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Direct Visualization of the Gouy Phase by Focusing Phonon Polaritons
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We report the generation of aberration-free cylindrical phonon-polariton wave packets in uniaxial
LiTaO3 crystals by nonresonant impulsive stimulated Raman scattering. The unique properties of phonon
polaritons with a typical carrier frequency in the THz regime allow direct measurement of the spatiotem-
poral amplitude and phase distributions. We demonstrate that under these conditions the phase anomaly
(Gouy phase) may be visualized directly through spatiotemporal imaging as the cylindrical wave propa-
gates through its focus.
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Over 100 years ago Gouy [1] discovered that a converg-
ing spherical wave obstructed by a circular aperture expe-
riences an anomalous phase shift as it passes through the
focal region. This phase shift is now called the Gouy phase
shift or phase anomaly and is best known in the case of an
obstructed paraxial Gaussian beam [2]. A number of years
ago, it was pointed out that the Gouy phase is a special
case of the topological Berry phase that parameters asso-
ciated with an evolving wave, such as the phase curvature,
experience as the wave propagates [3]. A more intuitive in-
terpretation of the Gouy phase has been given in terms of a
geometrical quantum effect [4] or the uncertainty principle
[5]. Here the Gouy phase arises as the spatial volume avail-
able to the photon or to a wave is confined, and the wave
vector distribution, via the uncertainty principle, changes
accordingly. The focusing of a wave in the paraxial limit,
for example, leads to a spatial confinement perpendicular
to the propagation direction, and, consequently, the wave
vector spread in these directions increases. This leads to
a relocation of the wave vector distribution away from the
forward component to the transverse components and back
as the wave propagates through the focal region.

The Gouy phase plays an important role whenever fo-
cusing of a wave to the diffraction limit is considered, as
in resonators, optical tweezers, or phase-sensitive nonlin-
ear interactions of light with matter in the focus of a high
intensity beam. With the advent of single cycle and even
subcycle THz pulses, interest in the Gouy phase was re-
vived because it is responsible for dramatic changes of the
amplitude of those pulses as they pass through the focus.
In a more general context, single and subcycle THz wave
forms have triggered a growing interest in the spatiotem-
poral evolution of such pulses [6–13].

To date, the Gouy phase has been only indirectly ob-
served. The first realization was performed by Gouy him-
self using white light interferometry [1]. Later experiments
used microwaves to infer the existence of the Gouy phase
[14,15]. More recent experiments with single cycle THz
pulses have confirmed the predicted amplitude changes
caused by the Gouy phase for cylindrical [16] and spheri-
cal [17] single cycle pulses and constitute the first non-
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interferometric measurements of the Gouy phase at THz
frequencies.

In this Letter we report the direct observation of the
Gouy phase shift through real-space imaging of a phonon-
polariton wave packet passing through a focus. The
curved wave front is generated through semicircular spa-
tial excitation and is therefore aberration-free, and the
phase front is parallel to the pulse front. “Snapshots” of
the spatiotemporal evolution recorded by a femtosecond
imaging pulse at different times following excitation allow
direct visualization of the phase fronts as the wave packet
moves through the focal region, thereby revealing the
phase anomaly through direct observation.

The experiments were performed using a homebuilt
femtosecond Ti:sapphire laser system with a repetition
rate of 1 kHz, a pulse width of 50 fs, and a pulse energy
of 0.7 mJ. The laser output was split into a pump and a
variably delayed imaging beam. The pump beam was ex-
panded, sent through an axicon-lens combination that
yielded a ringlike focal intensity distribution, and imaged
onto an x-cut 5-mm-thick LiTaO3 single crystal. The
diameter of the excitation ring at the sample was
�2.3 6 0.1� mm with a thickness of �0.20 6 0.05� mm.
The pulse energy at the sample was adjusted to 60 mJ,
leading to an excitation intensity of �83 6 25� GW�cm2.
For semicircular excitation, half of the ring was blocked.

A phonon-polariton mode represents an eigenmode of
an ionic crystal which has both an electromagnetic and a
polar lattice vibrational contribution, and which has a fre-
quency in the THz region. In LiTaO3, which is a uniax-
ial crystal, phonon polaritons may be driven coherently by
femtosecond laser pulses through impulsive stimulated Ra-
man scattering, with the optical and the phonon-polariton
polarizations aligned parallel to the crystal axis [18]. The
semicircular excitation pattern persists with good collima-
tion throughout the depth of the sample, so the geometry
is essentially two dimensional; i.e., the phonon-polariton
propagation component of interest is parallel to the crys-
tal surface and perpendicular to both the excitation and the
imaging beam. The coherent phonon-polariton response
modulates the index of refraction through the electro-optic
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effect, and a variably delayed probe beam is used to im-
age this modulation through phase sensitive Talbot imag-
ing [19,20]. An important feature of the detection scheme
is that the images recorded at different delay times re-
veal the spatiotemporal evolution of the phonon-polariton
amplitude.

