
PHYSICAL REVIEW B, VOLUME 65, 125406
Second-harmonic imaging of the absolute polar molecular orientation at interfaces

Mathias Flörsheimer,* Maik-Thomas Bootsmann,† and Harald Fuchs
Physical Institute, University of Mu¨nster, Wilhelm-Klemm-Straße 10, D-48149 Mu¨nster, Germany

~Received 6 July 2001; published 1 March 2002!

Interface specific second-harmonic~SH! 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 on theabsolutemolecular 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 molecules~orientation with an uncertainty of 180°! can 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 of190°. Since the inversion of a dipole’s absolute orientation corresponds
with a phase shift of 180° in the SH signal, we expect a phase of290° 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 ~190°, 290°! 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.

DOI: 10.1103/PhysRevB.65.125406 PACS number~s!: 78.68.1m, 42.65.2k, 82.45.Mp
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I. INTRODUCTION

Optical second-harmonic~SH! and sum-frequency~SF!
generation1 have been developed into versatile surface a
lytical tools during the last two decades. The techniques t
advantage of the fact that second-order nonlinear optical
cesses are dipole forbidden in centrosymmetric media,
allowed at surfaces and interfaces where the inversion s
metry is necessarily broken. A signal can thus be gener
which is specific to the one or few monomolecular laye
which form the surface of a centrosymmetric material or
interface between two inversion symmetric media. The te
niques can be applied to all kinds of interfaces which
accessible to light including the surfaces of liquids,1–7 sur-
faces in vacuum,8,9 and buried interfaces such as electro
surfaces in electrolytic cells,1,3,4,6as well as surfactant layer
at liquid/liquid interfaces.4,7 Also, SH and SF generatio
have been extensively used to study the silic
silicondioxide interface8,9 and semiconducto
heterointerfaces8,9 which are important for the micro- an
optoelectronic device technology.

The simplest nonlinear optical experiment is SH gene
tion. Here a spot of an interface is illuminated with high las
light intensities. Usually, the SH signal radiated from t
0163-1829/2002/65~12!/125406~11!/$20.00 65 1254
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spot is then measured with a photomultiplier. This spatia
integrated signal provides information on the symmetry a
order of the interface averaged over the area of the s
Recently, this experiment has been improved in order to p
vide lateral resolution. Interface-sensitive SH microscop
have been developed by various teams.10–17 In these experi-
ments, the SH light is used to form an image of the interfa
structure. In recent imaging studies, we also calibrated
response of our camera using a reference sample with kn
second-order optical susceptibility.18 We then showed tha
the lateral distribution of the SH intensity in the calibrat
images can be quantitatively transformed into the cor
sponding molecular orientation field of the interface.19

Recently, also an SF microscope20 was developed. Here a
section of a surface is illuminated with two laser beams. O
of the lasers is tunable to the infrared~IR! absorption bands
~frequencyv IR! of the sample. The other one provides vi
ible light ~frequencyvvis!. At the surface, an SF signal~fre-
quencyvSF5v IR1vvis! is generated which is used for im
aging. Tuning the IR laser, the SF intensity from the interfa
becomes resonance enhanced if the laser frequency is
to a vibrational absorption band of the sample molecu
Thus spectroscopic information1 on the chemical composi
tion of the interface and on the conformation of the m
©2002 The American Physical Society06-1
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ecules is obtained. An additional benefit of the SF techni
is that the signal appears in the visible spectrum.1 Its small
wavelength as compared with the IR wavelength allows u
take images with high far-field optical resolution. The S
microscope thus represents an interface-specific, chem
analytical IR microscope with the improved spatial reso
tion limit of a visible-light microscope.20

All microscopes which image the SH and SF intens
distribution of an interface, however, do not take advant
of the full information in the signals because the phase
obscured in the intensity measurement. Similar to linear
tics, the phase in a nonlinear optical experiment depend
the spectral distance between the frequency of the pro
light and the resonance frequency of the molecular osc
tors which are responsible for the signal generation. Relia
phase information is particularly important if the surface s
nal originates from two~or more! different sources which are
out of phase, for example, from the topmost molecules o
substrate and from additional adsorbate species. Then
total signal can only be understood in terms of magnitu
and phases of all contributions.14,21

The phase of the nonlinear signal, however, is addition
useful because it depends on theabsoluteorientation of the
molecular dipoles which are responsible for SH and SF g
eration. The inversion of a dipole’s orientation correspon
with a phase shift of 180° in the radiated SH or SF wave
contrast, the corresponding linear optical signal is indep
dent of the sign of the dipole’s orientation. As a result, line
optical experiments such as ellipsometric imaging,22 Brew-
ster angle microscopy,23,24 or reflection anisotropy
microscopy25 do not allow one to distinguish between a po
and an axial order of the molecules in a sample. SH and
experiments are specific to polar order, but fromintensity
measurements alone, the information on the orientation
the dipoles can only be obtained with the uncertainty
180°. The determination of the absolute polar order requ
the additional measurement of thephasesin the nonlinear
signals.

Applying homodyne techniques, the phases can be m
sured. Such interference experiments have been used i
cent spatially integrating SH and SF studies.14,21,26–38Here,
however, we describe two interface-specific, monolay
sensitive SH imaging experiments with homodyne detect
The two methods allow the quantitative, two-dimensiona
resolved determination of arbitrary phases. The first te
nique is particularly simple. The second one can be app
more versatile. The paper is organized as follows. In Sec
we describe the principle of the experiments. The theor
given in Sec. III. Experimental details are described in S
IV. The measurements are presented and interpreted in
V. Then, a discussion of the two homodyne techniques c
cludes the article.

