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Direct measurement of the evanescent-wave
polarization state
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We present results from a direct measurement of the elliptical character of the evanescent part of linearly
in-plane polarized light, totally internally reflected from a quartz half-sphere. These results have been ob-
tained by invoking polarization-sensitive and light-emitting organic nanofibers. The angular dependencies of
the mean-square electric field vector components parallel and perpendicular to the surface plane agree with
predictions from the Fresnel equations. © 2007 Optical Society of America
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NTRODUCTION
olarization properties of electromagnetic waves become
articularly important when we consider propagation in
edia with boundary conditions. Examples include opti-

al fibers and planar waveguides or simply the interface-
onnecting media with different refractive indices. Even
n the case of isotropic media a scalar approach to light
ave scattering is not sufficient, and the polarization of

he waves plays an important role. Let us consider total
nternal reflection (TIR), a phenomenon that is underly-
ng the important domain of guided waves and is thus
rucial for optical information transmission and process-
ng. In contrast to common plane waves propagating in
xtended media, the planes of constant phase and con-
tant amplitude are not parallel for the evanescent wave
EW). This property of the EW (called inhomogeneity) is
onnected to the nontransversality of electric or magnetic
omponents of the electromagnetic field. In this article we
resent systematic optical investigations of this phenom-
non, employing a new kind of polarized light emitting
nd absorbing nanoaggregates, namely, organic crystal-
ine nanofibers.

Note that the polarization behavior and features of the
W are rarely considered in details in the optics

iterature.1,2 If the incident beam is linearly polarized in
he plane perpendicular to the plane of incidence (TE po-
arization), then the polarization of the EW does not
hange upon reflection. If the incidence wave, however, is
olarized in the plane of incidence (TM polarization), then
he EW is predicted to be elliptically polarized.3

HEORY
et us assume a monochromatic plane wave that reaches
he border of two nonmagnetic media with an angle larger
han the critical angle, as seen in Fig. 1.
0740-3224/07/030624-5/$15.00 © 2
For the considered planar border between two media
or any case of polarization of the incident wave, it is suf-
cient to perform calculations and measurements for ei-
her TE or TM polarizations.

Mean-square values of the electric field vector compo-
ents in the dilute medium for angles of � in the range

rom 0 to 90 deg behave as4

�Ey
2� =

1

2
�tTE�2e−4�z/� Im �n2

2−n1
2 sin2 �E0TE

2, �1�

�Ex
2� =

1

2
��n2

2 − n1
2 sin2 �

n2
tTM�2

�e−4�z/� Im �n2
2−n1

2 sin2 �E0TM
2, �2�

�Ez
2� =

1

2�n1 sin �

n2
tTM�2

e−4�z/� Im �n2
2−n1

2 sin2 �E0TM
2, �3�

here the transmittance coefficients tTE and tTM are given
s

tTE =
2n1 cos �

n1 cos � + �n2
2 − n1

2 sin2 �
, �4�

tTM =
2n1n2 cos �

n2
2 cos � + n1�n2

2 − n1
2 sin2 �

, �5�

ith � the wavelength of the light.
With the help of Eqs. (1)–(3) we calculate mean-square

alues of the electric field at the border surface (z � 0) as
function of the angle of incidence (Fig. 2).
007 Optical Society of America
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It is useful to calculate the EW electric field compo-
ents in order to extract the information about phase re-

ations between the components of the electric field
ector2,3:

Ex

E0TM
=

2 cos ��sin2 � − n21
2

�n21
4 cos2 � + sin2 � − n21

2
e�−i��TM+��/2�, �6�

Ey

E0TE
=

2 cos �

�1 − n21
2

e�−i�TE/2�, �7�

Ez

E0TM
=

2 cos � sin �

�n21
4 cos2 � + sin2 � − n21

2
e�−i�TM/2�, �8�

here, n21=n2 /n1 and �TM and �TE are the phase shifts of
ppropriate polarization wave vectors when totally inter-
ally reflected.
It is obvious that in the TE polarization case that the

W is linearly polarized with its electric vector parallel to
he border surface and perpendicular to the plane of inci-

ig. 1. Plane wave on the dielectric interface at TIR, showing
he coordinate system and the definition of TE and TM polariza-
ion cases. E0TE and E0TM are electric vectors of the incident
ave.

ig. 2. Mean-square electric field components at the mica—air
nterface for n1=1.58 and n2=1 as a function of the angle of
ncidence.
ence. In the TM polarization case there are two compo-
ents above the critical angle, shifted in phase by � /2.
his results in an elliptical polarization in the plane of in-
idence. Figure 3 summarizes this behavior.3

