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Photosensitivity is a material property that is relevant to many phenomena and applications, from photosynthesis and photography
to optical data storage and ultrafast laser writing. It was commonly thought that, in a homogeneous medium, photosensitivity and
the corresponding light-induced material modifications do not change on reversing the direction of light propagation. Here we
demonstrate that when the direction of the femtosecond laser beam is reversed from the +z to —z direction, the structures
written in LiNbO; crystal when translating the beam along the +y and —y directions are mirrored. In a non-centrosymmetric
medium, modification of the material can therefore differ for light propagating in opposite directions. This is the first evidence
of a new optical phenomenon of non-reciprocal photosensitivity. We interpret this effect in terms of light pressure and associated
heat flow, resulting in a temperature gradient in homogeneous media without inversion symmetry under uniform

intense irradiation.

Modification of materials with ultrafast lasers’? has recently
attracted considerable interest because of its relevance to a wide
range of applications including laser surgery™, integrated
optics™2, optical data storage!>'* and three-dimensional
micro-12° and nano-structuring?’"?’. In particular, refractive-
index changes®3! and micro-explosion-induced voids* have
been demonstrated in LiNbO; crystal, which is an excellent
material for electro—, acousto— and nonlinear optical
applications®*7. Recently, a remarkable quill writing effect
manifesting itself as a strong dependence of the material
modification on the writing direction has been discovered in
silica glass, and has been explained by a tilt of the intensity front
of an ultrashort pulse’®. Here we demonstrate, both
experimentally and theoretically, that in a non-centrosymmetric
crystal, modification of the material can differ when an untilted
light beam moves in opposite directions within the crystal and,
moreover, when light propagates in opposite directions. It was
commonly thought that light-induced modifications and the
related photosensitivity do not change on the reversal of the
direction of light propagation in a homogeneous medium. Here
we present the first evidence of non-reciprocal photosensitivity.
We anticipate that this non-reciprocity of ultrafast laser writing
will lead to new opportunities in material processing®*, optical
manipulation*! and data storage??.

We wrote structures directly onto z-cut LINbO, by translating
along the y axis of the crystal a tightly focused ultrafast laser
beam that propagates in the z axis. Surprisingly, we discovered
that when the direction of light propagation was reversed from
the +z direction to the —z direction, the structures written in the
crystal when translating the beam along the +y and -y
directions were mirrored. The phenomenon of laser writing in
LiNbO; is therefore non-reciprocal; that is, a single light beam
interacts with the crystal differently for opposite directions of
light propagation. This experimental finding implies that
forward- and backward-propagating intense light beams interact
with the crystal differently, resembling the conventional Faraday
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effect. Therefore laser writing in LiNbO; can be seen as a new
non-reciprocal, nonlinear optical phenomenon.

