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We investigate in real space amplitude and phase distributions of light in photonic nanojets
emerging from micrometer-sized dielectric spheres with a high-resolution interference microscope.
Strong localization of light and a Gouy phase anomaly are witnessed. We show that the phase
advance of photonic nanojets significantly deviates from a plane wave due to the sudden transition
from a converging to a diverging wave front. Understanding such phase anomalies and verifying the
presence of photonic nanojets promises to pave the way to prospective applications that may exploit
the ability to localize light in spatial domains smaller than the usual resolution limit. © 2011
American Institute of Physics. �doi:10.1063/1.3591175�

In miniaturized devices effects linked to the phase of
light attracted an increasing importance. Predominantly be-
cause amplitude fields suffer from a finite spatial resolution
and additional information from phase fields may lift that
issue.1 Intrinsic to such high-resolution applications is the
strong confinement that should lead to a phase anomaly. It is
understood here as a deviation of the phase evolution of con-
fined fields when compared to a plane wave. This so-called
Gouy phase anomaly has been considered long time ago.
Discovered by Gouy �Ref. 2� as early as 1890, this phenom-
ena was studied in classical optics, for laser resonators and
Gaussian beam propagation.3,4 The origin of the Gouy phase
anomaly can be discussed from different theoretical
perspectives.5–11 It is a phenomenon not just linked to Gauss-
ian beams but it has been recently explored in the context of
deviating wave fields.12 Along these lines of research we
investigate here by experimental and numerical means the
Gouy phase anomaly in spatially highly localized light fields.

There are several ways to create such highly confined
light fields. The traditional approach is to strongly focus a
Gaussian beam. This however imposes constraints since the
Gaussian beam itself is only a solution to the paraxial wave
equation and the onset of the vectorial nature of light makes
it difficult to truly reach the resolution limit. An alternative
approach to localize light even stronger relies on its coupling
to the charge density oscillations in metals with plasmonic
effects.13,14 Nonetheless, absorption and the associated
strong spectral dispersion often constitutes an obstacle for
prospective applications. Therefore, solutions to localize
light relying exclusively on dielectrics are desirable. One is
to use micrometer-sized dielectric spheres to generate highly
localized light in the visible; called photonic nanojets.15

Such photonic nanojets generated a heated debate since their
creation is considered as a scattering phenomenon and re-
quires a rigorous treatment.16,17 Their fascination is attached
to the promise to beat the diffraction limit at the expenses of
being bound to the near- and intermediate-field region of the
dielectric sphere. If photonic nanojets would be fully under-

stood, their ability to steer the light in subwavelength do-
mains could be exploited in many applications.18–21

We present here experimental results of fields emerging
from photonic nanojets and discuss the Gouy phase anomaly
in this context. All experimental results are supported by
rigorous simulations. For our study we employ a high-
resolution interference microscope �HRIM� to measure am-
plitude and phase in the entire three-dimensional �3D� space.
Details of the experimental setup are reported elsewhere.1,22

The underlying interferometer is based on a phase shifting
algorithm and the Schwider-Hariharan method.23,24 All ex-
perimental and theoretical investigations were performed at a
single wavelength of 642 nm �CrystaLaser: DL640–050–3�.
Microspheres are made of borosilicate glass and purchased
from Duke Scientific Inc. Their refractive index is 1.55 at
642 nm and their diameter is 2 �m. Spheres are dispersedly
deposited on the glass substrate and well isolated. A linearly
polarized weakly focused Gaussian beam that can be safely
approximated by a plane wave was used for the illumination.
The photonic nanojets appear on the shadow-side surface of
microspheres in air. The measured fields are low-pass filtered
and the achievable spatial resolution for the amplitude fields
is subject to the diffraction limit of the observing objective, a
100X/NA0.9 HC PL FLUOTAR from Leica Microsystems.