II. SETUP OF THE MICROSCOPES AND PRINCIPLE OF
OPERATION

Figure 1 shows principle schemes of the experime
Figure 1~a! represents our SH intensity contrast microsco
in its simplest version. From this technique, the two hom
12540
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dyne detection experiments@Figs. 1~b! and 1~c!# are derived.
In the intensity contrast microscope12,18 @Fig. 1~a!#, a section
of a surface is illuminated with a collimated laser beam~fre-
quencyv! applying a transmitted light geometry. Selective
at the surface, an SH signal~frequency 2v! is generated. It is
spectrally separated from the laser radiation. Then, a con
tional linear optical polarization microscope uses the h
monic light to create an image of the interface structure
the target of an intensified charge-coupled device~CCD!
camera. The interface is observed between polarizers w
can be turned azimuthally~not shown in Fig. 1!.

FIG. 1. Principal schemes of the experiments. The fundame
light ~frequencyv! and the forward-radiated harmonic signals~2v!
are indicated. The molecules of the interface exhibit dipoles~small
arrows!. ~a! Intensity contrast microscope.~b! Homodyne experi-
ment with a quartz waveplate as reference sample. The quartz
tal can be turned about itsy axis.~c! Homodyne experiment with an
additional pressure cell in order to shift the relative phase of the
harmonic light sources continuously.
6-2
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The specimen in the experiment may be, for example,
surface of a liquid. In Fig. 1~a!, the topmost molecular laye
is indicated. In the case shown here, a two-dimensional s
phase coexists with a liquid surface phase. The small arr
represent electric dipoles of the molecules. It can be seen
both phases exhibit a net polar order normal to the surfa
The solid phase also exhibits an in-plane polar order. In
experiment of Fig. 1~a!, the incident light is polarized in the
surface plane. Thus the in-plane polar order is probed h
The normal dipole components can be probed with ot
experimental geometries11,12,39by 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
domain are omitted in Fig. 1. In this article, we consider on
direct SH light radiated in forward direction as indicated
Fig. 1. Certainly, direct and diffracted light contributions a
required in order to create a sharp image in the microsco
It is important to remember, however, that the light radia
from one object point into the entire acceptance cone of
objective is combined by the microscope near the co
sponding image point. The image of a homogeneous ob
area is mainly composed of direct light. Diffracted SH lig
contributes mainly to the image of inhomogeneities. T
scattered light and its interaction with the nonlinearities
the sample are much more difficult to quantify as compa
to the direct light. Thus we use SH imaging here as a qu
titative method in the interior of homogeneous areas suc
domains at an interface. The technique is not considered
quantitative tool in a small stripe at the border of a dom
whose width corresponds with the resolution of the far-fi
optical microscope~Abbe’s resolution for the SH light!.

In the phase-sensitive microscope of Fig. 1~b!, a reference
sample is additionally introduced into the path of the pol
ized laser beam. We used a quartz crystal whose bul
noncentrosymmetric. The reference generates an SH s
with a well-known and stable phase relative to the laser lig
The polar axis of the quartz sample is its crystallographix
axis @see coordinates in Fig. 1~b!#. The reference can b
turned in the plane of the interface~about they axis of the
crystal!. The thickness of the reference corresponds t
waveplate for the laser light. Thus the polarization state
the fundamental beam is not influenced by the reference

The SH signal from the quartz crystal and the SH lig
radiated from the interface in Fig. 1~b! originate from the
same laser beam. Thus interference of the SH signals oc
The interface exhibits a texture with different local featur
such as dendrites or domains. As an example, two dom
are shown schematically at the interface in Fig. 1~b!. Their
in-plane dipoles are oriented antiparallel to each other.
opposite polar orientation corresponds with a phase dif
ence of 180° in their SH signals. Depending on their orie
tation relative to thex axis of the quartz crystal, one of th
domains will appear bright in an image due to construct
interference. Destructive interference will be observed
the other one.

In a recent communication40 we showed that the qualita
tive inspection of the images from such a microscope is s
ficient to determine the absolute polar orientation of a lo
12540
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feature if its axial orientation~uncertainty of 180°! is already
known, for example, from an independent experiment w
the intensity contrast microscope of Fig. 1~a!. Such investi-
gations, however, do not allow one to determine arbitr
phases quantitatively. To this end, a quantitative meas
ment and interpretation of the homodyne contrast is requi
The quantitative studies will be described below. Also,
use a second phase-sensitive SH microscope@Fig. 1~c!# and
compare the results from the two homodyne techniques
the microscope of Fig. 1~c!, the phase difference between th
two SH sources can be altered. To this end, a gas cell31 with
variable gas pressure is introduced into the beam path
tween the reference sample and the interface. A variation
the pressure allows us to alter the refractive index of the
and its dispersion. Thus the relative phase between the
damental and the SH reference wave can be changed.
leads to a variation of the phase difference of the SH sign
from reference and interface. We will show below that t
additional variable microscope parameter allows us to ap
this experiment more versatilly as compared with the simp
setup of Fig. 1~b!.