RESULTS

STRUCTURES WRITTEN IN DIFFERENT DIRECTIONS

First, groups of lines with various pulse energies ranging from 1 pJ
to 2.4 pJ were written below the —z face of the LINbO, sample (see
Methods). The scan speed was 200 pm s~ ! and the laser beam was
linearly polarized along the y axis. For each group two lines were
produced in opposite directions, in other words with the writing
direction along the —y and +y axes of LiNbO;, respectively
(Fig. 1). We observed different material modifications depending
on the pulse energy and the writing direction. With pulses
energies below 1.4 uJ, a positive phase change (A¢) and thus a
positive refractive index change (An) was created in the exposed
region for the lines written in both directions (Fig. 1a). The lines
had a width of 3 wm, which is close to the focal spot size of the
laser beam (Fig. la). No difference was observed between the
lines written in the two directions. The lines imprinted with
pulses energies between 1.4 pJ and 2 pJ still had a positive An in
both directions (Fig. 1c). However, we observed the appearance
of a directional dependence in the structures written along the
—y and +y axes of LINbO;. The difference was first revealed in
the morphology of the line structures. The lines inscribed along
the —y axis of LiINbO; had a larger width than those along the
+y axis (Fig. 1c). In addition, the directional difference was also
revealed from the A¢ in the structures. The lines written along
the —y axis of LiINbO; produced a larger positive A¢ than
those along the +y axis (Fig. le). With a further increase of the
pulse energy above 2 pJ, this dependence could also be observed
from the different textures of the lines written in opposite
directions. Some optically damaged regions appeared in the lines
written along the +y axis of LiINbO; (Fig. 1d). In contrast, no
damage could be observed in the entire line written along the
—y axis. The Ag profile of the lines is shown in Fig. 1f. The line
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Figure 1 Line structures written along the y axis of the LiNbO; sample.
a-d, Quantitative phase microscope images (grey) and quantitative
birefringence image (coloured) of the lines written along the — y axis (left lines
in each image) and the +y axis (right lines in each image) of LiNbO; with pulse
energies of 1.2 wJ (a), 2.4 pJd (b), 1.8 pwJ (c), 2.4 pJ (d). The brightness in b
represents the retardance magnitude and the colour represents the slow axis of
the birefringence region. The colour of the circular legend shows the direction of
the slow axis. The dashed lines show the slow axis of the birefringence region.
e,f Quantitative A profiles of the line structures written along the — y and

+y axes at the dashed line in ¢ (e) and d (f), respectively. Writing directions of
the structures in a—d are shown by arrows and the lines were written by
propagating the laser beam along the +z axis.

inscribed along the +y axis still had a positive A, similar to those
created with lower pulse energies, and exhibited a maximum A¢ of
1.4 rad. By assuming the length of the structure along the z axis to
be ~30 um, the maximum An was 4 x 1073, However, the line
written along the —y axis exhibited a more complex A¢g profile.
A central dip region shows a negative A¢, whereas the
surrounding regions have a positive Ag. This observation
indicates that femtosecond laser modification results in a
negative An of the central exposed region and a positive An of
the surrounding region. Stressed regions created as a result of
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Figure 2 Comparison of the line structures imprinted along the y and x
axes. a,b, Measured A of the line structures versus pulse energies for the
lines written along the y axis of the LiNbO, sample (a) and the x axis of

the LiNbO5 sample (b). Error bars represent variations in the phase value for
the unexposed region of the LiNbO; sample.

the expansion of the material at the focus of the writing laser
beam can account for the positive An of the surrounding
region’”?. This was confirmed by quantitative birefringence
imaging of the line structures (Fig. 1b). The line created along
the —y axis of the sample shows two birefringent regions
surrounding the central irradiated region, and the slow axis of
the birefringent region is inclined at ~45° towards the writing
direction. The amorphization of the focal volume and
subsequent stress-induced birefringence could account for this
type of modification. In contrast, no birefringence features could
be observed in the structures written along the +y axis. It can
also be noted that the birefringence becomes weaker when the
pulse energy decreases, and no birefringence could be observed
when the pulse energy was below 2 wJ. Moreover, the directional
dependence does not depend on the laser polarization.
Compared with the structures imprinted when the crystal was
translated along the y axis, no directional dependence was
observed when the structures were written by translating
the crystal along the x axis (Fig. 2). This indicates that
the directional dependence of the light-induced modifications in
LiNbO; is associated with the crystal symmetry.

THE DEPENDENCE OF WRITING ON THE CRYSTAL AXIS ORIENTATION

To verify that the directional dependence of the modifications
along the y axis of LINbO; was defined by the crystal axes, four
groups of lines were fabricated in the sample. Two groups of
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Figure 3 Phase images of line structures in the rotation experiment.

a,b, Quantitative phase microscope images of lines imprinted along the y axis
with 2.4 pJ (top) and 2 J (bottom) pulse energies. The lines were written
before (a) and after (b) rotating by 180° around the z axis of the crystal.

