0 S a .OW fe qt;].an Ita '\;]e’ 0- Lme][_]s'ona Kment with a quartz waveplate as reference sample. The quartz crys-
r(',:'so V? et_erm'nat'qn of arbitrary phases. The first te(_: tal can be turned about ifsaxis. (c) Homodyne experiment with an
nique is particularly simple. The second one can be appliedygitional pressure cell in order to shift the relative phase of the two
more versatile. The paper is organized as follows. In Sec. llyarmonic light sources continuously.

we describe the principle of the experiments. The theory is

given in Sec. lll. Experimental details are described in SeCdyne detection experimenfiSigs. Ab) and 1c)] are derived.
IV. The measurements are presented and interprc_ated in S8 the intensity contrast microscoBe®[Fig. 1(a)], a section
V. Then, a discussion of the two homodyne techniques congs 4 syrface is illuminated with a collimated laser beéra-
cludes the article. quencyw) applying a transmitted light geometry. Selectively
at the surface, an SH signditequency 2) is generated. It is
spectrally separated from the laser radiation. Then, a conven-
tional linear optical polarization microscope uses the har-
monic light to create an image of the interface structure on
Figure 1 shows principle schemes of the experimentsthe target of an intensified charge-coupled dew€£D)
Figure Xa) represents our SH intensity contrast microscopecamera. The interface is observed between polarizers which
in its simplest version. From this technique, the two homo-can be turned azimuthall§not shown in Fig. L

Il. SETUP OF THE MICROSCOPES AND PRINCIPLE OF
OPERATION
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The specimen in the experiment may be, for example, the 4 x (ab)
surface of a liquid. In Fig. (), the topmost molecular layer X X z
is indicated. In the case shown here, a two-dimensional solid \
phase coexists with a liquid surface phase. The small arrows \
represent electric dipoles of the molecules. It can be seen that z
both phases exhibit a net polar order normal to the surface. N\ ref
The solid phase also exhibits an in-plane polar order. In the \ o\ W
experiment of Fig. (@), the incident light is polarized in the X p
surface plane. Thus the in-plane polar order is probed here. -
The normal dipole components can be probed with other 7 (lab)
experimental geometrigs:>3°by applying the laser light un-
der oblique incidence.

For simplicity, diffracted SH light which occurs at inho-
mogeneities of the interface, for example, at the borders of a
domain are omitted in Fig. 1. In this article, we consider only
direct SH light radiated in forward direction as indicated in
Fig. 1. Certainly, direct and diffracted light contributions are
required in order to create a sharp image in the microscope.
It is important to remember, however, that the light radiated FIG. 2. Experimental geometry in top view onto the interface.
from one object point into the entire acceptance cone of th@én example of a texture with two-dimensional domains is shown.
objective is combined by the microscope near the correThe domains are described with local coordind¥es?). Also, labo-
sponding image point. The image of a homogeneous objechtory coordinatesX(2?,z(a9)  the orientations of the polarizers
area is mainly composed of direct light. Diffracted SH light (angle ¥,), the orientation of the quartz waveplatangle ¥,
contributes mainly to the image of inhomogeneities. Thepolarx axis), and the orientation of one of the domaiiasiglet) are
scattered light and its interaction with the nonlinearities ofindicated. The contribution of the signal from the quartz reference
the sample are much more difficult to quantify as comparedo a homodyne image depends on the projection of crystedsis
to the direct light. Thus we use SH imaging here as a quanOﬂtO the polarizer orientatiofashed arroyv By turning the refer-
titative method in the interior of homogeneous areas such a&1ce the amplitude and phase of this projected field can be altered.
domains at an interface. The technique is not considered as’ inversion of the sign of the projection changes the phase of the
quantitative tool in a small stripe at the border of a domain‘eference signal by 180°.

whose width corresponds with the resolution of the far-field . ) ) ) ) )
optical microscopéAbbe’s resolution for the SH light feature if its axial orientatiofuncertainty of 180Pis already

In the phase-sensitive microscope of Figh)1a reference known, for example, from an independent experiment with
sample is additionally introduced into the path of the polar-the intensity contrast microscope of Figall Such investi-
ized laser beam. We used a quartz crystal whose bulk {gations, however, do not allow one to determine arbitrary
noncentrosymmetric. The reference generates an SH signl@ses quantitatively. To this end, a quantitative measure-
with a well-known and stable phase relative to the laser lightMeént and interpretation of the homodyne contrast is required.
The polar axis of the quartz sample is its crystallographic The quantitative studies will be described below. Also, we
axis [see coordinates in Fig.()]. The reference can be USe a second phase-sensitive SH micros¢éjg 1(c)] and
turned in the plane of the interfacabout they axis of the ~compare the results from the two homodyne techniques. In
crysta). The thickness of the reference corresponds to 4he microscope of Fig.(#), the phase difference between the
waveplate for the laser light. Thus the polarization state of W0 SH sources can be altered. To this end, a ga3'aeith

the fundamental beam is not influenced by the reference. Variable gas pressure is introduced into the beam path be-
The SH signal from the quartz crystal and the SH lighttween the reference sample and the interface. A variation of

