1290 J. Opt. Soc. Am. B/Vol. 22, No. 6/June 2005

Pillon et al.

Goos-Hianchen and Imbert-Fedorov shifts
for leaky guided modes

Frank Pillon, Hervé Gilles, Sylvain Girard, and Mathieu Laroche

Equipe Lasers, Instrumentation Optique et Applications, Centre Interdisciplinaire de Recherche Ions Laser, Centre
National de la Recherche Scientifique-Commissariat a I’Energie Atomique-Ecole Nationale Supérieure
d’Ingénieurs de Caen Unité Mixte de Recherche (UMR 6637), 6 boulevard du Maréchal Juin,

14050 Caen Cedex, France

Robin Kaiser

Institut Non Linéaire de Nice, Centre National de la Recherche Scientifique/Unité Mixte de Recherche (UMR 6618),
1361 route des Lucioles, F-06560 Valbonne, France

Azra Gazibegovic

Prirodno Matematicki Fakultet, Zmaja od Bosne 53, 71000 Sarajevo, Bosnia-Herzegovina

Received October 27, 2004; revised manuscript received December 17, 2004; accepted December 29, 2004

The Goos—Hénchen shift for a light beam totally reflected on the external interface of a dielectric thin film
deposited on a high-index substrate can be strongly enhanced through some specific incidence angles corre-
sponding to the leaky guided modes into the layer. Because the resonant eigenstates are polarization depen-
dent, it has been possible to observe such resonance with an experimental setup based on a periodic modula-
tion of the polarization state combined with position-sensitive detection. Classical models usually used for a
single interface (Artmann’s model based on phase argument and Renard’s model based on an energetic inter-
pretation) have been re-adapted to describe the behavior of the entire layer. Good agreement is obtained be-
tween theory and experimental results. © 2005 Optical Society of America
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1. INTRODUCTION

The Goos—Hénchen (GH) shift! is the small displacement
that a light beam undergoes when it is totally reflected on
the interface separating two infinite half-spaces, one with
a higher refractive index than the other. Such spatial
shift is attributed to the evanescent wave that travels
along the interface. It appears as if the incident light pen-
etrates first into the lower-refractive-index medium as an
evanescent wave before being totally reflected back into
the high-index space. If we consider such physical inter-
pretation, the GH effect appears as clear experimental
evidence that the ray model is simply a first approxima-
tion, and that only the wave approach could allow a com-
plete description of the total reflection. The order of mag-
nitude of the GH shift during a total internal reflection in
the optical domain is relatively small (typically of the or-
der of the wavelength, i.e., a few micrometers in the vis-
ible or near infrared) and is therefore difficult to observe
experimentally after a single total reflection. However,
despite the difficulties, several original techniques have
been developed for an experimental observation of this
fundamental optical effect. The most common method
consists of using multiple reflections in a slab? or a prism?®
structure to increase the shift by a factor corresponding to
the number of successive reflections. But this allows rela-
tively poor control of the spatial beam geometry along the
different reflections, which is a disadvantage when the
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experimental results are compared to theoretical models.
More recently, enhancement of the effect has been ob-
tained as a result of total internal reflection inside a laser
cavity.4 Despite this technique’s being a very original ap-
proach to the problem of measuring the GH shift after a
single total reflection, it appears complicated to modify
the incidence angle, as it is necessary to realign the entire
isotropic cavity between measurements.

Our group has developed a totally different approach
aimed at the improvement of the optical detection sensi-
tivity to very small spatial shifts of a light beam. It is
based on the use of a special shaped photodiode called a
position-sensitive detector (PSD) and on a periodic
switching between two orthogonal states by use of an
electro-optic modulator (Pockels cell or liquid-crystal
valve (LCV)). This technique was first used to measure
precisely the longitudinal GH shift® versus the angular
incidence when the polarization states switch between TE
and TM. More recently, the Imbert-Fedorov® (IF) shift,
which corresponds to a transverse displacement perpen-
dicular to the incident plane, was also precisely measured
when the polarization states were switched periodically
between left and right circular states.” Until now, the
technique has been used only to measure the geometrical
shifts after a total reflection on a single dielectric inter-
face.

It has also been pointed out in earlier works on the GH
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shift that peculiar behavior could also be observed when
total reflection occurs on structures containing multiple
dielectric layers.®? One of the interesting cases involves a
simple guiding structure formed by a substrate with a
high refractive index covered by a single dielectric layer
with a low refractive index. If the incident angle inside
the substrate is correctly chosen to obtain refraction on
the substrate—layer interface and total reflection on the
layer—air interface, some resonance could appear on the
GH shift for a discrete series of specific angles.10 This be-
havior has already been investigated because it repre-
sents interesting opportunities to make atomic mirrors!!
or optical sensors.

