Geometric phase via stress induced birefringence
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Abstract—Optical components exploiting Pancharatnam-Berry
phase are implemented by harnessing laser induced stress
birefringence. Beam converters for obtaining beams with orbital
angular momentum are demonstrated in glass and crystalline
materials using this technique.
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I.  

INTRODUCTION

In the last few years an increasing number of optical
components exploiting Pancharatnam-Berry phase have been
demonstrated [1]. Instead of relying on phase delay introduced
by the material, these components exploit birefringence or
dichroism. Typically, large birefringence is introduced by
nanostructuring the material surface or bulk of the material thus
introducing so called form birefringence. This not only allows
to achieve high retardance values in thin sheets of material but
also permits to control the slow axis local orientation. This last
feature enables rapid developing of various optical components
such as lenses, gratings or optical vortex converters [2, 3].
Another well known path to introduce birefringence is
stress [4], which occurs while stretching or compressing the
material. The level of birefringence depends on the amount of
stress and on the photoelastic coefficient [5]. The stress
frequently occurs during laser processing. Normally, it is
considered as detrimental effect. However, harnessing it could
be extremely useful for developing novel optical components.
Stress can be induced in the bulk of a wide range of materials
providing more flexibility to the design of optical components
as compared to surface modification.
There are several sources of stress which occur after
femtosecond laser irradiation. For crystals this is mainly
material rarefication in the irradiated zone related to microexplosion [6]. The stress produced in this way exhibits

spherical symmetry for a single shot conditions. If stress is
induced by a laser inscribed line, the stress is perpendicular to
the written structure. This type of stress is also widely
exploited for implementing waveguiding structures in
crystalline materials. The expanding material in the irradiated
zone induces strain in the vicinity of the track and as a result
refractive index increases. Waveguiding structures can be
induced between two or more adjacent laser tracks [7].
Another source of stress is nanostructure formation, which
can be easily obtained with sub-picosecond pulses in silica
glass. The nanograting formation leads to material expansion
and stress. The stress lacks spherical symmetry and is stronger
in the direction of the nanograting [8].
In this paper we describe a technique which exploits stress
induced by laser irradiation as a source of birefringence. We
demonstrate that by controlling stress distribution we can
implement complex phase patterns. As an example, we
fabricated an optical converter for generating higher charge
optical vortex embedded in silica glass.
II.  

EXPERIMENTAL SETUP

Stress was introduced by using a femtosecond laser system
Pharos, Light Conversion Ltd emitting 230 fs pulses at 200
kHz repetition rate. The second harmonic beam (515 nm) was
focused with a 0.5 NA objective lens into the bulk of the
sample. To avoid unsymmetrical stress distributions resulting
from nanogratings induced by laser irradiation, a quarterwaveplate was inserted into the beam to circularly polarize the
beam. For comparison, we chose to irradiate three different
materials: 1 mm thick soda lime glass, 1 mm thick fused silica,
and 0.35 mm thick sapphire. Different pulse energies after
objective were tested varying from 90 nJ to 900 nJ, with
varying writing speed from 5 mm/s to 20 mm/s in order to
achieve the best fabrication conditions for practical

applications. After irradiation the fabricated elements were
tested at 532 nm using two crossed circular polarizers.

element. As a result, silica glass was chosen for final tests since
it was able to sustain larger amount of stress allowing to reach
high phase retardance.
As it was described in the introduction, the stress produced
by material expansion is normally perpendicular to the
inscribed line. Thus by controlling direction of the line one can
control orientation of the stress. The simplest case is inscribing
series of concentric rings which will produce radially variant
stress. As a result, the birefringence will be radially variant as
well. Such configuration is known to produce charge 2 optical
vortex from circularly polarized light.

Figure 1.    Optical element for generating optical vortex charge 10. [A]
Computer generated geometry. [B] Actual element fabricated in the silica
glass substrate (imaged in crossed polarized light).

Ultrashort light pulses were chosen for material irradiation
because this would allow to reduce collateral damage which
would lead to cracks in the material. Crack formation would
release stress and reduce added phase retardance and introduce
spurious phase distribution in the vicinity of the modification.
III.   RESULTS AND DISCUSSION
Among the three tested materials, soda lime glass exhibited
much weaker birefringence, possibly the result of heat
accumulation which partially anneals modified material
releasing the stress. Sapphire exhibited sufficiently large
birefringence. A single layer produced weak birefringence over
thicknesses of the order of 20-40 nm. Thus multiple layers
were inscribed in the bulk of the material to achieve higher
Gaussian beam to vortex beam conversion efficiency. Each
layer was separated by 10 µm to avoid large axial stress
overlaps that can result in cracks.

Figure 2.    Beam generated with stress induced phase variation after 0.5 m [A]
and 2 m [B] free space propagation.

However, after stacking multiple layers cracks started
developing compromising performance of the fabricated
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For characterizating series of charge 2 optical vortex
converters were written in silica glass with different numbers
of layers (10-70). With structures containing 60-70 layers we
managed to reach 88% conversion efficiency. However, we
observed high scattering reaching 70% of incident light.
Scattering can be reduced by optimising the writing conditions.
In conclusion, we produced a complex geometry which
introduced periodic tangential variation of stress (Fig. 1) and
allowed generating charge 10 optical vortexes. Beam profiles
taken at 0.5 m and 2 m confirmed the presence of orbital
angular momentum (Fig. 2), thus demonstrating that complex
phase elements can be fabricated by exploiting solely stress
induced birefringence.
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