III. THEORY

A. Second-harmonic intensity from the local features
of an interface

Figure 2 shows the geometry of the imaging experime
in top view onto the interface. An example of a simple inte

FIG. 2. Experimental geometry in top view onto the interfac
An example of a texture with two-dimensional domains is show
The domains are described with local coordinates~X, Z!. Also, labo-
ratory coordinates (X(lab),Z(lab)), the orientations of the polarizer
~angle Cp!, the orientation of the quartz waveplate~angle C ref ,
polarx axis!, and the orientation of one of the domains~angleu! are
indicated. The contribution of the signal from the quartz referen
to a homodyne image depends on the projection of crystal’sx axis
onto the polarizer orientation~dashed arrow!. By turning the refer-
ence the amplitude and phase of this projected field can be alte
An inversion of the sign of the projection changes the phase of
reference signal by 180°.
6-3
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face texture with various two-dimensional domains is giv
Laboratory coordinatesX~lab! and Z~lab!, which are fixed in
the plane of the interface, are indicated. The quartz refere
and the polarizers can be arbitrarily turned in the plane. T
polar x axis of the quartz crystal makes an angleC ref with
respect to theZ~lab! axis. The polarizers are oriented paral
to each other in the experiments of this article. A single an
Cp is thus sufficient to describe their azimuthal position re
tive to theZ~lab! axis. In order to characterize an individu
domain we introduce additional local coordinatesX and Z,
which are fixed at the crystallographic lattices of the d
mains. The azimuthal orientation of the local features is
scribed by their angleu between their localZ axis and the
Z~lab! axis. For one of the domains, this angle is indicated
Fig. 2.

We assume that all the domains of the interface exh
the same crystallographic symmetry and molecular or
Also, the order may be simple in our example. We assu
that the dipoles of the SH-active molecular groups may
oriented parallel to the localZ axis. The point group of the
domains is thenCS . The property of the domains whic
describes SH generation is their second-order optical sus

tibility tensor dWW . This quantity can exhibit up to 18 indepen
dent elementsdIJK where the subscriptsJ andK refer to the
polarization of the incident light fields andI refers to the
polarization of the generated SH field. In general, the e
mentsdIJK are complex numbers. If we use local coord
nates, the susceptibility tensors for all the domains of
interface are identical because the local features exhibit
same symmetry and order. Additionally, the tensor is parti
larly simple in our example because we assumed a sim
order. Since all the molecular dipoles are parallel to the lo
Z axis, a single elementdZZZ is sufficient to describe a do
main.

In an intensity contrast image~Fig. 2 without quartz ref-
erence!, the domains of the interface will appear with diffe
ent brightness because their orientation relative to the po
izers of the SH microscope is different. A domain who
polar axis is oriented favorably~u2Cp50° or u2Cp
5180°! will appear bright. No SH light will be generated fo
u2Cp590° oru2Cp5270°. Below, we quantitatively cal
culate the SH intensityI (2v) radiated from the local feature
of the interface. The intensities in the interference exp
ment will be considered in Sec. III B.

Various models have been used to describe SH genera
at an interface. Applying the model of Mizrahi and Sipe41

we obtain

I ~2v!5
2v2L2

«0c3 cos2 V
udeffu2~ I ~v!!2 ~1!

with I (v) the intensity of the fundamental beam,deff the ef-
fective susceptibility,V the angle of incidence,L the thick-
ness of the SH-active layer,«0 the vacuum permittivity, and
c the speed of light in vacuum. In the experiments descri
here,V50° ~normal incidence!. The effective susceptibility
depends on the geometry of the experiment~orientation of
the polarizers! and on the tensor elements of the sam
which contribute to the signal in this geometry. In a coor
12540
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nate system which is fixed at the polarizers of the exp
ment, we can express the effective susceptibility of an a
trary local feature as

deff5 (
UVW

eU
~2v!dUVWeV

~v!eW
~v! , ~2!

wheredUVW represents the tensor elements of the feature
eU

(2v) , eV
(v) , and eW

(v) are components of polarization un
vectors multiplied by Fresnel factors for the interface.41 The
quantity eU

(2v) refers to the polarization of the detected S
field ~analyzer orientation!; eV

(v) andeW
(v) refer to the polar-

ization of the incident fields. The susceptibilities in the fram
of the polarizers can be obtained from the local susceptib
ties dIJK by a coordinate transformation. In our example
an interface, we have

deff5cFdZZZ cos3~u2Cp!, ~3!

where the cosine factors account for the projection of
fundamental fields onto theZ axis of the domain and for the
projection of the generated SH field from theZ axis onto the
analyzer. The quantitycF represents the product of th
Fresnel factors in the experiment.41 The intensity of a do-
main in our example is then given by

I ~2v!5
2v2L2ucFu2

«0c3 udZZZu2~ I ~v!!2 cos6~u2Cp!. ~4!

The factor cos6(u2Cp) describes the dependence of the S
intensity of a local feature on its orientation relative to t
polarizers. Also, Eq.~4! shows that the phase of the susce
tibility dzzz gets lost when the square of the modulus is c
culated or when the SH intensity is measured. The phase
only be obtained from an additional homodyne experime

B. Intensities and phases in a homodyne experiment

In a homodyne experiment, the total signalI tot
(2v) is given

by

I tot
~2v!5I sam

~2v!1I ref
~2v!12AI sam

~2v!I ref
~2v! cosf, ~5!

with I sam
(2v) andI ref

(2v) the SH intensity from the sample and th
reference, respectively, andf the phase difference betwee
the harmonic waves. For a homogeneous reference,I ref

(2v) is
constant for the entire image~if homogeneous illumination is
provided!. In contrast,I sam

(2v) and f, however, may change
within the observed area.I sam

(2v) can be calculated for the loca
features of an interface according to Sec. III A. The phasf
is composed as

f5fsam2~f ref1fD!, ~6!

wherefsamis the phase of the sample signal which has to
determined in the experiment,f ref is the phase of the refer
ence signal which must be known, andfD is the phase tha
originates from the distance between the two SH lig
sources and from the dispersion of the medium betw
them. For a homogeneous dispersive medium, this ph
fmed is given by
6-4
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fmed5
2L~n~v!2n~2v!!

l0
3360°, ~7!

with L the thickness of the medium,n(v) andn(2v) its refrac-
tive indices at the fundamental and harmonic frequency,
spectively, andl0 the laser wavelength in vacuum. For
material with normal dispersion,fmed is negative. A phase
shift of 360°, for example, is introduced by a dispersive m
dium with a thickness ofL3605l0/2u(n(v)2n(2v))u. For air
at a laser wavelength of 1064 nm,L360'13 cm. The exact
value depends on the atmospheric pressure and on o
weather parameters. Hence the phase introduced by th
must either be controlled in the homodyne experiment o
must be measured independently.

