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ABSTRACT

In this thesis, the multi higher-order anisotropic self-diffraction from photorefractive
(PR) cerium doped barium titanate crystal (Ce: BaTiO,) has been investigated both in theoretical
and experimental, In our experimental sctup, the light at wavelength 633 nm from He-Ne laser
has been incident on PR Ce: BaTiO,. From our observation, the second diffracted orders have
been generated at the highest intensity with the incident angle 10.36 degree, while, in the first
time of our knowledge, the second orders and the third orders diffraction have been generated
simultaneously at the highest intensity with the incident angle 6.05 degree. Moreover, the phase
conjugate beam has not been observed before and after the appearance of higher orders as

observing when the green beam from the Argon-ion laser at 514.5 nm has been used.
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tetragonal 4 m

TA598319WAn (Crystal structure) 9°C (48.2°F)< T <135°C (275 °F)

a=399A, ¢c=4.01 A (at 26 °C)

3’%’msﬂgﬂmﬁﬂ (Growth method) TSSG (Top seeded solution growth )

1ANADUINAD (Melting point) 1625 °C
AMUNUY (Density) 6.06 g/cm’ NQUMAH 26 °C
AU (Hardness) Mohs 5

= =

3.2 eV Ngunq 300 °K WANAY?

Q

FDITNNAI91U (Bandgap)

%9015 AIHIY (Transmission range) 0.43 - 6.30 ym
A (nm) S15 633 800
UM (Refractive indices) n, 24912 | 24160 | 2.3681
n, 24247 | 2.3630 2.3235

rT13 =8.0 £ 2.0 pm/v

1w = ca"a I~ P 'l
Aduszanioan nsoodand a
r,, =105 £ 10 pm/y

(Electro optic coefficients) =
r,, = 1300+ 100 pm/v

Reflectivity of SPPC (0° - cut)

A\ % @ Ce: BaTiO, | 50 - 70% d W31 A =515 nm
Aaauia W lnTunsnnw /7
Pure BaTiO, | 40=60% 913U A =515 nm
(Photorefractive properties) e
Ce: BaTiO, 50 = 80% ?MMTU A =633 nm
Pure BaTiO, | 40 — 60% 117U A =633 nm
AAIAINTHANATY 2 VLI 10-40 cm’
MIgaANAULIY A (nm) 515 633 800
(Absorption loss) a(em’) 0285 |0.108 | 0.033
FIANUOIAAULAIIUNITABL AU Undoped BTO : visible light
VYDINAN (Wavelength range of photo Ce : BTO : 480-780 nm
refractive effect) Rh:BTO 720-1060 nm
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Multi high-order anisotropic self-diffraction in Cerium doped

BaTiO; crystal
S. Plaipichit, P. Buranasiri’, R. Nuansri, W. Neeyakorn.,
Physics Department, Faculty of Science, King Mongkut's Institute of Technology
Ladkrabang Bangkok, Thailand, 10520

ABSTRACT

Higher-order anisotropic self-diffraction up to third orders have been observed in Cerium doped barium
titanate by using red beam at 633 nm from He-Ne laser. In our experiment, the third orders and second
orders have been observed simultaneously for the first time from our knowledge. From our
observation, the phase conjugate beam has not been generated before and after the appearance of
higher orders as observing when the green beam from the Argon-ion laser at 514.5 nm has been used.
The diffraction efficiency and the decay rate of the grating have been measured as well in the red light
case

Keywords: BaTiO;, anisotropic self diffraction, photorefractive effect, higher order

1. INTRODUCTION

The Photorefractive (PR) effect has been interested since its accident discovery by Ashkin et. al. in
1966, Recently, the PR effect have been observed in a number of medias such as LiNbO;, BaTiOs,
GaAs, multi quantum well materials, and some organic and polymer materials. The use of PR effect
has resulted in numerous applications such as phase conjugation, optical correlation, dynamic
holography, optical pattern recognition, optical converter, ete™''. One of several optical schemes,
which has been used in those application above is anisotropic self diffraction (ASD). ASD has been
first found in BaTiO; crystal'®, One feature of ASD is the different of polarization of relate beams on
PR crystal. The polarization of the incident beams is perpendicular to that of the incident beam, i.e. the
incident beam is ordinary light and diffracted light is extra-ordinary light.

In this paper, a new kind of anisotropic self-diffraction in cerium doped barium titanate crystal
(BaTiO;:Ce) has been reported. From the best of our knowledge, two higher orders of diffract beams
have been observed in the same time for the first time, which is different from that have been observed
only one higher orders which have been reported so far.

