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Abstract

This thesis describes the physical and photorefractive properties of

potassium lithium tantalate niobate (KLTN) single crystal material.

The top seeded solution growth method is reviewed. The phase
transition temperatures and dielectric properties are related to the
compositions of the KLTN crystals. A liquid/solid interface dynamics
model is introduced to explain the experimental results which is that
hydrogen ion concentration in KLTN crystals can be reduced dramatically

by doping copper in the absence of titanium.

Dark conductivity of KLTN crystals are contributed by two species
when the temperature is in the range of 250 K and 350 K. Two species are
hydrogen ions and shallow trapped electrons (holes). These results have
been confirmed by direct dc conductivity measurments and holograms
fixing experiments. Hydrogen ion has two typies of motion in the crystals:
O-H vibration and O-H libration. We established a model to describe
hydrogen ions motions and hopping in KLTN crystals. The theoretical
prediction is in agreement with experimental results. Hologram thermal
fixing for optical data storage is discussed. Hydrogen ions are identified as

the mobile ion which is responsible for thermal fixing.

In ferroelectric phase KLTN crystals, spontaneous polarization of

individual microdomains can be aligned throughout the entire crystal by
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the poling process. Photorefractive space charge fields play a role deploing
the microdomains wherever space charge field opposing to spontaneous
polarization. This may cause microdomain switching and lead to the

generation of index grating. Experimental observation of Barkhausen

current jumps is the signature of domain inversion.

Holograms thermal fixing in potassium niobate crystals are also
investigated. Because potassium niobate crystal has an orthognal structure
with space group mm2, 3D polarization dependence of OH bands are
observed. A special cut of iron doped potassium niobate crystal was
designed to achieve the maximum exponential gain coefficient for thermal
fixing of volume holograms. A significant enhancement of diffraction

efficiency of the fixed grating 43% is measured.

The last part of this thesis discussed topological distribution of phase
matching of three-wave mixing in biaxial crystals. Thirty possible
distributions are illustrated. The optimum operating directions under phase
matching condition in biaxial crystal can be obtained from the calculation
of the effective nonlinear coefficients. A set of analytical expressions of
effective nonlinear optical coefficient for the crystals with mm2 point
group is given. The phase matching directions are in either x, y, or z plane

in order to obtain maximum coefficient.
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Chapter One

Introduction to the Photorefractive Nonlinear
Optics and Applications

1.1 Introduction

The photorefractive effect refers to a light-induced refractive index
change observed in certain photoconductive electro-optic materials. The
effect produces refractive index changes with relatively low intensities of
incident light. The photorefractive effect arises through the
photoexcitation, transport, and subsequent re-trapping of charge. When a
photorefractive medium is illuminated by a grating pattern, photoexcited
carriers migrate from bright regions to dark regions. The separation of
charge sets up a space charge field which, through the electro-optic effect
gives rise to a refractive index grating and hence a phase hologram. The
refractive index grating may persist for several hours or even longer if the
photorefractive material is kept in the dark. However, it can be erased by
exposing the material to uniform illumination. To prevent the erasure of
these gratings of volume holograms during readout, numerous fixing
techniques have been developed. These techniques will be discussed in this

thesis.

The photorefractive effect was first reported as "optical damage" at
Bell Labs in frequency doubling experiments using lithium niobate in 1966

by Ashkin [1] and independently by Chen [2]. Chen published the first



charge migration model in 1969 specific to photorefractive, ferroelectric
crystals [3]. The model used the spontaneous polarization characteristic of
such materials combined with the illumination pattern due to the
interference of two beams within the medium, to explain the formation of
volume holograms in ferroelectrics. This model suggested that ultra-violet
illumination and thermal re-excitation are typically required for erasing
holograms. Thaxter [4] reported the influence of an applied electric field
on hologram storage in SBN, lending support to the "drift" model for
carrier migration. Amodei showed [5] that charge migration by diffusion
may play an important part in holographic recording for sufficiently small
grating spacings and derived expressions for the electric field patterns

generated through drift and diffusion for plane-wave holograms.

Drift and diffusion mechanisms did not account for the efficiency of
the photorefractive effect in certain materials. Hence Glass et al. introduced
the bulk photovoltaic effect [6]. This effect is due to the asymmetry of the
crystal which, caused photoionized charge carriers to be ejected into the
conduction band preferentially in a particular direction relative to the
spantaneous polarization of the crystal, thus giving rise to a photocurrent.
This has been widely accepted as a contribution to the photorefractive

effect.

Yariv illustrated [7] that the wave formalism used to describe
photorefractive four-wave mixing was identical to the formalism employed
to discuss nonlinear optical degenerate four-wave mixing. Optical phase

conjugation of a signal beam is the generation of a light beam with an



identical phase front to the signal, but propagating in the opposite direction
[8].

In 1979 Kukhtarev et al. published [9] the most complete model to
date. It took into account the effects of externally applied electric fields, the
bulk photovoltaic effect, and the recursive effects of the space charge field
on the distribution of the space charge field itself. The model described
how a refractive index grating was established with the same spatial
frequency as the interference pattern and was shifted by a factor of /2

with respect to the interference pattern in the absence of applied field.

Alternatey, the following year Feinberg proposed [10] a model that
was not based on a band transport approach. It was called a "hopping"
model, and involved a simple physical picture of charge carriers hopping
from site to site, with the probability of hopping dependent on the local

light intensity and electric field.

A photorefractive material should exhibit several properties. First, it
should possess a gap, partially filled photoionizable impurity level. Second,
it must be linearly electro-optic to exhibit the conventional photorefractive
effect, or quadratically electro-optic to display the electric field controlled
photorefractive effect. Several characteristics are used to distinguish the
various materials from each other. They include the response time, the
dark current, the sensitivity, the magnitude of the induced index change,

and the phase shift.



Some inorganic materials typically employed in photorefractive
experiments include bismuth silicon oxide (BSO) [11], bismuth germanium
oxide (BGO) [12], LiTaOs [3], LiNbO; [13], Sr,BaNb,Og¢ (SBN) [14],
KNbO;3 [15], BaTiOs3 [16], and KLTN [17]. The ferroelectric oxides (SBN,
KNbO; BaTiO3 etc.) tend to have slow response times and relatively low
sensitivities because of their low carrier mobility. The photorefractive
sillenites (BSO, BGO, etc.) tend to have much smaller dielectric constants
and higher photoconductivities than the ferroelectric oxides, hence they

have faster response times.

The study of the materials themselves is an important part of the
work. Their understanding and control provides insight into the electronic
and optical characteristics. KLTN as an example has been described in
detail regarding infrared absorption, conductivity, phase transition etc.

throughout this thesis.

1.2 Applications

Numerous applications of the photorefractive effect have been
investigated. One of the first was holographic data storage, where it was
predicted that the ultimate storage capacity would be ~1012 bits c¢cm-3
[18,19]. This culminated in the simultaneous storage of 500 fixed
holograms in one crystal sample [20]. In addition, since the photorefractive
effect leads to an index grating which, in general, is not in-phase with the

intensity pattern, the power in the two beams is coupled, leading to optical



power transfer [9]. Beam coupling was used to demonstrate the
amplification of weak signal beams by factors of several thousand [21].
Real time image processing involving cross-correlation and two image
processing techniques have been demonstrated by Yariv's group [22].
Image contouring [23], edge enhancement [24], and adaptive optical

techniques to correct distortion [25] have also been performed.

Photorefractive materials may also be important in the field of
integrated optics. A change of the refractive indices in photorefractive
waveguides by visible light has been used for the formation of components
such as gratings for optical switches or wavelength division multiplexes
(WDM) [26-30]. Such components have the advantages of planer guides
that holograms recorded automatically compensate for wavefront

perturbations introduced by the mode structure or imperfections.

In recent years, a tunable quasi-phase matching second harmonic
generation has been developed using dynamic ferroelectric domain gratings

induced by photorefractive space charge field [31].

1.3 Outline of the Thesis

Potassium Lithium Tantalate Niobate (KLTN) is a new type of
photorefractive material. The properties of KLTN, such as the ability to
control the phase transition temperature, hydrogen concentration of as-

grown doped crystal, and ferroelectric domain switching, were studied to



better understand this material and explore new applications of such a

material.

In chapter two the band transport model of the photorefractive effect
is described. This is used to derive the coupled wave equations of two-wave
mixing in photorefractive materials. Fixing based on thermal assisted ionic
drift and ferroelectric domain reversal for holographic data storage are

reviewed.

The growth of KLTN crystals is discussed in chapter three. The
construction of a crystal growth system and the method of top seed solution
growth are illustrated. The phase transition temperature is determined via
the composition of Ta/Nb. The growth temperature is also a function of the
composition of Ta/Nb. Dielectric properties of several compositions of

KLTN are presented.

Chapter four examines the infrared absorption of OH band as a
function of the dopant. A model based on the experimental results for
hydrogen diffusion in a KLTN crystal is proposed. The unique properties
of the liquid/solid interface dynamics explain how hydrogen concentration

changes significantly by copper doping the KLLTN crystals.

Chapter five describes the results of experiments demonstrating
thermally assisted ionic transport fixing of volume holograms in KLTN
crystals in both the paraelectric phase (in the presence of external electric

field) and ferroelectric phase (in the absence of external electric field).



Crystals in the paraelectric phase exhibit no linear electro-optic effect so
the conventional photorefractive effect can be modulated by an external
field. The mobile species responsible for fixing is identified as the
hydrogen ion. On the other hand, no thermal fixing is observed in a KLTN
: Cu, V crystals. As expected, the spectral signature of hydrogen ion is
absent in the infrared absorption measurements. The activation energy of
hydrogen ions in a KLTN crystal is about 0.7 eV. Shallow trapped

electrons display only a 0.1 eV activation energy.

Hologram fixing using ferroelectric microdomain switching is the
topic of chapter six. The photorefractive space charge field aligns
ferroelectric domains and produces a series of displacement current jumps,
the so-called "Barkhausen noise". These domain gratings are recorded with
spatial periods on the order of a few optical wavelengths. Unlike thermally
assisted ionic fixing, fixed gratings based on ferroelectric hysteresis are
in-phase with respect to the original space charge field. The diffraction
from fixed gratings does not exhibit the decay and subsequent revealing

while developing the holograms.

Three dimensional polarization of OH bands are reported in chapter
seven. Hydrogen ion motion in perovskite unit cell is a combination of
vibration and libration. These two types of motions are perpendicular to
one another and can be treated independently. The anisotropy of proton
activation energy is analyzed theoretically and confirmed experimentally.
A special angle cut crystal is used to optimize the diffraction efficiency of

the thermally fixed hologram.



Chapter eight discusses phase matching conditions on optical wave
mixing in biaxial crystals. In particular, the topological distributions and
effective nonlinear optical coefficient are illustrated for the crystals with
space group mm2. Three typical NLO crystals are used to describe the
relationship between the structure symmetry coordinate and refractive

index coordinate.
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Chapter Two
Photorefractive Effect and Materials
2.1 Introduction

In photorefractive materials a nonlocal change in the refractive index
is caused by an optical pattern. The incident light excites charge carriers
preferentially in bright regions where they undergo transport, are
repeatedly trapped and re-excited, and are finally trapped in dark regions
(Figure 2-1). The resulting separation of charge sets up a space charge
field which, through the electro-optic effect, gives rise to a refractive index
grating and hence a phase hologram. Two beams propagating in a
photorefractive medium can thus interact with one another through
coherent scattering from the grating formed by their interference. The
phases and the intensities of the two beams can be modified in the process.
This chapter describes the band transport mechanism of the photorefractive
effect, and the formation of the space charge field. The coupled mode
equations are used to calculate the influence of index gratings on the

propagation of beams passing through the material.
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Figure 2-1

Two coherent monochromatic beams A(z) and B(z) interfere in a
photorefractive material. Free carriers are preferentially photoexcited in
the bright regions, where they undergo transport. They are repeatedly
trapped and re-excited, and are finally trapped in a dark region. The
steady-state charge distribution p creates a space charge field. In the
diffusion limited case the charge modulation is in-phase with the intensity
pattern. However, the sinusoidal component of the field is shifted by
exactly one quarter of a grating period from the sinusiodal component of
the charge distribution, because divE = 4mp/e. Thus the phase between the

intensity pattern and the space charge field is equal to /2.

The primary types of inorganic materials ussed in photorefractive
research include the oxygen octahedra, the sillenites, and certain
semiconductors. Some characteristics which are used to distinguish the
various materials from one another are the magnitude of the induced index
change, the photorefractive phase, the response time, the dark current, and

the possibility of fixing the grating.

Barium titanate, potassium niobate, and strontium barium niobate all
possess the oxygen octahedra structure and they are widely used in
photorefractive research. Barium titanate and SBN:75 possess a strong
electrooptic effect at room temperature [1,2]. Potassium niobate is also a
good photorefractive material. However, it is difficult to grow

monodomain crystals due to growth and poling problems.
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2.2 Band Transport Model

The band transport model for photorefractives is based on the
photogeneration of mobile charge carriers. The atomic, usually ionic
species which generates the charge carriers (the electron donors) must be
stable in the crystal in at least two valence configurations. For example, we
define the density of this species as Np. Np = Np+ + Np9. Np0 acts as an
electron donor, allowing photoexcitation or thermal excitation of charge
to the conduction band and leaving an ionized Npt site behind. The mobile
charge can be retrapped at one of the Np* sites, turning it into an un-
ionized NpV in the process. At the same time, hole mobility can occur when
a hole is photoexcited from an Np*t site to the valence band and is

retrapped at an NpO site. These processes are illustrated in figure 2-2.

Charge neutrality is preserved by postulating the existence of a
number of non-photoactive acceptor sites Na = Np*. If no Ny sites existed.
the excited charge would always be forced to recombine with the Np* site
from which it was photoexcited. This would prevent any net charge

fransport.
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Photon

%% 8 % B ® 8 8 0P’

Figure 2-2

The energy diagram for a simple band transport model. A mid band
dopant level is occupied with Np = Np+ + NpO dopant ions. An electron
(hole) is photoexcited from an NpO (Np*, open circle) ion by incident
photon to the conduction (valence) band where it diffuses and/or drift
under and applied field before being retrapped at an Npt (Np0, dark

circle) site.