Sincefsam contributes to the argument of a cosine fun
tion in Eq. ~5!, it cannot be determined unambiguously wi
a single measurement. Hence the experimental condit
must be altered. Two possibilities may be considered. Ei
f ref or fD can be changed so that various values of cosf are
accessible from whichfsam may finally be derived. We use
both possibilities. In a first series of experiments, we obse
an interface with different azimuthal orientations of t
quartz reference@experiment of Fig. 1~b!#. Depending on the
orientation of the crystal’s polar axis relative to the polar a
of a local feature, we can switch between constructive
destructive interference in these experiments. In a sec
series of measurements, we alterfD by applying the gas
pressure cell@experiment of Fig. 1~c!#.

C. Reference sample

A benefit of using a bulk specimen as a reference in b
types of experiments is the easy handling. The chosen th
ness of a waveplate for the fundamental light additiona
facilitates the data evaluation. The waveplate does
change the polarization of the laser light. Independent on
orientation of the reference, the interface always experien
the linear polarization state of the fundamental light in
cated by the polarizer orientation in Fig. 2. The quartz ref
ence used here is a Y-cut crystal@see coordinates in Fig
1~b!#, which also facilitates the data evaluation. For norm
incidence of the laser light as in our experiments, the g
eration of SH light can easily be described with a sin
susceptibility42 tensor elementdxxx . The SH light from the
reference is thus always polarized parallel to its crysta
graphicx axis.

Two consequences from the application of a bulk sam
as a reference, however, must be considered. The first p
is that the SH light which is generated at a certain depth
the quartz crystal suffers a phase shift during its propaga
through the material. The phase of the total SH light radia
from the reference in forward direction is given by

f ref5arctanS sin
4p~n~v!2n~2v!!L

l0

cos
4p~n~v!2n~2v!!L

l0
21
D , ~8!
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with L the thickness of the plate. It can be seen thatL and the
refractive indices of the reference sample must be known
order to calculatef ref . Equation~8! can be derived from the
coupled wave equations for the nonlinear optical crysta
the nondepleted pump approximation. The calculation an
brief discussion of Eq.~8! follows in the Appendix.

The second consequence from the application of a b
sample as a reference is that the signalI ref

(2v) is usually much
larger than the intensityI sam

(2v) from an interface or a mono
layer if the polar axes of the two SH sources are orien
parallel to each other. In such a case of distinctly differe
intensities, the introduction of a phase shift of 180° betwe
the interfering signals, either by changingf ref or by chang-
ing fD , leads only to a small modulation of the total inte
sity I tot

(2v) @Eq. ~5!#. For optimum modulation of the contras
between constructive and destructive interference, howe
the intensities from the two sources should be similar.
order to obtain comparable intensities we thus turned
polar axis of the reference crystal with respect to the po
izers.

In Fig. 2, an angle between the reference and the polar
orientation ofC ref2Cp580° is shown as an example. I
such a case, the intensity from the brightest domains in
experiment might be similar to the intensity from the refe
ence. The local features which generate the highest SH
tensity in our example of an interface are those doma
whose orientations are eitheru2Cp50° or u2Cp5180°.
These two groups of domains can readily be distinguishe
the homodyne experiment. Constructive interference occ
for one group and destructive interference for the other o
Also, the phasef ref of the reference signal which contribute
to the homodyne images can easily be shifted by 180°.
this end, the reference must be turned to anglesC ref2Cp
larger than 90°. If the angle ofC ref2Cp580° in our ex-
ample is changed toC ref2Cp5100° contrast inversion will
be observed. The determination of the absolute polar or
tation and the phasesfsam of the local features requires th
additional quantitative evaluation of the contrast, which w
be given below.

The use of a bulk sample as a reference in a transmi
light geometry as in our homodyne experiments is not o
mum if tunable lasers or lasers that provide subpicosec
pulses are desired to be applied in a homodyne microsc
In order to avoid polarization changes in the former case
well as phase distortions and pulse broadening in the la
case such experiments should be carried out with very
reference samples or with the reference in a reflected l
geometry.

D. Expected phase of the sample

We can consider the phase of a local feature at an in
face to be composed of two contributionsfspectr and fSH
according tofsam5fspectr1fSH. The phasefspectr is given
by the absorption spectrum of the feature and the wavelen
of the probing light. The maximum of the longes
wavelength electronic absorption of 2-docosylamino
nitropyridine~DCANP! lies atl5390 nm. The wavelengths
of the fundamental and SH light in our study are consid
6-5
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ably larger. The experiments are thus carried out off re
nance withfspectr'0°. The phasefSH originates from the
SH generation process. Equation~8! describes the phase o
an SH signal from a bulk specimen without absorption. Fo
thin film such as a monolayer, a phase offSH'90° with
respect to the fundamental light is expected~see Fig. 7 in the
Appendix!. We thus expect a sample phase offsam'90°.

