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Direct experimental observation of the single
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We report a precise direct measurement of the Goos–Hänchen shift after one reflection off a dielectric interface coated with periodic metal stripes. The spatial displacement of the shift is determined by image analysis. A maximal absolute shift of 5.18 and 23.39 m for TE and TM polarized light, respectively, is determined. This technique is simple to implement and can be used for a large range of incident angles. © 2008
Optical Society of America
OCIS codes: 260.6970, 240.6690, 110.2960.

When a beam of light is incident from a higher index
material to a lower index dielectric it can undergo total internal reflection (TIR). Newton [1] predicted
that the incident beam, in such a case, penetrates
slightly into the lower index medium. Goos and
Hänchen [2] postulated that such a penetration
should lead the beam to laterally shift on the order of
the wavelength. They were the first to measure such
a shift, now known as the Goos–Hänchen (GH) shift
[2]. The first theoretical description of the shift, for a
plane wave, came from Artmann [3]:
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where the displacement D is related to the phase
change d of the complex Fresnel reflection coefficient and the change of the incidence angle d. The
wavelength in the denser medium is . Fresnel reflection laws show that the largest shift should occur
at the onset of TIR, where Eq. (1) has a discontinuity.
This discontinuity can be removed with a Gaussian
ansatz, shown below in Eq. (2). As the Fresnel reflection coefficients differ for TE and TM polarization, a
difference in the GH shift for TE and TM polarization
is evident. It is this difference that has recently attracted great experimental interest [4–6]. Contrary
to the original experiment 60 years ago, the current
interest lies in measuring the GH shift after only one
reflection. With the onset of negative index materials,
predictions for negative GH shifts have also created
theoretical interest [7,8]. “Regular” materials, however, still attract theoretical investigations, e.g., on
curved surfaces [9], three-dimensional dome structures [10], and in active materials [11]. Proposed applications of the GH shift range from optical temperature sensing [12] to high-resolution surface
plasmon sensors [13].
The experimental investigation of the GH shift in
the optical regime has always been considered a relatively difficult task owing to the very small spatial
shift, which at its maximum measures only a few
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wavelengths. Furthermore, choosing a good reference
with which to measure the shift is a challenge. Recent experiments used the difference of the GH shift
for TE and TM polarization and did not obtain an absolute value of the GH shift [4–6]. In this Letter, however, we report an experiment where we observe a direct measurement of the GH shift for the TE and the
TM polarizations over a large range of incidence
angles.
Goos and Hänchen [2] used multiple reflections in
order to measure the spatial shift. They reasoned
that owing to the high absorption of metals, light reflected from a metallic surface does not undergo a
measurable spatial shift. There is a shift associated
with thin metal films [8] and at grazing incidence [6].
This shift is, however, much smaller than that of the
glass–air interface. In the GH setup, one beam is
used to simultaneously reflect off the silver coating
and the glass–air interface. Our experiment incorporated these ideas to measure the GH shift after only
one reflection. Contrary to the original and the recent
experiments, where polygonal prisms were used, we
use a glass half-cylinder. A half-cylinder has the advantage of being able to couple light in from any
angle of incidence. The planar side of the cylinder is
coated with four metal stripes perpendicular to the
cylinder axis, such that a collimated elliptical beam
is incident on the glass–metal and the glass–air interface; see Fig. 1(a). The 0.5 mm wide metal stripes
consisted of a 150 nm thick layer of chromium, which
has a refractive index of nCr = 3.537+ 4.362i (at
625 nm); see Fig. 1(c). This thickness ensures no unwanted interaction of the surface plasmon. A CCD
camera images the reflected beam.
A partially coherent, 625 nm LED light source is
used to minimize the distortion of speckles in the image. The polarization is selected by a sheet polarizer,
and the beam is expanded with a telescope setup to
⬃7 mm. A cylindrical lens focuses the beam on a line
to a width of 126 m coinciding with the rotational
axis of the half-cylinder. The BK7 half-cylinder, with
refractive index of nBK7 = 1.52, is positioned on a rota© 2008 Optical Society of America
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Fig. 2. (Color online) (a) CCD image for a TE polarized
light incident at 39ⴰ. The stripes correspond to different reflection amplitudes at the glass–air and glass–metal interface. The arrow shows the direction in which the data are
fitted by a Gaussian distribution. (b) Peak position of the
fitted Gaussian with respect to the height on the cylinder
(metal–air indicates the reflecting interface).
Fig. 1. (Color online) (a) Three-dimensional diagram of
light impinging on the half-cylinder. (b) Schematic setup.
(c) Configuration of the chromium stripes.