The designations Np* and Np® are meant to convey the relative
ionization state. In practice, the NpO site is always positively ionized. For
example, two stable states of ions are given by Cul+ and Cu2+ or Fe2+ and
Fe3+. In both cases, the less positively charged of the two ionic species acts

as the donor while the more positive acts as the trap.
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In general, the space charge field is determined theoretically by
solving a set of rate equations. If we neglecte the photovoltaic contribution

to the charge transport, the rate equations can be solved as follows. Note

that electrons are excited into the conduction band at a rate [Be + sel/(hv)]
(Np - Np*), and they combine at a rate YenNp*. Similarly, the excitation

rate for holes is given by [Bn + spl/(hv)] Npt and the recombination rate

by Yhp (Np - Np*). The variables are defined as:

I, incident light intensity

hv, optical energy of incident photon

Be (Bn), thermal generation rate for electrons (holes)
Se (Sh), photoexcitation cross section for electrons (holes)
Np, density of defect ions

Npt, density of ionized defect ions

NpO, density of un-ionized defect ions

Ye (Yn), recombination rate of electrons (holes)

n, free electron density

OB free hole density

je (n), total electron (hole) current density

e, electronic charge

E, electric field

Le (Lh), electron (hole) mobility

D¢ (Dp), diffusion coefficient for electrons (holes)

Ke (Kh), photovoltaic coefficient for electrons (holes)
g, relative dielectric constant

€0, permittivity of free space

P, total charge density.



19

The rate equations for electrons and holes are written as:

on j ( I )

M yde—fs Z 4B (N, ~N)—yaN? @1
o . S, hv :Be ( D D) Y UV (2-1a)
___ap_v._jh =(S 1 + )N* —v,p(N,—N;).  (@1b)
8{ e h hv h D h D D

The continuity equation is given by

V-J=V-J6+V-Jh:e%(n—N;—p). (2-2)

The current equations for electrons and holes are
J,=neu,E+eDVn+x,s,(N, - N;)I (2-3a)

Jn=pe,E+eDVp+x,s N;I . (2-3b)

Equations (2-3a, b) also can be expressed using the Einstein relation

eD=kTu, where T is the temperature. Finally, the Poisson equation gives

V.E=P —_ ¢ (heN —N"—p). (2-4)
e, 880( N5 p)

Consider a photorefractive material being illuminated with the intensity
pattern:
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I(xX)=I1+me™ +c.c.), (2-5)

where m is the modulation index, K is the grating wavevector equal to

2m/Ag and directed along x. If the intensity pattern is caused by two
coherent interfering beams I; and I, then m is given by m = (1112)0-3/1,
and I = [1+[2. When m <<1 the spatial dependence of n, p, Npt, and E can
be approximated by linearized Fourier expansions. We include fundamental
terms only in our analysis. In the case of large modulation depth, higher
order harmonics of these quantities should be considered [3, 4].

The band transport model simplifies considerably for only a single
type and species of charge carrier, usually considered to be the electron.
AH parameters describing holes in equations (2-1) through (2-4) are set to

zero. The photovoltaic contribution is neglected. Then we have:

JON; on j

— -V.Le 2-6
ot ot e =Y
8 + KBT 2
g(n—NDF#e(E'V”JF”V'E*' 5 Vin) (2-7)
JdN, Il N N
57 =0+ BN, = )= 7.0 9
V.-E=——(n+N,-N). (2-9)

Ee,
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The solutions of Np*, n, E will be expressed in the form of Fourier

expansions:
+ + 1 + _iKx
N, =Ny, +§ND’le +c.c. (2-10a)
1 iKx
n=n, +5nle +cC.C. (2-10b)
1 iKx
E=E, +—2—Ele +c.c. (2-10c)

Based on the charge neutrality requirement, it is assumed that N*p o - no -

Na =0, and Np >> Na >> ng as well as N*p | ~ No >> nj. A solution for

the space charge field can be obtained [5, 6] from these equations:

. ='—lm EN(.E’O +lEd) (l_e—t/f) , (2_11>
E,+i(E,+E))
where
eN N
E =—2401-—4 2-12a)
Mgk ( ND) (12
K, TK
E =—2-—¢ (2-12b)

e
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Ex is the limiting space charge field, Eq is the diffusion field, and Eg is the
spatially uniform applied field. The time constant T is given by [7]:

E,+i(E, +E,)

T=t, . , (2-13)
E,+i(E, +E))
where
hVvN ,
t, = (2-14)
s I,(1+B.hv/(s,I,))N,
and
Eu = A (2-15)
e ung

The time constant for approaching the steady-state value of the space
charge field is inversely proportional to the incident intensity. When an
electric field is applied the response time T becomes imaginary so that the
space charge field amplitude oscillates in time before reaching the steady-

state value.

We also consider a material with a single photorefractive species
with two charge carriers: both electrons and holes. In KLTN crystals, for
example, two charge carriers are present. The dominant charge carrier can

be changed by heat treatment. A detailed discussion of thermal processing
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of crystals is presented in chapter three and four. Equations (2-1) through
(2-5) apply in this case. The solution for the space charge field has been
obtained in the steady state with no applied field [8, 9, 10]:

Ed(ch — O-e)

E_=imE, : (2-16)
(E,+E,)0,+0,)

where Ge and oy, are electron and hole conductivities and are given by [11]:

u,sl, N,

O =nel = HeSely 2-17
. M, = hvy (N+ 1) (2-17)
e, s, I, N _
o, = pell, = ch (=2-1)". (2-18)
h

In the special case in which the electron and hole conductivities are equal,
no steady-state space charge field can be produced. Whenever the hole
mobility is nonzero, the space charge field given by (2-17) will be smaller

than that predicted by the single charge carrier solution (2-11).

2.3 Two Beam Coupling

When two beams interfere in a photorefractive material they create a
space charge field. The space charge field modifies the index of refraction
of the material via the electro-optic effect. The index ellipsoid is modified

by an amount:
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E +g..& (g, —D(g—DEE,, (2-19

ijk

1
Aﬂij:A ;l"é‘ =r.

g

where ABj; are the electric field induced changes in the "axis lengths" of the
index ellipsoid, and n; are the components of the index of refraction
tensor. rjjx and gjjq are components of the linear and quadratic electro-
optic tensors, respectively. €; is the dielectric constant and E; is the electric
field along the axis i.

In general, rjjc is nonzero in a non-centersymmetric material. The
quadratic electrooptic coefficients are usually much smaller and can be
neglected in these materials. Consider a simple case in which the space
charge field is directed along the ¢ axis of a photorefractive crystal.

Equation (2-19) then reduces to:

1
Al — |=1,E, (2-20a)
n..
ij
3
~ nO
An,, == Tk (2-20Db)

where ng is the nominal index of refraction with no applied field, and the
relation A(1/ nz) =—(1/ n3)An has been used. The tensor element "3"
corresponds to the ¢ axis.

The linear electro-optic coefficient is required to be zero in a

centrosymmetric material. The quadratic electro-optic coefficient is
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nonzero in all materials, although it may be small. If the space charge field
is directed along the c¢ axis and an external field Eq is applied along the

same axis, then we have E3 = Egc + Eg. The change in the refractive index

is given by:

3
n 2.2 2 2
An. (Ey+E )— An,E, = ——30&.].3380 &WE.+E) —E;).
(2-21a)
The Bragg matched part of the index grating is

3 2 a2
An; =nyg.5,€ & EE, . (2-21b)

This result indicates that the Bragg matched contribution to the index
grating in a centrosymmetric crystal is present only with, and is
proportional to, an applied electric field. The relative dielectric constant
also plays an important role in the index grating. For example, in a
paraelectric material the relative dielectric constant obeys the Curie-Weiss

law and near the Curie temperature € can reach values as high as 105 [12].

When an external field is applied, the large dielectric constant can
lead to large index gratings. If the external applied field varies in time, the
photorefractive response is modulated. This has been demonstrated in KTN

and KLTN at frequencies up to 20 kHz [12, 13].

The phase of the index grating is typically shifted with respect to the

intensity grating (formed by two interfering beams) by a nonzero amount
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[14]. This leads to energy transfer between the two incident beams. The
energy coupling enables several applications, including the amplification of
a weak signal beam by a pump beam as well as optical signal processing.
Beams coupling in a thick material can be described by the coupled mode
equations derived from the wave equation. This analysis was first

performed by Kogelnik [15].

Consider two coherent optical beams [16]:
1 —iky-7é 1 —ikyFé
E(r)= —2~A(r)e 1 +—2—B(r)e "2 .., (2-22)

where k;, k,, and €, €, are polarization and propagation directions of

the two beams. The polarizations are taken to be parallel. The beams

propagate in a medium with a spatially modulated index grating

n(r)=n, +-’;—1cos[i<‘. F+ 0], (2-23)

where ¢ is the net shift in phase between the index grating and the intensity

grating. The beams obey the scalar wave equation:

V’E+ w*ue(r)E=0 (2-24)
V’E = -1-(-123A —2ik, fif‘—)e-”ﬁf + l(—/‘é;B ~2ik, £iﬁ)e‘f’%f .
2 dr, 2 dr,

(2-25)
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The paraxial approximation of

d*A dA d*B dB
<<k— << k— (2-26)

dr? dr dr’ dr

are used to obtain (2-25). The high frequency dielectric constant is given

by

1 o
E(F)=gn’(F)= g[n: + —2—(n0nle_’(K’+¢) +c.c.)]. (27

Plug (2-25) and (2-27) into (2-24)

1, - ~dA gz 1, - ~ dB . _z;
—(—k'A=2ik,——)e™ + = (~k}B—2ik, —)e ™" +
2( | zldrl>e 2( ) Y Je

r,

1
w’ue,[n + 5(”0”16 W+ e.c)]x

1 o
[5 Ae™™7 4 % Be ™" +¢.c.]1=0
(2-28)

It is clear by inspection that cumulative power exchange occurs only when

k—k,—K=0. (2-29)
Thus only synchronous terms need to be considered in (2-28). Using

ki=wpegn, (2-28) simplifies to
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Inn, o
A(Z)cosB=-—"—"Le’B(z)—=A 2-30
(z)cosf3 57 (2) 5 (2) (2-30a)
Inn, _. o
B(7)cosB=-"Le™A(z)-——B 2-30b
(z)cospf -7 e ?A(2) 5 (2) ( )

where o is the optical absorption, A is the wavelength in the medium, B is
the half angle of beam incidence inside the material, and z is the distance
along the bisector of the beam angles.
2.4 Diffraction from a Fixed Grating

The diffraction observed from the grating (2-30) is relatively easy to

determine when the grating has an index modulation of constant amplitude

[15]. The diffraction efficiency then simplifies to:

N = exp| ———— sin?| — s (2-31)
cos(f/2) Acos(B/2))

This equation is used to calculate the index modulation n; by measuring the

diffraction efficiency. Consequently, the photorefractive space charge field

can be determined as well.

It has been mentioned in chapter one that electronic gratings formed

by two beams interfering in a photorefractive material are not permanent.
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This grating can be erased by illuminating the material with a uniform
beam. In order to store optical information in a photorefractive material, a
fixing process has been developed and demonstrated in a wide range of
materials [17]. The goal of hologram fixing is to transform the electron
grating into an optically inactive grating. Two methods which are used to
achieve the fixing of holograms are discussed in this thesis. One technique
is to heat the photorefractive medium during or after the hologram
recording process. The ion mobility increases as the temperature increases
so that ions redistribute in a relatively short time under the influence of
local space charge fields. The ions are typically optically inactive and can
not be displaced by exposure. Another fixing technique is based on
ferroelectric domain reversal. If the space charge field is larger than the
local coercive field, the polarization of local domain can be switched. This
domain grating can extend throughout entire crystal. The grating period
can be smaller than one micrometer. It is important to notice that the fixed
hologram is 180 degrees out-of-phase with original grating in the first

technique and is in-phase in second technique.

2.5 Thermally Assisted Ionic Fixing

Lithium niobate is the most popular material thermally fixing
holograms. The first demonstration was done by Amodei and Staebler in
1971 [18]. In their experiment, the lithium niobate crystal was heated to
100 - 200 °C either during or after the hologram recording process. After

cooling the material to room temperature, a fixed grating was revealed.
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This fixed grating was 180 degrees out of phase with the electronic grating.
They reported that at elevated temperatures, the optically inactive species
drifts under the force of the local space charge field and tries to
compensate it. In the absence of illumination, the electronic charge
responsible for the index grating remains trapped even at elevated
temperatures. When the crystal is cooled to room temperature in the dark,
the optically inactive species are rendered immobile. A uniform light

erases the electronic grating and a fixed grating can be revealed.

Several subsequent studies have followed Amodei and Staebler's
original work to determine the ionic species reponsible for the fixed
grating. Protons have been identified as the mobile ions responsible for
fixing in lithium niobate crystal [19]. We have found that copper may
reduces proton concentration in KLTN crystals. A. Yariv suggested to
reduce the proton concentration in lithium niobate crystal and then to
repeat the fixing experiment [20]. The experimental result shows that the
similar fixed grating still can be generated even the protons concentration
has been reduced by an order. This indicates that a mobile species other

than proton is also involved fixing process in lithium niobate crystals.

Thermal fixing has also been demonstrated in LiTaO3 [21],
Bi12TiO0 [22], KNbO3 [23], KTN [24], and KLTN [25], etc. The largest
fixed diffraction efficiency reported in lithium niobate crystal is 98% for a

reflection spectral filter [26].
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2.6 Ferroelectric Domain Fixing

In ferroelectric materials, the spontaneous polarization exists in
every unit cell. The polarization of each unit cell may by directed along
one of many possible directions. The poling process is used to align all
polarizations along one direction. This enables us to produce a
monodomain sample. Chapter three gives a detailed discussion of the poling

process for KLTN crystals.