IV. EXPERIMENTAL DETAILS

A Nd:YAG laser ~Continuum PL 8000! provided pulses
with a wavelength of 1.0642mm, a duration time of 8 ns, an
a repetition rate of 15 Hz. Typical pulse intensities we
;200 MW/cm2. The detector was a gated-intensified CC
camera~Spectroscopy Instruments ICCD-576 G/RB!. Mono-
layers of DCANP were used as specimens. The struct
formula is given in Fig. 3. The permanent molecular dipo
which corresponds to the predominant optical nonlinearity
the molecule is also indicated in Fig. 3. In order to acquire
image from a DCANP monolayer, 300 laser pulses w
used. Additional details on the intensity imaging experim
are given in Ref. 18.

The waveplate which served as a reference sample
obtained from Steeg & Reuter, Gießen, Germany. It w
made of synthetica-quartz with the refractive index compo
nentsnx

(v)51.534 13 andnx
(2v)51.546 90 at the fundamenta

and harmonic frequencies, respectively.43 We controlled the
thickness of the waveplate in an additional Maker-frin
experiment44 to beL52313.0mm60.3mm.

Platelets of fused silica~Hellma, Müllheim, Germany!
were used as a substrate for the monolayers. In orde
fabricate the films a platelet, cleaned in chromosulfuric ac
was first submerged under Millipore-filtered water. Then
DCANP monolayer was spread from a mixture of tolue
~80 vol %! and decahydronaphthalene onto the water surfa
At a lateral pressure of;1 mN/m and a subphase temper
ture of ;23 °C, the Langmuir film was finally transferre
onto the horizontally oriented substrate by slowly draini
off the water. The refractive indices of the substrates w
n(v)51.449 68 andn(2v)51.460 80.45 Their thickness was
measured in independent experiments. To this end,
cleaned the substrate again. Then, we transferred monola
of organic dyes46 onto their front and back sides using th
conventional Langmuir Blodgett technique~lifting the verti-
cally oriented substrates!. From these samples, Maker fringe

FIG. 3. Structural formula of 2-docosylamino-5-nitropyridin
~DCANP! whose monolayers were used as an example. The di
which corresponds to the predominant optical nonlinearity is in
cated.
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were taken which allowed us to calculate the thickness of
platelets to beL51230mm61 mm.

In the imaging experiment of Fig. 1~b!, it is also important
to know the phase shift introduced by the air between
two SH light sources. We calculated this phase from the d
tance between the two sources and from the lengthL360 for
air. The latter quantity we determined at the weather con
tions directly after having taken the monolayer images.
this additional experiment, we measured the homodyne
nal from two quartz crystals in air as a function of the
distance.31

For the pressure cell in the other microscopy experim
@Fig. 1~c!#, windows of BK 7 glass were used. Their fron
and back sides were antireflection coated at the fundame
and harmonic frequency~Laser Components, Olching, Ge
many!. In the imaging experiment, the SH light from th
quartz waveplate suffers a phase shift when it passes thro
the windows. Due to the coatings, it is tedious to calcul
this shift. We thus carried out an additional set of referen
experiments. At first, we took series of homodyne imag
from a monolayer for various pressures of nitrogen in the
cell. Then, we replaced the specimen by an additional Y-
quartz reference~Steeg & Reuter, Gießen! and took another
series of homodyne images from the surface of this crysta
various gas pressures. In Sec. V B, the data evaluation
be described. Thex axis of the second reference was orient
parallel to thex axis of the waveplate. The second referen
was made of naturala-quartz with n(v)51.534 13 and
n(2v)51.54702.43 Its thickness ofL51990.8mm60.3mm
was measured in a Maker-fringe experiment. The abso
polar orientation of the two quartz crystals was determined
two homodyne experiments with a Y-cut LiNbO3 platelet as
a reference. The sample with known absolute orientation
its ferroelectricz axis was a gift from N. Kato and Y. Uesu
Waseda University, Tokyo.

V. MEASUREMENTS AND INTERPRETATION

In the homodyne studies described below, we use mo
layers of DCANP as a model example because the SH in
sity contrast of these films has recently been explained
detail.18,19,39,47The films exhibit dendritic structures with ir
regular macroscopic shapes. On the molecular level, the
der, however, is simple. Locally, the in-plane dipole comp
nents of the molecules are parallel to each other. This is
same order that we assumed for the molecules in the
mains of our theoretical model in Sec. III A. The origin o
the contrast in the SH images of the DCANP films is a
very similar to our theoretical example. In both cases,
local features~dendrites or domains! exhibit different azi-
muthal orientationsu of their dipoles with respect to the
laboratory frame. Thus they appear with different brightne
in an image and can easily be distinguished from each ot
The irregular shapes of the local features in the DCA
films will be no problem for the quantitative data evaluatio

A. Homodyne imaging with different phasesf ref

of the reference signal

Figure 4~a! shows an SH image of a DCANP monolay
on a fused silica substrate. The micrograph was taken in
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intensity contrast mode of the microscope@geometry of Fig.
1~a!#. The film was observed between parallel polariz
whose orientation is indicated with double-headed arrow
Fig. 4~a!. Laboratory coordinates are also shown. The g
code is a quantitative measure of the monolayer’s effec
susceptibility given in pm/V. Figures 4~b! and 4~c! show the
same section of the film in the homodyne experiment@geom-
etry of Fig. 1~b!#. A quartz reference~waveplate! was intro-
duced into the fundamental beam path below the monola
The azimuthal orientation of the crystal’sx axis is indicated
with arrows at the right side of the images. In Fig. 4~b!, this
polar axis exhibits a projection onto the2Z(lab) axis. In Fig.