radiated from the interface in Fig.(d) originate from the the pressure aI_Iows us to alter thg refractive index of the gas
same laser beam. Thus interference of the SH signals occu@Nd its dispersion. Thus the relative phase between the fun-
The interface exhibits a texture with different local featuresd@mental and the SH reference wave can be changed. This
such as dendrites or domains. As an example, two domairl§@ds to a variation of the phase difference of the SH signals
are shown schematically at the interface in Figp)1Their from_referenc.e and |.nterface. We will show below that the
in-plane dipoles are oriented antiparallel to each other. Th@dditional variable microscope parameter allows us to apply
opposite polar orientation corresponds with a phase differthis experiment more versatilly as compared with the simpler
ence of 180° in their SH signals. Depending on their orien-Setup of Fig. 1b).
tation relative to thex axis of the quartz crystal, one of the
domains will appear bright in an image due to constructive . THEORY
interference. Destructive interference will be observed for
the other one.

In a recent communicatidhwe showed that the qualita-
tive inspection of the images from such a microscope is suf- Figure 2 shows the geometry of the imaging experiments
ficient to determine the absolute polar orientation of a localn top view onto the interface. An example of a simple inter-

¥ X

A. Second-harmonic intensity from the local features
of an interface
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face texture with various two-dimensional domains is givennate system which is fixed at the polarizers of the experi-
Laboratory coordinateX®® and z'@, which are fixed in ment, we can express the effective susceptibility of an arbi-
the plane of the interface, are indicated. The quartz referendeary local feature as
and the polarizers can be arbitrarily turned in the plane. The
polar x axis of the quartz crystal makes an angfe, with
respect to th& axis. The polarizers are oriented parallel
to each other in the experiments of this article. A single angle
W, is thus sufficient to describe their azimuthal position rela—th)redl&/yV repres(e(gts the tensor elements of the feature and
tive to theZ@® axis. In order to characterize an individual €0+ €, andey’ are components of polarization unit
domain we introduce additional local coordinatésandz,  Vectors multiplied by Fresnel factors for the interf4ta@he
which are fixed at the crystallographic lattices of the do-guantity e’ refers to the polarization of the detected SH
mains. The azimuthal orientation of the local features is defield (analyzer orientation e{”) ande{? refer to the polar-
scribed by their angl® between their locakZ axis and the ization of the incident fields. The susceptibilities in the frame
Z13 axis. For one of the domains, this angle is indicated inof the polarizers can be obtained from the local susceptibili-
Fig. 2. tiesd;;x by a coordinate transformation. In our example of
We assume that all the domains of the interface exhibian interface, we have
the same crystallographic symmetry and molecular order.
Also, the order may be simple in our example. We assume defr= Crdz77,COS(0— W), 3

that the dipoles of the SH-active molecular groups may b&here the cosine factors account for the projection of the
oriented parallel to the local axis. The point group of the  ndamental fields onto the axis of the domain and for the
domains is thenCs. The property of the domains which , qiection of the generated SH field from tHeaxis onto the
describes SH generation is their second-order optical SUSCeRnalyzer. The quantitycy represents the product of the
tibility tensord. This quantity can exhibit up to 18 indepen- Fresnel factors in the experimeéitThe intensity of a do-
dent elementsl;;x where the subscriptdandK refer to the  main in our example is then given by

polarization of the incident light fields andrefers to the ——

polarization of the generated SH field. In general, the ele- I(gw)zzw L?|cel 1057212 cod(6— W) @
mentsd,;x are complex numbers. If we use local coordi- £oC° zzz P’

nates, the susceptibility tensors for all the domains of th .

interface are identical because the local features exhibit t%T;}nfsa}goéfcfl(gc_a}yf’ga?ﬁrsgr(l)[;eiststhoerigﬁtpaetirz)%e?efr:lgti?/fetrt]g tshg
same symmetry and order. Additionally, the tensor is particu- olarizers. Also, Eq(4) shows that the phase of the suscep-
larly simple in our example because we assumed a simpIB : » £ P P

order. Since all the molecular dipoles are parallel to the IocaﬁIbIIIty d,2, gets lost whe_n the square of the modulus is cal-
Z axis, a single elemert, is sufficient to describe a do- culated or when the SH intensity is measured. The phase can

only be obtained from an additional homodyne experiment.

2w w) (@
des= >, e dyyuelely, @
uvw

main.
In an intensity contrast imagéig. 2 without quartz ref- - _ _
erence, the domains of the interface will appear with differ- B. Intensities and phases in a homodyne experiment

ent brightness because their orientation relative to the polar- |5 3 homodyne experiment, the total sigh” is given
izers of the SH microscope is different. A domain Whoseby

polar axis is oriented favorablyé—W¥,=0° or -V,

=180°) will appear bright. No SH light will be g_en(_arated for |20 = 20) 1| 20) 1 cho&ﬁ, (5)