The present paper is devoted to a full reinvestigation of
the interesting properties of such guiding structure with
our original experimental setup. It is divided into three
main parts. The first part contains a theoretical descrip-
tion of the GH shift on a single dielectric layer. Different
models initially developed to describe the total reflection
on a single interface—such as Artmann’s model'? based
on a phase argument or Renard’s model'® based on an en-
ergetic approach—have been modified to take into ac-
count the effect of the dielectric layer. This major revision
will be complemented by some comments on important
parameters that could influence the resulting displace-
ment, such as the distributed losses into the layer.

The second part of the paper is dedicated to a descrip-
tion of the experimental results obtained on a single di-
electric layer with our setup based on both periodic polar-
ization switching and PSD detection. The main
experimental results are obtained in the case of polariza-
tion switching between TE and TM states, because these
two states correspond naturally to the polarization eigen-
states of a planar waveguide. The experimental GH shifts
are then compared with the theory, and some comments
are offered on the observed resonance. Complementary
measurements are also reported on the experimental ob-
servation of the transverse IF shift in such structure. The
different parameters (thickness, losses, refractive index of
the substrate or the thin-film, etc.) that could have a sig-
nificant influence on the effect of resonance observed in
the layer used here are discussed.

Finally the conclusion deals with future possible appli-
cations for such components based on the observation of
modification of the resonance. Other original structures
presenting a potentially enhanced Goos—Hénchen shift
will be briefly reviewed and the opportunity to study such
systems with our experimental technique will be dis-
cussed.

2. THEORETICAL MODELS OF THE
GOOS-HANCHEN SHIFT ON A SINGLE
DIELECTRIC LAYER

In the past two main models have been investigated to de-
scribe accurately the GH or IF shifts observed after a to-
tal internal reflection on a dielectric interface. The first
approach, usually called Artmann’s model,'? is based on
an argument considering the phase shift of the reflected
beam with respect to the incident beam. To summarize
the main results obtained with Artmann’s model, we can
limit our discussion to the particular case of an incident
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beam well collimated with a divergence of only a few mil-
liradians. In this case the GH effect corresponds simply to
a displacement Lgy along the interface of the incident
plane (see Fig. 1) that is given by

. A <d(1>> :
= — 5 1
GH 27Tn1 COSil dl1 (

where \ is the wavelength in vacuum, n; is the refractive
index of the substrate, ® is the phase shift during the to-
tal reflection for an incident plane wave, and i; is the in-
cidence angle.

The second approach, usually called Renard’s mode
is based on an argument with respect to the energy flow of
the evanescent wave along the interface. As already re-
ported elsewhere (see for example the explanation de-
tailed in Ref. 7) the GH displacement Ly on the interface
may be expressed as

1’13

1 0
LGH = @f_x <2tz>dx’ (2)

where X, is the Poynting’s vector component for the re-
flected beam along the axis normal to the interface and
3., is the Poynting’s vector component for the evanescent
wave along the axis aligned on the interface and in the
incident plane. The Poynting’s vectors are time averaged
(symbol ()).

A. Adaptation of Artmann’s Model for a Single
Dielectric Layer

The layer structure investigated during the present work
consists of a thin, homogeneous dielectric film of thick-
ness h and refractive index ny deposited on a substrate
with a refractive index n; (see Fig. 2). The index of the
substrate n; is higher than the index of the thin film n,.
There is no cladding covering the thin film and the me-
dium above the layer is simply air, which could be consid-
ered a dielectric medium with a refractive index ng of 1.
The incident light is injected through the substrate into
the thin film thanks to a specifically designed prismatic
structure for the substrate as shown in Fig. 3(a). If we fol-
low an approach similar to Artmann’s model already men-
tioned for a single interface, we can calculate the spatial
shift that results from the phase shift ® between the in-
cident and the reflected waves. The amplitude of the total

Incident beam Z

Reflected beam

Evanescent wave
Interface

n2

y

Fig. 1. Schematic representation of the Goos—Hénchen effect as
a pure spatial shift for the reflected light beam. This simplified
representation is correct when the incident beam has low
divergence.



1292 J. Opt. Soc. Am. B/Vol. 22, No. 6/June 2005

Measured
X, GH shift

Size=d A dan

Substrate
n1
n2 Thin film
n3 LeH " Air

Fig. 2. Size of the incident beam d adjusted exactly such that
the spatial shift corresponds to an incident beam that completely
penetrates into the lower-refractive-index medium as an evanes-
cent wave (Renard’s model).

reflection coefficient for the entire system (the two inter-
faces and the homogeneous film) is classically calculated
by an approach similar to that used in the case of a
Fabry—Perot interferometer [see Fig. 3(b)]. The amplitude
of the complex reflection coefficient is described as

t1oto1723 €XP(ip)

— = |riilexp(iP), 3
1—7‘217‘23 eXp(j(P) | tot‘ p(] ) ( )