FIG. 4. Second-harmonic images of a DCANP monolayer.~a!
Intensity contrast@geometry of Fig. 1~a!#. The gray code is a quan
titative measure of the effective second-order optical susceptib
deff of the film in pm/V. The double-headed arrows represent
orientation of the polarizers. Laboratory coordinates (X(lab),Z(lab))
are also shown. The axial orientation of five local features~1–5!,
calculated from the contrast in the image, is additionally indicat
~b! and ~c! Homodyne experiments@geometry of Fig. 1~b!# with
different polar orientations of the reference sample~x axis!. The
gray code in the homodyne images gives the total intensityI tot

(2v) in
arbitrary units. From the contrast in these images, the absolute
entation of the local features is obtained.
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4~c!, it has a projection onto the1Z(lab) axis. The gray code
in Figs. 4~b! and 4~c! gives the intensity of the interferenc
signal in arbitrary units.

The brightness of the local features observed in the int
sity contrast image@Fig. 4~a!# depends on the orientation o
the local polarZ axis relative to the polarizers according
Eqs. ~3! and ~4!. The validity of Eq.~4! has recently been
verified quantitatively for DCANP films at a wate
surface.18,19We verified that the monolayers at a fused sili
substrate, investigated here, exhibit the same order. To
end, we turned the polarizers of the intensity contrast mic
scope synchronously and measured the SH intensities fro
large number of local features in different monolayers a
function of the polarizer orientation. The data could be w
fitted with Eq.~4!. Applying Eq.~4! to the image of Fig. 4~a!,
we can now calculate the orientations of the local featu
from the SH intensities with the uncertainty of 180°~axial
orientation!. For five local objects which are numbered fro
1 to 5, the axial orientation is indicated in Fig. 4~a!.

The homodyne images of Figs. 4~b! and 4~c! show the
same texture as Fig. 4~a! because they were taken from th
same area but the contrast is different. The features ma
with 1 and 5 exhibit constructive interference in the hom
dyne experiment of Fig. 4~b! and destructive interference i
Fig. 4~c!. The features marked with 2, 3, and 4 exhibit t
opposite phenomena. Since the polarizer orientation in Fi
corresponds with theZ(lab) axis, all the local objects which
radiate an SH signal must have a projection of theirZ axis
either in the direction of the1Z(lab) axis or in the direction
of the 2Z(lab) axis. As a first trial, we may assume that th
objects which exhibit constructive interference in Fig. 4~b!
belong to the former category and all the others to the la
one. The corresponding arrows are given in Figs. 4~b! and
4~c! for the examples of the features 1–5. The attribution
a single-valued orientation to all the local features will faci
tate the following quantitative data evaluation. When t
phasesfsam will be determined we will see if the polar ori
entation of the localZ axes is as assumed or opposite.

From the Eqs.~4! and~5!, we can calculate the SH inten
sity of the local features in a homodyne experiment. F
simplicity, we define a constantA, which stands for all quan-
tities in Eq.~4! that are independent of the orientationu of a
local feature. WithCp50° in the images of Fig. 4, we ca
then rewrite Eq.~4! as I sam

(2v)5A cos6 u. Additionally, we de-
fine B5I ref

(2v) andC52AAB cosf. We then obtain

I tot
~2v!5A cos6 u1B1C cos3 u. ~9!

For the phasef in the quantityC, we have to consider a shif
by 180° if we compare the homodyne signals of a local o
ject in Figs. 4~b! and 4~c! @polar axis of the reference with
projection onto the2Z(lab) axis in Fig. 4~b! and a projection
onto the1Z(lab) axis in Fig. 4~c!#. If we attribute Eq.~9! to
Fig. 4~b!, we thus have to describe Fig. 4~c! with the corre-
sponding equation

I tot
~2v!5A cos6 u1B2C cos3 u. ~10!
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The intensitiesI tot
(2v) for various local features can be dete

mined in a homodyne experiment. The absolute orientati
u of the local features are not known so far but for a plot
I tot

(2v) as a function ofu we can apply the convention on th
sign of the dipoles introduced above. In this way, the d
points of Figs. 5~a! and 5~b! were obtained from the image
of Figs. 4~b! and 4~c!, respectively. Since the symmetry an
order of the local features are identical, we can assume
the phasef is also identical for the objects in an image. Th
we can fit the data in Figs. 5~a! and 5~b! with the correspond-
ing Eqs.~9! and~10!, respectively. From the fit parametersA,
B, andC, we can determinef according to

cosf5
C

2AAB
. ~11!

Since the dendrites in Fig. 4 which are oriented unfav
ably with respect to the polarizers (u'90°) do not generate
a sufficiently strong SH signal, we took two additional h
modyne images with the polarizers parallel to theX(lab) axis
(Cp590°). In one experiment, the polar axis of the refe
ence exhibited a projection onto the2X(lab) axis, in the other
one a projection onto the1X(lab) axis. The data are given in
Figs. 5~c! and 5~d! together with a fit of the correspondin
equations

I tot
~2v!5A sin6 u1B1C sin3 u ~12!

FIG. 5. Measured intensitiesI tot
(2v) ~in arbitray units! for various

local features as a function of their azimuthal orientationu in a
series of homodyne images. In this series, the experimental ge
etry was modified as indicated with the orientation of the polariz
~double-headed arrows!, the orientation of the quartz reference~x
axis!, and with laboratory coordinates (X(lab),Z(lab)). The lines are a
fit of Eqs. ~9!, ~10!, ~12!, and ~13! to the data in~a!–~d!, respec-
tively. The results of the fits~A, B, C! are also given.
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I tot
~2v!5A sin6 u1B2C sin3 u, ~13!

respectively. In Fig. 5, the results for the fit parameters
given in arbitrary units.