Photorefractive space charge fields can produce both a poling field
and a depoling field in a monodomain crystal. When the space charge field
is in the same direction as the spontaneous polarization it is a poling field,
otherwise it is a depoling field. The story happens in depoling regions
since the space charge field may cause spontaneous polarization to invert in
some unit cells depending on the strength of the space charge field and the
local coercive field. This results in the formation of a polarization grating
in-phase with the electronic grating. After erasing the electronic grating,
the polarization grating caused by local domain reversal remains in this

configuration as long as certain conditions are satisfied (keeping the

temperature well below T¢, for example).

Evidence for polarization fixing can be traced back to the early work
on optical damage. Ashkin et al. observed antiparallel domains in BaTiO3
following the illumination of an initially poled crystal [27]. Rudyak

reported the optical generation of needle shaped 180 degree domains in

LiNbO3:Fe following illumination with a single beam at 440 nm, at room
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temperature. These experimental observations suggest that the interaction
of light and domains is indeed a common phenomenon shared by many
photoferroelectrics. Fixing of volume holograms in both SBN and BaTiO3
in the head to head domain configuration has been demonstrated during the
early work on volume holographic memories [28-30] and has been
confirmed by later work [31,32]. A. Kewitsch published a series of papers
regarding ferroelectric domain fixing in SBN [33]. More recently, KLTN
has been shown to exhibit ferroelectric domain fixing [25, 34]. In general,
the crystal need not be heated to high temperatures in ferroelectric domain

fixing as in thermal fixing.

2.7 Summary

The band transport theory of the photorefractive effect was
discussed. Photorefractive rate equations were introduced and solved to
yield the photorefractive space charge field magnitude and phase. The
electronic grating in a photorefractive crystal only persists for a short time
and can be erased by illumination. To develop these grating into permanent
replicas, a fixing process must be applied. Fixing has been achieved in a
large number of ferroelectric crystals and in some paraelectric crystals
over the past three decades. Thermal fixing and ferroelectric domain fixing
are two techniques which are used in these crystals. Thermal fixing
requires elevated temperatures to heat the crystal. Ferroelectric domain
fixing requires that the temperature remain well below the Cuire

temperature at all times. KLTN has been found to be a good material for
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both thermal fixing and ferroelectric domain fixing. This will be discussed

later in the thesis.
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Chapter Three

Properties of Potassium Lithium Tantalate
Niobate (KLTN)

3.1 Introduction

KLTN is a new type of crystal which has been developed at Caltech.
The motivation behind the crystal growth effort is to develop materials
with potential applications to volume holography for the construction of
memory systems and computer interconnects. These photorefractive
materials should possess three proteries: 1) high diffraction efficiency; 2)
methods for permanent fixing of holograms; and 3) control of readout
diffraction efficiency by an external electric field. It was found that KLTN
has all three properties. Moreover, the study of KLTN itself provides a
better understanding of the fixing mechanisms and liquid/solid inferface

dynamics during crystal growth.

Crystal growth is introduced in section 3.2. Basically, the growth
temperature is a function of the flux composition. High optical quality
crystals can be grown by selecting the right temperature. The phase
transition point is another parameter that must be considered in order to
achieve a convenient operating temperature. The temperature dependence
of the dielectric constant was determined from measurements of the low
frequency capacitance of the sample. The temperature for which the

capacitance peak occurs corresponds to the ferroelectric phase transition
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temperature. These measurements are disscussed in section 3.3. In section
3.4, we present a model which explains the liquid/solid interface dynamics

during KLTN crystal growth.

3.2 Growth Temperature and Composition

Potassium niobate is one of the most promising photorefractive
materials, but it cannot be operated at room temperature in the paraelectric
phase because its primary phase transition occurs at 425 °C; and the single
crystal exhibits poor optical quality after cooling through 210 °C, upon
which a phase transition between tetragonal and orthogonal symmetry
occurs. In order to overcome this problem, tantalum was added to partially
replace niobium in the crystal. In a preliminary set of experiments at
Caltech, potassium tantalate niobate (KTN) crystals were grown [1]. The
object was to add enough tantalum to the material to achieve a phase
transition at or near room temperature. This condition is desired because
the paraelectric photorefractives operate most efficiently about 10 °C
above the phase transition. Unfortunately, it was found that in KTN the
operating point could not be raised above 220K because the phase transtion
becomes first order [2] and the optical quality deteriorates substantially.
The additional lithium was found to improve the optical quality of the
single crystal[3]. Kj-yLiyTa;-xNbxO3 forms a solid solution for all values
of x between 0 and 1 [4], and for y < 0.13. The crystals have the cubic
perovskite structure in paraelectric phase and are readily doped with

transition metals.
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The Curie temperature increases with increasing niobium
concentration [5]. For very small values of the lithium concentration the
material undergoes successive phase transition on cooling, from cubic to

tetragonal, then orthorhombic, and finally rhombohedral.

The KLTN crystals are grown using the top seeded solution growth
method [6-11]. A non-stoichiometric flux containing an excess of potassium
carbonate was used since both potassium tantalate and potassium niobate
melt incongruently. The pure platinum crucible is placed in the center of
the growth furnace and its contents heated and melted together. The molten
flux is soaked at a high temperature to ensure thorough mixing. It is then
cooled to approximately thirty degrees above the anticipated growth
temperature. Meanwhile a seed crystal is attached to a ceramic pulling tube
with pure platinum wire, and is lowered into the furnace through an
opening at the top. After the seed and pulling tube are allowed to reach the
temperature of the furnace (~ 1 hour), the seed is touched to the surface of
the flux for about one minute. The seed is then raised to see if melting has
occurred, the temperature is dropped two degrees. This process is repeated
until the rounded edges of the slightly melted seed transform into a square
outline. This indicates that growth has started. The seed is then re-dipped
and rotated using a motion described by a triangle wave form (constant

accelerating and decelerating). The maximum rate is about 25 rpm.

The seeding temperature is found to depend only on the flux
composition. The most important factor is the ratio of tantalum/niobium.

The phase diagram for KNbO3/KTaO; [12] shows the crystalization
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temperatures . We found that only a small change occurs in the presence of
trace amount of lithium (~ 2% Mole). Table 3-1 list the ratio of Nb/Ta and

seeding temperatures.

Table 3-1
Flux Composition Seeding Temperature
(Nb/Ta) “C)
30/70 1250
35/65 1241
45/55 1238
50/50 1221
55/45 1197
60/40 1183
65/35 1170
70/30 1153

3.3 Influence of Ta/Nb on Phase Transition

KTN crystals are ferroelectric materials which have a high

temperature paraelectric phase and became tetragonal below the Curie

temperature Tc.
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The low frequency capacitance of the KLTN sample was measured
by using a lock-in amplifier (Stanford SR830 DSP) at a frequency of 25
Hz. The temperature dependence of the dielectric constant can be then
calculated. The curves of dielectric constant vs temperature exhibit a peak,
which roughly coresponds the Curie temperature Tc. The Curie
temperature of KLTN is the function of the crystal composition, the most
important factor is the ratio of Ta/Nb. Table 3-2 shows the composition

and the coresponding Curie temperature for some of the KLTN crystals.

Table 3-2
Crystal Composition Curie Temperature
(Ta/Nb) °C)

0.86 0.13 -143
0.827 0.176 -112

0.777 0.223 -90

0.748 0.29 | -40

0.708 0.293 -21

0.644 0.34 5

0.634 0.36 20

The relative dielectric constants versus temperature of a few of
KLTN crystals are illustrated in figure 3-1 through 3-3. The composition

of these crystals is summarized in table 3-3.
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Table 3-3 The flux composition of #180, #201, and #207

Material #180 #201 #207

K,CO;3 56.5% 55% 55%
Li,CO;5 1.5% 3% 3%
TayOs5 11.1% 11.1% 10.3%
Nb,Os5 25.9% _ 25.9% 25.4%

Dielectric Constant of #180
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Figure 3-1. The relative dielectric constant versus temperature of

KLTN #180. T¢ is about -15 °C.



43

Dielectric constant of #201
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Figure 3-2. The relative dielectric constant versus temperature of

KLTN #201. T¢ is about -5 °C.
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Dielectric Constant of #207
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Figure 3-3. The relative dielectric constant versus temperature of

KLTN #207. T¢ is about 30 °C.
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Figure 3-4 shows the dependence of phase transition temperature vs

niobium concentration in the flux.
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Figure 3-4
The experimental results of the dependence of the phase transition

temperature vs niobium concentration in the flux.
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3.4 Liquid/Solid Interface Dynamics

Hydrogen ions that are incorporated into "as-grown" crystals have
been observed in many ABOj type crystals. These crystals include BaTiO3,
LiNbO3, KTaOs, SrTiO3 and K1-yLiyTa]-xNbxO3 (KLTN) doped crystals
[12-15]. An interstitial proton combines with an adjacent oxygen ion to
form an [OH-] center, giving rise to a stretching-mode absorption in the
infrared [16]. The integrated absorption intensity is proportional to the
hydrogen concentration. This enables us to compare the hydrogen
concentration between different types of crystals or the same type of
crystals with different types of dopants. Hydrogen ions that are present in
the crystals have a strong influence on the physical properties and
applications of these crystals. It is necessary to determine the process by
which hydrogen enters the crystals. In a published paper [17] we reported
the observation that copper is able to reduce the hydrogen concentration in
as-grown K]-yLiyTa]-xNbxO3; (KLTN) doped crystals in the absence of
titanium. In the presence of titanium, copper is unable to perform the same
role. Here we advance a model for the diffusion of Cu, H, and Ti crossing
through the liquid/solid interface during crystal growth. This model
describes the mechanism through which the copper reduces the hydrogen

concentration in as-grown KLTN doped crystals in the absence of titanium.

All KLTN crystals were co-doped with two to three transition-metal
ions. The as-grown crystals were cut to (5-10) x (5-10) x (5-10) mm3
along the crystallographic axes and polished for the IR absorption spectra

measurements. The IR absorption spectra of the stretching vibration of
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[OH] were monitored using an FTIR spectrometer(Mattson Instruments
Inc. GI-2020). All spectra were recorded at room temperature. Linearly
polarized light was used. The data were averaged over 50 measurements.
We observed strong [OH-] band absorption peaks in most "as-grown"

KLTN doped samples except in those doped with Cu and V (Fig.3-5).
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Figure 3-5 (previous page)

The [OH] absorption spectrum of KLTN doped crystals. (a) the top
curve is for KLTN: Mn, Ti, V; (b) the middle curve is for KLTN: Ni, V;
(¢) the bottom curve is for KLTN : Cu, V. The spectrum was obtained
using an FTIR spectrometer. Absorption intensity of (a) is about 1.7 times

that of (b) between 3450 cm-1 and 3550 cm-1. (c) shows no peak.

Comparing the integrated absorption intensity among the as-grown
samples, we found that the hydrogen concentration of KLTN:X)Y,Ti
samples is always higher than that of KLTN:Cu,X,Ti and KLTN:X,Y by a
factor of 1.6 to 2. The last two types of samples had very similar
hydrogen concentrations. We noticed that no [OH-] absorption peak can
be observed in KLTN : Cu,X,Y crystals (X,Y are any first row transition
metal but not Ti,Cu) between 3450 cm-! and 3550 cm-1. The microscopic

mechanism proposed to explain these observations is as follows.

[Cut] and [H*] may occupy the [K/Lit] vacancy because of a charge
neutrality requirement and ionic radii allowance. [Ti4+] + [H+] may form a
[5F] complex to replace the [Ta/Nb3+] vacant site. [Ti4+] + [Cu?] cannot
form a [5%] complex because their ionic radius are much bigger than the

space allowance inside an oxygen octahedron (Fig. 3-6 next page).

During the crystal growth, [Cut] and [H*] pass through the
liquid/solid interface from the solution into the crystal, and they may
occupy a [K/Li*] vacant site or return to the solution (Fig. 3-7), obeying a

diffusion equation.
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The relevant transport equations are:

J'=p'u (3-1.a)
J =p“u (3-1.b)

J! =D"VC” (3-2.2)
J&" =D*VC” (3-2.b)
J'=J"=-J (3-3.2)
Jr=Jr=J" . (3-3.b)

J :(] 0’:{) is the current density of hydrogen ions flowing across the
interface from liquid(solid) to solid(liquid). Similar quantities are defined
for the copper ion. O is the concentration in the flux, C is the
concentration in the crystal, D is the diffusion constant, and U is the
average velocity of the dopant passing through the interface.

ct o =C"+C* (3-4)

In the absence of [Ti#+], the [K/Li*] vacancy is the only type of 1+
vacancy for both [Cut] and [H*]. Under these conditions, eqn.(3-4) is

valid. In equilibrium, the net dopant current density flowing across the

liquid/solid interface is zero. This leads to:



Oxygen

Figure 3-6.

The unit cell of a KLTN crystal. The biggest gray circles, situated at
corner sites, are the [K/Lit*] ions. The small open circles, located at face
center, represent the oxygen ions. The black circle, at the body center, is

the [Ta/Nb5+] ion.
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Figure 3-7.

Two dimensional idealized liquid/solid interface. In the absence of
[Ti%+], [Cut] and [H] may occupy the [K/Lit] vacant site as liquid passes
through the interface. [Cu*] and [H*] may also return to the solution from
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plu=D"VC (3-5.2)
pu=D"VC", (3-5.b)
where
EH
D" = D’ exp(—— 3-6.
) exp( KBT) (3-6.2)
ECu

D" = D" exp(——*=). (3-6.b)
pi=27)

B

E , is the activation energy of [H*] and [Cut]. From eqns. (3-5.2) to (3-

6.b), we obtain the ratio of the concentration of the [H*] to the [Cu*] :

C_pDh eXp(_EA - K

c* p“D’ KT

). (3-7)

In solution, the copper density is about 0.1 mol%, so that the
concentration of [Cut] is much larger than that of [H*]. The exact value of
the diffusion constant pre-exponential factor of copper is unknown. In
general, the copper ion vibrates in the lattice with a zero point energy near
0.05 eV, so that the attempt frequency V is about 10!3 Hz. The diffusion

constant pre-exponential factor D= Vd? (d=0.399 nm for KLTN crystals),
therefore D "=1.6x106 m/s and D,'=2x10-9 m?/s [19]. Roughly speaking,
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the pre-exponential factor in eqn. (3-7) is near unity. The concentration
ratio of [Cu*] to [H*] at a particular temperature will be determined by the
activation energies of both the copper and hydrogen ions. We have
reported a 0.72 eV activation energy for hydrogen ions [19]. Copper is
much heavier and has an ionic radius which is four times larger than that
of the proton. The activation energy of copper is about 2 eV [20]. The
temperature of the liquid/solid interface during crystal growth was kept
between 1100°C and 1180°C. From eqn.(3-7), we have CH/CCu=10-6, so
that most of the [K/Li*] vacancies are occupied by copper rather than
hydrogen. This explains why no [OH-] absorption peak is observed in FTIR
spectra in KLTN:Cu,X,Y crystals.