Figure 4 Phase images of line structures in the flip experiment.

a,b, Quantitative phase microscope images of lines written along the y axis with
2.4 pJ (top) and 2 J (bottom) pulse energies. The lines were written by
propagating the laser beam along the +z axis (a) and the — z axis (b) of the
crystal, respectively.

lines with opposite writing directions, along the —y and +y axis
respectively, were written inside the sample with pulse energies of
2.4 nJ and 2 pJ. (Fig. 3a). The sample was then rotated by 180°
around the z axis, and another two groups of structures, with
the same writing parameters (including the direction of the
stage movement), were then imprinted in the sample (Fig. 3b).
By comparing Fig. 3a and b one can observe that the
modification of the crystal structure is determined by the
orientation of the writing direction with respect to the y axis of
the crystal.

WRITING WITH A REVERSED LASER BEAM

Groups of structures were then written by the laser beam
propagating along the +z (Fig. 4a) and the —z (Fig. 4b) axes of
the crystal. As expected, the created structures were different for
writing directions along the +y and —y axes of the sample.
However, we were surprised to observe a mirror change in the
structural modifications when the propagation direction of the
writing beam was reversed. Indeed, in contrast to the lines
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written along the +y axis with 2.4 puJ pulse energy by the beam
propagating along the +z axis, which showed optical damage
features (Fig. 4a), no damage could be observed in the lines
imprinted with the same fabrication parameters by the beam
propagating along —z axis (Fig. 4b). The change in structural
modifications between these lines was only produced by reversing
the propagation direction of the focused laser beam with respect
to the z axis of the crystal. Moreover, the modification features,
which appeared previously in the line written along the +y axis
by focusing below the —z face of the crystal, could only be
observed in the line written along the —y axis when focusing
below the +z face. A mirror change of the modifications in two
similar structures written along the y axis (4+y and —y
directions) with the reversal of the beam propagation direction
along the z axis was therefore discovered. A similar mirror
change of phase profiles, was also observed for the line
structures, without strong damage features, when written with a
pulse energy of 2 pJ.

We also used different writing speeds and observed that the
linewidth increases when the scan speed is reduced. This
indicates that a heat accumulation effect takes place during the
writing process.

PICOSECOND LASER EXPERIMENT

Groups of line structures were also written in a z-cut LINDO,
sample using a picosecond laser system (Lumera Super Rapid),
operating at 1,064 nm with 9ps pulse duration, 250 kHz
repetition rate, and with pulse energies comparable to those used
with the femtosecond laser system. Modifications with crack
features were observed at the same fluencies and at intensities of
about one order of magnitude lower compared with the
femtosecond laser system, and with no evidence of the non-
reciprocal writing phenomenon. This indicates that ultrashort
pulses are necessary for the creation of the phenomenon, possibly
because of the higher intensities that can be achieved with
femtosecond pulses without strong damage to the sample.

LITHIUM NIOBATE CRYSTAL VERSUS SILICA GLASS
It should be noted that the asymmetry of writing in opposite
directions (the femtosecond-laser quill writing effect) has been
observed in silica glass®®. However, the directional asymmetry of
ultrashort-pulse light-induced modifications in glass does not
depend on the orientation of the medium or the direction of
light propagation and can be controlled by the tilt of a pulse
front. It has been suggested that the ponderomotive force (light
pressure) at the front of the pulse is responsible for the
phenomenon. The light pressure produced by the tilted front of
the pulse can drag electrons from the electron plasma (generated
as a result of multiphoton absorption) in the direction of the
writing light-beam movement, in a kind of ‘snowplough’ effect.
However, in contrast to glass, the directional dependence of
writing in LiNbO; depends on the orientation of the crystal with
respect to the direction of the beam movement and the direction
of light propagation. Specifically, the created structures have a
strong anisotropy only when the focused beam is translated along
the y axis, and no anisotropy is observed when the beam is
translated along the x axis. The mirror symmetry of the structures
created by the light beam propagating along the +z and —z axes
of the crystal (see Fig. 4) indicates that the phenomenon observed
in LINbO; is not related to the tilt of the pulse front, as is the case
for the femtosecond-laser quill writing effect in glass. We show in
the following that, in a crystalline medium, even the pressure
produced by a non-tilted pulse front can result in a dependence of
the created structures on both the direction of writing and the
propagation direction of the laser beam.
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MECHANISM OF THE PHENOMENON
A heat current J, which is carried by the electrons of the plasma
created by the femtosecond laser pulse, and generated by the