Using Eq.~11!, we can now calculate the phasef for the
four images. Sincef, however, is the argument of a cosin
function, we obtain two possible valuesf (1) andf (2). The
results obtained from the data in Fig. 5 and from a seco
series of images, measured with another DCANP monola
aref (1)562°69° andf (2)5298°69°. From these quanti-
ties, two possible values for the sample phase,fsam

(1) and
fsam

(2) , can be calculated by applying Eq.~6!. The phase of
the reference in Eq.~6! can be obtained from the thicknes
and refractive indices of the waveplate~see Sec. IV! by ap-
plying Eq.~8!. The result isf ref523°63°. The phase shift
fD in Eq. ~6! is the sum of two contributionsfair andfdsub,
which originate from the air between the two SH lig
sources in the imaging experiment and from the substrat
the monolayer, respectively. The contribution from the su
strate can be calculated from its thickness and its refrac
indices~see Sec. IV! to befdsub52254°67°. With a dis-
tance of 36.55 cm between the top surface of the refere
and the bottom side of the monolayer’s substrate and w
L360512.66 cm for the air measured directly after havi
taken the monolayer images, we obtainfair52319°63°.
Thus fD52213°68°. Using Eq.~6!, we finally find the
resultsfsam

(1) 52150°610° andfsam
(2) 580°610°. The latter

quantity is the physically significant phase. It agrees with
expected result offsam'90°. Thus the sign of the local fea
tures’ polar orientation is as we assumed above@Figs. 4~b!
and 4~c!#. If we had assumed the opposite orientation for
the local features, our result would befsam

(2) '290°.

B. Homodyne imaging by using the gas cell in order
to alter the phasesfD

Applying the experiment of Fig. 1~c!, a series of homo-
dyne images was taken from a section of a monolayer. In
series, the gas pressure was altered in order to change
phasefD @Eq. ~6!#. The orientation of the polarizers and th
quartz waveplate was identical to the geometry of Fig. 4~b!.
Figure 6 shows the intensitiesI tot

(2v) for two different local
features, called 1 and 2, in the imaged surface section
function of the gas pressure. After the micrographs had b
obtained we replaced the monolayer sample by a sec
quartz reference. A series of images from its top surface
then taken. In this series, the gas pressure was altered
the monolayer study. The homodyne intensity in the ref
ence experiment as a function of the pressure is also give
Fig. 6 for a section of the imaged crystal surface. The lo
tion of this section corresponds to the position of feature 2
the homodyne image of the monolayer.

We determined also individual reference curves for all
local features investigated in the monolayer sample. Ph
shifts of a few degrees between the reference curves for
different lateral positions were observed. This is proba
due to slight lateral variations in the thickness of the qua
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platelets. Below, we compensate for these phase variat
by comparing the data of any local feature with its individu
reference curve.

In order to fit the data in Fig. 6 we have to consider th
the phasefD in the experiments is composed of vario
contributions. In the monolayer images,fD5fp1fdsub
1fwin,air where fp is the variable phase which is propo
tional to the absolute pressure in the nitrogen cell,fdsub is
the phase shift which originates from the substrate of
monolayer, andfwin,air is the phase shift due to the window
of the pressure cell and air in the space between the two
light sources. SubstitutingfD in Eq. ~6! by these contribu-
tions, we obtain

f5fsam2f ref2fp2fdsub2fwin,air . ~14!

The analogous formula for the homodyne experiment w
the second reference is

f ref,ref* 5f ref* 2f ref2fp2fdref* 2fwin,air , ~15!

wheref ref,ref* is the phase difference of the SH signals fro
the two reference samples andf ref* is the phase of the signa
from the second reference. The quantityfdref* is the phase
shift that the SH light from the quartz waveplate suffe
when it propagates through the second reference.

The curves in Fig. 6 are fits of Eq.~5! together with Eqs.
~14! and ~15! to the monolayer and the reference data,
spectively. A comparison of the curves for the two local fe
tures in Fig. 6 shows directly that their relative phase
;180°. The absolute phasesfsamof the local objects canno
be obtained from these curves alone because the qua
fwin,air @Eq. ~14!# is not known in our study. The referenc
curve @Eq. ~15!#, however, provides additional information
Using Eqs.~14! and~15!, we can calculate the absolute loc
phase to be

fsam5f2f ref,ref* 1f ref* 2fdref* 1fdsub. ~16!

FIG. 6. Measured intensitiesI tot
(2v) as a function of the pressure i

gas cell. The results for two local features in an image, called 1
2, are shown. The reference data for feature 2 are also given.
curves are fits of Eq.~5! together with Eqs.~14! and ~15! to the
monolayer and reference data, respectively.
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The relative phasef2f ref,ref* for a local feature is directly
accessible from a comparison of its interference curve w
the corresponding reference curve. From these data,fsamcan
then be calculated because the other quantities in Eq.~16! are
known. With the data given in Sec. IV, we obtainf ref*
549°63° @Eq. ~8!#, fdref* 5282°64°, and fdsub5
2254°67°.