To prove this prediction experimentally a polarization-
ensitive phenomenon at the interface or surface has to be
mployed. This could be done for example by using an in-
irect spectroscopic method, such as the Zeeman effect in
n atomic vapor. Thanks to an applied magnetic field, the
eeman components for an atomic transition split. Differ-
nt contributions of � and � lines for magnetic fields par-
llel or perpendicular to the plane of incidence will then
ive a qualitative proof of the elliptical character of the
W in the TM case.5 In the present experiment we quan-

itatively prove the elliptical character by using organic
anofibers or “needles” grown on a muscovite mica sur-
ace from parahexaphenylene �p6P� molecules.6 Under
pecial circumstances millimeter-sized domains of long,
arallel-oriented needles are created, consisting of mol-
cules that have their optical axes positioned nearly par-
llel to the mica surface, namely about 85 deg to the sur-
ace normal, and nearly perpendicular to the needles’
xes.7 Lengths of the nanofibers range to several hundred
icrometers, widths are of the order of 400 nm, and
eights are between a few tens and one hundred nanom-
ters. Because of the small size, extremely high lumines-
ence efficiencies, and large polarization ratios, the
anofibers are extraordinarily good probes of the EW.
hey absorb polarized light in the wavelength range be-

ween 320 and 360 nm and re-emit it centered between
20 and 450 nm.6

ig. 3. Predicted state of polarization of EW for TE and TM po-
arizations of the incident wave.
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XPERIMENTAL
he main idea of the experiment is to rotate a flat domain
f parallel-oriented needles over an angle of 2� and to ex-
ite the domain with polarized UV EW radiation while de-
ecting simultaneously the emitted fluorescence intensity.
n TE polarization the result should be a sinusoidal inten-
ity distribution with two maxima corresponding to the
uperposition of the projection of the optical axis of the
eedles’ molecules on the XY plane with the direction of
he electric vector of the EW. In fact, the distribution
unction should be identical with the volume-wave excita-
ion case.8 In the TM case if no ellipticity were present
ne should observe a flat fluorescence intensity curve
hen rotating the domain, since the molecules are laying
early flat on the surface and thus their rotation is not
hanging their angle with respect to the incoming field
ector. Any residual sinusoidal function would be due to
he x component of the electric vector and would prove the

ig. 4. (a) Fluorescence microscopy image (excitation at
70 nm) of a dense array of nanofibers. (b) Atomic force micros-
opy image �10�10 �m2� of a similar dense array, denoting the
niform height. The dashed line represents the position of the
ross section presented at the bottom.
lliptical character of the EW. If present, the sinusoidal
M curve should be shifted by � /2 with respect to the TE
urve.

To obtain EW excitation we have used a half-sphere
ade of fused silica n=1.48 at 325 nm with a radius of

0 mm, positioned on a goniometric table. A mica sub-
trate (n=1.58 at 325 nm) with a dense needle area was
ositioned parallel to the planar surface of the half-
phere with the help of an immersion oil. The organic
anofibers were on the distant mica side with respect to
he half-sphere. This is called in the following a two-
hase (mica, air) TIR configuration.
Note that we take advantage of two specific properties

f the nanofiber samples. Firstly, owing to their special
rowth mechanism, all the nanofibers are oriented
trictly parallel to each other [Figs. 4(a) and 4(b)]. This al-
owed us to perform measurements with areas of densely
acked nanofibers instead of trying to perform the mea-
urement with a single nanofiber. Secondly, the height
istribution function of the nanofibers for given growth
onditions is very narrow, i.e., they all have roughly the
ame height [Fig. 4(b)]. This is important for a quantita-
ive comparison between experiment and theory; see be-
ow.

The linearly polarized (extinction ratio 500:1) UV
325 nm� beam of a He–Cd laser was directed normally to
he half-sphere convex surface, aiming at the center of the
lanar surface of the half-sphere (Fig. 5). We define TM-
r TE-polarized incident light with the help of polarizers
nd a half-wave plate. The extinction ratio after the po-
arizers was 105. The fluorescence emitted from the or-
anic nanofibers in the wavelength region around 430 nm
as collected with a photomultiplier behind a bandpass
lter while rotating the mica sample with the half-sphere
ver an angle of 2� in the mica surface plane. The rota-
ion was performed in the XY plane, as according to Fig.
. The axis of rotation was perpendicular to the mica sur-
ace and positioned in the center of the planar surface of
he half-sphere. The UV beam was collimated before en-

ig. 5. Experimental setup. MO, microscope objective; F, filter;
MT, photomultiplier; Ph, pinhole; P, polarizer; HWP, half-wave
late.
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ering the half-sphere, which resulted in a beam diver-
ence of less than 0.7 deg at the surface plane. The size of
he laser beam spot on the mica surface was ~300 �m in
iameter.

ESULTS
uring sample rotation we observed fluorescence maxima

orresponding to a superposition of the EW’s electric vec-
or with the molecular transition dipole moments. We per-
ormed a series of measurements for both the TE and the
M cases with the same beam intensity �500 mW/cm2�

or different incident angles in the range below and above
he critical angle. Typical experimental curves for two
easurements above the critical angles are presented in
ig. 6.
The main source for the scatter in signal intensity is

he nonhomogeneity of the nanofiber sample.
As seen in both cases a pronounced sinusoidal behavior

s observed and the curves are shifted by � /2 with respect
o each other. This is a strong qualitative proof of the el-
iptical character of the EW. For each measurement we
tted a sinus square function to the data and took the am-
litude as a quantity proportional to the appropriate
ean-square value of the electric vector component. This

efers to the components that are nearly parallel to the
olecular axis during rotation, i.e., Ex and Ey. The Ez

omponent was taken as a pedestal in the TM case after
ubtracting the background level. Before fitting we took
nto account the angle of 5 deg of the molecular axis with
espect to the surface plan7 and projected it on the direc-
ion of the X and Z axes.

