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Abstract: We study systematically the effect of spatial disorder of
ferroelectric domains in nonlinear media on the polarization properties of
optical frequency conversion. Experimentally, different statistics of domain
sizes are created using electric field poling at room temperature. We analyze
the evolution of polarization properties of the second- and third-harmonic
signals for each created statistic by determining the corresponding relative
strength of non-zero components of the second-order susceptibility tensor,
doa, d3p and d33. The relative strengths are labeled by means of the control
parameter E on the characteristic P-E loop of the studied ferroelectric
medium.
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1. Introduction

In general, the analysis of the allowed polarization in nonlinear parametric processes is part
and parcel of nonlinear optics. As is well known, the symmetry of the nonlinear medium de-
termines the non-zero components of the nonlinear susceptibility tensor. The relative relation
between these components relates in turn to the spatial distribution of the nonlinearity [1].
Quasi-phase matching is an applicable way out of the phase-matching problem, it is however
restricted to a fixed input wavelength and a single interaction due to the single period non-
linearity. This concept can be extended to a two-dimensional (2D) modulation of the quadratic
nonlinearity [2] called nonlinear photonic crystals (NPCs). It has been shown that nonlinear me-
dia with disordered nonlinear polarization structures can be an excellent platform to broaden
the bandwidth of the interaction [3—5]. That opens the door to an incoherent superposition of
parametric processes [1]. Multi-dimensional disorder provides the possibility to apply differ-
ent noncollinear phase-matching conditions, classified into two main categories: longitudinal
(also named Cerenkov condition [6]), due to which the second-harmonic signal is emitted on a
cone [3,4,7,8] and lateral (nonlinear Bragg condition [9]), for which the harmonics are emitted
in a plane [4, 10, 11]. Those broadband noncollinear phase-matching processes can also be used
to characterize femtosecond laser pulses [12—15].

Recently, random strontium barium niobate (RSBN) crystals have been adopted as one of
the most interesting platforms for the investigation of nonlinear interactions and harmonic gen-
erations due to their natural inherent disorder. The randomness is manifested as a random or
short-range ordered domain distribution defined by the poling state [8,9,11]. SBN crystals are
of 4mm symmetry and possess needle-like domain structures elongated parallel to the crystal’s
polar axis [16] with a wide variety of length scale at the polar-end faces [17, 18]. The domain
cross-sections are squares with rounded corners corresponding to the crystal symmetry. They
can build very complex fractal-like patterns [19,20]. These patterns posses in turn an irregular
spatial distribution due to the random domain size and the spatial position. The sizes are nor-
mal distributed as in [21] with a certain mean width a and variance o. This is reflected in a
wide spectrum of x(?) reciprocal k vectors, which are necessary to compensate for the phase
mismatch of the phase velocities of the fundamental and second-harmonic beams interacting
inside the nonlinear volume. The reported domain widths in SBN crystals range between a few
nanometers and a few micrometers and the lengths are of a few hundreds of micrometers [22].
Due to this broad spectrum of domain widths, the higher harmonics intensity distribution can
look very different [11,23]. Moreover, the effect imposed by the randomness on the SH far-
field distribution provides the possibility to deduce the ferroelectric domain statistics inside the
medium [20,24].

The aim of this work is to control the contribution of each process allowed by the nonlinear-
ity tensor of SBN by affecting the corresponding coefficients by controlled variation of domain
size distribution. With that, we systematically demonstrate the ability to control the interplay
of the different processes. We also examine the nature of the interaction between them, which
ranges between coherent [25] and incoherent interactions [1]. A simplified concept is depicted
in Fig. 1. For nanoscaled domains, the strong Fourier coefficients lie on a broad circle [see
Fig. 1(a)] whereas for microscaled domains, the largest coefficients move to the center of the
Fourier space [see Fig. 1(b)]. Since the SH intensity is proportional to the square of the coef-
ficients, which satisfy the phase-matching condition, every parametric process clearly depends
on the strength of those coefficients. Here, we actively change this strength. Up to now all ex-
periments published by other groups are restricted on a domain size distribution determined by
the natural growth of crystals, in which the average domain size strongly differs from one sam-
ple to another. For that, the characteristic hysteresis loop of the ferroelectric SBN is recorded.
Every change in the domain statistic is represented by the spontaneous polarization, which is
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Fig. 1. (a, b) Fourier spectra for the two averaged domain sizes 0.25 um and 3.5 pum, re-
spectively. Insets: The corresponding modeled real space of random "+ x(z) "and "—) @)
structure. The noncollinear Bragg phase-matching condition, which leads to broad SH in-
tensity distribution is schematically illustrated for the ordinarily and extraordinarily polar-
ized input beams.

in turn labeled on the hysteresis curve. Thus, it is not only possible to control the processes,
but also to restore the desired interaction strength by adjusting the corresponding spontaneous
polarization.