In the presence of [Ti4+], all of the [Ta/Nb5+] vacancies are
accessible to [H*] as discussed above. There are enough hydrogen ions in
the crystals and those ions show a specific absorption peak in FTIR spectra.
It is important to notice that [K/Li*] and [Ta/Nbd+] vacancies accept
hydrogen ions during the crystal growth. Incorporated protons are not
stationary but are able to hop from one site to another. Most hydrogen ions
are situated close to an oxygen ion as discussed in detail in [19]. The
findings of this paper are not limited to KLTN doped crystals. It may apply
to other crystal families such as (K/Li)TaO3; , (K/Li)NbO; and KTN etc.
For example, no [OH-] observed absorption peak is observed in as-grown
SBN crystals because of the lack of a [Metalt] defect site. In BaTiO;
crystals, a [Ti3+] is able to accept a [H*] to form a [4+] complex, so that

hydrogen ion is always present in barium titanate.
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To examine the interface interaction between hydrogen and copper
in LiNbO; crystals, another experiment was carried out: pure lithium
niobate samples were cut from one crystal. Each sample was placed in a
silica tube. Each sample was covered by the fine powder of either ZnO,
MnO, Fe;03, CoO, or CuO, respectively. These tubes were then placed in
an oven and heated from 25°C to 900°C at a rate of 2°C/min. They were
maintained at 900°C for 12 hr, and then cooled down to room temperature
at a rate of 2°C/min. Following this heat treatment, the integrated [OH-]
absorption intensity of the samples was essentially unchanged except for the
CuO sample, which decreased to 10% of original value. This result
indicates that similar interface dynamics take place in a lithium niobate
crystal.

Other explanations for the experimental results may be considered.
For example, at the liquid/solid interface, copper incorporation in the
liquid boundary layer may inhibit hydrogen from entering the lattice. In
the presence of titanium, the "copper effect” is no longer a dominant
factor. Uda and Tiller have given a detailed discussion for lithium niobate

crystals [21-23].

3.5 Summary

A technique has been developed for the preparation of high quality
crystals of KLTN. The top seed solution growth method is used. The effect

of a wide range of compositions as well as different dopants has been
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investigated in the growth process of KLTN crystals. We have observed
that, hydrogen cannot be observed in the Cu, V doped KLTN crystals.
Also, we propose a model to describe the microscopic mechanism for
liquid/solid interface dynamics during KLTN crystal growth. Copper and
hydrogen ions occupy potassium/lithium vacancy sites during crystal
growth because of the charge neutrality requirement. The activation energy

of copper ions and hydrogen ions in KLTN crystals is about 2 eV and 0.7
eV, respectively. The result is that the hydrogen ion concentration is about
1012 cm3 in KLTN :Cu, X, Y crystals. This density level is lower than the
sensitivity of the FTIR spectrometer so that no [OH-] absorption peak could
be observed. In the presence of titanium, hydrogen ions are able to
associate with tantalate/niobate vacancy sites, while copper ions are unable
to do so. The hydrogen concentration in this case can be 10!7 cm3 or
higher. As aresult, a specific [OH-] absorption peak shows up in the FTIR
spectra. This model explains how the hydrogen concentration can be
dramatically reduced in KLTN : Cu,X,Y crystals (X,Y are any first row

transition metal but not Ti,Cu), in agreement with experimental results.
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Chapter Four

Infrared Absorption, Dark Conductivity, and
Hydrogen Ion Diffusion

4.1 Introduction

Infrared absorption bands due to O-H vibration has been observed in
many ABOj type crystals which were grown in the open atmosphere.
Examples include BaTiO3, LiNbO3, KTaOs, SrTiO3 and KLTN crystals [1-
4]. Hydrogen is incorporated into "as-grown" crystals due to defects in
crystal structure. Since the interstitial proton associates strongly with an
adjacent oxygen ion, [H+] and [OH-] defects are equivalent [5]. An
interstitial proton combines with an adjacent crystal oxygen ion to form an
[OH-] center, giving rise to a stretching-mode absorption in the infrared.
This absorption agrees well with the anharmonic diatomic oscillator model
[6, 7]. It was found that the peak-position, bandwidth and polarization
dependence of [OH-] dipoles can be affected by changes in crystal
composition and doping.

[OH-] absorption accordingly plays a strong role in physical properties of
those crystals studied herein; namely KLTN. For instance, the dc
conductivity of KLTN crystals is temperature dependent. The activation
energy is strongly influenced by hydrogen. The ac conductivity is affected
by the Curie temperature T¢ but not hydrogen concentration. This
indicated that hydrogen is the dominant factor for dc conductivity in

KLTN crystals for 270 K < T < 350 K.
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Based on the infrared spectra and protonic conductivity

measurements, we propose a model of hydrogen ion migration in Kj.
yLiyTa;.xNbxO3 (KLTN) doped crystals and use it to obtain a theoretical
estimate of the diffusion constant pre-exponential factor D, that is in
reasonable agreement with the experimental result. This model shows that
the transition energy of the second and higher overtones of the [OH]
vibration can be higher than the activation energy of hydrogen ion

migration.

4.2 Heat Treatment

There are a number of ways to change the properties of crystal
samples after growth. Heat treatment in controlled atmospheres is widely
used for different applications.

Single crystals of doped KLTN were grown using a modified flux
technique as discussed in chapter three. All crystals were co-doped with
two to three transition-metal ions. Each "as-grown" crystal was cut in
three. One was subjected to a reduction treatment, one to oxidation
treatment and one was left untreated. The heat treatment was performed to
increase (or decrease) the hydrogen concentration in the crystals. The
process of reduction is as follows: the samples were placed in a sealed silica
tube filled with hydrogen gas under a pressure of 0.25 Atm. at room
temperature. The silica tube was then heated from 25 °C to 900 °C at a rate
of 2 °C/min. The temperature was held at 900 °C for 12 hr, and then

reduced to room temperature at a rate of 2 °C/min.. The same process was
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used for oxidation, except that oxygen gas was used instead of hydrogen.
After the heat treatment the KLTN samples were carefully polished and
Cr/Au electrodes were deposited. For paraelectric phase KLTN crystals,

The electrodes were deposited on an arbitrary pair of opposite faces.

4.3 Infrared Spectrum of KLTN Crystals

The IR absorption spectra characteristic of the stretching vibration
of the [OH] were monitored using an FTIR spectrometer (Mattson
Instruments Inc. G1-2020). All spectra were recorded at room temperature
with linearly polarized light. The IR beam was incident normal to the
surface of the sample. All the data were averaged over 50 to 1000
measurements dependent on the signal to noise ratio. We observed strong
[OH-] band absorption peaks in most "as-grown" KLTN doped samples
except in those doped with Cu and V (Figures 4-1 through 4-5). The
hydrogen concentration in as-grown KLTN crystals could be changed by
heat treatment. Compared to as-grown samples, the concentration of [OH-]
was increased by up to 80% by heat treatment in the hydrogen ambient,
and it was decreased by up to 40% in the oxygen ambient. Table 4-1 shows
the results of the [OH-] absorption intensity for as-grown, reduction

treated, or oxidation treated samples.

The maximum of the [OH-] absorption band at room temperature

was found to lie between 3490 cm-! and 3525 cm-!. These broad bands
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have FWHM of 25 cm-! to 50 cm-! indicating a weak interaction of [OH"]

with the neighboring atoms.

Table 4-1
[OH] integrated absorption intensity (cm-2) between 3470 and 3525
cm-1 in some of KLTN doped samples

KLTN [OH-]
dopant Fe, Ti |Cu, V |Cu,T1 [Co,V |Ni, Ti|{Cr, V |Mn, Ti

as-grown 839 |L/N [342 ]79.1 785 36.7 722

reduction 138.5 |small |55.6 155.3 | 13191704 137.2

oxidation 44.1 |L/N [20.7 [44.7 |40.8 |18.5 |[33.3

L/N: less than noise

By using a Morse-type potential and the anharmonic oscillator
model, the transition frequency between Eg and E| was found to be the
3500 cm-1 [6, 7]. Compared to the [OH-] absorption intensity of as-grown
samples, we found that the hydrogen concentration of KLTN : X, Y,Ti
samples is always higher than that of KLTN : Cu, X, Ti and KLTN : X, Y
by a factor of 1.6 to 2. The last two types of samples had very similar
hydrogen concentrations. We noticed that no [OH-] absorption peak can
be observed in KLTN : Cu,X,Y crystals ( where X,Y are any first row
transition metal but not Ti, Cu) between 3450 cm-! and 3550 cm-!. One
explanation is that hydrogen atoms locate close to the center (Ta/Nb) site
only in the presence of Ti, and close to the corner (K/Li) site only in the

absence of Cu. The microscopic mechanism was explained in the last
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chapter for this combination, in general, [Ti4+] + [H+] may form a [51]
complex to replace the [Ta/NbS+] defect site, the [K/Lit] defect site
prefers [CuT] to [HT].

Figures 4-1 through 4-5 illustrate the absorption around 3500 cm-l

for KLTN crystals. The shape of curves and the integrated absorption

intensity are slightly different from sample to sample.

FTIR spectra of KLTN crystal
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Figure 4-1(previous page)
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FTIR spectra of KLTN : Ni, V. A small side band appears on the
lower energy side due to the perturbation of neighbor atoms. The color of

the crystal is light oval green.

Figure 4-2
FTIR spectra of KLTN : Ti, V, Co. There are two small side bands

that can be seen on the lower energy side. This sample is deep red color.
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FTIR spectra of KLTN crystal
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Figure 4-3
FTIR spectra of KLTN : Ti, V, Cu. No side band appears on either
lower or higher energy side. The color of the crystal is between green-

brown.
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FTIR spectra of KLTN crystals
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Figure 4-4
FTIR spectra of KLTN doped crystals. No absorption peak is
apparent for Cu, V doped samples.
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FTIR spectra of KLTN crystals
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Figure 4-5
FTIR spectra of KLTN doped crystals. The shape of the two curves

are slightly different because of compositions and dopant.
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The absorption peaks around 4450 cm-! are the combination of
vibration plus libration of OH bands. We will explain it later in this

chapter. Figures 4-6 through 4-9 exhibit these absorption curves.

FTIR spectra of KLTN crystals
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Figure 4-6

FTIR spectra of KLTN doped crystals. These absorption peaks are
due to the combination of OH vibration plus libration. It is evidence to
support the hydrogen diffusion model which will be presented in the

section of 4.5.
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FTIR spectra of KLTN crystals
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Figure 4-7
The absorption peak of the combination of OH vibration plus

libration cannot be observed in KLTN : Cu, V sample.
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FTIR spectra of KLTN crystal
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Figure 4-8

FTIR spectra of KLTN : Ti, V, Co.
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FTIR spectra of KL'TN crystal
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Figure 4-9
FTIR spectra of KLTN : Ni, V between 4300 and 4700 cm-!.
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4.4 Dark Conductivity of KLTN Crystals

The ac response of the KLTN sample was measured using a lock-in
amplifier at a frequency of 10 Hz. The in and out-of-phase measurements
show that the behavior of ac conductivity was determined by the dielectric
constant for temperatures between 250 K and 350 K . The in-phase

conductivity vs temperature is shown on figure 4-10.
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Figure 4-10
Ac conductivity vs. inverse temperature between 260 K and 350 K
in KLTN: doped crystals. The broad peak corresponds to the Curie

temperature. Typically, the in-phase ac conductivity is about 10-8 Q-1m-1.

Direct measurements of dc conductivity were performed using a
high voltage power supply ( Stanford Research System PS350) and a
picoammeter (Keithley 485). External voltages less than or equal to 1 KV
were applied to avoid voltage break-down. Corresponding to a maximum
electric field of 2.5 KV/ecm. Dc conductivity was typically near 10-13 Q-
Im-1 (Figure 4-11, next page). Both ac and dc conductivity were measured

in vacuum for temperatures between 270 K and 350 K.

The temperature dependence of the dc conductivity showed an

Arrhenius-like behavior. Consider the Nernst-Einstein relation:

nqu
O = (4-1)
KT
E
D = D, exp| ——4 4-2
’ p( KBT) -

where n is the concentration of the mobile species, q the charge of the

mobile species, D the diffusion constant, and E, the activation energy.
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Figure 4-11

Dc conductivity vs. inverse temperature between 260 K and 350 K
in KLTN: doped crystals. The slope of each curve represents the activation
energy. For hydrogen ions, it is between 0.6 and 0.7 eV, otherwise the

activation energy is about 0.1 eV, attributed by shallow trapped species.
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Expressing the conductivity by

E
O =0,exp| ——4% (4-3)
’ p( KBT)
2
O, = M _ (4-4)
KT

The activation energy E, for ion migration of the samples with

[OH-] absorption peaks was found to be between 0.6 and 0.7 eV, even
though the difference of hydrogen concentration among the samples varied
by a factor of 4. In the samples which did not possess an [OH-] absorption
peak between 3450 cm-! and 3550 cm-1, the activation energy for the dc

conductivity was typically 0.1 eV.

4.5 Hydrogen lIon Diffussion

Hydrogen, which is present in most of ABO3 type crystals, has a
strong influence on the physical properties and applications of these
crystals [2,4,8-12]. For example, in KLTN:doped crystals, it affects the
thermal fixing of volume phase holograms and the dark conductivity [4, 5].
A detailed understanding of the hydrogen diffusion processes is crucial in
a wide variety of contexts. Hydrogen diffusion depends on the specifics of
the lattice structure and there is no general model to fit all of the crystals.

