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The excitation conditions of surface electromagnetic waves in onedimensional photonic crystals (Bragg
reflectors) are studied. Surface electromagnetic waves are visualized by the farfield optical microscopy of the
surface of the photonic crystal. The enhancement of the Goos–Hänchen effect by surface electromagnetic
waves excited in onedimensional photonic crystals has been experimentally observed. The Goos–Hänchen
shift reaches 30λ for a wavelength of λ = 532 nm.
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The Goos–Hänchen effect is the lateral shift of a
totally reflected beam relative to a beam reflected from
a perfect mirror (Fig. 1). The effect was observed for
the first time in 1943 by Goos and Hänchen for multi
ple reflections in a glass plate [1]; the shift detected
was as large as 1–2λ for a wavelength of 578 nm. There
are several approaches to explain the Goos–Hänchen
effect. The first one, the socalled phase method [2,
3], is based on the phase shift between the incident and
reflected beams appearing during total internal reflec
tion (TIR). If the linearly polarized beam is consid
ered as a wave packet limited in space, the shift D of
the reflected beam is determined from the Fresnel
equations as
λ ∂ϕ ( θ )
D = –  ,
2π ∂θ

(1)

where λ is the wavelength, ϕ(θ) is the phase of the
complex reflection coefficient, and θ is the angle of
incidence. If the polarization of the incident beam dif
fers from the linear one, the polarization dependence
of the phase ϕ(θ) leads to two independent linearly
polarized components shifted at different distances.
Another way to explain the Goos–Hänchen effect
is suggested in [4]. In the TIR case, there is an evanes
cent field on the dielectric surface. The energy flux
through the surface perpendicular to the incident
plane and to the interface is nonzero, and the intensi
ties of the incident and reflected beams are equal.
Thus, the energy conservation law is fulfilled if the
reflected beam shift appears.
The Goos–Hänchen effect can be significantly
enhanced in absorbing media [5–7] or in the case of

an additional energy flux at the interface caused by the
propagation of a surface electromagnetic wave (SEW)
[8, 9]. Surface plasmon polaritons (SPP) are an exam
ple of such SEWs. In [8], the Goos–Hänchen shift was
measured for the beam reflected from the metallic dif
fraction grating near the Wood anomaly for the reso
nant SPP excitation. The maximal shift value was 30λ
for the incident wavelength of 3.39 μm. In [9], the sur
face plasmon was excited by using the Kretschmann
configuration. The beam was observed to be shifted by
more than 50λ for the wavelength of 632 nm, which
corresponds to an enhancement of the Goos–
Hänchen effect by more than 10 times relative to the
shift in the case of total internal reflection from a
dielectric surface.
The high sensitivity of the Goos–Hänchen shift
value to the SPP characteristics allow for the use of
this effect in optical sensors. An SPP sensor is based on
the dependence of the SPP wave vector on the refrac
tion index of the dielectric at the metal–dielectric
interface. It causes high sensor sensitivity to the reso
nant conditions of the SPP excitation and the influ
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Fig. 1. Illustration of the Goos–Hänchen effect. The lat
eral shift D of the totally reflected beam (n1 > n2) is
observed.
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Fig. 2. (a) Scanning electron microscope image of the edge of the photonic crystal. (b) Sketch of the setup for the observation of
the excitation of surface electromagnetic waves on the surface of the photonic crystal by using the optical microscopy technique.
(c, d) Microimages of the surface of the photonic crystal for the incidence of s and ppolarized light, respectively. (e) The inten
sity distribution along the centers of the spots for both polarizations of incident light.