Tt =712+

where r;; represents the reflection coefficient for the inter-
face separating media i and j, ¢;; is the corresponding
transmission coefficient, and ¢ is the phase shift between
two successively reflected waves due to the optical path
difference for a round trip into the layer. The reflection r;;
and transmission ¢;; coefficients are related to the refrac-
tive index n; and n; and to the incidence angle i; accord-
ing to the classical Fresnel formulas.'* The phase shift ¢
depends on the thickness & of the layer, its refractive in-
dex ng, and the refracted angle i5 into the layer, as well as
the wavelength \ according to

277712

o= 2h cos iy. (4)

The complex nature of the total reflection coefficient is
due simultaneously to the total reflection on the second
interface described by the complex coefficient ro3 and to
the interference term that is directly related to the ¢
value. If we start with Eq. (3), it is straightforward to cal-
culate numerically the argument of the complex coeffi-
cient ri,. This argument ® corresponds to the total phase
shift that could be inserted into Eq. (1) to simulate the
GH shift for the thin film by use of Artmann’s model. Of
course the second part of Eq. (3) contains the interference
term and therefore represents possible resonance effects
that depend on the incidence angle.

Furthermore the complex reflection coefficient is polar-
ization dependent with two polarization eigenstates (TE,
with an electric field perpendicular to the incident plane,
and TM, with a magnetic field perpendicular to the inci-
dent plane). This is because the dephasing factor during
the total reflection on the film-air interface depends on
the polarization states. Therefore the resulting GH dis-
placement will also be slightly dependent on the polariza-
tion states. The difference ALgy between the displace-
ments for TE and TM states is equal to the amplitude of
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periodic spatial movement along the substrate—film inter-
face when the polarization state of the incident beam is
periodically switched between TE and TM. It can be ex-

pressed as
A doTE do™
. . - . s (5)
274 cos iy diy diy

where @1 and @y are respectively the arguments of the
total reflection coefficients for TE and TM modes, and the
other parameters correspond to those used in Eq. (1). Our
experimental setup allows measuring Adgy. The differ-
ence ALgy is directly deduced following ALgy
=Adgg/cosi; (see Fig. 2).

ALgp=

B. Adaptation of Renard’s Model for a Single Dielectric
Layer

For Renard’s model the electromagnetic waves propagat-
ing in the film and in the air are considered a single, in-
homogeneous electromagnetic field distribution. Renard’s
formula can be presented as

1/ o
LGH = @(I_h <22Z)dx + f_w <23z>dx) 5 (6)

where Lgy represents the absolute longitudinal shift
along the substrate—film interface compared with the po-
sition of the incident beam, ., corresponds to the compo-
nent along the x axis of the Poynting’s vector for the re-
flected beam inside the substrate, 2o, is the component
along the z axis of the Poynting’s vector for the guided
wave inside the film, and 33, is also the component along
the z axis of the Poynting’s vector, but for the evanescent
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. Reflected wave
Incident wave T~
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Fig. 3. Schematic representation of the thin layer deposited on
a substrate: (a) the prismatic structure of the substrate, (b) the
reflected wave that can be calculated with an approach similar to
the one usually used in Fabry-Perot interferometer with the mul-
tiple reflections into the thin film.
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Fig. 4. Calculated electric field distribution inside the guiding
structure for TE, and TE; modes.

wave in the air. Therefore because Renard’s model is en-
tirely based on the expression of the Poynting’s vectors, it
becomes necessary to determine completely the expres-
sion of the electromagnetic field in the substrate, the film,
and the air. In the film the electromagnetic wave results
from the superposition of two counterpropagating waves.
One wave propagates in the direction of the incident
beam while the second corresponds to a wave backre-
flected by the film—air interface. As in the case of any op-
tical waveguide, each eigenmode can be considered a
standing wave along the transverse x axis and a propa-
gating wave along the longitudinal z axis. Moreover, the
incidence angle i; should satisfy specific conditions to pro-
duce a well-controlled standing wave along the x axis.
However, in the present system there is no total internal
reflection on the interface between the film and the sub-
strate; consequently the eigenmodes are progressively ra-
diated back into the substrate. Therefore these eigen-
modes are progressively attenuated along the z axis even
without any losses into the waveguide. For this reason
they can be considered leaky guided modes.

Of course, as soon as a guiding effect into the film ap-
pears, the GH displacement will be enhanced. As already
described in the previous paragraph, the effect is polar-
ization dependent. Therefore it is necessary to distinguish
the effect that depends on the incident polarization state.
Different expressions must be established for a complete
description of the electric and magnetic fields reflected
into the substrate, or injected into the thin film and into
the air (See Appendix A for the expression of the reflected
and evanescent waves and Appendix B for the guided field
into the thin layer). The expressions for the electric field
distribution inside the dielectric layer and in the air are
dependent on the incidence angle. As soon as this inci-
dence angle corresponds to a resonance, the amplitude of
the electric field inside the thin dielectric layer becomes
enhanced. Starting with an incidence angle corresponding
to the critical angle for the layer—air interface, the differ-
ent resonant modes appear as the angle i; is increased.
The first resonance corresponds to TEg, the second to TE;,
and so on for a TE incident polarized beam.

