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Abstract: We survey our recent results on the observation and studies of the effects
accompanying the dynamical Bragg diffraction in one-dimensional photonic crystals (PhC).
Contrary to the kinematic Bragg diffraction, the dynamical one considers a continuous
interaction between the waves travelling within a spatially-periodic structure and is the most
pronounced in the so called Laue geometry, leading to a number of exciting phenomena. In
the described experiments, we study the PhC based on porous silicon or porous quartz,
made by the electrochemical etching of crystalline silicon with the consequent thermal
annealing. Importantly, these PhC are approximately hundreds of microns thick and
contain a few hundreds of periods, so that the experiments in the Laue diffraction scheme
are available. We discuss the effect of the temporal splitting of femtosecond laser pulses
and show that the effect is quite sensitive to the polarization and the phase of a
femtosecond laser pulse. We also show the experimental realization of the Pendular effect in
porous quartz PhC and demonstrate the experimental conditions for the total spatial
switching of the output radiation between the transmitted and diffracted directions. All
described effects are of high interest for the control over the light propagation based on
PhC structures.
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1. Introduction

Effects of light propagation through photonic crystals (PhC) have been intensively studied in last
decades. They reveal a number of exciting phenomena that originate generally from the spatial periodicity
of the PhC structure. First of all one should mention here the dispersion modulation in definite
frequency-angular spectral intervals, that are close to the edges of the so called photonic band gap [1,2].
This leads to such well known effects as slow light, i.e., a substantial decrease of the light group
velocity [3], spatial and spectral light localization [4], the decrease of the optical excitation threshold
of PhC based laser structures [5,6]. An important property of photonic crystals is also a manifold
amplification of the efficiency of the nonlinear-optical effects such as harmonics’ generation [7,8] and
nonlinear magneto-optical effects [9]. When the nonlinear interaction of the pulsed laser radiation with
the PhC structure is sufficient, the so-called gap solitons can exist within the photonic crystals [10,11].
These peculiarities of light-PC interaction are prospective for the development of new methods for the
operation over propagation of the light flow.

A specific area in the context of the light-PhC interaction is the dynamical Bragg diffraction of the
electromagnetic waves in a spatially periodic medium, which originates from a strong coupling between
the coherent diffracted waves existing in a PhC, often named Borrmann and anti-Borrmann modes and
which are localized within the layers with low and high refractive indices, respectively. It may be
realized for the Laue transmission scheme, when the electromagnetic radiation propagates in the
direction parallel to the PC layers under the fulfillment of the Bragg diffraction conditions. It is known
from the X-ray research area that in this experimental geometry the so-called pendulum effect can exist,
which is a periodic oscillation of the energy between the transmitted and diffracted waves in a
PhC [12,13]. This effect is of special interest for an all-optical switching of laser pulses propagating inside
a PhC. Borrmann effect is also a well-known phenomenon observed for the dynamical Bragg diffraction
conditions for the X-rays [14]. Recently, a perspective optical phenomenon of diffraction-induced laser
pulses splitting (DIPS) under the dynamical Bragg diffraction in the Laue scheme of diffraction in a
linear one-dimensional (1D) PC was described theoretically [15,16]. It was shown that short
(femtosecond) laser pulses after passing through a PhC can be split into two, the separation time being
determined by the PhC properties.

In this paper we discuss our recent results on the experimental observation and studies of the
pendulum and DIPS effects along with their pronounced polarization selectivity in the Laue geometry
in 1D photonic crystals.

2. Dynamical Bragg Diffraction in Linear 1D PhC: The Main Approach

The optical effects discussed below for the Laue geometry of the Bragg diffraction came mostly from
the X-ray spectral range. The corresponding theory was also developed, which could be to some extend
applied to the optical wavelength range. Still the following quite important differences should be
clearified. The most important one is that the value of the variation of the refractive index modulation for
the case of photonic crystals is quite large (can be over 10%), that is approximately four orders of
magnitude higher as compared to the X-rays spectral range for the electronic crystals. One of the
important circumstances of this property, as was shown in [15], is a high spatial inhomogeneity of the
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distribution of optical field within a PC, so that a single incident short laser pulse splits into two that
propagate in a photonic crystal with different group velocities, that was named the diffraction induced
pulse splitting (DIPS).