2. Harmonics analyzing setup

A particularly successful way to create different statistics is to excite the domain walls to move
or to grow randomly in the volume. Applying an external electric field along the crystallo-
graphic axis above the coercive field will switch the domains. The switching process takes
place in SBN in an incomplete way. This imperfection is called aging effect. Taking advan-
tage of the existence of the aging effect, each switching process leads to different domain size
statistics [11], without losing the random nature of the domain structures [20] [see Fig. 2]. This
concept has been applied on different random systems like polycrystalline ferroelectrics [26],
and crystals with randomly distributed antiparallel microdomains like calcium barium niobate
(CBN) [5], and strontium tetra borate (SBO) [27]. To determine the relationship of the domain
structures and the polarization of the harmonics, a theoretical model has been suggested in [1].
The model mainly relies on the one-dimensional model, suggested by Le Grand et al. [28]. It
describes the relationship between angular SHG and the domain distribution in a way called
k-spectroscopy [29].

We consider the lateral noncollinear phase-matching condition for which the fundamental
wave propagates normally to the optical axis, i.e. to the domains. The harmonics are emitted
in a transverse plane over a wide emission angle. We have analyzed the polarization properties
of the second- and third-harmonic by measuring the intensities with a photodiode (Coherent
OP-2 VIS) behind the crystal. As an exciting beam, we use ultrashort laser pulses with a wave-
length of 1500 nm, generated by a laser system consisting of a mode-locked Ti:sapphire oscil-
lator, a regenerative amplifier, and an optical parametric amplifier. The repetition rate is 1 kHz,
the pulse duration is about 7, = 100 fs, and maximum pulse energy is about 100 wJ. Nearly
transform-limited Gaussian laser pulses (M? ~ 1.2) with a diameter of about 1.5 mm are prop-
agating without focusing perpendicular to the c-axis of the SBN crystal. The light is vertically
polarized and controlled by a A /2 waveplate. The SH and TH signals are in turn analyzed by
appropriate analyzers. Transmitted light of the fundamental beam is blocked by a combination
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of appropriate color and interference filters [Fig. 2(e)]. Since the direction of the fundamental

SBN with analyzer
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Fig. 2. (a-c) Cerenkov-type second-harmonic microscopic images of domain structures in
SBN, taken using a Cerenkov SH microscope [30]. The green lines represent the domain
walls. (a, b) Images of nanoscaled domains in an as-grown SBN along the optical axis and
normal to the optical axis, respectively. (¢) An image of microscaled domains along the
optical axis in a repoled SBN. (d) Characteristic P-E loop of SBN: Spontansous polar-
ization Py in dependence of the applied electric field for three poling cycles. Green points
label domain distributions at which SH signal is measured and black points label domain
distributions at which TH signal is measured. (¢) Schematic of the setup used to analyze
the polarization; FW: fundamental wave, HWP: half-waveplate, PD: photo diode.

beam is along the crystallographic x-axis, the corresponding components of the nonlinearity
tensor are d33 and d3p = dr4. An erBa(l_ X)Nb206 crystal with the dimensions 3(c) X2 x4 mm,
grown by the Czochralski method with a congruently melting composition x = 0.61 [31] has
been used. The large surface parallel to the c-axis is polished to optical quality.

In preparation, the SBN sample has been initially heated above the Curie-Temperature
T, =~ 70° up to ~ 200° for 2 hours to avoid any spurious polarization and cooled down to
room temperature without applying an electric field. An overview of the mechanism of creating
different poling states, i.e. domain size statistics, in SBN is explained in our previous stud-
ies [6, 11]. In this paper, the polarization properties of the second-harmonic signal are handled
in the first part, and of the third-harmonic signal in the second part.