2. THEORIES

2.1 PHOTOREFRACTIVE EFFECT

The photorefractive (PR) effect is a kind of nonlinear optic phenomena, which occurs in the electro-
optics materials. In PR materials, the local index of refraction can be changed, when the light beams
has been interfere on their surfaces. By assume that the PR media are doped, their donor impurities can
be ionized when they have been absorbed photons. Let the density of donor impurities be Np and N'p
swhich are their ionized. Then, the rate of electron generation is (sI + B)(Np — N'p) and the rate of trap
capture is yyNN'p, where N, s, 1, P and yg are electron density, cross section for

*kopratha@kmitlac.th; phone +66 329 8400-8411; fax +66329 8412

photoexcitataion, light intensity, rate of thermal generation of electron and electron-ionized trap
recombination rate, respectively. By the value of B is infinitesimal compare to s, the rate equation for
N'p can be written as

ant , ;
2% = sI(Np — Nb) = ya NN} (1)
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Because of mobility of electron can be affect the electron density, now, the rate equation can be
written as

N _oNp _ 1. .
il R (2)

where g is an electron charge and j is a current density, which consists of contributions from the drift of
charge due to an electric field and the diffusion due to the gradient of carrier density. Thus, this can be
written as

§ =qNuE+kgTuVN (3)

where g is the mobility tensor, E is the electric field, k3T is the product of the Boltzmann constant and
temperature. The electric field is followed by Poisson equation:

V- €eE =p(r) = —q(N + N, = Nj) )

where ¢ is dielectric tensor, p(r) is charge density and NV, is density of acceptor impurity. The Eqs (1) —
(4) have been called band transport model'? or Kukhtarey’s Equations

2.2 RAMAN-NATH DIFFRACTION

Figure 1. (a) multiple scattering are forbidden; (b) Multiple scattering are allowed.

In Bragg diffraction, the two incident waves at Bragg angle is diffracted by grating with change of
momentum. In the case of infinite grating, the diffracted wave cannot get scatter at larger angle because
the conservation of energy and momentum cannot be satisfied. The wave vector 0 represents the
incident wave and wave vector 1 represents the diffracted wave. To scattered again with the same
change of wave vector K, the momentun1 conservation cannot be satisfied as shown in figure 1(a). In
the other case, finite grating, multiple diffraction process which involve gratings with slightly
difference wave vector because both energy and momentum are conserve as see in figure 1(b). The
diagram of Raman-Nath regime with multiple diffraction order is shown in Figure 2.

To determine the latter case, the electric field of incident optical wave is represented by

E=E exp[i(wt — k-r)] (5)

this wave is incident onto the thin sheet of grating at x = 0 and the electric field of transmitted wave can
be written as'?

E = Eq X, Jm(8) (=D)™expli(wt — ky, * r)] 6
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Figure 2. Raman — Nath diffraction

where ki, is the wave vector of the mth diffraction beam which can be defined by

Ky, =k, +mK, @)

e = [ =] ®)

c

where the subscripts x and z indicate x- and z- of the corresponding vectors. J,,(8)(-)" is the amplitude
of the mth order diffracted beam. The diffraction efficiency for the mth order of Raman-Nath
diffraction is given by
2nln,
M = J(8) = /7, (2222) ©)

Acos@

where L is interaction length, n is index of refraction and X\ is wave length of incident wave. In
addition, the sum of intensities of diffraction orders must be equal to the intensities of incident beam
thus the energy is conserved.

2.3 ANISOTROPIC SELF DIFFRACTION

In an anisotropic bulk crystal, the phase matching conditions need to be satisfied by the writing beams
(incident beams) to create the anisotropic self diffraction, As shown in Figure 3, the optical axis is in
the direction parallel to the plane of incident. Here, K.; and K., are the wave vector of two writing
beams with extraordinary polarization. K,; and K,; are the wave vector of diffracted beams with
direction of polarization perpendicular to c-axis (ordinary polarization). Here, K, is the grating wave
vector defined by

Ky =K, — K, (10)

Now, the wave vectors of the diffracted higher order beams can be written as

Koi = Kei — Ky,
K, = K; + K (11)
Kul Eel

e
C axis Ke Ko

Figure3. The wave vector diagram of anisotropic self diffraction
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The incident and diffraction angles both inside and outside crystal can be expressed as'

1/2
= cip=1 l(n%—n%)
8; = sin [ne —— ;
1/2
= i ()
By = sin [n, = ;
1/2
i ng—ng)
0;, = sin [(——8 :

1/2
840 = sin™? [3 (i) ] (12)

respectively, where n, is the ordinary refractive index and the n, is extraordinary refractive index of the
crystal. Furthermore, under Bragg condition as shown in Figure 3, the incident light K,; and K,; not
only construct the grating K, but also couple to second order beams, K, and K., respectively. This is
the regime of anisotropic self- diffraction.