As examples, two electric field distributions were calcu-
lated for TE, and TE; respectively and are illustrated in
Fig. 4. The amplitude of the electric field is significantly
enhanced compared with the amplitude into the substrate
when the light is guided into the structure.

Appendixes A and B also contain the detailed expres-
sions for Poynting’s vectors. From these expressions, it

Vol. 22, No. 6/June 2005/J. Opt. Soc. Am. B 1293

becomes straightforward to calculate the GH shift for the
TE mode and for the TM mode by Eq. (6).

The difference between the GH shifts for TE and TM
modes can therefore be deduced as

ALgu=L&E - LER, (7)

with
0

|U, cos ax + V| sin ax|?dx + |t
-h

o
1 |2_
eva 9

>

LI =tani, T
|7t

0
|U, cos ax + V, sin ax|?dx + [t],,|* =
-h
LM =tani
G 1

|r‘f‘:ot|2

(8)

The different parameters are explained in Appendix B.
The difference between the two polarization states is im-
portant since it allows a direct comparison with the ex-
perimental results, as detailed in the following. Finally, it
can be pointed out that only negligible differences appear
on the calculated GH shift deduced for the total internal
reflection on a thin dielectric film between the two meth-
ods and that the two curves corresponding to the two
models are completely overlapped in Fig. 5. Following Re-
nard’s model and formulas (6)—(8), the GH shift results
from two main contributions:

1. the Poynting’s vector into the film, which corre-
sponds to a guided mode near a resonance,

2. the Poynting’s vector corresponding to the evanes-
cent wave.

It is clear that, as soon as a resonance appears in the
film, the resulting guiding effect significantly increases
the displacement. In this case, the main contribution is
due to the first part of Eq. (6). Of course, the second term
due to the evanescent wave also shows a resonance but its
magnitude is very small compared with that due to the
first term. On the other hand, far away from any reso-
nance, the second part corresponds to the classical GH
shift already mentioned. Moreover, it is obvious starting

T o
=
E 10
N
[72]
T -20-
o
3 -30;
o ]
S -40 —_—TM .
o |
S0 —"TE ' 1
9 "\TE,
-60 3 T T T L L L)
40 42 44 46 48 50 52

incident angle i, (°)

Fig. 5. Calculated GH shift by Artmann’s or Renard’s models
versus the incidence angle for two polarization eigenstates: TE
mode, TM mode.
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Fig. 6. Experimental setup used to measure the GH and IF
shifts on a thin dielectric layer.

from Fig. 4 that, as soon as the amplitude of the electric
field for TE, is higher than it is for TE;, the GH shift
should be higher for TE;, compared to TE; (see Fig. 5).
These different specific behaviors will be further eluci-
dated and compared to theory below.

For any other polarization states (elliptical or circular),
it is also possible to calculate the GH shift based on Re-
nard’s model by the following technique. The incident
electric field is decomposed as a linear combination on the
basis of the two orthogonal polarized states TE and TM.
Then the electric and magnetic fields into the thin film
and into the air can be deduced by the approach already
described in Appendixes A and B. Finally the Poynting’s
vectors into the film and in the air may be expressed. By
use of Eq. (6), it becomes possible to calculate the GH
shift for any intermediate state. Moreover, it is possible to
calculate the transverse IF shift that also appears for an
elliptical (or circular) polarization state by

1 0 -h
L= @( f (e f B <23y>dx). )

Equation (9) must be related to Eq. (9) in Ref. 7 and will
be useful to calculate the transverse IF shift when, in-
stead of linearly polarized light, the thin film is periodi-
cally illuminated with a left- or right-handed circularly
polarized beam.

3. EXPERIMENTAL RESULTS

To measure precisely the polarization dependence of such
enhanced GH shift, we used the experimental setup al-
ready described elsewhere.>” This setup is represented in
Fig. 6 and will be only briefly described here. The colli-
mated beam is emitted by a Spectra Diode Laboratories
laser diode (model 6702 H1; A=1.083 um) driven by a
Spectra Diode Laboratories power supply (model SDL
800). With a birefringent Glan-Thomson prism, the linear
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polarization state emitted by the laser diode is further im-
proved to obtain a high polarization extinction ratio
(>40 dB). The light beam passes through a LCV from
Displaytech, Inc., (model LV1300) to periodically switch
its polarization state. The valve allows periodic polariza-
tion switching between TE and TM modes. By locating a
quarter-wave plate (QWP) just after the LCV, it also be-
comes possible to obtain circularly or elliptically polarized
states before entering the prism. If the angle of incidence
on the prism is close to 0°, the polarization state remains
unchanged after transmission through the entrance inter-
face; therefore, it also becomes the incident polarization
states on the thin film.