60—V ,=90° org—W¥,=270°. Below, we quantitatively cal-

culate the SH intensityt2*) radiated from the local features Wwith 12%) and! &) the SH intensity from the sample and the

of the interface. The intensities in the interference experiteference, respectively, anfl the phase difference between

ment will be considered in Sec. 1l B. the harmonic waves. For a homogeneous referefg®, is
Various models have been used to describe SH generati@onstant for the entire imadé homogeneous illumination is

at an interface. Applying the model of Mizrahi and Sfde, provided. In contrast,| 2% and ¢, however, may change

we obtain within the observed are&Z%) can be calculated for the local
22l features of an interface according to Sec. Il A. The phase
| (20) — w || 2(19)2 (1) is composed as
gocicog el

with 1(©) the intensity of the fundamental beadh the ef- = bsan (drert $a). ©
fective susceptibility() the angle of incidencd, the thick-  where¢q,is the phase of the sample signal which has to be
ness of the SH-active layes, the vacuum permittivity, and determined in the experimen,; is the phase of the refer-

c the speed of light in vacuum. In the experiments describe@nce signal which must be known, agd is the phase that
here,Q0=0° (normal incidence The effective susceptibility originates from the distance between the two SH light
depends on the geometry of the experim@ntentation of sources and from the dispersion of the medium between
the polarizers and on the tensor elements of the samplethem. For a homogeneous dispersive medium, this phase
which contribute to the signal in this geometry. In a coordi- ¢neqiS given by
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2L(n(@)—n(22) with L the thickness of the plate. It can be seen thahd the
¢>med=}\—><360°, (7 refractive indices of the reference sample must be known in
0 order to calculateb,ss. Equation(8) can be derived from the
_ ) (W) (20) ; coupled wave equations for the nonlinear optical crystal in
with L the thickness of the medium;*’ andn'“’ its refrac- o nondepleted pump approximation. The calculation and a
tive |nd|ces at the fundamental and harmonlc frequency, repief discussion of Eq(8) follows in the Appendix.
spectively, and\, the laser wavelength in vacuum. For a = the second consequence from the application of a bulk

material with normal dispersionpmeq is negative. A phase o, mpie as a reference is that the sigig is usually much

shift of 360°, for example, is introduced by a dispersive Me rger than the intensity2*) from an interface or a mono-
dium with a thickness of 355=\/2|(n{®)—n(®)|. For air g sam

at a laser wavelength of 1064 niigg~13 cm. The exact layer if the polar axes of the two SH sources are oriented

value depends on the atmospheric pressure and on oth :Flrallel to each other. In such a case of distinctly different
P P pre ntensities, the introduction of a phase shift of 180° between
weather parameters. Hence the phase introduced by the ajr

must either be controlled in the homodyne experiment or it € interfering signals, either by changidge; or by chang-
. ing ¢, , leads only to a small modulation of the total inten-
must be measured independently.

. (2w) . .
Since ¢¢,m contributes to the argument of a cosine func- ;'t%:ml/wt [Ea. (t5)]. tl_:or opgrr(;ur‘rl m‘;_d“""?“f” fOf the cohntrast
tion in Eqg. (5), it cannot be determined unambiguously with etween constructive and destructive interierence, nowever,

a single measurement. Hence the experimental conditiofe intensities from the two sources should be similar. In

must be altered. Two possibilities may be considered. Eithe?rder to obtain comparable Intensities we thus twrned the
.o OF by Can be changed so that various values ofdase polar axis of the reference crystal with respect to the polar-

accessible from whichbg,,, may finally be derived. We use I12€ers. .
both possibilities. In a fisrgr{1 seri)(/as of e);periments, we observe .In F'g' 2, an angle betwefzn the reference and the polarizer
an interface with different azimuthal orientations of the OMentation of\Ifref_—‘l'pz_SO IS shown.as an exam_ple.lln
quartz referencgexperiment of Fig. (b)]. Depending on the such a case, .the mten.sn.y from the' bngh'test domains in an
orientation of the crystal’s polar axis relative to the polar axisEXperiment might be similar o the intensity ”OT" the refer_-
of a local feature, we can switch between constructive an§"°: T_he local features Wh'Ch_ generate the highest SH_|n-
destructive interference in these experiments. In a secong Sy In our example of an interface are those domains

: ; hose orientations are eithér—¥,=0° or §—V¥ ,=180°.
series of measurements, we aligx by applying the gas w . p . L :
pressure cellexperiment of Fig. @)]. These two groups of domains can readily be distinguished in

the homodyne experiment. Constructive interference occurs
for one group and destructive interference for the other one.
C. Reference sample Also, the phase, of the reference signal which contributes
A benefit of using a bulk specimen as a reference in bott the homodyne images can easily be shifted by 180°. To
types of experiments is the easy handling. The chosen thickhiS end, the rzaference must be turned_to ?n_greesf_‘yp
ness of a waveplate for the fundamental light additionally@'9€er than 90°. If the angle_di’reg—\lfp—BO_ In our ex-
facilitates the data evaluation. The waveplate does nd@MPl€ is changed & —W,=100° contrast inversion will
change the polarization of the laser light. Independent on thB€ observed. The determination of the absolute polar orien-
orientation of the reference, the interface always experiencd@tion and the phasess,m of the local features requires the
the linear polarization state of the fundamental light indi-additional quantitative evaluation of the contrast, which will
cated by the polarizer orientation in Fig. 2. The quartz refer2€ given below. _ _
ence used here is a Y-cut crysfaee coordinates in Fig. The use of a bulk sample as a reference in a transmitted
1(b)], which also facilitates the data evaluation. For normalli@ht geometry as in our homodyne experiments is not opti-
incidence of the laser light as in our experiments, the genMum if tunable lasers or lasers that provide subpicosecond
eration of SH light can easily be described with a singlePulSes are desired to be applied in a homodyne microscope.
susceptibility? tensor elemend, ... The SH light from the In order to avoid polarization changes in the former case as
reference is thus always polarized parallel to its crystalloWell as phase distortions and pulse broadening in the latter
graphicx axis. case such experiments should be carried out with very thin
Two consequences from the application of a bulk Samphgeference samples or with the reference in a reflected light
as a reference, however, must be considered. The first poiOMetry.
is that the SH light which is generated at a certain depth of
the quartz crystal suffers a phase shift during its propagation D. Expected phase of the sample
through the material. The phase of the total SH light radiated