ponderomotive force and the photon drag effect, can be
phenomenologically presented in the following form:
]i = nijklmnEjEzvn(ElE:n) +i ijklmnEjEkEl Emkn (1)

where subscripts denote cartesian indices and E is the complex
amplitude of the light electric field; that is, E.E; is proportional
to the light intensity and is responsible for heating through
plasma absorption. The first and second terms on the right-hand
side of equation (1) describe pressure created by the front of
the pulse and the photon drag effect*, respectively; 7,4, and
Gijtmn = Citmn = Litmjrn are sixth rank tensors describing the
material asymmetry; and k is the wavevector. When the light
beam propagates along the z axis of the LiNbO; crystal, the
current along the x axis is identically zero by symmetry, and that
along the y axis comprises symmetry allowed components of
tensors M, and Ly, For example, for the y-polarized light
beam, the thermal current along the y axis given by

+WQWE‘ @‘ 2)

We will refer to this phenomenon as the photothermal effect in
non-centrosymmetric media, or the bulk photothermal effect, to
highlight that the light-induced heat current can be excited even
under homogeneous illumination and in a homogeneous non-
centrosymmetric medium®.

However, the developed phenomenological description of the
observed effect does not explain why the heat current produced by
the laser beam can manifest itself in the modification of a moving
sample. The major difficulty here is that the timescales of these
processes are very different. Specifically, the laser field, which
drives the heat current, as described by equation (1), is around for
only ~150 fs. The created electrons in the laser-produced plasma
thermally equalize with the lattice in a few picoseconds and finally
recombine with nearby ions in just a few nanoseconds or even
faster. However, at the pulse repetition rate of 250 kHz, the time
interval between laser pulses is at least 1,000 times longer. What is
there that ‘remembers’ what direction the laser beam is being
translated in 4 ps later, when the next laser pulse arrives?

The short answer is that anisotropic energy distribution created
by the short lasting current described by equation (1) is finally
imprinted in the anisotropy of lattice temperature across the
irradiated area. This can be seen as more efficient heating of
the material when subsequent pulses arrive in a region to where
the electric-field-driven heat current has already pushed thermal
energy from another part of the beam owing to the crystal
anisotropy. To clarify this, recall that our experiments were
performed in the so-called thermal accumulation regime®. In
this regime, the material temperature is determined by the
cumulative effect of many laser pulses. This is because, in
our experimental conditions (beam diameter d = 2 pm, thermal
diffusivity D= «/pc, ~107%cm?s™', thermal conductivity
k~2WmK™', specific heat capacity c¢,~714Jkg™ ' K™!
volume mass density p~ 4,640 kgm3, pulse repetition rate
f=1250kHz, sample velocity v =200 pums~!), the effective
cooling time 7. = d*/D & 4 ps coincides with 1/f and the thermal
diffusion length L, = (4D/f)"/? ~ 4 um is comparable with the
beam diameter. The distance travelled by the sample between two
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Figure 5 lllustration of the differential heating of a crystal as a result of the
bulk photothermal effect. Heat flows (black arrow) in the — y direction of the
crystal. The temperature of the crystal increases until saturation when the beam
is displaced in the direction of heat flow (red arrow) and oscillates near the level
defined by isotropic heating (green dashed line) when displacement is opposite
to the heat flow (blue arrow). The large circles illustrate the laser beam and
increasingly darker colour corresponds to increasing temperature of the sample
in the position of the beam.

consecutive pulses is 1 = v/f = 0.8 nm; that is, the number of laser
pulses overlapping within the beam diameter is N = d/h = 2,500.
Such a small beam shift between two pulses implies that the beam
movement can be considered to be continuous.