Importantly, that the fast (Borrmann) pulse is formed by the two coupled diffracted waves that are
localized in PC layers with smaller refractive index, while the slow (anti-Borrmann) pulse is formed by
the interacting waves that are concentrated predominantly within the layers with high refractive index.
This is shown schematically in Figure 1a. In the case of a large enough pulse propagating length inside
a PC, the splitting time between the Borrmann and of the anti-Borrmann pulses can be large enough
and be detected in the experiment.

Figure 1. (a) Scheme of the dynamical Bragg diffraction and of the temporal pulse splitting
in the direct and diffraction directions; (b) SEM image of the cross-section of the porous
silicon based PhC.
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Theoretical description of the dynamical Bragg diffraction was developed recently (see [15,16] and
references therein). It is based on solving the boundary problem of the interacting fields for the Laue
geometry and for the spatially confined laser pulses. Briefly, the incident laser pulse at the PC surface
(i.e., at z = 0) is taken in the form of a two-dimensional Fourier expansion, that is as a series of
monochromatic plane waves that correspond to the frequency interval [mo €], where wo is the central
frequency, Q << wo, and with the amplitudes that are the functions of the coordinates z, x and of the time t;
the coordinate system is shown in Figure 1a as well. In the frame of the two-wave approximation and
under the fulfillment of the Bragg diffraction condition, sin 98 = A/2d, d being the PC period, the
p-polarized electric field within the bulk of the photonic crystal is determined by the expression [16]:

E(x, 2,t)={E, (X, Z,)+E, (X, Z,t) exp(—i G x) } xexp(i ky, X—i c,t) )

where G = 2xn/d is the reciprocal lattice vector, Eo (X, z, t) and En (X, z, t) are the amplitudes of the
transmitted and diffracted waves, respectively; the wave vector k = w/c = kox + K, Kox = ko sin6 is the
lateral projection of the wave vector, 0 is the angle of incidence. In other words, a coherent
superposition of the incident, Eo, and of the diffracted, En, pulse fields determine the field in every
point within the PhC structure. This two-wave approximation is valid in particular due to an achievable
large modulation of the permittivity (of the refraction index) of the layers that compose the photonic
crystal. The permittivity of the PhC in this approximation is:

e(X)=¢, +¢&, exp(=ihx)+e_, exp(ihx) )
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where €o, en, &-h are the spatial Fourier components of the permittivity, the exact equations that
determine their dependence on the PhC material and geometrical parameters of a particular structure
are described in [16]. Importantly, the amplitudes of the confined fields Eo (X, z, t) and En (X, z, t) are
given by integrating over the frequency-angular distribution of the propagating pulses, thus giving the
dependence of the output field on both the dielectric parameters of the photonic crystal, as well as on
the duration, phase, amplitude and propagation direction of the incident pulsed radiation.

3. Composition of Multilayer Porous Silicon Based 1D Photonic Crystals

In this work we performed the experiments for the 1D PhC based on porous quartz. The technique
of the composition of such structures is well known and is described in detail elsewhere (see, for
example, [17] and references therein). It is based on the electrochemical etching of crystalline (001)
p-type silicon of the resistivity of about 0.005 Q cm in HF-based electrolyte (HF:H20:ethanol in the
ratio 2:4:3 for the HF concentration of 21% (w/w)), which results in the formation of pores oriented
along the [100] direction, i.e., perpendicularly to the surface of the Si(001) plate. During this procedure,
the silicon plate serves as the bottom electrode, while the platinum wire is the second electrode in a
two-electrode electrochemical cell. It was checked that the pores’ diameter and thus the porosity of the
porous silicon layer are proportional to the electrochemical current density, while the etching time
determines the depth of the pores. Thus, the periodic modulation of the current density results in the
formation of spatially periodic porous structure, the layers of the constant porosity being oriented
parallel to the Si(001) surface. The average pores’ diameter in our conditions were varied in the
interval 10-60 nm [18], which is much smaller that the optical wavelength, so that such porous layers
may be treated as a homogeneous media. As a result, the PC made of several hundreds of layers with
low porosity (high refractive index, n1) and of high porosity (smaller refractive index, n2) was made, its
average thickness being about 300 microns.

When fabricating the PhC structures for the experiments in the Laue geometry of the Bragg
diffraction, the following requirements were considered. First, the PhC should contain a large number
of layers, so that the cross-section of the structure would be large enough to carry out the optical
experiments, where the laser spot diameter is of dozens of microns. Second, the optical thickness of the
layers was made to satisfy the relation nidi = n2d2 = A/4, where A is the central wavelength of the
photonic band gap and determines the Bragg condition and is close to 800 nm, which is the fundamental
wavelength of our laser systems. As a result, a high periodic structure is formed; the cross-section is
shown in Figure 1b.