3. Second-harmonic generation

As presented in [1,21], the second-harmonic intensity can be rewritten as an ensemble average
of the SH emission from each domain over the domain spatial distribution in xy-plane

nio e,0 nao e,0
I2g) rf%“’)) Py L(d” (x.y) < |G(Aky, Aky)| >) = ,j%“’)“%w)ﬁ(déff LR )
[0) [0)

with dAéﬁf’o) (x,y) = dgf’o) (x,y) < |G(Aky,Aky)| >. G(Aky, Aky) represents the Fourier coefficients
depending on the transverse phase mismatched. The corresponding refractive indices of the fun-
damental and second-harmonic waves are n(,) and n(yq), respectively. The input polarization
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angle 7 is defined as the angle between the electric light field and the optical axis in z-direction.
For v # 0 the polarization of the SH signal consists of two components which contribute simul-
taneously to the strength of the generated SH signal:

d/z;f)(xvy) :J3Z(X7y) Sin2Y+J33(xay) COSZ Y (2)

and )
dgg (x,y) = 2da4(x,y) sinycosy. 3)

In general the second-harmonic intensity is proportional to dsz [Eq. (1)]. It can be distinguished
between a coherent and an incoherent interaction between the two nonlinear polarizations. For
the coherent case the total effective nonlinear coefficient has the following form

~ ~ A 2
(i (r3)) = (dsa(iv ) sin® Y+ s (x.3) c0s”7)” = (ds(x,9))? (cos” y+ VRsin'y) ", (&)

In this case the two components add coherently. And for the incoherent case

(d')(x,7))* = (ds3(x.y))*(cos* y + Rsin* ), 5)
and
7 2 0o—e 0o—e 2 n° (00—e)
(AT (dn) [ 1GK™ ) Ak (@' o)
B dA ()C ) N Ty (ee—e) (ee—e) T o qlee—e)” (6)
33(X5Y |G (Aky ,Aky )| ”(w)l(zw)

Note, that the ratio of d3 = d3 and ds3 is not constant anymore and depends
on the spatial domain distribution. It can be determined by calculating the value
(IGAK ), A=) /|G(AkE™, Ak“))|)? and measuring 156, /156, ). Tn the litera-
ture, this ratio is about 0.5 for SBN [32, 33] for an average domaln size of 1 um. As pre-
sented, SBN crystals provide a proper system for easily changing the domain distribution in
steps. Consequently, at different poling states, different ratios of the polarization components
are expected. For measuring the SH intensity of the polarization components, according to
Egs. (2) and (3), the intensity is measured only in the forward direction in order to avoid any

unwanted angular effects The corresponding mismatch vectors are Ak(eefe) = k((e) w0~ ZkEe)) =

amnls)y /A —4mn(o) /A = 0.43 um~" and A = dmn) /A —4xno) /A = 0.23 um ™.
Figure 3 shows measurements of the second-harmonic s1gnals for both polarrzatlon compo-
nents combined with theoretical fits corresponding to the coherent and incoherent cases [see
Egs. (4) and (5)], respectively. For the extraordinary component, the intensity indicates a char-
acteristic variation, which can be theoretically described by the incoherent summation of the
components of different processes d3,,d33 only [cf. Fig. 3(a)]. From the experimental data we
obtained R = 0.59. It is clear that the character of those plots change significantly depending on
whether the contributions from different processes add coherently or incoherently. Figure 3(b)
shows the SH intensity of the ordinary process, which is fitted by Eq. (3). By poling the sam-
ple in the same manner as before, we can change this ratio R, defined in Eq. (6). This in turn
will change the dependence of the SH intensity on the polarization of the fundamental wave.
Figure 4 shows exemplary measurements of the extraordinary components of the output SH
intensity as a function of the input polarization of the fundamental wave at four different poling
states, for which the average domain sizes of about 0.25 um, 0.8 um, 1.5 pum, and 3.5 um, re-
spectively . Those poling cases are marked with green points on the hysteresis curve in Fig. 2(d).
Evolution of the process “oo-¢" is clearly seen in comparison to the process "ee-e". For those
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Fig. 3. Measured SH signal vs. input polarization angle y at a fundamental wave-
length 1500 nm in an SBN sample with microscaled domains. (a) for the extraordinary

component; (b) for the ordinary component. In (a) the "ee-e¢" and "oo-e" processes are
marked with arrows and in (b) the processes "oe-e" and "00-0".
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Fig. 4. Measured extraordinary SH signal vs. input polarization angle ¥ at a fundamental
wavelength 1500 nm for (a) unpoled sample; (b) half-poled sample; (c) repoled sample;
(d) two times repoled sample. Those states are marked with green points on the hysteresis
curve in Fig. 2(d). The red solid curves are fits of Eq. (5) to the experimental values.