In the case of TM measurements the sinusoidal signal
s due to the x component of the electric vector of the EW.
he flat pedestal is a constant contribution due to the z
omponent. The ratio of these two components is pre-
ented in Fig. 7 together with results from the two-phase
IR calculations.4 We emphasize very good quantitative
greement of experimental and theoretical curves after

ig. 6. Typical experimental intensity profiles for TM and TE
olarizations in the two-phase configuration as a function of the
ngle of rotation. The fitted curve is a sin2�	�.
ultiplying the theoretical curves by a factor of 5.
In the two-phase TIR configuration we also made a se-

ies of measurements for TE and TM polarizations one by
ne with equal beam intensities, providing us with a
ore-direct way of determining the ratio of the field com-

onents. This method enabled us to suppress possible sys-
ematic errors due to a bleaching of the nanofibers, which
ccurred after long illumination.

The ratios of fluorescence intensities for TM and TE po-
arizations as a function of angle of incidence can be com-
ared with those obtained from solving the Fresnel
quations.4 Both are presented in Fig. 8. Again, the agree-
ent is very good after multiplying the experimental re-

ults with a factor of 6. We assign this factor to the strong
ichroism of mica. It is different for the two experiments,
ince we have used two different slides of mica. We opti-
ally investigated the mica substrate without nanofibers
nd found the expected dichroism and no severe depen-
ence of it on the angle of incidence in the range of 40 and

ig. 7. Calculated and experimental ratio of mean-square val-
es of electric vectors TE and TM in two-phase configuration as a

unction of the angle of incidence. Mica, air: n1=1.58 and n2=1.

ig. 8. Calculated and measured mean-square electric field x
nd y component ratio for the two-phase configuration as a func-
ion of the angle of incidence for n1=1.58 and n2=1..
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0 deg. Owing to the experimentally given thickness of
he sample used, the polarization direction has not been
otated by the mica plate. This test ensured that the pre-
ared TM and TE polarizations in the incident wave were
ot changed after propagation through the mica substrate

n the two-phase configuration.
Next we have performed a series of experiments in a

hree-phase configuration (quartz, air, mica; see Fig. 9).
he nanofibers on the mica were oriented toward the half-
phere in that configuration, and there was a small
0.2 �m� air gap between the mica and the quartz half-
phere. Otherwise the experimental setup was not
hanged compared with the two-phase configuration.

A series of measurements for the TE and TM polariza-
ion cases was performed using equal light intensities.
he ratios of �Ex

2� / �Ey
2� are shown in Fig. 10 together with

alculations for the three-phase TIR configuration.4 The
tted curve height and position was very sensitive to the
alue of the distance of the calculated field from the mica
urface. As seen from the height scan in Fig. 4 the maxi-
um possible distance is about 80 nm. The fit of the the-

retical curve to the experimental data resulted in a best-
t value of 50 nm, which is well within the limit given by
he morphological measurements.

Fig. 9. Sketch of the three-phase TIR configuration.

ig. 10. Calculated and measured ratios of mean-square electric
ector components for the three-phase configuration as a func-
ion of the angle of incidence. The indices of refraction are n1
1.48, n2=1, andn3=1.58. The air-gap thickness is 200 nm, and

he electric field in the gap was calculated to be as close as 50 nm
mean nanofiber thickness) to the mica surface.
We emphasize very good agreement between experi-
ental data and theoretical calculations. We would like to

oint out much smaller errors in the case of the ratio of Ex
ver Ey than in the case of the ratio of Ex over Ez ratio. In
he first case we divided the amplitudes of two sinusoidal
quare functions of comparable magnitudes. In the second
ase we divided the amplitude of sinusoidal square func-
ion through the pedestal that was extracted with a rela-
ively large error. In both series of measurements in the
wo-phase configuration, we did not reach zero for the
ritical angle. This discrepancy with the calculation might
e due to the laser beam divergence and/or due to re-
idual scattered light from the rough discontinuous or-
anic film on the surface.

ONCLUSIONS
n this paper we presented a direct measurement of the
llipticity of the EW in the TM configuration by employ-
ng nanoscaled optical polarization probes, namely, or-
anic nanofibers. In a two-phase configuration setup, the
llipticity of the EW as a function of the angle of incidence
s proven directly by a measurement of the �Ex

2� / �Ez
2� com-

onent ratio and indirectly by measurement of the
Ex

2� / �Ey
2� ratio. In a three-phase configuration setup, ow-

ng to weaker signals, only the �Ex
2� / �Ey

2� ratio could be
easured, being also in very good agreement with the

heoretical predictions. Overall the measurements con-
rm the theoretically predicted behavior of the polariza-
ion of the EW as a function of the angle of incidence for
oth TE and TM polarization cases.
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