Most of the optical experiments were performed when using the output radiation of a Ti-sapphire
laser at 800 nm, where the absorption of (porous) silicon is large enough. In order to make the PhC
structure transparent at this wavelength, we performed a thermal annealing of the structure at T = 900 <C
for a couple of hours. It was proven that annealing does not break the structural periodicity of the PhC,
while leads to a substantial decrease of the refractive index of the porous layers and consequently to a
spectral shift of the photonic band gap and Bragg diffraction condition. Thus the corresponding
calibration measurements and the necessary corrections of the thicknesses of the porous silicon layers
of the composed PhC were made for a required spectral range.
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4. Experimental Results
4.1. Temporal Splitting of the Femtosecond Laser Pulses

The experiments on the temporal splitting of short laser pulses were performed for a 1D porous quartz
based PhC 300 pm thick (consisting of 375 periods of 390 nm thick), the refractive indexes of the
alternating layers being n1 = 1.45 and nz = 1.35. The radiation of a Ti-sapphire laser at the wavelength of
800 nm and the pulse duration of 30 fs was used, which was focused on a cut-off of a PhC structure into
a spot of approximately 30 pm in diameter. The diffraction Bragg condition was realized at the angle of
incidence of 31<

Prior to the experimental studies, FDTD calculations were performed in order to model the process,
the parameters of the sample, of the angle of incidence of 30 fs laser pulses being the same as in the
experiment. The corresponding results of the instantaneous spatial distribution of the amplitude squared
of the propagating pulse are shown in Figure 2 for different time intervals after the entrance of the laser
pulses into the PhC. It can be seen that for the times above approximately 400 fs the input pulse is
clearly separated into two ones.

Figure 2. Finite difference time domain (FDTD) calculation of the propagation of a 30 fs
laser pulse through a PhC in the Laue scheme of the dynamical Bragg diffraction; the PhC
layers are parallel to the z-axis (shown in panel a) and perpendicular to the plane of the figure.
(a) Spatial distribution of the pulse intensity after the laser pulse travels for 200 fs, 400 fs,
600 fs and 800 fs inside a PhC; (b) cross-sections of the panel a made for the layers of low
porosity (upper red curve) and of high porosity (bottom blue curve).
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Most evidently it can be seen on the cross-sections of the 3D distribution (see Figure 2b), where we
present the intensity distribution calculated for the coordinates x that correspond to the centers of
layers with low and high refractive index. It stems from Figure 2b that the first (“fast”) pulse from a
pair is concentrated mostly in layers with low n and corresponds to the Borrmann mode. On the
contrary, the second (“slow”) pulse is localized predominantly in more optically dense layers and thus
is associated with the anti-Borrmann mode.

Experiments were performed using the cross-correlation scheme based on a Ti-sapphire laser, the
pulse width in the signal and reference arms being of 30 fs. The sample was placed in the signal arm in
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the Laue diffraction geometry, the laser radiation was focused onto its facet into a spot of 20 pm in
diameter. The cross correlation function was studied when measuring the intensity of the second
harmonic generated in a BBO crystal under the noncollinear sinchronism, as the pulses passed though
the PhC and the reference arms were focused on it and as the time delay t between the pulses from the
signal and the reference arms was varied: lcc (t) o [, Is (t) Ir (t + t)dt, where Is (t) and Ir (t + 1) are the
pulse intensities in the signal and the reference channels.

Figure 3a shows the cross-correlation functions measured for the s- and p-polarized fundamental
radiation. In both cases the diffraction-induced pulse splitting (DIPS) effect is observed, while the
separation time is different for the two polarizations and is 1% = 746 fs for the p-polarized fundamental
radiation and ) = 520 fs for the s-polarization.

Figure 3. (a) Cross-correlation functions measured for the p- and s-polarized fundamental
radiation and (b) as a function of the angle between the polarization plane of the fundamental
radiation and the plane of incidence.
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This same effect is evident from Figure 3b, which shows the dependence of the cross-correlation
function on the polarization of the incident pulsed radiation and a continuous transformation of the
output pulse splitting for the cases of the p- and s-polarizations. In particular, for the mixed polarization
(polarization plane is tilted to 45° with respect to the plane of incidence) the output pulse is split
temporally into three.