The beam is totally reflected at the base of a specially
designed prism [see Fig. 3(a)l. The substrate is made of a
high-refractive-index glass (n1=1.9) while the base of the
prism is covered with a thin, porous silicate film with a
refractive index ny=1.45. The thickness A is 1.68 um. The
incidence angle is precisely controlled with a rotation
stage. After the total reflection at the prism, the average
beam position is photodetected by a two-dimensional PSD
(Advanced MicroElectronics/UDT Sensors, Inc., model
FIL-C4DG) that allows the simultaneous observation and
measurement of both longitudinal and transverse shifts.

Because the resonant angles are slightly different be-
tween TE and TM modes (corresponding to the effect of
polarization dispersion of the optical guide), the reso-
nance peaks are not exactly coincident. Moreover, their
amplitudes are different. The present technique allows
measuring the difference between the GH shifts for TE
and TM polarization states. The measured relative GH
displacement is represented in Fig. 7. The abscissa shows
the angular orientation representing the internal inci-
dence angle compared with the axis normal to the base on
which the thin film is deposited. The measured points
show clearly identifiable peaks corresponding to the an-
gular condition for a leaky guided mode into the planar
dielectric film. Compared with the theoretical curve ob-
tained by use of formulas (5)—(8), the experimental results
are in good agreement with theory and correctly repro-
duce the observed structures as well as the amplitude of
the resonance.

As can be deduced from a comparison between Fig. 5
and Fig. 7, the difference between the GH shift for TE and

e —
5]
04
5]
104
15
201
25

Ly (TE) - L, (TM) (um)

42 43 44 45 46 47 48 49 50
incident angle i, (°)

Fig. 7. Difference between the GH shifts for TE and TM polar-

ization states versus the incidence angle on the thin film: com-

parison between theory (solid curve) and experiment (filled
squares).
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Fig. 8. Longitudinal shift measured versus the angular orienta-
tion of the QWP located in front of the LCV; measured for i;
=48.5° corresponding to the first resonance peak.

TM modes is smaller than the absolute displacement. Of
course, this result is not very surprising because, as al-
ready mentioned, the difference between the resonance
angles is very small. The difference can be observed only
when the electromagnetic field into the thin film is stud-
ied versus the incidence angle. As the amplitude of the
GH shift is smaller for TM compared with TE polarization
states, the experimental spatial shift observed corre-
sponds mainly to the GH shift for the TE mode. For ex-
ample, the maximum absolute GH shift for the TE; mode
is about 55 um, whereas it is only about 30 um for the
TM, mode. The relative GH shift between TE; and TM,, is
only 25 um but it matches relatively well the observed
displacement. Even though the difference is smaller than
the absolute displacement, it is still perfectly measurable
with our technique, and the resonance peaks correspond-
ing to the modes (TE;—TM, and TE;—TM;) can be easily
identified in Fig. 7. Moreover, it appears that when the or-
der n of the leaky guided mode TE-TM,, increases, the
absolute (as well as the relative) GH shifts decrease. This
is expected because when the order increases, the ampli-
tude of the electromagnetic field decreases inside the thin
film as is shown in Fig. 4 for TE; and TE;. Therefore, the
amplitude of the associated Poynting’s vector X, also de-
creases and it is straightforward, with Eq. (6), to see that
the GH shift will become smaller. On the other hand, the
width of the resonant peak becomes larger when the order
n increases. For example, on the present thin film, the an-
gular tolerance, defined as the FWHM of the resonance
peak is Ai;=0.8° for (TE,—-TM,) and Ai;=2° for
(TE;—TM,).

To check that the displacement measured is undoubt-
edly attributed to the GH effect and not to a spurious ef-
fect, the QWP just after the LCV was turned around its
axis and the corresponding longitudinal shift was mea-
sured versus the angular orientation of the QWP, and
therefore versus the incident polarization states. The re-
sults are shown in Fig. 8. In particular, the periodicity ob-
served corresponds to the expected value. As soon as the
neutral axes of the QWP are oriented along the linear po-
larization states emerging from the LCV, a maximum lon-
gitudinal shift is observed. This is not surprising since in
this case the polarization states correspond to TE-TM,
the two polarization eigenstates of the planar waveguide.
Therefore, a guiding effect becomes possible (as long as
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the incidence angle also corresponds to a resonant one).
On the other hand the effect is nullified when the incident
polarization states are circular, that is to say when the
neutral axes of the QWP are oriented at 45° compared
with those of the LCV. This behavior has previously been
observed for the GH shift on a single interface and was
recognized as a good way to check the viability of the mea-
sured effect.