Figure 1 shows a sequence of snapshots taken at differ-
ent delay times between the pump and the imaging pulse.
The excitation ring is larger than the size of the images
and not visible. Because of momentum conservation there
is also an outward traveling counterpart of the phonon-
polariton response which is not seen here for the same
reason. Note that the phonon-polariton phase front is fully
aberration-free. The phase and the pulse front curvature
are solely determined by the spatial profile of the exci-
tation laser light at the sample, and are almost perfectly
circular. The initial phonon-polariton amplitude, however,
is maximal when the generated wave front is parallel to
and minimal when it is perpendicular to the excitation po-
larization direction. The central wavelength of the phonon-
polariton response is about l0 � 2p�k0 � 165 mm, and
the beam waist at the focus is approximately 55 mm.
About 25 ps after excitation, the phonon-polariton wave
packet passes through the focus. Obviously, the numeri-
cal aperture of the focusing wave packet is much greater
than 1, and we expect that a scalar electromagnetic field
description will fail to reproduce the observed phonon-
polariton propagation. Therefore, finite-difference time-
domain calculations of the propagating electromagnetic
part of the response were performed in order to simulate its
spatiotemporal evolution. The polar vibrational mode was
incorporated implicitly in the dielectric constant which,
for the present conditions, is essentially dispersionless.
In addition, the medium was assumed to be isotropic and
lossless. Anisotropy would lead to spatial distortion of
the semicircular wave packet as it propagates and was not
observed for LiTaO3, in agreement with Ref. [21]. The
simulations were performed in two spatial dimensions
perpendicular to the propagation direction of the excitation
laser pulse. The measured waveform just after excitation
was used for the simulations as an initial condition.

FIG. 1. Semicircular phonon-polariton wave packet propagat-
ing from left to right. The snapshots are recorded (a) 12.3 ps,
(b) 18.9 ps, (c) 25.6 ps, and (d) 32.3 ps after excitation and
show the phonon-polariton amplitude.
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Extracting the phonon-polariton amplitude on the propa-
gation axis from each single snapshot and stacking them
next to each other yield the spatiotemporal amplitude dis-
tribution as shown in Fig. 2. With increasing delay time,
the on-axis part of the wave packet propagates towards
larger distances. As it passes through the focus, the peaks
and valleys of the phase accelerate, propagate with super-
luminal phase velocity, decelerate again, and finally con-
tinue to propagate with the normal phase velocity. At the
same time, the amplitude increases as the wave packet ap-
proaches the focus and decreases again as the wave packet
diverges. The experimental data in Fig. 2 also confirm that
damping on the length scales under consideration may be
neglected.

If we trace a single phase peak and subtract the phase
k0z, that is, the phase acquired due to free space propa-
gation, any anomalous phase contribution should become
obvious. The result is shown in Fig. 3. Clearly, there is an
additional anomalous phase acquired as the wave packet
traverses the focal region. This is the Gouy phase. Most
of the additional phase is occurring within one or two Ray-
leigh ranges. The wave packet launched by the excitation

FIG. 2. Spatiotemporal distribution of the phonon-polariton
amplitude. (a) Experimental data. The inset shows experi-
mental data around the focus with a higher temporal resolution.
The dashed lines indicate the phase fronts as they would evolve
if there were no Gouy phase shift. (b) Finite-difference time-
domain simulation.
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FIG. 3. Gouy phase or phase anomaly. Experimental data
[solid circles and open squares correspond to the data shown
in Fig. 2(a)] and finite-difference time-domain simulation (solid
line).

pulse is focused in one dimension only, i.e., parallel to
the optic axis of the crystal. In this case, the Gouy phase
is expected to be p�2 [5], in excellent agreement with
experiment.

In physical terms, the Gouy phase causes the propaga-
tion constant within the focal region to decrease and the
wavelength to increase. Consequently, the phase fronts of
the semicylindrical wave packet advance by a quarter of
a wavelength as it passes through the focus. Recently, it
has been pointed out that the physical origin of the Gouy
phase shift may be explained by the uncertainty principle
[5]. That is, any spatial confinement perpendicular to the
wave propagation direction leads to an increasing spread
in the corresponding wave vectors. Therefore, the wave
vector component parallel to the axis of propagation must
decrease as the perpendicular wave vector components in-
crease. Inspection of Fig. 4 shows that as the phonon-
polariton wave packet passes through the focal region, the
wave vector spectrum is shifted toward smaller values. The
wave vector spectrum for each delay time was obtained by
calculating the Fourier transform of the spatial phonon-
polariton amplitude along the axis of propagation. The
same behavior is seen in the finite-difference time-domain
simulations, and demonstrates the temporary increase of
the wavelength or the relocation of wave vector contribu-
tions as the phonon-polariton wave packet traverses the
focal region.

In conclusion, we have shown that through a specific ex-
citation geometry it is possible to generate an aberration-
free phonon-polariton wave packet with semicircular phase
fronts. The pump-probe imaging scheme allows observa-
tion of the phase fronts as they propagate through the focal
region and therefore direct visualization of the Gouy phase.
The experimental results are in excellent agreement with
numerical solution of nonscalar Maxwell’s equations.
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FIG. 4. Wave vector amplitude as a function of time for the
wave vector component in the propagation direction. (a) Experi-
mental data; (b) finite-difference time-domain simulation.
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