The mechanism underlying the observed polarization sensitivity of the DIPS effect, namely that the
time splitting is approximately 1.5 times larger for the case of p-polarization, is two-fold, as was
discussed in [19]. First, it is induced by the lattice anisotropy of a 1D PhC. It appears from the full

expression for the wave equation if we consider, that VxV xE(r,t)=—AE(r,t) —V(s‘l (Ve) E(r,t))

i.e., as the gradient of the dielectric permittivity is taken into consideration. The following expressions
for the time splitting in the DIPS effect were obtained [19]:

=2 =2

¢ sin“ 9 Z¢ sin“ 9

(s) _ h B |. (p) _ h B

T, =—5 1- y T =15 1+3 (3)
ce, 2¢, ce, 2¢,
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where z is the PhC length and €o, en are the zero and the first spatial Fourier components of the
permittivity, and c is the speed of light.

Second, we have to take into consideration the material anisotropy of porous quartz. Previous
studies [20,21] as well as our experiments [22] have shown that it is quite significant in our case, so that for
the refractive indices for the ordinary and extraordinary beams are n1,0 = 1.35 £0.01; n1e = 1.32 +0.01 and
n2o = 1.46 £0.01; n2e = 1.45 +0.01. The performed calculations show a good correlation with the
experimental dependencies if both types of anisotropy are considered.

4.2. Dynamical Bragg Diffraction of Chirped Femtosecond Laser Pulses: The Effect of Selective
Pulse Compression

Recently it was predicted that the dynamical Bragg diffraction should lead to distinct effects for the
propagation of chirped pulses in a PhC, namely, compression or decompression of the pulses after
passing through a PhC may be observed depending in the chirp sign [16]. Below we show the
experimental evidence of this effect, first reported in [23].

The PhC used for these experiments and the cross-correlation scheme were similar to described in the
previous section. The phase modulation of the laser pulse in the signal arm was introduced by a
four-prism compressor, which allowed to modulate the pulse width in the interval 35-140 fs when
keeping constant the pulse spectral width; the linear phase modulation (chirp) can be characterized by the

parameter B=¢ (Am)° zi«[(r/ T, )2 —1, where 7o, T are the pulse duration prior to the compression and

after it, correspondingly, ¢" is the second phase derivative, that is the group delay dispersion, Ao is the
pulse spectral width. The compressed signal pulse was focused on the PhC facet into a spot of 20 pm
in diameter. The pulse duration in the reference channel was kept to be 30 fs.

Figure 4a shows the dependencies of the widths of the Borrmann and of the anti-Borrmann pulses
that are observed after passing through the photonic crystal; pulse duration were estimated from the
deconvolution of the measured cross-correlation functions for various values of the chirp parameter .
For the comparison, the estimated pulse duration measured without a PhC in the signal arm is shown in
the same graph. It can be seen that in general the pulse widths of the first (Borrmann) and the second
(anti-Borrmann) outgoing pulses for every B value are different. Namely, for § < 0 the Borrmann pulse
is compressed up to the duration of 80 fs, while the laser pulse measured without the sample in
the sample channel is about 96 fs. At the same time, the duration of the anti-Borrmann pulse exceeds
120 fs under the same experimental conditions.

In other words, we observe the effect of the selective pulse compression (decompression).

For positive chirp values the situation is reversed. At zero 3 the duration of both the Borrmann and
of the anti-Borrmann pulses are equal to each other within the experimental accuracy; it exceeds the
pulse width of the reference laser pulse due to the material dispersion of the photonic crystal.

The results of the FDTD calculations of the spatial widths of the Borrmann and anti-Borrmann pulses
for the experimentally realised conditions are shown in Figure 4b. They reveal a good correlation with
the experimental data and also testify the observation of the effect of selective compression of chirped
laser pulses in the Laue scheme of the Bragg diffraction.
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Figure 4. (a) Experimental and (b) calculated dependencies of the values of the duration of
the Borrmann, anti-Borrmann and input chirped pulses on the chirp parameter f.
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4.3. Pendulum Effect in the Laue Diffraction Scheme in 1D Porous Silicon PhC

The pendulum (Pendell&ung) effect, which is well-known from X-ray optics, consists in a periodic
exchange of energy between the transmitted and diffracted waves, which are shown schematically in
Figure 1la. To some extend it is analogous to the behavior of a mechanical system consisting of two
coupled pendulums; in optics it is described by the dynamical Bragg diffraction theory. Recently the
pendulum effect in microwaves was studied for 2D photonic crystal made of an array of aluminum
cylinders [13,24], while only a few periods of the electromagnetic field beating within a PhC were
observed. A possibility of making polarizing beam splitter based of the Pendell&ung effect in a
photonic crystal is considered theoretically and numerically in [25], where the possibility to achieve
the negative refraction in a PhC is exploited. The concept of this effect is close to the so called
superprism effect in PhC [26,27]. The observation of the pendulum effect in the optical range reported
in [25] for a holographic grating was still related to a relatively low contrast of the refractive index in
the structure so that a small number of periods of the oscillations were achieved.