four poling states, the ratio R amounts to 0.146 for the unpoled case, 0.286 for the half-poled
case, 0.35 for the repoled case, and 0.69 for the 2nd repoled case. The ordinary component
of the SH process can also be measured and fitted by the intensity formulation proportional to
the square of dy4 ruled by Eq. (3). As expected, no change in relative relationship between the
"oe-0" process and "00-0" process is recorded of this polarization component when changing
the domain distribution. The increasing "0o-e" component can be easily understood when look-

ing at the corresponding Fourier coefficients (cf. Fig. 1), which are determined by Ak,(fe_e) and

Ak,(coofe). For microscaled domains, the Fourier coefficients, satisfying the phase-matching con-
dition, become larger when poling and repoling the crystal [cf. Fig. 1(b)]. The entire intensity
increases due to the poling dynamics during the poling process in a similar manner as in [11].
Previous measurements have shown that the polarization components can add up either in-
coherently [1] or coherently [25]. To verify if the pulse duration has any influence on the
interaction character of the polarization components of the SHG signal, we have carried out
supplementary experiments with ns-laser pulses at 1064 nm for all domain statistics reported
here. In contrast to the coherent character reported in [25], our results with ns-laser pulses can
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always be described by an incoherent superposition of the nonlinear polarization for all degrees
of randomness of the x(z) nonlinearity.

4. Third-harmonic generation

Due to the non-collinear nature of the harmonic generation in random nonlinear photonic crys-
tals, the conversion efficiency of higher harmonics is quite small. However, the efficiency can
be enhanced by designing the Fourier spectrum, taking into account the domain size, shape and
number. As shown in the previous sections, poling and repoling the crystal changes the contri-
bution of different nonlinear polarizations and can enhance the entire SH intensity. Under those
conditions, a cascaded third-harmonic signal can also be measured. In general, third-harmonic
generation can be observed in different systems, e.g. periodically poled quadratic nonlinear me-
dia. In a ¥®) medium, the process is based on cascading of two quadratic effects: SHG followed
by sum frequency generation (SFG) [34,35]. In [8] was the first observation of third-harmonic
(TH) signal in an as-grown sample with tightly focusing of the fundamental beam, and meas-
ured in [36]. The recorded TH signal in random nonlinear media is a result of a ¥ process,
because no TH signal has been detected under the same experimental conditions using a single
domain SBN crystal.

Here, the TH intensity is recorded and its polarization properties are analyzed at different
poling states in order to identify the influence of the domain distribution on the TH signal
properties. For this purpose, we start with an unpoled SBN sample. For this poling state, no TH
signal is detected which confirms the fact that the origin of THG is not the nonlinear third-order
nonlinearity ¥ ). The sample is then poled and repoled in order to increase the conversion ef-
ficiency of the second-harmonic generation as good as possible [11]. The switching process is
continued to the point at which the SH intensity does not further increase [11]. The THG pro-

700
; d

() _6oof (b) i

Esoo ;

=400

£300

(=¥
=200
=
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Fig. 5. (a) Diagram of the phase matching for cascaded third harmonic generation in ran-
dom SBN crystal. Ak and Ak’ are phase-mismatch vectors for the second and third harmon-
ics generation, respectively. Note the broadening of the emission angle for the THG; (b)
Power of the third harmonics vs. the input power of the fundamental beam. The solid curve
representing the cubic fit.