tional stage, around which the imaging lens and the
detector can revolve. The CCD camera has 1024
⫻ 2048 pixels, with a pixel size of 6.64 m. Figure
1(b) shows a schematic of the setup, and Fig. 2(a) is a
corresponding image of the reflected beam.
With a pixel size of 6.64 m, the CCD camera cannot resolve the GH shift directly. Therefore, the data
are fitted with a Gaussian profile along the direction
of the arrow in Fig. 2(a). The width of the beam at the
reflection point is ⬃20 pixels, which ensures a good
Gaussian fit. This fitted peak and thus the central position of the reflected beam is calculated for each row
of pixels perpendicular to the cylindrical axis and
plotted in Fig. 2(b). The graph clearly shows a displacement of the reflected beam position between the
glass–metal and the glass–air interface. To determine the shift, the boundary contributions are
avoided by averaging the cental parts of Fig. 2(b). Rotating the half-cylinder and the detector, all angles of
incidence can be scanned. The corresponding maximal GH shift is 5.18 m for TE and 23.39 m for TM.
Figure 3 shows the experimental GH shift for both
polarizations. Error bars are determined from the
numerical fit of the Gaussian and statistical analysis.
As the amplitude of the reflected light far below TIR
共 ⬍ 41° 兲 is very close to the noise of the CCD, the er-
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ror bars are considerably larger. At an angle between
37° and 41°, an early onset of the GH shift is observed.
Besides the limit of the critical angle, the limit of
grazing incidence 共80° – 90° 兲 has been of interest
[14–16]. Analytically this limit is not wellunderstood, as the Gaussian optical approach is illsuited in this limit, theoretical predictions go from
vanishing to infinite shifts. Our experimental data
show that the shift is small but finite at grazing incident. The recent publication of Merano et al. [6]
sheds light on the small negative shift for the TM polarized light. We measure a finite ⬇1 m shift, which
is in accordance with a negative GH shift for the
metal, taking into consideration that the GH shift for
the glass–air interface should be vanishing in that
limit. However, at this limit the finite extent of the
half-cylinder and the Gaussian beam come into effect, making the data less reliable.
Three theoretical approaches were used to understand our results. First, the plane-wave approximation of the field by Artmann [3] was used. Artmann’s
result is given in Eq. (1) and plotted with a solid
curve in Fig. 3. In this limit the GH shift has a discontinuity at the critical angle, where the shift diverges. Second, the Gaussian wave approximation,
analytically formulated by Horowitz and Tamir, [17]
was used. The derived beam displacement, D共兲 is
given by

册
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Fig. 3. (Color online) Goos–Hänchen shift for the TE and TM polarizations. The error bars for the experimental data are
derived from the numerical fits and statistical analysis. Analytic descriptions of the shift have been included in the graph
as shown in the legend. The solid curve (red online) corresponds to the plane wave ansatz of Artmann’s Eq. (1). The dashed
curve (blue online) corresponds to Horowitz’s Gaussian ansatz Eq. (2).

where  is the half-width of the beam; n is the index
of refraction, m = 1 for TE (m = n2 for TM) polarization; k0 is the wavenumber; c = arcsin 1 / n is the critical angle; and D共␥兲 is the parabolic-cylinder (or Weber) function of order  and argument ␥. This
displacement is also shown in Fig. 3 (dashed curve),
where a beam waist of  = 63 m is assumed. The discontinuity at the critical angle has been resolved and
a broader shoulder of the GH shift is seen. Third, a
numerical reflection of a Gaussian beam is simulated. The incident Gauss beam is Fourier transformed into the momentum space. In the momentum
space Fresnel reflection laws are applied, and the
beam is then inverse Fourier transformed. Back in
real space the peaks of the incident and reflected
beams are compared. The result coincides with the
analytic results of Horowitz in the region of the critical angle and is therefore not plotted. Even the finite
extent of the Gaussian beam calculations cannot explain the broadness of the measured GH shift. One
reason for this could be that the partially coherent
LED light source cannot be fully described by Gaussian optics [18]. We are investigating this effect for a
future report.
In conclusion, we provide a novel experimental
setup to directly measure the small lateral GH shift
at TIR, for all angles of incidence. We report a maximum GH shift of 5.18 and 23.39 m for TE and TM
polarized light, respectively. For the first time, to the
best of our knowledge, we measure the GH shift for
all angles in the optical regime. Not only is this
method fast, and provides a powerful image data
analysis, but it is also inexpensive to set up.
The authors acknowledge stimulating discussions
with G. Häusler and strong support from U. Peschel
and Y. Cai.
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