Bates et al. [13] gave a good but quite complicated interpretation of this
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problem in TiO2 (rutile) with space group Dg4p. An anisotropic activation
energy was calculated, in agreement with experiment. But the librational
absorption spectrum which follows from this model could not be verified
experimentally. Here we advance a simple model for the hydrogen
diffusion process in cubic KLTN:doped crystals and use the infrared
spectra and protonic conductivity measurements to characterize the proton

motion in the lattice.

<J

L

K/ Li oxygen Nb/ Ta H

Figure 4-12
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Figure 4-12 (previous page)

The cubic cell of KLTN crystal is about 4x4x4 A3. The small open
circle represents a hydrogen ion. It is situated at the site along the two
second nearest oxygen ions (A and C) without a Nb/Ta ion in the middle.

A proton may appear at the site along the two nearest oxygen ions (AB or

AD).

The infrared absorption spectra were obtained using a FTIR
spectrometer (Mattson Instruments Inc. G1-2020) in the range of 2000 -
10000 cm-! with a resolution up to 2 cm-!. The fundamental [OH]
stretching vibration absorption peak is at 3512 cm-! in KLTN:Fe,Ti, V
with an integrated intensity Ip = 108 cm-2. The first overtone absorption

peak is at 6825 cm-! with integrated intensity I; = 0.63 cm™2,

We propose a model in which the hydrogen ion is situated near an
oxygen ion (ion A in Figure 4-12, last page) along a line connecting the
two second-nearest oxygen ions without a Nb/Ta ion in the middle, that is
along the line AC in Figure 4-12. The proton is able to move around
(Figure 4-13) not only in the radial direction (vibration; 0 is fixed) but
also in the azimuthal direction(libration; r is fixed). The dominant
contribution potential energy fuction describing the libration comes from
the two Ta/Nb ions on both sides of the [OH] band (Figure 4-13). This
potential is proportional to the inverse distance between the proton and the
Ta/Nb ion. By considering the symmetry of the lattice structure, we use a

harmonic oscillator potential to describe the hydrogen libration [14].
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Figure 4-13

The proton (small open circle) is able to move around not only in the
radial direction (vibration; 0 is fixed) but also in the azimuthal direction
(libration; r is fixed). The two motions are treated as independent. Jumping

between AB(or AD) gives Eq=0.72 eV, D¢=2.07x10-2 m2/s, in agreement

with experimental results.

To first order we neglect the interaction between the vibration and
libration and treat the two motions as independent. This is valid because
the total potential for hydrogen motions is then the sum of a Morse type

vibrational potential V(r) [15,16] and a librational potential V(8):
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V(r,0)=V(r)+V(0) (4-5)

a(r - ro)

V(ry=D«{l—e )* . (4-6)
Here D, is the dissociation energy and ry=0.97 A s the [OH] equilibrium

internuclear distance [15].

‘9, (4-7)

0

1
V(O)=—-u, "
(O)=—p.0"r

where 6 is the angle between the [OH] band and the principal axis of the
crystal (Figure 4-13), ' is the [OH] librational frequency and ., the

reduced mass of [OH]. The wavefunction of the proton motion and the

eigenvalue of the total energy levels are; respectively:
l//lll(r’ 6) = w'z(r) l//1<6) (4—8)

E =E +E". (4-9)

An exact solution of vibration to Schrodinger's equation follows from the

change of variables V(x)=De¢(1-x)2. The equation can then be solved in

terms of the associated Laguerre polynomials. The resulting vibrational

energy levels are given by:

E =hc(w(n+1/2)—wy(n+1/2)?%) (4-10)
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and

a 2D. azh
o = : Wy =—;
27e \ U, 4rc-2u

, (4-11)

i

where h is Planck's constant, ¢ the velocity of light and u,, the reduced
mass of [OH]. The measurement of the fundamental and the first overtone
of [OH] vibration gives Ey;/hc=3512 cm-! and Eg/hc=6825 cm-!,(which
corresponds to Eg=0.22, E;=0.65, and E;=1.06 eV) and consequently,
®=3711 cml, @wx=99.5 cm!. De and a were determined to be 4.29 eV

and 2.36 A-1, respectively.

The wavefunction and energy levels of libration are [17]:

W, (0) = N,exp(=°6" / 2)H (6) (4-12)

B= M (4-13)
7

E'=(+1/2)heo" . (4-14)

ho' was determined from the FTIR spectra to be 0.119 eV. N, is the

normalization factor. H is the Hank function in equation (4-12). The

ground state probability of a proton in position (1p,0) is

P(r,,0) =y, (r,,0).
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According to Fick's law, the net flux of ions is proportional to the

concentration gradient and diffusion constant D=Dgexp(-Ea/KpT). The pre-

exponential factor Dgis [13]:

D =vd (4-15)

where v is the attempt frequency and d the mean "Jump" distance. In

KLTN crystals, we consider two cases of hydrogen ion hopping:

I) 6 ~ 0, the hydrogen ion "jumps" from A to C (Figure 4-13). The
attempt frequency v is 5.3 x 10!3 Hz (corresponding to a zero point

energy 0.22 eV), d=4 A, and D¢=8.5x10-6 m2/s, in contrast to the

experimental results (Table 4-2), because this jumping hardly happens in
KLTN crystals;

IT) 8 > m/6, the proton jumps from A to B (Figure 4-13). The mean
distance d is 2 A [11], the probability ratio of P(Iy,m/6)/P(I'p,0) is 9.8 x
10-4 and the attempt frequency v = 5.17 x 1010 Hz. The pre-exponential
factor Dy 1in this case is calculated to be 2.07 x 10-2 m2/s, in agreement with

experimental results (Table 4-2).

Table 4-2

Comparison of theoretical expected values and experimental results.

Ea represents the activation energy of hydrogen, Dy is the diffusion

constant pre-exponential factor. Numbers 1 - 4 represent different samples.
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Parameter Theory | Exp.(#1) | Exp.(#2) | Exp.(#3) | Exp.(#4)
Ea (eV) 0.72 0.65 0.67 0.70 0.75
Dg (10-9m2/s) 2.07 1.6 2.4 2.5 1.74

The energy barrier for proton hopping over two oxygen ions could

be obtained using a double minimum well potential function [19]:

V(r)=D{2e"""""Cosh(2ar)—4e™"""Cosh(ar)} , (4-16)

where 2R is the internuclear distance between two oxygen ions, and r is the
distance between hydrogen and the center point of the two oxygen ions. In
KLTN:doped crystals, the nearest oxygen ions' internuclear distance is
about 2.82 A and that of the second nearest oxygen ions' is 4 A. The
energy barrier between the two nearest oxygen ions (AB or AD in Figure
4-13) is about 0.94 eV, which with a zero point energy of Eop= 0.22 eV

results in an activation energy of 0.72 eV .

The energy barrier between the two second nearest oxygen 1ons (A
and C in Figure 4-13) is higher than 2 eV. Comparing both E,; and Dy to
the experimental results, we conclude that the hydrogen hops only between
the two nearest oxygen ions.

Direct measurements of protonic conductivity, and consquently the
hydrogen ion diffusion constant, were performed at temperatures between
350 K and 270 K. Protonic conductivity was typically near 10-13 Q-lm-!

[12]. The temperature dependence of the protonic conductivity showed an
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Arrhenius-like behavior. From the Nernst-Einstein relation (4-1), We can

express the pre-exponential factor Dy by:

K,T
D, = 66 P(—-) (4-17)
nq

The proton concentration was calculated from the [OH] band integrated

absorption intensity [20].

1000

KLTN:Cu, T,V

/ KLTN:Fe,Ti

100 |

Log (D x 1022)
=

KLTN:Cu, V

| P B R S SR
2.8 2.9 3 3.1 3.2 3.3
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Figure 4-14 (previous page)

Measured temperature dependence of the hydrogen ion diffusion
constant between 260 K and 350 K in KLTN doped crystals. The activation
energy, proportional to the slope of the curve, is about 0.7 eV for

hydrogen ions.

Table 4-2 shows the theoretical and experimental results for
activation energy and the diffusion constant pre-exponential factor. Figure
4-14 shows the temperature dependence of the hydrogen ion diffusion

constant. Theoretical and experimental results are in good agreement.

4.6 Summary

We found that hydrogen plays an important role on the ionic
conductivity in KLTN : doped crystals. In crystals which display an [OH]
absorption peak around 3500 cm-1, the activation energy for conductivity
is between 0.6 and 0.7 eV, otherwise it is 0.1 eV. These results correspond,
respectively, to hydrogen and electron migration. Since the holographic
ionic grating decay yields an activation energy between 0.67 and 0.76 eV,
we believe that hydrogen must be the primary ionic species involved in
hologram thermal fixing.  Secondly, we observed a strong [OH-]
absorption peak in most KLTN crystals, except those with Cu doping in
the absence of Ti co-doping. Hydrogen ions are located near the center site
(Ta,Nb) of a single unit cell in the presence of Ti, and near the corner

(K/L1) site only in the absence of Cu.
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Based on the infrared spectra and protonic conductivity
measurements, we propose a model of hydrogen ion migration in
KLTN:doped crystals. Hydrogen ions are mostly bounded along a line
connecting the two second nearest oxygen ions. Hopping, however, occurs
only between the two nearest oxygen ions. Besides the vibration, the [OH]
bands also show a librational motion, which can be described by a
harmonic oscillator potential. The diffusion model gave the expected value
of the diffusion constant pre-exponential factor Dy=2.07x10-9 m2/s, in

agreement with the experimental results.
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Chapter Five

Thermal Fixing of Volume Hologram in KLTN
Doped Crystals

5.1 Introduction

Volume holograms in photorefractive materials are formed by the
redistribution of charge carriers which are photoinduced by optical
standing waves. This charge distribution induces a space-charge field which
causes a refractive index grating due to the linear electro-optic effect.
This grating can be converted to a fixed grating composed either of a
mobile (at high temperature) non-photoactive species, usually ions, [1-3] or
of reversed domains [4-6] which partially compensate the electronic space-
charge field. In this chapter only thermal fixing will be discussed. Two of
the important issues in hologram fixing are the liftime of fixed grating and
diffraction efficiency of developed holograms. In general the thermal
fixing requires lower dark electronic conductivity and higher ionic
conductivity at elevated temperature. At room temperature the ionic
conductivity is very low so that the ionic grating may persist over a

relatively long time.

Potassium lithium tantalate niobate (Kl-yLina 1-xNbxO3, KLTN) is
a photorefractive crystal [7-9] with a perovskite structure. The
ferroelectric phase transition temperature ranges from 100K to 400K,

depending on the K/Li and Ta/Nb ratios. The dominant charge carriers are
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either holes or electrons for 514.5 nm wavelength excitation and can be

changed by oxidation/reduction treatment.

5.2 Poling Process

The direction of the spontaneous polarization is not the same
throughout the as-grown ferroelectric phase KLTN crystals, it may occur
along any one of the three crystallographic, leading to six possible
directions for the spontaneous polarization. The poling process aligns all of

the domains along a single direction.

In our experiments, the ferroelectric phase transition temperature of
the  sample (KLTN:Co,V,Ti) was determined by monitoring the
temperature dependence of the low frequency dielectric constant. The cubic
to tetragonal transition occurred at T¢=25 °C for the sample used in the
experiment. The sample was 7 x 6 x 2 mm, cut along the crystallographic
axes, and optically polished. Ni and then Au were evaporated on the 2 x 6
mm faces. We used a thermoelectric controller to provide a temperature
stable mount enclosed in a vacuum chamber. We set the temperature to 35
°C and cooled the sample to 5 °C at a rate of 1 °C/min. Upon cooling
through the phase transition, the crystal became opalescent as light
scattered from the domain walls. A field of 2000 V/cm was then applied
across the sample. The domains grew at 45 degrees to the direction of the

applied field. After several minutes, the individual domains coalesced into
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a single domain. By integrating the current flow through the sample, the

spontaneous polarization of the sample was determined to be 5 uC/cm?.

Figures 5-la through 5-1f illustrate the evolution of the domains

changing from time to time during the process of poling.

Figure 5-1a
As the temperature cools down to the phase transition point, domain

walls (45 degree) begin to appear inside the crystal.
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Figure 5-1b

The number of domain walls appearing in the sample increase with

time.

Figure 5-1c

As domain wall formation proceeds, the upper right part of the

sample became opalescent.
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Figure 5-1d
A field of 2000 V/cm was applied across the sample, causing the

growth of domains at an angle of 45 degree to the ¢ axis..

Figure 5-le
As the domain continues to align under application of the electric

field, the domain walls begin to merge.
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Figure 5-1f
After several minutes the individual domains have coalesced into a
single domain. The sample becomes transparant within this ferroelectric

phase.
5.3 Electronic Grating
Recording electronic gratings is the first step of the hologram

thermal fixing technique. As discussed in chapter two, the electron

transport equations in a photorefractive medium are:

ONT s . .

8tD = (I, —}—l-e; +B,)(N,—N;)— y,Nin, (5-1)
dn, ON; 10 on

£ = + — e E +eD n 5-2)
ot ot e 3x( Helte B © ox ) (
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JE, e
ox €€,

(N} =N, -n), (5-3)

where Np* is the density of ionized donor, n. is the density of the mobile
electron, Iy is the optical beam intensity, s, is the cross section of
photoexcited electrons. (¢ is the thermal excitation rate, 7. is the
recombination constant for electrons, and . is the mobility of the

electrons. Einstein relation

D_ kT
u e

(5-4)

are used here. The photovoltaic current is neglected because there is no
photovoltaic effect observed in KLTN crystals. The transient space charge

field at the fundamental grating component is

E_=-im EN(€0+lEd) (1—e™) (5-5)
E,+i(E,+E))
E, = Na_ N, (5-6)
eK, N,
k,TK
E, =——¢ (5-7)

e
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where Ey is the charge limited space charge field, Egq is the diffusion field,

and Eg is the spatially uniform applied field. The time constant T is given

by:
E +i(E +E
T=1 — ,( ot E) (5-8)
E,+i(E,+E))
hVvN
t, = , (53-9)
s,I,(1+ B hv/ (s,l,))N,
where
E# = A : (5-10)
C K,

In the absence of an external field, the time varying space charge
field can be determined by measuring the diffraction of the electronic

grating.