The absorption of the laser radiation results in an average heat
production within the focus area with a rate

0
(%) = alz, % )1, ®)
4 homogeneous
where [ is the laser intensity, 7, is the pulse duration, and a is

determined by the absorption coefficient, the volume of the
irradiated area and so on. This heating homogeneously increases
the temperature within the whole focal area. However, in the
LiNbO; focal area there exists an average heat current along the
y axis (equation (1)) of

J, = bz, x ))I* (4)
where b is determined by relevant non-zero components of the
material tensors introduced in equation (1). When the light beam

is propagated along the z axis of the crystal, this flow will push
the heat along the y axis at the transfer rate

2Q o
<E> anisotropic B A])” (5)

where A is the cross-section of the irradiated area in the XZ plane.
This heat transfer will produce a temperature difference between
opposite sides of the beam of

9Q d
AT = < ot ) anisotropic a K]y. (6)

The sign of AT depends on the parameter b, that is, on the relevant
component of the material tensor responsible for the observed
effect. In particular, if the laser beam is y-polarized and
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Im {{,,,,.} >0, then ], < 0. Therefore, if the y axis is horizontal
with negative direction to the right, the temperature of the
right-hand side of the irradiated area will be higher than that
of the left-hand side (Fig. 5). In such a case the direction of
the beam movement along the y axis does matter. Specifically,
the temperature of the crystal when the beam is translated
along the y axis in the negative direction will always be higher
than that when the beam is translated along the y axis in the
positive direction.

The mechanism of this direction-dependent writing can be
visualized using the simplified model presented in Fig. 5. In this
model, for the sake of simplicity, the beam movement is
assumed to be discontinuous; that is, the beam movement
along the y axis consists of jumps equal to the beam diameter
in length. The conventional absorption described by equation
(3) produces homogeneous heating of the irradiated area at
temperature T,. If no other heating mechanisms are present, the
temperature is the same for any position of the beam and does
not depend on the direction in which the beam is moved.
However, if the anisotropic heating mechanism described by
equation (4) is involved, the temperature at the right side of the
beam is higher than that of the left side by AT =dJ /k. When
the beam jumps to the right (to the negative direction of the y
axis) to its next placement, the temperature of the left side of
the beam increases to T+ AT, and the temperature of the
right side of the beam is T. The anisotropic heating mechanism
is switched on and increases the temperature of the right
side so that it will be AT higher than that of the left side of the
beam. As a result, the temperature of the right side of the
beam will be equal to T+ 2AT. The same temperature increase
will happen after the next jump. After m jumps in the
direction that coincides with the direction of the anisotropic
heat flow, the temperature of the rightmost irradiated area will
be equal to

d

X m T
g;iallel = TO + T X ]y‘ (7)

When the light beam moves in the positive direction along the
y axis, the temperature of the left side of the beam is the same
after each jump. Therefore, although the anisotropic heating
mechanism results in an increase of the temperature of the
right side of the beam, the temperature of the crystal does not
increase (Fig. 5):

max d T
opposite T(J + ; X ]y' (8)

So, the anisotropic heating may result in a very different scenario
for the laser writing, which we refer to as differential heating of
the sample. This increase of the temperature described by
equation (7) will eventually slow down owing to thermal
diffusion and melting of the sample. Moreover uneven heating of
the sample when the beam moves opposite to the heat flow,
which is described by equation (8) and illustrated in Fig. 5, may
result in shock-induced damage, which is evident for one of the
writing directions (Figs3 and 4). In real experimental
conditions, the situation is apparently more complicated, because
we need to account for the interplay of thermal diffusion and
accumulation; however, the simplified model above illustrates
well how anisotropic heating can manifest itself in crystal
modification by a moving laser beam.
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DISCUSSION