As already mentioned, the IF shift can also be observed
when a circularly polarized beam is totally reflected on a
dielectric interface. One may wonder whether some pecu-
liar behavior such as guiding effects could be observed on
a thin film deposited on a substrate. While the longitudi-
nal GH shift can be described using either Artmann’s or
Renard’s models, the theoretical description of the IF shift
on thin film is possible only by use of Renard’s model.
Without going too much into details, the technique used is
basically similar to the method already described in Ref. 7
for a single interface. And because the PSD used during
our experiment has a two-dimensional structure, it allows
the simultaneous measurement of both the longitudinal
and the transversal shifts. Therefore, rotating the QWP
at 45° allows periodic switching of the polarization state
between ¢* and o~. In the event the circular polarization
states are not strictly speaking polarization eigenstates
for a dielectric optical waveguide, it is obvious that no
real guiding effect could be expected. However, when the
lateral displacement between ¢ and ¢~ is calculated ver-
sus the incidence angle, some peculiar structures are pre-
dicted as are represented on the theoretical curve shown
in Fig. 9.

The experimental points measured in the transverse
direction are in relatively good agreement with the
theory, especially if we consider the order of magnitude of
the observed effect. However, it becomes more difficult to
identify clearly the predicted structure when considering
the experimental points. To check further that the ob-
served experimental shift can actually be attributed to
the IF effect, the transverse displacement was also mea-
sured versus the angular orientation of the QWP. First,
the amplitude of the transverse shift appears in quadra-
ture with the longitudinal shift, which is exactly what is
expected theoretically. Moreover, the periodicity is half
that observed for the longitudinal shift because the sign
of the relative lateral displacement reverses between

-0.2 T T r T T T

-0.31 8

-0.4- -

.y :

L(s")-Le(c) (pm)
[

-0.7 1 8

-0.8 T T T T T T
40 42 44 46 48 50

incident angle i, (°)

Fig. 9. Difference between the IF shift for o* and ¢~ polariza-
tion states versus the incidence angle on the thin film: compari-
son between theory (solid curve) and experiment (filled squares).
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o*—o0” and 0" —o". If the amplitude of the transverse shift
on a thin dielectric film is compared with the same effect
observed on a single interface, the orders of magnitude
are almost the same with no specific enhancement attrib-
uted to the film structure.

To understand better the theoretical results obtained
for the IF effect on a thin dielectric film, we have decom-
posed the calculated transverse shift into two terms. The
first represents the flux of the Poynting’s vector into the
thin film. This term could be considered as the contribu-
tion of the geometrical part of the shift due to multiple re-
flections inside the thin film. The second part is due to the
evanescent wave in the air surrounding the film. It corre-
sponds to the effect also observed on a single interface, ex-
cept that the electric field into the thin film replaces the
incident field and could be significantly enhanced as a re-
sult of the guiding effects into the structure. Figure 10
represents the two contributions as well as the resulting
total transverse shift, which was already shown in Fig. 9.
Such decomposition allows us to see clearly that the two
contributions have opposite sign, which means that they
partly compensate for each other. On the other hand, it
shows that the two contributions present similar struc-
tures (with the exception of the opposite sign) and reveals
that some form of guiding must appear even when using
circularly polarized light.

To confirm this guiding effect, the absolute longitudinal
shift has been calculated for circularly polarized light and
reveals a strong resonance as soon as the incidence angle
corresponds to the guided modes’s TE or TM. Of course,
this longitudinal shift can not be directly observed with
our experimental setup because the longitudinal shifts
are equal for the two orthogonal polarized o*—o~ states.
For circularly polarized light, the transverse shift is not
enhanced in the waveguide structure, even when the light
is physically guided inside the film. The reason for this
peculiar behavior is that the polarization state will be
modified along the guide each time the light is totally re-
flected at the film—air interface. At the beginning if the
transverse shift is positive, it becomes negative after only

0.3 v T

L)
4 == = geometrical shift
0.2 e evanescent shift -
q = total shift ”~

-0.5 ——T—

40 42 4 46 48 50
Incident angle i, (°)

Fig. 10. The two contributions for the Imbert-Fedorov shift at-
tributed, respectively, to (a) the multiple reflections inside the
thin film (dashed curve), (b) the evanescent wave along the film—
air interface (dotted curve). The solid curve represents the sum of
the two contributions and should be compared with the experi-
mental results.
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a few reflections. Therefore, the transverse shift is peri-
odically counterbalanced and no enhancement could be
expected.