In our experiment, an electronic grating was recorded at -30 °C. A
weak beam (0.1 W/cm?2 ) and short writing times were used to prevent
domain reversal. A Tektronix 2440 Digital Oscilloscope was used to
monitor the displacement current flowing through the crystal. The writing
period was 10 seconds, and no external field was applied. We changed the
temperature at each point to measure the decay of electron gratings. An

external field of 1000 V/em was applied while measuring the decay rate.



96

When the temperature was lower than 10 °C, the ionic mobility was
negligible during the measurement of the decay rate of electronic gratings .
At this stage, when the electron gratings were erased, with a non-Bragg
matched Ar ion laser beam, no other grating was revealed. This indicated

that it was the electron grating which decayed.

An activation energy of E3=0.12 ¢V and a time constant of T=166 s
were determined (Figure 5-2) using eqn. (5-12). We believe this decay is
due to the diffusion and drift of shallow trapped electrons which

compensate the photorefractive space charge field.

5.4 Ionic Grating

At elevated temperature the ions mobility is much higher than the
dark electronic conductivity and cannot be neglected. The transport
equation is
on, 10 on,

—=———(eunE_—eD,

, (5-11)
ot e ox " ox

where n; is the ion density and L; is the mobility of ions. The ions drift
under the electronic space charge field. At room temperature the electronic
grating can be erased by illuminating an uniform beam. This leaves behind
an lonic grating. The ionic grating is quasi-stabilized due to partial

compensation by electronic grating and diffusion of ions.
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Lifetime of electronic and ionic gratings at different
temperatures in KLTN:Co,V,Ti crystal

107 EI 1 1) l 1 T i l ] ¥ 1] I ) i T l 1 1 ) I T 1 H I i ¥ IE
Ionic grating decay———> ]
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Figure 5-2

Decay rate of ionic and electronic gratings in KLTN : Co, Ti, V
crystal. The solid triangles represent ionic gratings and the circles

represent electronic gratings.
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An Ar ion laser beam at A=514.5 nm at a total intensity of 1 W/cm2
was used to write a hologram (Figure 5-3). The polarization of the writing
beams was normal to the applied field in order to minimize beam coupling

effects, including beam fanning.

Detector

Ar lon Laser
514.5 nm \: Erasing beam

Writing beam

/ ' . Shutter - ’

632.8 nm

Detector
He-Ne Laser

Figure 5-3

The experimental setup. The writing beam and erasing beam have
the same optical intensity. The KLTN sample was placed on a
thermoelectric temperature-controlled mount enclosed in a vacuum
chamber. The intensity of the probe beam was 10 uW/cm?2, and a
computer-controlled shutter was used to block the beam between

measurements.
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5.5 Decay of Fixed Volume Hologram

The decay of fixed volume holograms is due to the ions transport.
This transport can be determined by measuring the diffraction of ionic
gratings at different temperatures. In our experiment, the grating period
was 1 um. We calculate the diffraction efficiency as the ratio of the
diffracted power to the power incident on the crystal corrected for losses
from facet reflections. An external field of 2000 V/cm was applied to

increase the diffraction efficiency.

We recorded holographic gratings at 70 °C for 20 minutes. The
diffraction efficiency increased to a maximum in several minutes and then
decreased to a lower level indicating that the ionic grating was partially
compensating the electronic space change field. After recording the
hologram, the sample was cooled to different temperatures to measure the
decay rate of the ion gratings . The fixed grating was read out by an
extraordinary polarized He-Ne laser aligned at the Bragg angle. A non-
Bragg matched Ar ion laser beam was used to erase the electron gratings.
The dielectric constant of the KLLTN sample changes dramatically when the
temperature is close to T¢. To avoid this dependence, we measured the
diffraction when the temperature of the sample was stable. The decay of

the ionic gratings obeyed the Arrhenius form

) (5-12)

T =T,€X
r =T p(kBT
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An activation energy of E3=0.76 eV and a pre-exponential constant Tg

=5x10-9 s were fitted to the decay measurements (Figure 5-2). This result
differs slightly from the results obtained with KLTN:Cu, Ti, V [9].

In a KLTN : Cu, Ti, V sample with a phase transition temperature of
-17°C, the overall efficiency of the fixing process was investigated. A
hologram with a diffraction efficiency of 17% was stored at 5°C with an
applied field of 2000 V/cm. The sample was then heated to 70°C for 10
min and subsequently cooled to 5°C. The fixed hologram was revealed
under uniform illumination with an applied field of 2000 V/cm. The fixed
diffraction efficiency reached a value of 11%. The modulation amplitude
of the spatially perodic refractive index change of the hologram for
extraordinarily polarized light was An=1.75 x 10-3 before fixing and An
=1.38 x 10-3 after fixing. Thus about 80% of the electronic grating is
converted to a fixed grating. This indicates that the electronic dark
conductivity, which could lead to thermal erasure of the optically written

grating at the fixing temperature, can be neglected.

Unlike LiNbO3 and KNbOj3 crystals, there is no photovoltaic effect

in cubic KLTN. Diffusion and drift of the photoexcited charge carriers

under the externally applied field act to reveal the fixed grating effectively.
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5.6 Identification of Protons as the Mobile Ions

To identify a species as mobile ion, one has to show the correlation
between the species and the hologram fixing results. In LiNbO3 crystal, the
hydrogen ion has been identified [1] as the mobile ion which is responsible
for the thermal fixing process. After we found that copper is able to reduce
the hydrogen concentration in KLTN crystals, We reduced the hydrogen
concentration in LiNbO3 crystals and attempted thermal fixing. Thermal
fixing is observed even after the hydrogen concentration has been reduced.

Apparently, another species is also responsible for the thermal fixing in
LiNbOs3 crystal.

To support this claim, the fixing experiments have been carefully
done in a few KLTN : Cu, V samples. No fixed grating can be revealed

even though the electronic grating has a strong diffraction efficiency.

In the last two chapters, we have described a hydrogen diffusion
mechanism. Hydrogen ions exhibit an activation energy of 0.72 eV. The dc
conductivity measurement independently indicates a 0.7 eV activation
energy for the KLTN samples with hydrogen present. Otherwise the
activation energy is about 0.1 eV, which corresponds to shallow trapped
electrons. In the samples of KLTN : Cu, V, no hydrogen ions can be
observed. Based on this correlation, we believe that hydrogen ions are the

mobile ions responsible for the thermal fixing process in KLTN crystals.
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5.7 Summary

We have demonstrated fixing of holograms with high efficiency in
several samples of KLTN of varying dopant concentrations. Thermal
fixing occurs by screening of a photorefractive space charge field by a
mobile species (hydrogen ions in this case) at elevated temperatures
followed by the revealing of the fixed grating under illumination at lower
temperatures. The thermal decay of the hologram exhibited an Arrhenius
type dependence with an activation energy near 0.7 eV. For electron

grating decay, an activation energy Ea=0.12 eV and time constant T=166 s

were obtained.
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Chapter Six

Ferroelectric Domain Grating and Barkhausen
Noise in KLTN Doped Crystals

6.1 Introduction

Ferroelectric domain gratings induced by photorefractive space
charge fields have been reported in several ABO; type crystals[1-3].
Domain gratings can also be generated by the application of external de-
poling electric fields during or after optical exposure[4-8]. Barkhausen
current spikes arise during domain switching. They have been observed in
LiNbO3 [9], BaTiOs [10], SBN [11], and KLTN crystals. KLTN is a
photorefractive crystal [12-14] with a perovskite structure. In the
temperature range from 100 K to 400 K the ferroelectric phase transition
temperature is determined by the K/Li and Ta/Nb ratios. Above the Curie
temperature, KLTN i1s in cubic phase. The Ta/Nb ion is inside the oxygen
octahedron. In the ferroelectric phase, oxygen ions are slightly squeezed
between the K+ ions, and the stable position of Ta/Nb ions is off center
along the c axis by about 0.01A. The distortion of the oxygen octahedron
and the displacement of the Ta/Nb ions contribute to the spontaneous

polarization of the unit cell of the KLTN crystals.

In a monodomain crystal, if the local electric field is stronger than
the local coercive field and in the opposite direction, the local domain can

be switched. The photorefractive effect in the presence of a nonuniform
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optical illumination can cause a space charge field, which can be larger
than the local coercive field in KLTN crystals resulting in locally switched
domains. In this chapter we characterize domain gratings in KLTN by

measuring the diffraction efficiency and Barkhausen current spikes.

6.2 Ferroelectric Domain Grating

A domain grating was formed in the ferroelectric phase at T=0 °C
(Te=25 °C). We used a monodomain sample for this experiment with the
poling procedure described in chapter five. The holographic recording
duration was 30 seconds. The displacement current across the sample was

montitored simultaneously with the exposure.

The total beam intensity was 1 W/cmZ2. We measured displacement
current in two stages: 1) one incident beam and 2) two incident beams with
the same total intensity. The Barkhausen current spikes were observed in
stage 2 only (Figure 6-1), which indicated that domain switching occurred

due to the optically induced space charge field.

Figure 6-1(next page)

Barkhausen jumps while recording the hologram in KLTN:doped
crystal. a) Total beam intensity is 0.3 W/cmZ. Time scale is one second.
The upper curve represents current cross the crystal, the buttom curve is

the diffraction efficiency; b) Total beam intensity is 0.4 W/cm?2.
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(b)
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Exactly what configuration the domain walls took to compensate the
space charge distribution is unknown. Both 90° and 180° domains exist in
ferroelectric KLTN. We consider the 180 degree domains as the more
likely candidate. We shone a 0.01 mW/cm?2 He-Ne beam to measure the
diffraction from the domain gratings and used a 0.5 W/cm? 514.5 nm beam
to eliminate the electronic grating. The modulation of any self enhancement
[15] was severely diminished with the 514.5 nm beam thus the diffraction
was primarily from the domain grating. The diffraction efficiency of the

domain gratings was measured to be 55% . The domain grating was
electrically erasable with a 3000 V/cm external field when T>T¢-20 °C. If

the temperature was lower than T¢-30 °C, the electric field would damage
the sample before realigning the domains. If the beam intensity was over

~4W/cm2, the thermalelectric cooler was not effective and optical heating

caused the sample local temperature to rise above T¢ and the crystal to

become the paraelectric. Under this circumstance, the domains would align

randomly after the crystal was cooled to below T¢ in the absence of an
external field. Domain grating decay is shown in Figure 6-2. For T¢ > T >

-20°C, the functional fit is an Arrhenius relation with E; = 0.27 eV and a

time constant = 0.22 s. For systems that have a polarization freezing

temperature Ty, the Vogel-Fulcher law [16] describes a freezing that occurs

when the activation energy diverges. For eqn. (5-1)

g o ET
T-T,

(6-1)

where E’ is the depth of a potential well. The data from figure 6-2
indicates that Tf = -35°C; then, E’= 13 meV agrees well with the data.



108

Apparently Tr rises if T¢ is raised. This suggests that we may use high T¢

crystals to store optical data in the ferroelectric phase by domain switching.

Lifetime of domain gratings at different
temperature in KLTN:Co,V,Ti crystal
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Figure 6-2
Lifetime of domain gratings at different temperature in KLTN:Co,

V, Ti crystal.
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6.3 Optical Barkhausen Noise

As a domain is inverted, induced time-varying charges cause a
current transient, the so-called electrical Barkhausen noise. The walls

between neighboring domains carry the bound charge density

pbound = _v. Ps :

The free charge density is

pfi‘eezgogv.Esc+V.Ps :

Both the bound and the free charges will contribute to the displacement

current measured across the crystal [11].

In our experiments, a KLTN sample measuring 6.1 mm x 5.3 mm X
4.5 mm was cut and polished optically along the crystallographic axes. The
KLTN crystal was doped with Co, V, and Ti. The ferroelectric phase
transition temperature of the sample was determined by monitoring the
temperature dependence of the low frequency capacitance. The cubic to
tetragonal transition occurred at T¢ = 25°C for the sample used in the
experiment. We used a thermoelectric controller to provide a stable
temperature mount enclosed in a vacuum chamber. We set the temperature
to 35°C and cooled the sample to 5°C at a rate of 1°C/min. Upon cooling
through the phase transition, the crystal became opalescent as light is

scattered from the domain walls. When a field of 2000 V/cm was applied
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across the sample along the direction [001], the domains grew at 45 degrees
to the direction of the applied field. After several minutes, individual

domains disappeared, indicating that the sample became monodomain.

Three types of current transients across the crystal were observed

(Figure 6-3):

A Current (nA)

Figure 6-3a
Type I current jump observed in KLTN crystals. Both the rising
edge and falling edge are smooth. Time period is about 2 seconds. The

varying-charges are around 5 nC.



Figure 6-3b

Second and Third types current jumps. Leading edge is sharp in type
IT and falling edge is sharp in type III. Time duration is typical 0.1 s for
type 11, 0.5 s for type III.

The time duration of the first type of spike 1is on the order of a
second, and both the rising edge and falling edge are smooth. The second
type of jump has a sharp leading edge and an exponentially decay falling
edge. The rising time is about 10 ms and falling time 100 ms. The third
type of jump has a gentle rising edge but a sharp falling edge. Jumps of the
first and second type jumps have been classified in reference [17]. Jumps
of the first type appear for all values of the switching fields. It is expected
during the relatively slow sideways (perpendicular to the ¢ axis) growth of
domains [18]. Jumps of the second type usually happen under strong fields.
The sharp leading edge corresponds to a fast nucleation event, and the

subsequent exponential decay is associated with the growth of the domain.
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The third type of jump has not been reported previously. It may not be due
to a single event but rather to multiple events happening in a relatively
short time period. The time scale of current jumps in KLTN is much
smaller than similar events in barium titanate [10] and strontium barium
niobate (SBN) [11]. The possible explanation is that Ta/Nb ions in KLTN
have more difficulty moving around the center point than Ti ions in the
oxygen octahedron. SBN has a unit cell with tungsten bronze structure so

that its Nb ions are less confined than in the perovskites unit cell of

KLTN.