C axis

Figure 4. The wave vectors of higher order anisotropic self diffraction

The typical phase matching condition, which is required to observe the higher order anisotropic self
diffraction has been shown in Figure 4. The Figure 4 above has just shown only the third and fourth
orders, however, in our case, diffracted beams are composed of both second (Kp1, K,y7) and third
orders (Ko3, Ko4 ), which are generated in the same time as in Raman-Nath diffraction above. Please
note that in Raman-Nath diffraction, all of the higher orders and the incident beam have the same
polarization, which is different from our case the higher order beams has opposite polarization with the
incident beam. The wave vector of third order beams may be written as

K,3 = K;3+3K=K,, T 4K (13)

In general, order of anisotropic self diffraction M occurs in pair of =M and M+1, Thus, phase matching
condition can be expressed by'®

; _ ng-n2 1/2
sing; = [(2M+1)2—1] 3
z2_.2 q1/2
sing, = (2M + 1) [(-2—;;#] : (14)

where ¢, and 6, are the angle outside the crystal of writing and diffracted beams, respectively.
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3. EXPERIMENTAL SETUP, OBSERVATION AND RESULTS

The experimental setup is shown in Figure. 5. He-Ne laser with wavelength 633 nm has been used as
the light source. Two beams with extraordinary polarization separated from the original beam by a
beam splitter have been incident overlap on each other on a surface of Ce:BaTiO; crystal of dimensions
6 mm x 6 mm x 6.5 mm (a x b x ¢). The polarization of the incident beams is the same direction with
the c-axis of the crystal. In order to adjust intensity ratio between two incident beams, two filters have
been placed in front of the crystal. To satisfy the Bragg condition and investigate the generation of the
anisotropic self diffraction, the angle between two beams and their intensity ratio have been varied.
The distance between crystal and screen, which is a white thin paper has been fixed at 15 cm. The CCD
camera has been used to capture the image pattern of the diffracted light. Furthermore, we have used a
polarizer to check the polarization of the diffracted higher order beams to be sure that the diffracted
higher order beams is anisotropic self diffraction.

Screen
@® C axis

Bs /| BaTiO; :Ce |(®) caxis

BaTiO; Ce

He-Ne Laser

Figure 5, Experimental setup, BS is beam splitter; M is mirror; PF is polarizer,

Figure 6 shows the second order of anisotropic self diffraction. The diffracted beams, which their
directions of polarization are perpendicular to the incident beams have been generated near the Bragg
angle condition. However, intensity of this diffraction will be increased to maximum value at the angle
between the incident beams is equal to 11.85 degree. The two first order beams, at the middle of the
diffraction pattern have been composed of ordinary beams of transmitted light and extraordinary beams
of the diffraction from the opposite incident beam. At smaller angle (6.67 degree) with Bragg
condition, the third order beams have been observed. Furthermore, as shown in Figure 7, there are two
diffracted higher order beams, second order beams and third order beams have been observed
simultaneously. From our obsetvation, the intensity of the ASD with more higher orders is less than the
intensity of ASD with fewer higher orders as shown in the Figure 6 and 7. Please note that we have
observed that the phase conjugate beam has not been generated during the higher order beams have
been observed with different from the case that the green light from Ar+ ion laser has been used.

Figure 6. The anisotropic self diffraction up to second orders
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Figure 7. Higher orders of the anisotropic self diffraction up to third orders

4. CONCLUSION

We have observed higher order anisotropic self-diffraction in BaTiO3:Ce. Three distinct higher orders
have been noticed in the same time. Also, it has been found that the light at the position of the first
order beams composed of both extraordinary light and ordinary light. The phase conjugate beam,
which always has been generated before the higher orders shown up, when the green light have been
used have not been observed with red light.
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Multi higher-order anisotropic self-diffraction in cerium doped barium titanate
crystal
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Abstract: In this thesis, the multi higher-order anisotropic self-diffraction from
photorefractive (PR) cerium doped barium titanate crystal (Ce: BaTiO,) has been
investigated both in theoretical and experimental. In our experimental setup, the
light at wavelength 633 nm from He-Ne laser has been incident on PR Ce:
BaTiO;. From our observation, the second diffracted orders have been
generated at the highest intensity with the angle 11.85 degree, while, in the first
time of our knowledge, the second orders and the third orders diffraction have
been generated simultaneously at the highest intensity with the angle 6.67
degree.

Keyword: anisotropic self diffraction, photorefractive effect, higher order-diffraction
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