. AR We can consider the phase of a local feature at an inter-
from the reference in forward direction is given by

face to be composed of two contributioRfgpec and ¢gy
according t0¢san= Pspecit Psn- The phaspgpecy is given

~Am(n(@—n@e)yL by the absorption spectrum of the feature and the wavelength
sin o of the probing light. The maximum of the longest-
¢ei=arcta Am(n@ 2oL , (80 wavelength electronic absorption of 2-docosylamino-5-
CoS -1 nitropyridine (DCANP) lies atA =390 nm. The wavelengths
Ao of the fundamental and SH light in our study are consider-
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CH, were taken which allowed us to calculate the thickness of the
platelets to ba&.=1230um=1 um.
In the imaging experiment of Fig(h), it is also important
to know the phase shift introduced by the air between the
two SH light sources. We calculated this phase from the dis-
tance between the two sources and from the leihgtg for

....Noz..@ N\----> air. The latter quantity we determined at the weather condi-
N H

DCANP

tions directly after having taken the monolayer images. In
this additional experiment, we measured the homodyne sig-
FIG. 3. Structural formula of 2-docosylamino-5-nitropyridine nal from two quartz crystals in air as a function of their

(DCANP) whose monolayers were used as an example. The dipolistance’*
which corresponds to the predominant optical nonlinearity is indi- For the pressure cell in the other microscopy experiment
cated. [Fig. 1(c)], windows of BK 7 glass were used. Their front

and back sides were antireflection coated at the fundamental
ably larger. The experiments are thus carried out off reso@nd harmonic frequenct aser Components, Olching, Ger-
nance With¢g,e=0°. The phasepsy originates from the many). In the imaging experiment, _the SH .I|ght from the
SH generation process. Equatit® describes the phase of guartz waveplate suffers a phase shift when it passes through
an SH signal from a bulk specimen without absorption. For 4h€ windows. Due to the coatings, it is tedious to calculate
thin film such as a monolayer, a phase @f~90° with this shn‘t. We thus_ carried out an qddltlonal set of reference
respect to the fundamental light is expectsee Fig. 7 in the experiments. At first, we took series of homodyne images

AppendiX. We thus expect a sample phasegaf,,~90°. from a monolayer for various pressures of nitrogen in the gas
cell. Then, we replaced the specimen by an additional Y-cut

quartz referenc€Steeg & Reuter, Giel3¢rand took another
IV. EXPERIMENTAL DETAILS series of homodyne images from the surface of this crystal at
) . . various gas pressures. In Sec. VB, the data evaluation will
'tﬁ Nd'YA? Ia?r(]ar (fCloggzuum F;L 8?.09 p:_rowdef% pulsesd be described. Theaxis of the second reference was oriented
with a wavelength ot . Am, a duration ime ot © ns, an parallel to thex axis of the waveplate. The second reference
a repetition rate of 15 Hz. Typical pulse intensities were

- i (o) =
~200 MW/cn?. The detector was a gated-intensified CCD\I:V(%i) Lnlagi?g;;ﬁgu:i%?#:sr;z o¥|\ilt=h 12)90 81.5m3f01 3; ar:d
camera Spectroscopy Instruments ICCD-576 G/RBlono- : . - o ORI H. 9 (L
layers of DCANP were used as specimens. The structural s me_asurgd in @ Maker-fringe experiment. The apsolqte
formula is given in Fig. 3. The permanent molecular dipolep0|ar orientation of the two quartz crystals was determined in

which corresponds to the predominant optical nonlinearity of V0 Pomodyn_l?hexperm}ents_ \r’]\"ih a Y-cu; LllNg(pIa_telet as ¢
the molecule is also indicated in Fig. 3. In order to acquire arf r? erenlce. The sample with Pown absolute %nentatmn 0
image from a DCANP monolayer, 300 laser pulses wer ts ferroe ec_tncz axis was a gift from N. Kato and Y. Uesu,
used. Additional details on the intensity imaging experiment aseda University, Tokyo.

are given in Ref. 18.