A Current (nA)

Figure 6-3c

Several current jumps can be seen in this picture.

When a domain grating is formed, significant depolarization fields

are generated at the 180° domain walls. For the resulting domain
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configuration to be stable, the depolarization fields must be compensated by
free charges especially at T close to T¢(Tc-T~10°C, 1.e.), otherwise the
domains may realign even without external fields. When writing
holograms, an electronic grating builds up a space charge field which
modulates the domain configuration. Once the domain grating is saturated,
the electronic grating provides a screening field to keep the domain
configuration stable. When erasing the electronic gratings, the diffraction
efficiency decreased to a lower value (but not zero) until saturated, which

indicated that the electronic grating was gone (Figure 6-4a).

Figure 6-4a

The upper trace represents optical power of the diffraction beam
and the lower trace the transmission beam. Because the electronic gratings
and domain gratings are in phase, the diffraction efficiency does not pass

through zero upon reconstruction, but decays to the remnant value.

Because the phase shift of spatial electric fields between the

electronic grating and domain grating is near zero, the total space charge
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fields as well as the diffraction efficiency are never equal to zero when
erasing the electronic grating.

The domain grating can be erased by applying a 2000 V/cm external
field (Figure 6-4b).

Figure 6-4b

Time scale is 2 seconds. The upper trace represents the current
across the sample, the lower trace the diffraction efficiency of domain
gratings. The domain realignment causes the domain grating to change and
the diffraction efficiency goes down dramatically after an external field of

2000V/cm is applied across the crystal.

When most of the domains realigned, as evidenced by the appearence
of a large current jump, the former domain grating was changed and the
diffraction efficiency went down dramatically. Temperature is another

factor which affects the stabilization of domain gratings. For example, if
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temperature is close to the Curie temperature (0 < Te-T < 10), a

macrodomain may realign resulting in a current spike while the diffraction

efficiency drops by nearly 50% (Figure 6-4c¢).

A Current (nA)

Figure 6-4c
The diffraction efficiency goes down by the order of 50% during a
single Barkhausen current spike which corresponds to a macrodomain

switching.

6.4 Summary

We have demonstrated domain switching due to the photorefractive

space charge field in ferroelectric phase KLTN:Co,V,Ti crystals. The
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diffraction efficiency of reversed domain gratings is about 55% in a 2mm
thick crystal.

Three types of current pulse shapes associated with ferroelectric
domain reversal induced by photorefractive space charge fields in KLTN
crystals have been observed. Microdomain switching produces in a time
varying-charges from 0.1 to 1 nC, Macrodomain reversal includes time
varying-charges up to 0.1 uC. Domain gratings with head-to-head
configuration are unstable when the temperature is close to the Curie

temperature.
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Chapter Seven

Hydrogen ion and thermal fixing of volume
hologram in Potassium Niobate

7.1 Introduction

The properties of thermally fixed holograms in pure KNbO3 and
KNbO3:Fe samples have been investigated in this chapter. Potassium
niobate is a ferroelectric crystal, and exhibits two-phase transition
temperatures, one at 210°C and the second 425°C. At room temperature, a
monodomain sample is a good material for dynamic holography due to its
lafge electro-optic coefficients and high photoconductivity [1-5]. Thermal
hologram fixing has also been reported [1]; in this material however, fixing
efficiencies were less than 1% in a 2 mm thick sample and the fixing
species was not identified. In this study, the time constant and activation
energy of the fixing species were determined. The results agree with the
hydrogen ion diffusion model in a perovskite crystal [6], indicating that
hydrogen ions are involved in the thermal fixing process. Because
potassium niobate crystal has an orthogonal structure with space group
mm2, OH bands are three dimensional polarization dependent at room

temperature.

A special cut of iron doped potassium niobate crystal was designed to

achieve the maximum exponential gain coefficient for thermal fixing of
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volume holograms. A significant enhancement of diffraction efficiency of

the fixed grating 43% is measured.

7.2 Anisotropic Activation Energy of Hydrogen Ion

In chapter four, we discussed the double well potential energy model
describing hydrogen ion hopping between the two oxygen ions. The
activation energy for hydrogen ion diffusion is given by the difference of
the energy barrier height and the zero point energy. The zero point energy
is the same along a, b ,or ¢ direction. The energy barrier is the dominate

factor in the value of activation energy along each direction.

In potassium niobate crystals, oxygen octahedron distort in such a
way that the short distance between the two nearest neighbor oxygen ions is
2.79 angstrom and the longer one is about 2.86 angstrom. This leads to an
anisotropic activation energy for a hydrogen ion hopping in the crystal.
Combining the theoretical model in chapter four and the FTIR spectra data
in this chapter (section four), we find that the activation energy for

hydrogen ion is 0.64 eV and 0.81 eV along b and ¢ directions, respectively.

7.3 Special Cut Sample

In order to obtain the highest diffraction efficiency, the exponential

gain coefficent I' must be maximized by selecting the appropriate facet

orientation. The value of I' depends both on the material parameters (such
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as the density of mobile charges Ny, the effective electro-optic coefficient
Yetr, and the dielectric constant €) as well as external controlled parameters
(such as the angle 26 between the two beams, and the angle B between the
bisector of the two beams and the c axis in the crystal). Assuming that the
induced index grating is phase shifted by n/2 relative to the intensity

distribution, the exponential gain coefficient I" is [7]:

= , (7-1)
2nc cos@

where o is the optical angular frequency, c the velocity of light, and n the

refractive index chosen according to the beam polarizarion. In the absence

of an extenal electric field, the space charge field Eg. induced by the

interference patten is :

k,I" Kcos20
se 2 2 (7-2)
g 1+K*/K;
4 2
K="""sine ., Kk2="9N (7-3)
A K, Tee,

where A is the vacuum wavelength, €g, the dielectric constant along the
grating vector, and 26 the angle between the two beams. The 7. is the

effective Pockel coefficient of the iron doped potassium niobate crystal.

For the extraordinary polarized beam Y. in the c-b plane is [7]:
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cos ,B

Y = ———[n, ¥, (cos260 —cos2fB) +4n.n’y,,sin’ 6
(7-4)

+nl Y., (cos 20 +cos2)]

where v;; are the elements of the linear electro-optic tensor, ny and n. the
principal indices of refraction at a wavelength A. For potassium niobate
crystals at A=514.5 nm, np=2.393, n.=2.211, 7,3=1.3 pm/V, Y33=64 pm/V,
and Y4,=380 pm/V [8]. The exponential gain coefficient can be obtained as a
function of angles § and 6 according to egs (7-1)-(7-4). A computer-
generated three dimensional plot of the exponential gain coefficient I’
versus the angles 3 and 6 is presented in figure 7-1 to aid in visualizing the

complicated behavior of the gain.

The optimum value of [ corresponding to the maximum I is
approximately 40° to the c axis and is nearly independent of N over the
range from 1076 cm-3 to 1017 cm-3. The angle 0 is chosen to be 8° for our

experiments.

An iron doped potassium niobate crystal is cut as 40° to the ¢ axis in
the c-b plane (Figure 7-2). The thickness of the sample is 4 mm. The
sample was placed on a thermoelectric temperature-controlled mount
enclosed in a vacuum chamber. Holographic gratings were written using
two beams with 400 mW/cm? intensity from an Ar* laser operating at
514.5 nm. The beams were expanded to completely illuminate the sample
and were ordinary polarized in order to minimize coupling effects. The

full angle between the writing beams was 16 degrees (Figure 7-2), which
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resulted in a grating period of 1.9 um. The grating vector was oriented 40°

to the ¢ axis in the c-b plane.

2000 &

2000
I

1000

0

Figure 7-1
A computer-generated three dimensional plot of the exponential gain
coefficient T" versus the angle B and 0. Roughly speaking, the maxiumum T

is corresponding to B=40° and 6=8°. I unit is m-1.
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0=8°
b axis ¢ axis
_ B=40°
KNbO;:Fe
crystal
-

Laser beams, A=514.5 nm

Figure 7-2
An iron doped potassium niobate crystal was cut as shown to reach
the maximum gain. Two writing laser beams is at A=514.5 nm with full

angle 23=16°. The angle B is about 40°.

The hologram was read out with a weak He-Ne laser beam (633 nm)
aligned to the Bragg angle. No external field was applied to the sample.

The diffraction efficiency is defined as the ratio of the diffracted to
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incident intensities corrected for surface reflections. The intensity of the
probe beam was 10 uW, and a computer-controlled shutter was used to

block the beam between measurements.

The KNbOs3:Fe sample was heated to 110°C. The writing beam then
illuminated the sample for a period of three hours. The diffraction
efficiency increased to about 66% in a few seconds and then dropped due to
ionic screening at a much slower rate. The electronic hologram was next
erased by illuminating the crystal with a non-Bragg matched Argon ion
laser. When this erasure of the electronic grating was complete, the
diffraction efficiency first dropped in a short time and then rose, until it
saturated at 43% (Figure 7-3). The sample was then quickly cooled to a
lower temperature to measure the decay rate of the fixed ionic gratings.

The decay rate at 110°C was also measured.

Figure 7-3a

The diffraction efficiency changes during the process of erasing the
electronic gratings. When we started to erase the electronic grating, the
diffraction efficiency first dropped and then rose until saturation which

indicates that the electronic grating has disappeared.
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Figure 7-3b

In a regular cut sample, the thermal fixing experiments has also been

done. The diffraction efficiency of fixed grating reached a value of 16%.
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The fixed holograms were observed to decay at a rate that is
independent of illumination. Neglecting the electronic dark conductivity,
the decay time for fixing with an ionic species is essentially given by the

dielectric relaxation time of the sample [9]:
T = (wi+DiK2+iKu;Ep)-1,

where i=(etinjo/e) is the ionic dielectric relaxation frequency, i is the
ionic mobility, njp is the ionic density, € is the dielectric constant, D; is the
ionic diffusion constant, K is the grating wave vector, and Eg is the applied
field. Hologram decay measurements were made in the temperature range
of 50°C to 110°C. The fixed grating was read out by an extraordinarily
polarized He-Ne laser aligned at the Bragg angle. Figure 7-4 shows the

diffraction beam intensity vs. time. A function of {exp(-t/’(;b)+e><;p(-t/*(jc)}2

was used to fit the decay curves, with excellent agreement.

In potassium niobate crystals, hydrogen ions are hopping between the
two nearest oxygen ions. The distance between the two nearest oxygen ions
are different along the three principal axes. This may cause different
behavior for hydrogen ion hopping along the different directions. In other
words, the ionic moblity is isotopic in potassium niobate crystals. This is
confirmed in our experiments. In particular, the decay of the ionic gratings

obey the Arrhenius form for both the b and ¢ direction:
T, =T exp(E: /K,T) (7-52)

T, =T exp(E;/K,T). (7-5b)
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For the c direction, the activation energy E is 0.81 eV, and the time

constant T is 2.9x10-7 s. This result is similar to the result in reference [8].

For the b direction, the activation energy Ea is 0.64 eV, with a time

constant Tg is 1.5x10-3 s. (Figure 7-5).
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Figure 7-4

The diffracted beam intensity drops with time at 110°C. The
function {exp(—t/’(;b)-!—exp(—t/’cc)}2 was used to fit the experimental data,
(assuming protons correspond to the decay along two directions) with
excellent agreement. The solid line is the theoretical curve and the open

circles are the experimental data.
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Figure 7-5

The decay rate of ionic gratings measured by the holographic
method in an iron doped potassium niobate crystal. This decay corresponds
to the hydrogen ions hopping along the b axis. The activation energy is

about 0.64 eV with a time constant 1.5x10-5 s.
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To wverify the activation energy along the b direction, a dc
conductivity measurement was performed in vacuum for temperatures
between 283 and 383K. Expressing the conductivity by

o=0,exp(—E,/K,T). (7-6)

The activation energy E4 for hydrogen ion migration was found to be 0.64
eV (Figure 7-6), which is consistent with the hologram decay
measurements.

Similar experiments along the ¢ direction was unsuccessful because
of strong current fluctuations. This may arise from domain switching when
an external field is applied along the c¢ direction, and is enhanced at

elevated temperatures.
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Figure 7-6 (previous page)

Measured temperature dependence of the hydrogen ion conductivity
between 283 K and 383 K in iron doped potassium niobate crystal along the
b direction. The activation energy, proportional to the slope of the curve,
is about 0.64 eV. This data is consistent with the hologram decay

experiments in figure 7-5.

7.4 3D Polarization of OH Band

Absorption bands countered at the wave-numbers 3504 cm-! and
6843 cm-! have been observed in potassium niobate crystals. These
absorption bands correspond to the transition energies of O-H stretching
vibration, from the ground state to the first excited state and to the second
excited state, respectively. Absorption bands around 3992 c¢m-! and 4476
cm-! are attributed to the combination of O-H vibration plus libration. The
integrated absorption intensities around 3504 cm-1, 3992 cm-1, and 4476
cm-! arise from the dimensional polarization dependence which arises from
the anisotrpic motion of hydrogen ions in the lattice.

Potassium niobate (KNbO3) is an important optical material for both
frequency conversion [2] and photorefractive [3, 4] applications. The best
photorefractive properties are normally achieved in iron doped crystals [5].
The large photoconductivity of KNbO3 is responsible for the observed fast
recording times and for the relatively fast erasure times of the hologram

during readout. However, a nondestructive readout of stored information is
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needed for various applications, e.g., optical signal processing and
associative memories. In reference [10], we reported the high efficiency
thermal fixing of volume holograms in potassium niobate crystals.
Hydrogen ions play an important role in the process of thermal fixing.
Potassium niobate crystal has a perovskite structure with space group Coy
(mm2) at room temperature.  An interstitial proton binds with an adjacent
oxygen ion to form an [OH-] center, giving rise to a stretching-mode
absorption in the infrared. This has been reported in many ABO3 type
crystals such as lithium niobate [11], barium titanate [12] and potassium
tantalate [13], etc. Beside the vibration, [OH-] bands also display librational
motion [14]. The integrated absorption intensity is proportional to the
[OH-] band concentration in the certain polarization. This enables us to
compare the [OH-] band concentration differences between the different
polarization. The polarization dependence of the integrated absorption
intensity corresponds to the hydrogen ions distribution along the different
axes 1in the crystal. In this study, we investigated the properties of hydrogen
1on in the lattice of potassium niobate through FTIR spectra.