ences of the dielectric environment on the SPP length
and Goos–Hänchen shift value. The dependence of
the Goos–Hänchen shift on the reflection coefficient
of the dielectric medium under SPP excitation in the
attenuated total reflection scheme was explored in [10].
The sensitivity of the sensor is 1.82 × 10–8 RIU/nm.
The minimal Goos–Hänchen shift appeared to be
20 nm. This corresponds to a resolution of approxi
mately 10–8 RIU, which is an order of magnitude bet
ter than for the other types of SPP sensors.
Surface electromagnetic waves can be excited on
the surfaces of photonic crystals. There are wave equa
tion solutions at photonic band gap frequencies corre
sponding to the SEWs [11, 12]. The dispersion curve of
the incident light in a vacuum does not intersect with
the SEW dispersion law, and the SEW excitation from
a vacuum is impossible. The methods of attenuated
total internal reflectance give the possibility of
decreasing the slope of the light dispersion curve down
to the SEW curve crossing. The experimental detec
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tion of the SEW on the surface of the photonic crystal
was made in [11].
SEWs in photonic crystals are similar to surface
plasmons by many optical properties but have some
peculiarities [12]. First, the polarization conditions of
SEW excitation are inverted relative to plasmons, and
SEWs are excited solely for the spolarized incident
light. Second, the changing of the photonic crystal
period provides a way to tune the SEW wavelength in
the wide spectral range. Third, the SEW mean free
path is significantly (4–5 times) larger than the plas
mon one due to the low absorption in the dielectric
layers. In [13], the Goos–Hänchen effect was theoret
ically considered in twodimensional photonic
waveguides. Due to the excitation of guided modes,
the Goos–Hänchen effect was shown to be enhanced
by more than one order of magnitude in comparison
with the single TIR from the dielectric surface. At
present, the experimental observation of the Goos–
Hänchen effect in photonic crystals is absent.

384

MOSKALENKO et al.
Screen

scan
ksew

ksew

Fig. 3. (a) Schematic describing the scattering of surface
electromagnetic waves in the plane of the propagation on
the surface of the photonic crystal in the Kretschmann
configuration; ksew is the wave vector of the surface elec
scatt

tromagnetic wave, and k sew is the wave vector of the scat
tered component of the surface electromagnetic wave.
(b) Scattering pattern of surface electromagnetic waves in
the total reflection direction.

In this paper, the enhancement of the Goos–
Hänchen effect due to SEW excitation in photonic
crystals is observed and systematically studied.
Samples of 1D photonic crystals (Bragg reflectors)
were fabricated using thermal thinfilm deposition on
a glass substrate and consisted of six bilayers of
SiO2/ZrO2 with refractive indices of 1.46 and 1.9,
respectively. The period of the photonic crystal has
been determined by scanning electronic microscopy
(Fig. 2a) and appeared to be 250 ± 10 nm. The multi
layer was designed to exhibit SEWs on the outer sur
face of the photonic crystal with incident spolarized
light at an angle of incidence of 50°. The excitation
and detection of the SEW were performed in a
Kretschmann attenuated total reflection device
(Fig. 2b). A glass substrate was connected to the prism
using an indexmatching liquid (aqueous solution of
glycerol). The light source was a CW singlemode laser
operating at λ = 532 nm with a power P = 10 mW and
angular divergence of 2.5 mrad. A laser beam was
focused on the surface of the photonic crystal by a col
lecting lens with a focal length of 25.4 mm on a spot
with a diameter of 50 μm. The polarization of the light

was controlled by a double Fresnel rhombus and a
Glan prism. The angle of incidence on the inner sur
face of the photonic crystal was fixed at 50°. Visualiza
tion was performed by using the light scattered in the
far field by optical microscopy [12] using an objective
lens with a numerical aperture NA = 0.28 focused on
the surface of the photonic crystal where the SEW was
excited. The image was recorded by a CCD camera.
Figures 2c and 2d show the images of the surfaces
of the photonic crystal upon the incident s and
ppolarized light. For the spolarized (Fig. 2c) inci
dent light, the conditions of the SEW resonance are
satisfied and the SEW is spatially distributed in a
cometlike pattern strongly elongated in the propaga
tion direction. The SEW mean free path can be esti
mated by using the “comet tail” length. In the case of
ppolarized illumination (Fig. 2d), the image shows a
pattern typical for TIR with a bright spot being a cross
section of the beam reflected from the sample. Figure
2e shows the intensity profile along the centers of the
spots for both cases. The profile shows the enlarge
ment of the falling edge of the distribution at the SEW
resonance. The SEW length is determined as the dis
tance between the center of the ppolarized reflected
spot and the level where the intensity decreases by 1/e
times for the spolarized beam. The SEW length is
estimated to be approximately 70 μm for the studied
sample.
The visualization of evanescent fields is impossible
in ideal conditions, because the SEW is an evanescent
wave and exponentially decays along the surface nor
mal. Despite the fact that the dielectric layers of the
photonic crystal have low absorption, the observed
SEW length is finite. Therefore, there are alternative
mechanisms of losses, one of them is associated with
SEW scattering from surface roughnesses. As the SEW
is excited, the rescattering goes in the plane and out of
the surface plane of the photonic crystal. The part of
the incident radiation rescattered out of the plane is
detected by the microscope objective. In addition,
there is scattering in the plane of the surface, as is
shown in Fig. 3a. Part of the SEW with the wave vector
ksew scatters, changes direction, and acquires the wave
scatt