Below we describe the results on the studies of the Pendell&ung effect in a 1D linear photonic
crystal (PC) at the Laue diffraction scheme.

The experiments were made for a 1D linear PhC based on porous quartz and similar to described in
Section 4.1, the length of the PhC sample being about 0.3 mm. An OPO laser system with a pulse
duration of 10 ns and with the wavelength (idler) tuning range from 720 nm up to 1200 nm was used
as the light source. In order to decrease the spectral width of the incident beam, a spatial filter was
introduced in front of the sample, so that the line width of about 1 nm was used. The studies of the
pendulum effect were performed close to the Bragg diffraction condition, which is at 30 angle of
incidence and close to the wavelength of 800 nm. After the sample, the intensity of the transmitted and
diffracted beams was detected using the photodiodes. The polarization of the incident radiation was
controlled by the double Fresnel rhombus.

Figure 5a shows the spectral dependence of the intensity of the diffracted beam when s-polarized
fundamental radiation was used. It reveals intensity oscillations with the average period of
At =3.56 £ 0.01 nm, which is much smaller than the previously reported values. Similar spectra were



Crystals 2014, 4 435

measured simultaneously for the two outgoing channels (see Figure 5b), which shows that the
oscillations in the transmitted and diffracted beams are in antiphase and their periods are equal to each
other. This proves that the observed phenomenon is the Pendell&ung effect.

Figure 5. (a) Intensity spectrum of the diffracted beam passed through the porous quartz
PhC of 0.2 mm long in the Laue geometry; (b) spectra of the transmitted (red symbols) and
of diffracted (black symbols) beams under measured under the similar conditions.
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It is worth noting that the intensity modulation depth of these dependencies is rather high and reaches
60%, that is quite enough for a reliable detection of the spatial switching of the laser beam between the
transmitted and diffracted directions when varying the wavelength of the incident radiation. Similar
dependencies were attained for the p-polarized fundamental beam, while the oscillation period is larger
and is about 6 nm for the chosen experimental geometry [28]. This is again due to the material dispersion
of the porous quartz PhC.

The period of the Pendulum effect in a PhC is determined by the expression

2A (s,p)zzn/qu(s,p) _ zn/(qﬂ(s,p) _ qzz(s,p)) @)

where AGP) is the extinction length and g.©P), g.2&P) are the z-projections of the wave vectors of the
Borrmann and of the anti-Borrmann p- or s-polarized waves within the photonic crystal. Figure 5
demonstrates the pendulum effect induced by the variation of the wavelength of light incident on the
photonic crystal, while qualitatively similar dependencies can be realized for say when changing
continuously the length of the PhC structure [28].

While the physics underlying the observed Pendular effect in linear 1D PhC is known, still the
results shown in Figure 5 are new and rather promising. In fact, a wide flexibility of the
electrochemical technique that is used for the composition of porous quartz photonic crystals allows
for the fabrication of an optical spatial splitter for the desired spectral range. Wide flexibility of the
fabrication procedure is supported by the usage of the electrochemical etching technique in
combination with the thermal annealing, which allows to vary easily both the optical and “physical”
thickness of the PhC layers. Moreover, the period of the intensity redistribution between the
transmitted and diffracted beams, which is proportional to the extinction parameter of the PhC, can be
controlled by choosing the thickness of the PhC structure.
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5. Conclusions

Summing up, we have studied a number of linear optical effects accompanying the dynamical
Bragg diffraction of light in the Laue geometry in porous quartz based photonic crystals. Namely, the
experimental observation of the temporal splitting of the femtosecond laser pulses and its polarization
sensitivity, selective compression (decompression) of the temporally split pulses with the linear phase
modulation, and the pendulum effect with a small spectral period of a few nanoseconds are discussed.
The observed phenomena are very promising for the control over the propagation of the laser radiation,
both for the short (femtosecond) pulses and for a continuous radiation as well.
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