Figure 1 gives examples of intensity slices in longitudi-
nal and transversal direction. The microsphere is indicated
by a white circle. The incident light propagates along the
positive z-axis and is polarized in x-direction. Measured
fields which appear inside or spatially before the sphere do
not correspond to fields in real space. They correspond to the
back propagated fields which are transmitted in forward di-
rection. The interferometer collects light only in transmis-
sion. Nevertheless, fields above the termination of the sphere
correspond to those in the real space; with the only notice-
able exception that their spatial frequency components are
low-pass filtered by the optical system. The horizontal slice
of the intensity through the plane of the largest spatial con-
finement is shown in Fig. 1�b�.

The measured phase evolution of the fields is shown in
Fig. 2. The phase is recorded as a differential phase along the
propagation direction. Since the 3D measurements take sev-a�Electronic mail: myunsik.kim@epfl.ch.
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eral minutes, there exists an inevitable phase drift. If the
object however is small compared to the field of view, it can
be assumed that a plane wave propagates far away from the
object and the original differential phase can be corrected.
We assume the differential phase of this plane wave to be
constant and independent on the position. The differential
phase after correction is shown in Fig. 2�a� and Fig. 2�b�
shows a wrapped phase map to provide an impression of the
pure phase evolution in space.

In order to provide a further understanding, we compare
the experimental results to simulations. Mie theory for a
single sphere was used to simulate the optical response of the
glass sphere �2 �m diameter; n=1.55�.25 Assumptions on
the illumination are the same as in the experiment. The sub-
strate is neglected. The simulation of the optical imaging was
performed using scalar propagation techniques in spatial fre-
quency space. We calculate at first the x-component of the
electric field Ex�x ,y ,z ,�� �polarization of the incident field�
with Mie theory in the x-y-plane at z=10 �m. After Fourier
transforming the field to the spatial frequency space
�Ex�kx ,ky ,z=10 �m,���, we suppress all contributions of
spatial frequencies �kx and ky� whose absolute value is larger
than the numerical aperture of the observing objective di-
vided by the incident wavelength. This mimics the behavior
of the objective in the experiments. Afterwards, this modified
x-component of the electric field is propagated to the slice of
interest in z-direction by means of free space propagation. So
the field in the spatial frequency domain at every z position
reads as:

Ex�kx,ky,z,�� = Ex�kx,ky,z = 10 �m,��eikzz.

The inverse Fourier transformation of this field into the real
space gives the amplitude and phase. The differential and
absolute phase maps constructed identical to the measured
one are shown in Figs. 3�a� and 3�b�. It has to be mentioned
that this way of treating the optical image of the HRIM is
only an approximation because we neglect all further optical

elements. Anyhow, the good agreement between simulations
and experiments seemingly justifies the approximations.
Please note that only propagating components �and therefore
tangential ones� of the electromagnetic field are detected by
the HRIM and longitudinal ones �as they appear in the near
field� cannot be observed. Therefore, the use of such scalar
theory is adequate.

While the intensity in Fig. 1 don’t reveal much informa-
tion, the differential phase images in Figs. 2�a� and 3�a� show
a phase variation with respect to a constant phase far away
from the sphere, the Gouy phase anomaly. The peak intensity
is found just behind the sphere at z=2 �m. At the same
position phase singularities appear left and right from the
optical axis. Their lateral distance is measured to be 1+ /
−0.1 �m and agrees well with the distance found in the
simulation of 0.90 �m. In passing we note that the field
localization in real space is safely anticipated to be much
stronger, since evanescent field components cannot be de-
tected with the present setup. Moreover, the spatial distance
between these phase singularities, which correspond to roots
of the intensity, are much larger separated than the full-width
at half-maximum �FWHM�; a measure usually used to esti-
mate the field localization in space.17 In measurements and
simulations which consider the numerical aperture of the im-
aging objective this FWHM was 0.38 �m, in simulations
which do not consider the imaging process but take the field
directly behind the sphere it even was 0.25 �m; which cor-
responds to a localization of light in space in the order of
0.39�.