The waveplate which served as a reference sample was
obtained from Steeg & Reuter, Giel3en, Germany. It was In the homodyne studies described below, we use mono-
made of synthetier-quartz with the refractive index compo- layers of DCANP as a model example because the SH inten-
nentsn{®) =1.534 13 anch{?*)=1.546 90 at the fundamental sity contrast of these films has recently been explained in
and harmonic frequencies, respecti\@ly[\/e controlled the detail181°3°4"The films exhibit dendritic structures with ir-
thickness of the waveplate in an additional Maker-fringeregular macroscopic shapes. On the molecular level, the or-
experimerft! to beL=2313.0um=+0.3 um. der, however, is simple. Locally, the in-plane dipole compo-

Platelets of fused silicdHellma, Mulheim, Germany  nents of the molecules are parallel to each other. This is the
were used as a substrate for the monolayers. In order t8@me order that we assumed for the molecules in the do-
fabricate the films a platelet, cleaned in chromosulfuric acidmains of our theoretical model in Sec. llIA. The origin of
was first submerged under Millipore-filtered water. Then, athe contrast in the SH images of the DCANP films is also
DCANP monolayer was spread from a mixture of toluenevery similar to our theoretical example. In both cases, the
(80 vol %) and decahydronaphthalene onto the water surfacéocal features(dendrites or domainsexhibit different azi-

At a lateral pressure of-1 mN/m and a subphase tempera- muthal orientationsd of their dipoles with respect to the
ture of ~23°C, the Langmuir film was finally transferred laboratory frame. Thus they appear with different brightness
onto the horizontally oriented substrate by slowly drainingin an image and can easily be distinguished from each other.
off the water. The refractive indices of the substrates werd he irregular shapes of the local features in the DCANP
n(® =1.449 68 andn®®) =1.46080%*° Their thickness was films will be no problem for the quantitative data evaluation.
measured in independent experiments. To this end, we ) ) o

cleaned the substrate again. Then, we transferred monolayers A Homodyne imaging with different phasesebyer

of organic dye® onto their front and back sides using the of the reference signal

conventional Langmuir Blodgett techniqdéting the verti- Figure 4a) shows an SH image of a DCANP monolayer
cally oriented substratpsFrom these samples, Maker fringes on a fused silica substrate. The micrograph was taken in the

V. MEASUREMENTS AND INTERPRETATION

125406-6



SECOND-HARMONIC IMAGING OF THE ABSOLUE. .. PHYSICAL REVIEW B 65 125406

4(c), it has a projection onto the Z(2® axis. The gray code
in Figs. 4b) and 4c) gives the intensity of the interference
signal in arbitrary units.

The brightness of the local features observed in the inten-
sity contrast imagéFig. 4(a)] depends on the orientation of
the local polarZ axis relative to the polarizers according to
Egs. (3) and (4). The validity of Eq.(4) has recently been
verified quantitatively for DCANP films at a water
surface'®1°We verified that the monolayers at a fused silica
substrate, investigated here, exhibit the same order. To this
end, we turned the polarizers of the intensity contrast micro-
scope synchronously and measured the SH intensities from a
large number of local features in different monolayers as a
function of the polarizer orientation. The data could be well
fitted with Eq.(4). Applying Eqg.(4) to the image of Fig. &),
we can now calculate the orientations of the local features
from the SH intensities with the uncertainty of 18@Xial
orientatior). For five local objects which are numbered from
1 to 5, the axial orientation is indicated in Fig.at

The homodyne images of Figs(b4 and 4c) show the
same texture as Fig.(d because they were taken from the
same area but the contrast is different. The features marked
with 1 and 5 exhibit constructive interference in the homo-
dyne experiment of Fig.(®) and destructive interference in
Fig. 4(c). The features marked with 2, 3, and 4 exhibit the
opposite phenomena. Since the polarizer orientation in Fig. 4
corresponds with th&(?) axis, all the local objects which
radiate an SH signal must have a projection of tlzeaxis
either in the direction of ther Z(3® axis or in the direction
of the —z( axis. As a first trial, we may assume that the
objects which exhibit constructive interference in Figb)4
belong to the former category and all the others to the latter
one. The corresponding arrows are given in Fig®) 4nd
L 4(c) for the examples of the features 1-5. The attribution of
|nteFr:§£y4éo§ter;2[n;¢;2zs:g:g/n5 :;?gagnz)s] °1f_hae z;?/'\tl:z dr:?g(zzﬁﬁ- a single-valued_orientatio_n to all the local feat_ures will facili-
o N . ... tate the following quantitative data evaluation. When the
titative measure of the effective second-order optical susceptibility hasesp., will be determined we will see if the polar ori-
dey Of the film in pm/V. The double-headed arrows represent th _—rsam . .

entation of the locaZ axes is as assumed or opposite.

orientation of the polarizers. Laboratory coordinat§®,z(120) ;
are also shown. The axial orientation of five local featurkesb), From the Eqs(4) and(5), we can calculate the SH inten-

calculated from the contrast in the image, is additionally indicatedSity Of the local features in a homodyne experiment. For
(b) and (c) Homodyne experimentigeometry of Fig. (b)] with simplicity, we define a constai, which stands for all quan-
different polar orientations of the reference sampleaxis. The tities in Eq.(4) that are independent of the orientatiéiof a
gray code in the homodyne images gives the total inten§tyin ~ local feature. With,=0° in the images of Fig. 4, we can
arbitrary units. From the contrast in these images, the absolute orthen rewrite Eq(4) aslg‘%)zAco§ 6. Additionally, we de-

entation of the local features is obtained. fine B=1Z) andC=2AB cos¢. We then obtain
intensity contrast mode of the microscomeometry of Fig. |§§tw>: Acog 9+ B+C cos 6. 9