This modification of the polarization states during each
total internal reflection is especially pronounced in our
case because we are far away from the critical angle. On
the other hand the longitudinal displacement is always
positive and therefore can not be cancelled as a result of
the modification of the polarization state during propaga-
tion. This will lead to a strong enhancement of the longi-
tudinal displacement as soon as the light is guided, be-
cause it will benefit from the cumulative effect in the case
of multiple reflections. In fact, only the structured depen-
dence of the transverse displacement versus the angular
orientation should be considered as the peculiar behavior
for the IF effect on thin film. Therefore, further develop-
ment would be necessary to identify fully the predicted
structure.

One way to improve the identification of the peculiar ef-
fects attributed to the thin film is to choose a specific
structure to enhance further the guiding properties.
Therefore, let us consider the main parameters that can
have an influence on the GH shift and quantify their ef-
fects on the order of magnitude of the displacement. The
thickness & of the layer, the refractive index n; of the sub-
strate, and the distributed losses into the thin film could
have significant influence on the guiding properties of the
layer and therefore on the resulting GH displacement. We
have decided to keep constant the refractive index of the
layer because the resulting effect is very similar to a
modification of the refractive index of the substrate. The
most sensitive parameter is the thickness % of the layer,
mainly because it can be modified in a wide range. When
it is increased the number of allowed eigenmodes into the
thin film becomes higher and the resonance angles corre-
sponding to the successive orders become closer. This re-
sult is expected because, as soon as the thickness in-
creases, the multimode character of the waveguide
becomes more pronounced. Moreover, a thicker waveguide
means correspondingly more energy stored in the layer
and a larger amplitude for the resulting displacement.
For example, when the thickness increases from #&
=1.7 um to 3.4 um, the absolute amplitude of the GH
shift increases from 55 um to 550 um for the TE, mode.
However, the resonance condition becomes more sensitive
to the incidence angle and the peaks become narrower.
Therefore, the present thin film is a good compromise be-
tween a well-pronounced resonance and a relatively wide
angular acceptance.

The other important parameter is the difference
between the refractive indices of the film and the
substrate. When the contrast becomes higher, the finesse
of the Fabry—Perot interferometer corresponding to
the thin film increases. Therefore, when the refractive
index n; of the substrate significantly increases above
ng, the GH shift becomes higher, and simultaneously each
resonant peak becomes narrower. Moreover, with any
increase of n, the range between the total reflections on
the film—air and substrate—film interfaces becomes nar-
rower, but not so much as to cause difficulties in observ-
ing the effect. Once again the refractive index n;=1.9
seems a relatively good compromise to get enough con-
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trast between the substrate and the film to increase the
GH shift.

Finally, the distributed losses could also have a signifi-
cant influence on the amplitude of the resonance but only
if the losses become high (typically a few percent per
round trip into the layer). Because the thickness of the
film is limited to a few micrometers the losses should also
have limited impact on the amplitude of the resonance
peak.

However, this investigation is mainly theoretical and it
is still necessary to check experimentally the effect of pos-
sible adjustments of the main parameters such as thick-
ness A or index nj.

4. CONCLUSION

In the present paper, the geometrical displacement that
accompanies a totally reflected light beam onto a thin di-
electric film is studied. In the particular case of a thin film
with a refractive index lower than that of the substrate on
which it is deposited, it is demonstrated both theoretically
and experimentally that under specific incidence angles,
the longitudinal GH shift presents some resonance peaks
that strongly depend on the internal structure of the di-
electric layer. These peaks correspond to the leaky guided
eigenmodes of the planer waveguide. The experimental
setup, previously used to measure GH and IF effects on a
single interface, is based on a periodic polarization
switching technique. In fact, it permits measuring only
the difference between the TE and TM shifts, but it is per-
fectly adapted to characterize fully the resonance due to
the differences between the two polarization eigenstates.

The transverse IF shift was also observed and mea-
sured versus the incidence angle. The experimental trans-
verse shift presents no resonance, thus confirming the
theoretical calculations made by use of Renard’s model.
However, some peculiar structures versus the incidence
angle—not observed in the case of a single interface—are
predicted in such dielectric thin film. These dependences
tend to appear on the measured curves, but improve-
ments in methods are needed to identify them better.

The evanescent wave near a thin dielectric film has
long been recognized as an interesting tool to measure a
chemical or biological reaction near the interface. Usually
the detection is based on interferometric techniques. Our
approach, developed initially to observe and measure the
GH or IF shifts, could also be useful for optical sensing. It
consists of detecting a spatial shift instead of a phase
shift and could be very sensitive, especially when coupled
to a thin-film structure observed near a resonance. More-
over, other structures presenting giant or unusual GH
shifts could also be investigated with the present tech-
nique, such as the effects predicted at an interface with
right-handed and left-handed materials (or negative re-
fractive index).!%'6

APPENDIX A: EXPRESSIONS FOR THE
ELECTROMAGNETIC FIELD AND
RESULTING POYNTING’S VECTOR

1. For the Reflected Wave in the Substrate
The complex amplitude E, of the reflected wave on the in-
terface between substrate and film (x=0) can be ex-
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pressed by use of Eq. (3). Therefore, the Poynting’s vector
associated with the reflected beam can be directly de-
duced from

cos i
nlEg 9 !
S=—|red? O |, (A1)
2poc o
smiq

where E is the incident electric field, n; is the refractive
index in the substrate, u( is the magnetic permeability of
vacuum, c is the velocity of light, and r, is the total re-
flection coefficient defined by use of Eq. (3).