The restrictions imposed on the light-induced current by
crystalline symmetry explain the observed directional dependence
of writing. Specifically, because the light beam propagating along
the z axis does not produce thermal current along the x axis, the
crystal modification is not sensitive to the translation of the light
beam along the x axis. However, when the beam is translated
along the y axis, the in-plane heat flow is either parallel or
antiparallel to the beam velocity. Because the heating of the
crystal is stronger when the direction of the heat flow coincides
with the direction of the beam movement, modification of the
non-centrosymmetric crystal shows a pronounced directional
dependence independent of the tilt of the pulse front. It should
also be noted that we observed similar crystal modifications for
the x- and y-polarized beams. Such an experimental finding is
also supported by crystal symmetry because in the LiNbO,
crystal, the thermal current along the y axis is not forbidden for
x- or y-polarized beams; however, the current is described by
different independent components of the material tensor. The
similarity in the crystal modifications produced with the x- and
y-polarized beams indicates that these components are of the
same order of magnitude.

From equations (1) and (2) it can be observed that the interplay
of the crystal anisotropy and light-induced heat flow gives rise
to a new non-reciprocal, nonlinear optical phenomenon—
non-reciprocal photosensitivity. In the LiNbO,, the non-
reciprocal photosensitivity manifests itself as a change in the sign
of the light-induced current when the light propagation direction
is reversed. This phenomenon is visualized when modification of
the crystal is performed by a moving light beam; in such a case
the created pattern is mirrored when the light propagation
direction is reversed.

In conclusion, we report the first realization of non-reciprocal
ultrafast laser writing in z-cut LiNbOj, crystal by a tightly focused
ultrafast laser beam. We discovered that when the direction of the
laser beam is reversed from the +z direction to the —z direction,
the structures written in the crystal when translating the beam
along the +y and —y directions are mirrored. Therefore, a single
light beam interacts with the crystal differently for opposite
directions of light propagation. This new non-reciprocal,
nonlinear optical phenomenon is interpreted in terms of light
pressure at the front of an ultrashort pulse, photon drag effect
and the associated light-induced thermal current in crystalline
media. We would like to point out that non-reciprocal
phenomena are very rare in optics and are usually associated
with the breaking of time-reversal symmetry owing to the
presence of a magnetic field. Examples include the conventional
Faraday effect and magneto—chiral dichroism*’, when interaction
of a single light beam with a homogeneous material is different
for two opposite directions, similarly to the non-reciprocal
photosensitivity reported here.

METHODS

LASER WRITING

The experiments were performed using a mode-locked, regeneratively amplified
Ti:sapphire laser system (Coherent RegA 9000), operating at 800 nm with 150 fs
pulse duration and 250 kHz repetition rate. The linearly polarized laser beam was
focused using a x50 objective (numerical aperture, NA = 0.55), 150 wm below
the surface of a 1-mm-thick LiINbO; sample. The spot size in the focus of the
beam was estimated to be ~2 wm. Laser polarization was controlled using a
half-wave plate, and the pulse energy was varied using a neutral density filter. The
sample was mounted on a computer-controlled linear motorized stage (Aerotech
ALS-130). Straight lines of modifications were written by translating the sample
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perpendicular to the propagation direction of the laser beam. The writing
direction was defined as the scan direction of the laser spot with respect to the
LiNbO; sample.

CHARACTERIZATION OF THE STRUCTURES

After irradiation, the structural modifications were inspected by quantitative
phase microscopy** (QPM), using an Olympus BX51 optical microscope
equipped with a motorized focusing stage (Physik Instrumente). A quantitative
phase map of the structures was produced using the QPM software (Iatia Vision
Sciences). The refractive-index change of the structure was estimated from

An = ApA/(27w), where Ag is the phase shift of the light at wavelength 550 nm
and w is the thickness of the structure along the light propagation direction.
The stress region was analysed using a quantitative birefringence imaging system
(CRi Abrio Imaging System).

Received 2 August 2007; accepted 28 November 2007;
published 13 January 2008
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