cesses involve simultaneous fulfillment of two phase matching conditions which are schemat-
ically illustrated in Fig. 5(a). As shown, the random domain distribution provides a broad set
of reciprocal wave vectors which are formally determined by the Fourier spectrum of the do-
main structure. Those wave vectors are used to compensate for the phase mismatch Ak and
AK'. The vectors are represented by a broad circle for small domains in the Fourier space [36].
The phase-matching condition is satisfied in the area of intersection of this disk with a ring
representing the spatial direction of the wave-vector of the second harmonic k(). As a result,
the generation of the second harmonic is non-collinear with a broad spatial distribution of the
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intensity. The following second constituent process involves the interaction between the fun-
damental beam and the already spatially distributed second harmonic. The angular emission of
the latter is now determined by the intersection of the circle with the radius k(34) with the broad
Fourier circle. The resulting spatial distribution of the generated TH is broader than that of the
SH (angle ¢; < ¢,). This relationship can also be changed when changing the Fourier spectrum
by poling and repoling the crystal. The plot in Fig. 5(b) depicts the measured dependence of the
power of the third harmonic as a function of the power of the fundamental beam. As expected,
the experimental points follow faithfully the cubic fit (solid red line).

Due to the fact, that this process is of a cascaded nature, the formation of the third harmonic
is a result of two quadratic processes: second harmonic generation:E ) o< Aeff’] ()@y)E%w) and
sum frequency generation in which the third harmonic of the input field is formed by mixing
of the fundamental and second harmonic waves: E(34) o< lesr 2 (x, Y)E()E(20), Where defr, 1 (x,)

and cfeffg(x,y) are the effective nonlinearity of the constituent processes. Thus, for v # 0, the
polarization of the TH signal consists of two components which contribute simultaneously to
the strength of the generated TH signal:

dA&)) (x,) = d32,1(x,)daa 2 (x,y) sin’ y+ (daa 2 (x,y)d33,1 (x,y) + 2da,1 (x,)drs 2 (x,y)) sin ycos® 7,

@)
and

dAgzm (x,) = d33,1(x,y)d332(x,y) cos® Y+ (2d32.2(x,)doa,1 (x,y) + d32,1 (x,¥)d33 2 (x,y)) sin ycos y.
3

Taking into account the mutually incoherent character of the contributing nonlinear processes,
the TH intensity will be:

190 o< Iy (3,1 (3,9)dB4 2 (x,3) 5in® ¥+ (daa 2 (3, )di331 (x,) + 2dbaa 1 (x,)daa 2 (x,)) sin? yeos* ),
)

for the ordinary component, and

]((gio) = I(3w) (d33.1 (x,y)d33 2 (x,y) cos® Y+ (2d32.2(x, y)da,1 (x,y) + d32,1 (x,¥)d33 2 (x,y)) sin* yeos® y),

(10)
for the extraordinary one. Equations (9) and (10) can be simplified into:
150, o= (b 1 (6,3)d34 2 (x, )y (sin 7+ Ry sin® ycos* ),
((e) ) ) 2 3 6 . 4 2 an
1(360) < (d33’1 (.x,y)d3312 (x,y))l(w) (COS y+ R2 sin” ycos 'y),

where

. . . . 2 . . 2
Ri(x,y) = <d24.2(x,y)d33,1(x,y)+2d24.1(x,y)d24,2(x,y)> _ <d3371(x,y)+2d2471(x,y)>

32,1 (x,y)dra 2 (x,) d3,1(x,y)
(12)
and )
R2()C7y) _ 2d32,2(x7y)d%471(x7y) —td32,l('xay)d33,2(x7y) ; (13)
d33,1(x,y)d332(x,)
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are complex relative strengths of the constituent nonlinear processes. For a quantitative evalu-
ation and comparison of the entire contributions intensities, the prefactors in Eq. (11) must be
also taken into account in addition to all other factors. However, as we just compare intensity
ratios here we do not have to care about absolute values.

In order to get an impression of the expected evolution of the TH polarization components
when changing the domain distribution, the TH intensity as a function of R and R; is depicted
in Figs. 6(a) and 6(b). In those figures, the TH signals changes in its dependence to the po-
larization of the fundamental beam when changing the free parameters R; and R;. In general,
increasing R and R, leads to an enhancement in the process at the input polarization angle

Y= 45°.
5
4
3
Qf:\.
2
1
0 !

0 50 100 150 200 250 300 350 50 100 150 200 250 300 350
input polarization [°] input polarization [°]

5

Fig. 6. Calculated TH intensity as a function of the input polarization when changing the
free parameters R| and R, of the extraordinary (a) and ordinary components (b).