1(a)]. The film was observed between parallel polarizers
whose orientation is indicated with double-headed arrows ir?:or the phaseb in the quantityC, we have to consider a shift
Fig. 4(a). Laboratory coordinates are also shown. The gra y 180° if we compare the ho}nodyne signals of a local ob-
code is a quantitative measure of the monolayer’s effectivefect in Figs. 4b) and 4c) [polar axis of the reference with a
susceptibility given in pm/V. Figures(d) and 4c) show the projection onto the- (3 axis in Fig. 4b) and a projection
same section of the film in the homodyne experinjgebm- onto the+ 23 axis in Fig. 40)]. If we attribute Eq.(9) to
etry of Fig. Ib)]. A quartz referencéwaveplatg was intro- Fig. 4(b), we thus have to describe Fig(ch with the corre-
duced into the fundamental beam path below the monolayegponding equation

The azimuthal orientation of the crystaksaxis is indicated

with arrows at the right side of the images. In Figby this

polar axis exhibits a projection onto theZ(®) axis. In Fig. lte”'=Aco$ 6+B~—Ccos 6. (10
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o
o
N
o

and
1{29)= A sin® 6+ B—Csin® 6, (13

respectively. In Fig. 5, the results for the fit parameters are
given in arbitrary units.
Using Eq.(11), we can now calculate the phagefor the
] o four images. Sinceb, however, is the argument of a cosine
00 0.0 X function, we obtain two possible valueg®) and ¢(). The
results obtained from the data in Fig. 5 and from a second
series of images, measured with another DCANP monolayer,

20,

hgco) (arb. units)
I'ﬁ,, ) (arb. units)

-180 -120 -60 0 60 120 180 -180 -120 -60 0 60 120 180
Orientation 6 (°) Orientation 6 (°)

07 06 are pM=62°+9° and¢(®)=298°+9°. From these quanti-
71 - ties, two possible values for the sample pha¢§gﬁn and
5 E @) can be calculated by applying Etf). The phase of
g1 £ the reference in Eq6) can be obtained from the thickness
3 f; and refractive indices of the waveplatee Sec. |Y by ap-
o3 o5 plying EqQ.(8). The result isp,os= —3°*=3°. The phase shift
¢ in Eq. (6) is the sum of two contributiong_;, and ¢ se,p,
0o 0o which or_iginatg from the ai_r between the two SH light
130 120 G0 0 oo 150 180 -180 120 60 O B0 130 180 sources in the imaging experiment and from the substrate of

Orientation 6 ) Orientation 0 (%) the monolayer, respectively. The contribution from the sub-
strate can be calculated from its thickness and its refractive
FIG. 5. Measured intensitid§” (in arbitray unitg for various  indices(see Sec. IYt0 be ¢ s = — 254°+7°. With a dis-
local features as a function of their azimuthal orientattbin a  tance of 36.55 cm between the top surface of the reference
series of homodyne images. In this series, the experimental geomand the bottom side of the monolayer’s substrate and with
etry was modified as indicated with the orientation of the polarizery . =12 66 cm for the air measured directly after having
(double-headed arrowsthe orientation of the quartz referenbe  tzken the monolayer images, we obtapg,= —319°+ 3°.
axis), and with laboratory coordinateX(®?,z2(*). The lines area  1h5 br=—213°+8°. Using Eq.(6) We”finally find the

fit of Egs. (9), (10), (12), and (13) to the data in(a)—(d), respec- (1) _ o o (2) _ ano o
. . . results gg;h= —150°+10° and¢gs,=80°*=10°. The latter
tively. The results of the fitéA, B, G are also given. quantity is the physically significant phase. It agrees with the

. L (20) . . expected result obs,,~90°. Thus the sign of the local fea-
The intensitied ;;” for various local features can be detgr tures’ polar orientation is as we assumed abffigs. 4b)
&nd 4c)]. If we had assumed the opposite orientation for all

0 of the local features are not known so far but for a plot ofthe local features, our result would &2~ —90°.

122) as a function off we can apply the convention on the
sign of the dipoles introduced above. In this way, the data o . )

points of Figs. §a) and Jb) were obtained from the images B. Homodyne imaging by using the gas cell in order

of Figs. 4b) and 4c), respectively. Since the symmetry and to alter the phases¢,

order of the local features are identical, we can assume that Applying the experiment of Fig. (&), a series of homo-

the phasep is also identical for the objects in an image. Thusdyne images was taken from a section of a monolayer. In this
we can fit the data in Figs(& and §b) with the correspond-  series, the gas pressure was altered in order to change the
ing Egs.(9) and(10), respectively. From the fit parametéks  phaseg, [Eq. (6)]. The orientation of the polarizers and the