The relative phase of;180° observed in Fig. 6 for two
local features means that one of them exhibits a projectio
its dipole onto the1Z(lab) axis of the laboratory frame; the
other one has a projection onto the2Z(lab) axis. For all the
other local features, we expect that they can be divided
two groups. The objects of one group should exhibit t
same absolute phasefsam as the object 1 in Fig. 6. The
absolute phases of the other local features should be sh
by 180°. In total, we investigated 18 different local objects
the monolayer. Actually, we found two values for the
phases with respect to the reference phase, (f2f ref,ref* )(1)

52132°610° for the population which includes feature
and (f2f ref,ref* )(2)546°610° for the population which in-
cludes feature 2. The result for the absolute phases isfsam

(1)

5110°610° andfsam
(2) 5280°610°, which agrees with the

expected phase offsam'90°. This result means that the fea
tures of the former population~feature 1! exhibit a projection
of their polar axes onto the2Z(lab) axis of the laboratory
coordinates on which the polar axes of the reference crys
have also a projection. The latter population~feature 2! ex-
hibits a projection onto the1Z(lab) axis.

VI. CONCLUSION

The two techniques used in this study allowed us to
termine the absolute phase of any local feature which w
clearly resolved in the images. From the data, the tw
dimensional distribution of the absolute polar orientation
an interface can be determined with far-field optical reso
tion. The first method is particularly simple. It, however, pr
vides the phases with a mathematical ambiguity. Using ad
tional spectroscopic information in our off-resonance stu
of DCANP monolayers we could easily find out which of th
two possible results is the physically significant one. In oth
experiments which are carried out near resonance it m
however, often be difficult to decide which of the two calc
lated phases is the physically correct result. In such cases
second method which takes advantage of the additio
phase shifter should be used. This technique provides
absolute local phases unambiguously.

It should additionally be emphasized that our example
a monolayer where all the local objects had the same
lecular order~point group! is not an exotic case. All poly-
crystalline surfaces, for example, exhibit similar phenome
In such examples, a few images taken with different orien
tions of the polarizers and the reference samples are s
cient for the determination of the local phases. The two te
niques, however, are not restricted to such simple cases
other surfaces, different local objects may exhibit a differe
symmetry and order. Then, a larger number of images m
be taken in a series of modified geometries in order to ob
a sufficient number of data for any individual local object
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In conclusion, we have shown that the absolute pha
and the sign of the polar molecular orientation at an interf
can be measured with two-dimensional far-field optical re
lution. Knowledge of the polar orientation field is importan
for example, for the development of new polar bulk mate
als which are grown from surfaces. The phases of the
ceptibilities are also required for the molecular interpretat
if tensor elements with different phases contribute to
nonlinear signal.
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APPENDIX

Here we calculate the phasef ref of the SH wave gener
ated in a reference crystal. The fundamental light in our
periments propagates in the1y direction of the crystal co-
ordinate system@see Fig. 1~b!#. In the reference sample, a
SH signal is generated which propagates in forward dir
tion. The entrance plane for the laser light may be locate

FIG. 7. ~a! Calculated phase and~b! second-harmonic intensity
of the reference crystal as a function of the normalized thickn
L/ l c .
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y50. The exit plane lies then aty5L. The interaction of the
fundamental and SH waves in the nonlinear optical medi
is described with a system of coupled-amplitude equation48

For plane waves under the nondepleted pump approxima
in a lossless medium, the evolution of the SH amplitu
E(2v) is given by

dE~2v!

dy
5

32p iv2

k~2v!c2 deff~E~v!!2eiDky, ~A1!

with E(v) the fundamental amplitude,

Dk52k~v!2k~2v! ~A2!

the momentum mismatch,k(v) the wave vector at the lase
frequency, andk(2v) the wave vector at the SH frequency. B
integrating Eq.~A1! from y50 to y5L we can calculate the
SH field at the exit face of the crystal to be

E~2v!5
32p iv2

k~2v!c2 deff~E~v!!2E
0

L

eiDky

5
32pv2

k~2v!c2 deff~E~v!!2
eiDkL21

Dk
. ~A3!

The phase ofE(2v) depends on the factoreiDkL21. Its imagi-
nary part is Im(eiDkL21)5sinDkL. Its real part is Re(eiDkL

21)5cosDkL21. The phasef ref of E(2v) is thus

f ref5arctanS sin~DkL!

cos~DkL!21D . ~A4!

This expression can be written as

f ref5arctanS sinS 4p~n~v!2n~2v!!L

l0
D

cosS 4p~n~v!2n~2v!!L

l0
D 21

D
5arctanS sinS 2p

L

l c
D

cosS 2p
L

l c
D21

D , ~A5!

with l c5l0/4un(v)2n(2v)u the coherence length of the non
linear interaction process. The arguments of the sine and
sine functions in Eqs.~A4! and ~A5! are negative for a ma
terial with normal dispersion such as quartz in the spec
region of our experiments. In Fig. 7~a!, f ref is plotted as a
function of the normalized thicknessL/ l c of a noncentrosym-
metric material. For comparison, the well-known depe
dence of the SH intensity onL/ l c is given in Fig. 7~b!. The
typical spatial oscillations of the intensity in the case
phase mismatch (DkÞ0) can be seen. Under this conditio
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f ref exhibits also spatial variations. IfL is an odd multiple of
l c , the phase of the reference with respect to the fundame
light is f ref50°. At such positions, no energy is transferr
between the fundamental and SH waves. At positions wh
le
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correspond to even multiples ofl c , the phase changes be
tweenf ref5290° ~energy transfer from the harmonic to th
fundamental wave! andf ref590° ~energy transfer to the har
monic wave!.
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20M. Flörsheimer, Ch. Brillert, and H. Fuchs, Langmuir15, 5437

~1999!.
21M. Buck, Appl. Phys. A: Solids Surf.55, 395 ~1993!.
22R. Reiter, H. Motschmann, H. Orendi, A. Nemetz, and W. Kno

Langmuir8, 1784~1992!.
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