R; and R; are used as free parameters in fitting Eq. (11) to the experimental data in Figs. 7
and 8 for ordinary and extraordinary components, respectively. For that, the azimuthal angle
Y of the linearly polarized fundamental wave is varied from zero to 360°, while the power
of both, ordinary and extraordinary components of TH signals are recorded during repoling
the crystal. Figures 7(a)-7(f) show exemplary the evolution of the ordinary component of the
third harmonic during the repoling process at six different increasing steps of the applied
field 0,2246,2365,2605,3293,4192 V/cm [see Fig. 2(d)], respectively. No further changes
were observed when further increasing the voltage. At 0V [see Fig. 7], the measured third-
harmonic is weak. It begins to take its form when the field is close to the coercive field. At this
field, the entire TH intensity increases including all its polarization components in combina-
tion with the enhancement of the SH intensity shows in Fig. 4. The best agreement between
experiment and theory is achieved for Ry = 1.486,2.182,3.240,4.766,4.942,5.200 for Figs. 7
(a)- 7(f). In all measurements the process "oe-0", consisting of the ordinary input polarization
and the extraordinary second-harmonic component, is the strongest process. On the other hand,
the single interaction at Y = 45° of the fundamental beam leads to an ordinary polarization
component of the SH signal, which in turn interacts again with the fundamental beam, lead-
ing to ordinarily polarized TH signal. During the switching process, the TH component builds
up with increasing R, until it becomes as strong as the “oe-0" process. This can be attributed
to a faster increasing of dAz471 (x,y) in Eq. (12) than dAg371 (x,y) /a?327 1(x,y), which represents the
inverse root of the parameter described in Eq. (6). This remarkable behavior is not seen at
the extraordinary polarization component, depicted in Fig. 8. Thus, the growth of the domain
strongly influences the effective da4 1 [see Figs. 7(d) and 7(f)], which is originally equal to d3; ;
in bulk material. Within the repoling process it is possible to see a different behavior of the
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Fig. 7. The power of the ordinary component of the third-harmonic sig-
nal as a function of the input polarization angle of the fundamental
beam at different poling states (a-f), in which the applied electric fields
are 0V/cm, 2246 V/cm, 2365 V/cm, 2605 V/cm, 3293 V/cm, and 4192 V/cm, re-
spectively. An input polarization of y = 0 corresponds to the extraordinary fundamental
wave. Blue curves are experimental data; Red curves are theoretical fit according to
Eq. (11).
0.4 04 0.2
e fit === measured = fit === measured
0.35 (a) 041 (b) 0.18
0.16
0.3 033 o
= 0.3 :
3 025
< 025 0.12
E 02 02 0.1
E 0.08
0.15
& 0.15
= ol 0.06
' ol 0.04
0.05 0.05 0.02
0 0 0
2100 50 0 50 100 150 200 2100 50 0 50 100 150 200 2100 50 0 50 100 150 200
input polarization angle [°] input polarization angle [°] input polarization angle [°]
Fig. 8. The power of the extraordinary component of the third-harmonic signal as a function
of the input polarization angle of the fundamental beam at different poling states (a-c), in
which the applied electric fields are 0 V/cm, 2605 V /cm, and 4192 V /cm, respectively.
An input polarization of ¥ = 0 corresponds to the extraordinary fundamental wave. Blue
curves are experimental data; red curves - theoretical fits [Eq. (11)].
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intensity at Yy = 45° [see Fig. 7(d)]. This can be explained by the complex switching domain
dynamics for which the domain wall motion is a three-dimensional process.

For the extraordinary component, Fig. 8 shows three measurements at different poling cases.
As expected, the strongest TH signals are recorded for an extraordinary fundamental wave,
representing the process "ee-e".

5. Conclusion

The polarization properties of the second-harmonic signal was experimentally studied for dif-
ferent created domain statistics, taking into account the incoherent nature of the mutual interac-
tion of the different polarization components of the second-harmonic signal. Changing the do-
main distribution redistributes the corresponding Fourier coefficients, which in turn weight the
relative strength of two relevant components of the second-order susceptibility tensor. All these
changes are labeled by the spontaneous polarization on the hysteresis loop. In the second part,
the strengths of the third-harmonic processes can be effectively manipulated by changing the
effective second-order nonlinearity. All these changes in the optical properties are restorable by
tuning the spontaneous polarization, which effectively represents the disorder statistics in such
random ferroelectric nonlinear crystals.
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