B, andC, we can determing according to quartz waveplate was identical to the geometry of Fig).4
Figure 6 shows the intensitid® for two different local
features, called 1 and 2, in the imaged surface section as a
function of the gas pressure. After the micrographs had been
obtained we replaced the monolayer sample by a second

C
2VAB
Since the dendrites in Fig. 4 which are oriented unfaVor_quartz reference. A series of images from its top surface was

ably with respect to the polarizer$£90°) do not generate then taken. In this series, the gas pressure was altered as in
a sufficiently strong SH signal, we took two additional ho- the monolayer study. The .homodyne Intensity in the .refer?

d . hth | N llel to HED axi ence experiment as a funcyon of the pressure is also given in
modyne lmages Wi € polarizers parailel to axis Fig. 6 for a section of the imaged crystal surface. The loca-
(Wp=90 .) . In one gxpgnment, the polar axis of the refer'tion of this section corresponds to the position of feature 2 in
ence exhibited a projection onto thex(®) axis, in the other

e (lab) avs : . the homodyne image of the monolayer.
one a projection onto the X" axis. The data are given i \ya getermined also individual reference curves for all the

Figs. 3c) and 3d) together with a fit of the corresponding |oc4) features investigated in the monolayer sample. Phase
equations shifts of a few degrees between the reference curves for the
different lateral positions were observed. This is probably
due to slight lateral variations in the thickness of the quartz

CoS¢p= (13)

1{29)= A sin® 6+ B+ C sin® ¢ (12)
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The relative phaseb— ¢,s e fOr a local feature is directly
accessible from a comparison of its interference curve with
the corresponding reference curve. From these datg,can
then be calculated because the other quantities irilEgare
known. With the data given in Sec. IV, we obtaipe
=49°+3° [Eq. (8)], dsen=—82°+4°, and ¢ s~
—254°+7°.

The relative phase of-180° observed in Fig. 6 for two
local features means that one of them exhibits a projection of
its dipole onto thet+ Z{) axis of the laboratory frame; the
other one has a projection onto thez(® axis. For all the
other local features, we expect that they can be divided into
two groups. The objects of one group should exhibit the
T same absolute phasg,, as the object 1 in Fig. 6. The
1 2 s 3 absolute phases of the other local features should be shifted

Pressure (10 Pa) by 180°. In total, we investigated 18 different local objects in
the monolayer. Actually, we found two values for their

- itig &) - - .
FIG. 6. Measured |ntenS|t|d§[ as afungtlon qf the pressure in phases with respect to the reference phage; @ref,refk)(l)
gas cell. The results for two local features in an image, called 1 and_ _ 132°+10° for the population which includes feature 1,

2, are shown. The reference data for feature 2 are also given. Tha?nd (b— drorror )P =46°= 10° for the population which in-

curves are fits of Eq(5) together with Eqs(14) and (15) to the .
monolayer and reference data, respectively. cludes feature 2. The result for the absolute phasesiis
=110°+10° and¢{2) = —80°+10°, which agrees with the

platelets. Below, we compensate for these phase variatior@Xpected phase @fsa,~90°. This result means that the fea-
by comparing the data of any local feature with its individual tures of the former populatiotfieature 1 exhibit a projection
reference curve. of their polar axes onto the-Z(2) axis of the laboratory

In order to fit the data in Fig. 6 we have to consider thatcoordinates on which the polar axes of the reference crystals
the phaseg, in the experiments is composed of various have also a projection. The latter populatideature 2 ex-
contributions. In the monolayer imagesi,=d,+ ¢,  NiDits @ projection onto the-2(*) axis.
+ Puin,air Where ¢, is the variable phase which is propor-
tional to the absolute pressure in the nitrogen céls,, is VI. CONCLUSION
the phase shift which originates from the substrate of the
monolayer, andb,,, 4 iS the phase shift due to the windows
of the pressure cell and air in the space between the two S
light sources. Substitutingy, in Eq. (6) by these contribu-
tions, we obtain

7 local feature 2 local feature 1

(arb. units)

(2w)

tot

Intensity |

2nd
reference

The two techniques used in this study allowed us to de-
rmine the absolute phase of any local feature which was
clearly resolved in the images. From the data, the two-
dimensional distribution of the absolute polar orientation at
an interface can be determined with far-field optical resolu-
b= bsani Prei— Pp— Dosub— Puinair- (14)  tion. The first method is particularly simple. It, however, pro-
' vides the phases with a mathematical ambiguity. Using addi-
The analogous formula for the homodyne experiment withjonal spectroscopic information in our off-resonance study

the second reference is of DCANP monolayers we could easily find out which of the
B o _ 15 two possible results is the physically significant one. In other
Pretret = Pret ~ brer™ Pp~ Dover ~ Pwinairs (19 experiments which are carried out near resonance it may,

where et e is the phase difference of the SH signals from however, ofte_n be difficqlt to decide which of the two calcu-
the two reference samples atfl is the phase of the signal lated phases is the physically correct result. In such cases, the
from the second reference. The quanify,.« is the phase second method which takes advantage of the additional
shift that the SH light from the quartz waveplate suffersphase shifter should be used. This technique provides the
when it propagates through the second reference. absolute local phases unambiguously.