2. For the Evanescent Wave in the Air

With an approach similar to that used to calculate the re-
flected electric field, the thin dielectric layer could be con-
sidered a Fabry—Perot interferometer, and a transmission
coefficient ¢,,, for the evanescent wave can be calculated
to obtain the amplitude of the electric field at the inter-
face between the layer and the air. The evanescent wave
being inhomogeneous, its amplitude decreases exponen-
tially when the coordinate x decreases from -/ to —. The
corresponding Poynting’s vector for the evanescent wave
becomes simply

0
nsEZ 20x+h) 0
23 = |teva|2 exp s (AZ)
2poe o ny o
—— Siniq

ng

where § is the penetration depth defined exactly as for a
classical total reflection for a single interface,” and t,,, de-
pends on the incident polarization states (TE or TM).

APPENDIX B: EXPRESSIONS FOR THE
ELECTROMAGNETIC FIELD AND

THE RESULTING POYNTING’S VECTOR
INTO THE THIN DIELECTRIC LAYER

The electric and magnetic fields into the thin dielectric
layer are respectively called E5 and By, and they can be
calculated by assuming the superposition of a descendant
wave and an ascendant wave into the structure. The wave
vectors associated with these two waves are, respectively,

-
ki=| 0 |,
B
o
K3=|0], (B1)
B

with a=(27/\)ny cosiy and B=(27/\)ny sin iy. Two polar-
ization eigenstates for a planar optical waveguide must
be distinguished: the TE mode with the electric field ori-
ented along the y axis and the TM mode with the mag-
netic field along the y axis.
1. Case of TE Mode

Starting with the hypothesis that the electric field can
be described as
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0
Ey,=E(U, cos ax + V| sin ax) X exp[—j(wt — Bz)] X [ 1

0

(B2)

It is straightforward to express the magnetic field By by
use of the Maxwell’s equation Curl(E)=-dB/d. We have

[ E

0 .. .
— —ngysinig(U, cos ax + V| sin ax)
c

Xexp[-j(wt - Bz)]
B,={ 0

E
~0 . .
—Jj—ngcosiy(— U, cos ax + V| sin ax)
c

< expl-jlwt - B2)]
(B3)

The continuity of components at the interface between
layer and air imposes the following boundary conditions:

Eoy(=h) = E3,(-h),

By, (- h) =Bs,(- h), (B4)

and the constants U, and V| can be deduced as

i ng ny 2 1/2
U, =t cosah+—| | —sini; | -1

eva .
g COS 19 ns

X sinah (,

1 .
V,=t,,) —sinah +

ns ny 2 1/2
Ny COS 19 ns
X cos ah (. (B5)

The resulting associated Poynting’s vector can be calcu-
lated by Z9=1/2uy Re(Ey X B,) and can be expressed ver-
sus the parameters U, and V| as

E} 0
0 .. .
So=—n;siniy(U, cosaz+V, sinaz)2x |0
2MOC
1
(B6)
2. Case of TM Mode
Similarly, the magnetic field can be described as
0
n2E0
By=——(U, cos ax + V sin ax) X exp[—j(wt — Bz)] X | 1
¢ 0
(B7)

It is straightforward to express the electric field E5 by use
of the Maxwell’s equation Curl(B):nQZ/ c¢29E/dt. We have
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p
ny

Ey(U,cos ax + Vsin ax)— sin iy
Ny

Xexp[—Jj(wt — Bz

B, . pl-Jj(wt - Bz)] .

JEcos ig(— U, cos ax + V| sin ax)
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The continuity of components at the interface between
layer and air imposes the following boundary conditions:

EZZ(_ h) = E3z(_ h)’

BZy(_ h) =BSy(_ h)’ (Bg)

and the constants U, and V| can be deduced as

ns 1 n 2 1/2
UH=tha — cos ah + —sinil -1

ngy CcoSs i2 nsg
X sin ah (,
nsg . 1 niy L vz
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ng COS 19 ns
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The resulting associated Poynting’s vector can be calcu-
lated by use of X9=1/2uqRe(E3XB,) and can be ex-
pressed in terms of U, and V| as

0
E2
3,= ° nysiniy (U, cos az + V;sin az)? x [ 0 |.
2,(L()C 1
(B11)
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