vector k sew . In this case, the angle of reflection is dif
ferent from the original one. The scattering pattern is
represented by the arc schematically shown in Fig. 3a.
Figure 3b shows a photograph of the screen placed
perpendicular to the reflected light. Reflected light,
which does not transform into an SEW, is seen as a
white spot. The bright arc arises due to SEW excitation
and the subsequent rescattering.
The direct visualization of the Goos–Hänchen
effect was performed using the SEW microscopy tech
nique schematically shown in Fig. 4. As the SEW was
excited, the reflected beam undergoes a lateral shift.
An ethanol solution of Rhodamine 6G (10–5 M) was
added to the indexmatching liquid in a 100 : 1 ratio.
Rhodamine 6G dye was used for the visualization of
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Fig. 4. Schematic of the visualization of the Goos–
Hänchen effect: 1 is the prism, 2 is the indexmatching
fluid with the addition of an ethanol solution of
Rhodamine 6G, 3 is the glass substrate coating 1D photo
nic crystal 4, 5 are the OC13 orange filters, 6 is the objec
tive, 7 is the surface electromagnetic wave, and 8 are the
cross sections of the incident and reflected beams.

the incident and reflected beams. The OC13 orange
filter was placed before the objective for the pump
radiation cutoff and the observation of a sharp pattern
of fluorescence. The Goos–Hänchen effect manifests
itself in the shift of the cross section of the reflected
spot for the spolarized incident beam relative to the
position of the reflected spot of the ppolarized beam.
Figures 5a and 5b show the cross sections of
reflected s and ppolarized beams (the spot of the
incident beam is outside the frame). The intensity dis
tributions of the fluorescence of the cross sections of
reflected s and ppolarized beams are shown in
Fig. 5c. For the ppolarized light, the SEW is spatially
distributed in the Gaussian profile with an intensity
maximum corresponding to the center of the spot. As
the reflected beam is spolarized, the intensity maxi
mum shifts toward the SEW propagation direction.
This displacement achieving 16 μm is interpreted as
the Goos–Hänchen shift.
For a single reflection configuration, the Goos–
Hänchen shift reached the value of the wavelength [1,
14]. In the studied case, the shift value is approxi
mately 30λ, thus, the enhancement of the Goos–
Hänchen effect due to the additional lateral flux of
energy in the SEW is more than one order of magni
tude larger. The Goos–Hänchen shift in homoge
neous absorbing media [8] can be comparable with the
displacement obtained in a photonic crystal. However,
the enhancement in the photonic crystal under proper
conditions is expected to be even more significant. The
optimal design of a 1D photonic crystal allows for the
enhancement of the SEW lifetime and the efficiency
of the energy transformation of the incident light. The
calculations performed using optical transfer matrix
technique demonstrate that the increase of the num
ber of dielectric layers in the photonic crystal leads to
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Fig. 5. Microimages of the fluorescence of the reflected
beam in the cases of (a) the excitation of the surface elec
tromagnetic wave by spolarized light and (b) the absence
of the surface electromagnetic wave in a ppolarized beam.
(c) Fluorescence intensity profiles along the centers of the
reflected beam cross sections, where the Goos–Hänchen
shift is seen.

the further enhancement of the length of the SEW
associated with the Goos–Hänchen shift.
In conclusion, the SEW relaxation mechanisms are
studied in onedimensional photonic crystals (Bragg
reflectors). The SEW scattering on the surface plane
and to the far field is shown to be the main relaxation
mechanism. The farfield scattering gives a way to
visualize the SEW by the optical farfield microscopy
of the surface of the photonic crystal. The Goos–
Hänchen effect in the photonic crystals is detected.
The Goos–Hänchen shift achieves 16 μm in a 1D
photonic crystal with a thickness of 12 quarterwave
length dielectric layers. The shift value shows the sig
nificant (more than one order of magnitude) enhance
ment of the Goos–Hänchen effect in photonic crys
tals relative to the dielectric surface.
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