The Gouy phase anomaly is a phase shift found along
the z-axis �at x=y=0 �m� and we plot the measured phase
in Fig. 4. We explicitly show the differential phase where the
advance from the plane wave is excluded, being fully in line
with the definition of the Gouy phase anomaly. Experimental
data from four individual measurements are shown. Since
there is no analytical solution for the scattered hotspots, we
extract as a theoretical reference results from the rigorous
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FIG. 1. �Color online� Measured intensity distributions
of a photonic nanojet generated by a 2-�m glass
sphere: �a� the x-z slice �at y=2.4 �m� and �b� the x-y
slice �at z=2 �m� through the center of the photonic
nanojet. The white circle indicates the 2-�m sphere.

x−axis (μm)

z−
ax
is
(μ
m
)

0 1 2 3 4 5
0

1

2

3

4

5

−3

−2

−1

0

1

2

3

x−axis (μm)

z−
ax
is
(μ
m
)

0 1 2 3 4 5
0

1

2

3

4

5

−3

−2

−1

0

1

2

3(a) (b)

FIG. 2. �Color online� Measured phase distributions of
a photonic nanojet spot in the axial direction. �a� Lon-
gitudinal map of differential phase with respect to the
plane wave far away from the sphere. �b� The final
wrapped phase that adds the phase advance of the plane
wave to the differential phase. The black circle indi-
cates the 2-�m sphere.
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simulations for NA=0.9 �see Fig. 3�a�� and NA=1 and in-
clude the results as solid red and blue lines in Fig. 4, respec-
tively. As long as almost all effective fields are captured by a
NA=0.9 acceptance angle, the NA=1 case does not lead to
different results.

Three different regimes can be distinguished along the
z-axis. �1� Positions close to the substrate �z=0–1 �m�: The
observation has aberrations and fields suffering multiple
reflections between the substrate and the sphere causing
experimental uncertainties. �2� Positions inside the sphere,
at the intensity hotspot and behind the intensity hotspot
�z=1–3.5 �m�: The high contrast of interference fringes
and small amount of aberrations provide reliable results.
Theory and measurement shows very good agreement in this
region as expected. �3� Positions far away behind the hotspot
�z=3.5–5 �m�. As seen in Fig. 1�a�, there is almost no in-
tensity detectable and measured phases are subjected to
noise. Nevertheless, the excellent agreement between simu-
lation and experiment provides confidence that the results are
sufficiently exact.

This longitudinal-differential phase measurement nicely
demonstrates the Gouy phase anomaly at regions of the
hotspot formation. Although an absolute discussion is diffi-
cult, it can be seen that in a very narrow spatial domain when
compared to the wavelength, the phase advance of the field is
strongly deviating. In order to confine the incident light
fields in tiny spatial domains, the evolving wave fronts un-
dergo a sudden transition from a spherical to a plane shape
�converging� and from a plane to a spherical shape �diverg-
ing�. This is comparable to a Gaussian beam which under-

goes a focusing in its waist. The modifications to the wave
fronts cause locally different propagation distances along the
propagation direction and these are accumulated along the
principal propagation direction. It results in a phase advance
different to a plane wave; for which the Gouy phase is just a
measure. This transition is strongest at the transition from a
spherical to plane wave front and vice versa.

Also shown already in several ways for Gaussian beam
propagation we demonstrate by experimental and theoretical
means that a phase anomaly exists also in photonic nanojets.
This supports the fact that the Gouy phase anomaly is a
general phenomenon found for all kinds of a light confine-
ment in space.

The research leading to these results has received fund-
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FIG. 3. �Color online� Corresponding simulation data
to Figs. 2�a� and 2�b�, which are calculated by Mie
theory and scalar propagation technique: �a� differential
phase map and �b� wrapped phase map. The black circle
indicates the 2-�m sphere.
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FIG. 4. �Color online� Profiles of differential phase in the axial direction
�z-axis� along a central line of the photonic nanojets. The solid red and blue
lines correspond to the rigorous simulations for NA=0.9 and for NA=1,
respectively, and the various markers correspond to four individual measure-
ments at a 2-�m glass sphere. The filled circles correspond to the experi-
mental results presented in Fig. 2�a�.
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