The curves in Fig. 6 are fits of E¢5) together with Egs. It should additionally be emphasized that our example of
(14) and (15) to the monolayer and the reference data, re2 monolayer where all the local objects had the same mo-
spectively. A comparison of the curves for the two local fea-lecular order(point group is not an exotic case. All poly-
tures in Fig. 6 shows directly that their relative phase iscrystalline surfaces, for example, exhibit similar phenomena.
~180°. The absolute phases,,of the local objects cannot [N such examples, a few images taken with different orienta-
be obtained from these curves alone because the quantitigns of the polarizers and the reference samples are suffi-
buinair [EQ. (14)] is not known in our study. The reference cient for the determination of the local phases. The two tech-
curve[Eq. (15)], however, provides additional information. Niques, however, are not restricted to such simple cases. At
Using Egs.(14) and(15), we can calculate the absolute local Other surfaces, different local objects may exhibit a different

phase to be symmetry and order. Then, a larger number of images must
be taken in a series of modified geometries in order to obtain
Dsani= P~ Drefret T Prete — Psretr + D asub- (16)  a sufficient number of data for any individual local object.
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y=0. The exit plane lies then gt=L. The interaction of the

(a) fundamental and SH waves in the nonlinear optical medium
is described with a system of coupled-amplitude equatt®ns.
For plane waves under the nondepleted pump approximation
in a lossless medium, the evolution of the SH amplitude
E®%) s given by

©
(=]
|

Phase ¢ (°)
(o]

dE?®  327iw? (0241 AK
907 T T T dy = k(Zw)CZ deff(E ) € y, (Al)
0 1 2 3

Normalized thickness L/ ¢

with E(®) the fundamental amplitude,

@1 Ak=2k!®) — k(@) (A2)
5
g the momentum mismatct(*) the wave vector at the laser
3 frequency, an&(®®) the wave vector at the SH frequency. By
%‘ integrating Eq(A1) fromy=0 toy=L we can calculate the
S SH field at the exit face of the crystal to be
Eo (b)
| : : 327 w? L
0 1 2 3 (2w) _ (w) zj iAky
E'<@) = dew(E e
Normalized thickness L /I @argz der E)7 |
FIG. 7. (a) Calculated phase anth) second-harmonic intensity 327 w? gl AkL
of the reference crystal as a function of the normalized thickness deeﬁ(E(“’))zT. (A3)

L/l,.

In conclusion, we have shown that the absolute phaseshe phase oE‘**) depends on the factef*¥"— 1. Its imagi-
and the sign of the polar molecular orientation at an interfac@ary part is Im¢*“—1)=sinAkL. Its real part is Re{**"
can be measured with two-dimensional far-field optical reso—1)=C0SAKL—1. The phasep,e of E*) is thus
lution. Knowledge of the polar orientation field is important,

for example, for the development of new polar bulk materi- sin(AkL)
als which are grown from surfaces. The phases of the sus- Pret= arctar( m) (A4)
ceptibilities are also required for the molecular interpretation
if tensor elements with different phases contribute to thel.his expression can be written as
nonlinear signal. P
[ 4m(nt@)—nohL
ACKNOWLEDGMENTS sin o )
We appreciate helpful discussions on the crystal structure Prer=arcta 47(n@ —nle))L
and the properties of-quartz with Th. Krol(Institute for COS( o )_1
Materials Physics, Muste), J. Lans, D. BosbachInstitute
for Mineralogy, Minstep, H. Hellwig (Geophysical Labora- L
tory, Carnegie Institution of Washington, D)C.and J. sin( —7-;—)
Schreuer(Laboratory of Crystallography, Swiss Federal In- —arcta e (A5)
stitute of Technology, Zich). Also, financial support from L '
the \Volkswagen Foundation and the Federal Ministry for COS(‘”E)_l

School, Advanced Education, Science and Research of
Northrhine-Westfalia is gratefully acknowledged. with 1.=\o/4n(®)—n(2%)| the coherence length of the non-

linear interaction process. The arguments of the sine and co-
sine functions in Eqs(A4) and(A5) are negative for a ma-
terial with normal dispersion such as quartz in the spectral
Here we calculate the phasg, of the SH wave gener- region of our experiments. In Fig(d), ¢ is plotted as a
ated in a reference crystal. The fundamental light in our exfunction of the normalized thickne&s! . of a noncentrosym-
periments propagates in they direction of the crystal co- metric material. For comparison, the well-known depen-
ordinate systenfisee Fig. 1b)]. In the reference sample, an dence of the SH intensity oo/l is given in Fig. Tb). The
SH signal is generated which propagates in forward directypical spatial oscillations of the intensity in the case of
tion. The entrance plane for the laser light may be located ghhase mismatchAk=+0) can be seen. Under this condition,
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&res €xhibits also spatial variations. Ifis an odd multiple of ~ correspond to even multiples ¢f, the phase changes be-
|, the phase of the reference with respect to the fundamentéiveen = —90° (energy transfer from the harmonic to the
light is ¢,.=0°. At such positions, no energy is transferred fundamental waveand ¢ .= 90° (energy transfer to the har-
between the fundamental and SH waves. At positions whiclmonic wave.
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