Iron doped and undoped potassium niobate crystals are employed in
our experiments. The samples are cut along the a, b, and ¢ directions and
optically polished. The IR absorption spectra characteristic of the
stretching vibration of the [OH-] were monitored using a FTIR
spectrometer(Mattson Instruments Inc. GI1-2020). All spectra were
recorded at room temperature. Linearly polarized light is used to obtain
the polarization dependence of the integrated absorption intensity. The IR
beam 1is incident normally to the surface of the sample. All the data were

averaged over 100 to 1000 measurements depending on the signal to noise
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ratio. Figure 7-7 shows the FTIR spectra at different spectral region. The
strongest absorption peak is around 3504 cm-! (Figure 7-7a), which
corresponds to the transition energy between ground state and the first

excited state of [OH-] vibration.
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Figure 7-7a
[OH-] absorption spectrum of potassium niobate crystal near 3504
cm-L. It corresponds to the transition energy between ground state and the

first excited state of [OH-] vibration.
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The transition energy between ground state and the second excited
state displays an absorption peak around 6843 cm-! (Figure 7-7b). The
absorption bands around 3992 cm-! and 4476 cm-1 are attributed to the

combination of the [OH-] vibration plus libration (Figure 7-7c¢).
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Figure 7-7b
[OH-] absorption spectrum of potassium niobate crystal near 6843
cm-1. It corresponds to the transition energy between ground state and the

second excited state of [OH-] vibration.
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[OH-] absorption spectrum of potassium niobate crystal in the range
of 3950 cm and 4550 cm. The absorption peaks near 3992 cm-! and 4476

cm-! are attributed to the combination of [OH-] vibration plus libration.
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The measurements of the polarization dependence of [OH-] band
absorption are carried out as follows: The three principal axes of the
crystal are along the beam propagation direction, the horizontal direction,
and the vertical direction, respectively. The zero degree polarization is
chosen in the horizontal direction. The polarizer is rotated by 10 degrees
per step and measurement is performed at each step, until the polarization

is rotate a 90 degrees. The experimental results are shown in Figure 7-8.

near 3504 (cm™)

Integrated absorption intensity (a.u.)

0 20 40 60 80
Angle
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Figure 7-8 (previous page)

Angular dependence of the polarization characteristics of the [OH]
stretching vibration in a potassium niobate crystal. The "a-b plane” means
that the polarization is in the a-b plane and angle with respects to the a  axis,

and so as to the other plane.

The integration is calculated in the range of 3520 cm-! and 3490 cm-l.
When the polarization is in the c-a plane and along the ¢ axis (the beam
along the b axis), the integrated absorption intensity is almost 6.5 times
larger than that for polarization along the a axis. In the c-b plane, the
difference of the integrated absorption intensity is about a factor of 5
between the two perpendicular polarizations along the axis. In the a-b
plane, the difference is about a factor of 1.3. All curves follow a Sin2(8)
function. Here 0 is the angle with respect to one principal axis as specified
in the figure caption. These results indicate that most [OH-] bands are
oriented along the c axis of potassium niobate crystals. For the purpose of
comparison, similar FTIR data is taken for lithium niobate crystals, where
most of the [OH-] bands are perpendicular to the ¢ axis. The integrated
absorption intensity is about 20 times different for polarizations oriented

perpendicular and parallel to the ¢ axis.

The energy levels of [OH-] libration are [9]:

E' =(+1/)ho' . (7-7)
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h®' was determined from the FTIR spectra to be 0.06 eV and 0.12 eV for
3992 cm! and 4476 cm-l, respectively. Unlike KLTN crystals [5], in
potassium niobate crystals the energy levels of [OH-] libration are different
along each axis. Figures 7-9, 7-10 give the polarization dependence of

integrated absorption intensity near 3992 cm-! and 4476 cm-!.
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Figure 7-9
Angular dependence of the polarization characteristics of the [OH-]

vibrational-librational combination side band around 3992 cm-1.
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Angular dependence of the polarization characteristics of the [OH-]

vibrational-librational combination side band around 4476 cm-!.
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The strongest absorption around 3992 cm-! is along the a axis, which
indicates that [OH-] libration along the a axis is due to the [OH-] bands
along either the b or the c axis, where the transition energy for this
libration is 0.06 eV. In the a-c plane (Figure 7-9), the difference of
integrated absorption intensity between the a axis and the ¢ axis is about 23
to 1. In the a-b plane (Figure 7-9), it is about 15 to 1. Similarly the
strongest absorption around 4476 cm-!l is along the b axis which indicates
that [OH-] libration along the b axis is more likely due to the [OH-] bands
along the c axis. In the a-b plane (Figure 7-10), the difference of integrated
absorption intensity between the a axis and the ¢ axis is about 1 to 4. In the
c-b plane, it is about 1 to 5.3. The transition energy for this libration is

near 0.12 eV.

In KLTN crystals, we are able to reduce the hydrogen ions
concentration by doping with copper. The absorption peak near 4490 cm-!
disappears only in crystals which show no absorption peak near 3512 cm-l.
This is direct evidence to support that the origin of the absorption at 4490

cm-! is due to the combination of [OH-] vibration plus libration.

In the potassium niobate crystal, it was found that the stongest
absorption near 3504 cm-! occurs for light polarized perpendicular to the
light polarization of maximum absorption near 3992 cm-! and 4476 cm-1.
This indirect evidence also supports the claim that the origin of the
absorption at 3992 cm-1 and 4476 cm-! is due to the combination of [OH-]

vibration plus libration.



141

7.5 Summary

A suitably cut iron doped potassium niobate crystal was designed to
achieve the maximum exponential gain coefficient. Volume holograms are
thermally fixed in this sample through the screening of a photorefractive
space-charge field by hydrogen ions at elevated temperatures. A  diffraction
efficiency of 43% in a 4 mm thick KNbO3:Fe sample is measured. The
activation energies of the holograms' thermal decay are determined to be
0.81 eV and 0.64 eV for the KNbO3:Fe sample, which corresponds to

hydrogen ions hopping along the ¢ and the b axis, respectively.

We have also demonstrated that most [OH-] absorption bands in
KNbO3 arise from vibration along the ¢ axis in both the iron doped and
undoped crystals. Absorption bands near 3504 cm-! and 6843 cm-l
correspond to the transition energies of O-H stretching vibration, from the
ground state to the first excited state and to the second excited state,
respectively. The absorption bands near 3992 cm-l and 4476 cm-l are
attributed to the combination of O-H vibration plus libration. The
integrated absorption intensities near 3504 cm-1, 3992 cm-1, and 4476 cm-1
display three dimensional polarization dependence arising from the
anisotrpic motion properties of hydrogen ions in the lattice. The strongest
absorption around 3992 cm-! is along the a axis which indicates that [OH-]
libration along the a axis is attributed to the [OH-] bands along either the b
or the c¢ axis, whose transition energy for this libration is 0.06 eV.

Similarly, the strongest absorption around 4476 cm-l is along the b axis
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which indicates that [OH-] libration along the b axis is attributed more

likely by the [OH-] bands along the ¢ axis.
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Chapter Eight

Topological Distribution of Optical Mixing
Phase Matching in Biaxial Crystals

8.1 Introduction

The nonlinear optical response of a material can produce optical
frequency conversion. Three-wave mixing process involves two optical
waves which produces a third (sum/difference) wave within a nonlinear
optical medium. Sceond harmonic generation is thought as a degenerate
case of three-wave mixing in which both waves have the same optical
frequency. In order to use bulk crystal to achieve efficient frequency
conversion, a technique called phase matching is applied. This technique
takes several forms, including birefringent (angle/temperature) phase
matching [1,2], quasi-phase matching [3-6], and self-phase matching [7] .
Our focus will be on the birefringent (angle) phase matching, in which the
direction of the optical beam within the crystal is selected for efficient

frequency conversion.

Suitable nonlinear optical crystals are essential to produce nonlinear
optical effects. A crystal may have one or two optical axes, in which case
it is designated uniaxial and biaxial. We only consider the biaxial case here.
Figure 8-1 illustrates the projection of refractive index ellipse on the x-z

plane for biaxial crystals.



Optic axis

Figure 8-1

The projection of refractive index ellipse on the x-z plane for biaxial

crystals. 2€2 is the angle between the two optics axes .

KTiOPO4 (KTP), KNbO; (KN) and LiB3Os (LBO) are all
outstanding biaxial NLO crystals with space group mm?2 [8-10]. Second
harmonic generation of solid state Nd:YAG lasers and tunable optical
parametric oscillators have been demonstrated in all three crystals. These
materials form the basis of many NLO devices commercially available. The
nonzero elements in the second order nonlinear optical coefficient tensor
for biaxial crystals are deducible from the symmetry operations. These
tensors are usually based on the crystallographic axes. The relationship of
the principal axes of refractive index to the crystallographic axes is to some
extent arbitrary, depending on the particular crystal. These will be

described in this chapter.
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8.2 Optical Mixing

The nonlinear optical response of a medium is described by an
expansion of the induced optical polarization P in powers of the electric

field amplitude E [11]:

P(t)=¢ex,E +d, EE +4y. EEE+.. (8-1)

The term d;xE;Ex describes first order optical nonlinearities responsible
for three-wave mixing phenomena. These nonlinearities include second
harmonic generation, and sum/difference frequency generation. Consider

the interaction of a monochromatic wave:

. 1 : .
ol __ wl _iwlty __ wl iwlt wl _—iolt
E” =Re(Ee )—-E(Ej e +E"e) (8-2)

with a crystal whose response is given by equation 8-1. This interaction
mixes the two waves to produce new waves at the sum and difference
frequencies. The optical wave at the sum frequency is induced by the term

of the optical polarixation given by:

O3=0,+®, __ 03,0,,0, 70, 0
R el (8-3)

11
Jik

Second harmonic generation is the degenerate case of three-wave

mixing:
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Zdz“’ "0 EE; (8-4)

ijk

The coupled wave equation describing the evolution of the second

harmonic optical beam as it passes through the nonlinear crystal is given by

[11]:

2w
&g — —ia)\/ﬁdza) w,0 [Ew<Z)] iAkz (8-5)
Z

Assume the crystal length is L. The output power P2® at a distance z=L

from an input plane wave E® at z=0 is:

7 32 2 wwwN\2 72
© o (d L
pro g VR Oy T G kL r2). @)
A \g, n

Figure 8-2 shows that when the phase matching condition is satisfied, two

waves at ®] and 7 interact within the NLO crystal, generating a third

wave at m3.

8.3 Phase Matching in Biaxial Crystals

In equation 8-6, Ak is the wavevector mismatch. To obtain
significant second harmonic power it is necessary that Ak = 0. This is the
phase matching condition, which is formally equivalent to a momentum

conservation relation for the nonlinear interation.
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NLO Crystal M3
orientation 0,

> ().355 Lm
1.064 um
0.532 um 0.532 um

Figure 8-2

Upper figure illustrates that under phase matching condition, two

waves at 0] and 7 interact within NLO crystal generating a third wave at

3. Lower figure gives an example of using two pieces of the NLO crystal

with different angles cut to obtain three frequencies from a solid state

Nd:YAG laser.

Ak:ll?w—zéw(:g—@(nw—nw). (8-7)
C
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In normally dispersive materials, phase matching can be achieved by

utilizing the anisotropic property of birefringence for certain wavelengths.

In three-wave mixing, we assume that @, < @), < (), . The energy

conservation relation gives:

W, + 0, =0, (8-8)

and the phase matching condition gives:

n,, +n,0, = n,0,. (8-9)

In general, two types of phase matching are possible. Type I
describes the situation in which the optical waves at ®; and ®, are of the
same polarization. Type II describes the situation in which the optical
waves at ®; and ®; are of orthogonal polarizations. In a biaxial crystal, the
refractive index of an optical beam propagating along the direction (8,0) is

given by :

Sin*0Cos* @ ) Sin*6Sin’ @ N Cos’0
n’—n’ n—n’  n?-n;

=0. (8-10)

2

where ny, ny,and n, are principal refractive indices and ny < ny < ng is

assumed. Two real solutions of refractive index n' and n" exist for three

waves at @1, 02, and ®3. The following condition is also assumed:
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n>n ;n,>n,; n,>n,. (8-11)

The index of refractive requirements for the two types phase

matching are, by momentum conservation:

R )

n,=—tn +—2n, (8-12)
o, o,

.0 0, . W . O,

n,=—tn +—2n, n,=—n+—2n,. (8-13)
o, o, o, o,

(8-12) is for type I, (8-13) is for type II.

By solving the equations (8-10), (8-12) and (8-13), all of the
directions (0,¢) which satisfy the phase matching conditions can be
determined. The intersection of these directions (6,p) and the surface of
the refractive index ellipse forms a closed loci in 3D space. In the
following section, a stereographic projection is used to aid in visualizing

the distributions of the loci.

8.4 Topological Distribution

The stereographic projection is a common tool to assist in analyzing
the structure of a crystal. Any point on a sphere given by an angle (6,9)
can be mapped to a plane in such a way that arbitrary point P(x,y) is

determined by
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_ SinfCosp _ Cos0
1+Sin6Sing " 1+Sin6Sing

(8-14)

Figure 8-3 illustrates a stereographic projection (only a quadrant is needed
in general). To study this distribution of angles, we divide this projection

to four parts:

Al) 0°<B6< Q, ¢ =0°
B1) Q <0< 90°, o =0°
B2) 0 = 90°, 0° << 90°
A2) 0° <6 <90°, ¢ = 90°

o]

9 n,
__q_ﬁ__
0 <
) l
/
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Figure 8-3(previous page)

Two typical phase matching curves projected stereographically. The
solid line represents type I phase matching. The dashed line corresponds to
type II phase matching and appears on the near side to the original point.

The optics axis is at 6 ~ 58°.

In optically well-behaved biaxial crystals, phase matching loci start at
part Al or A2 and end at B1 or B2. There are thirty possible distributions
of loci for the phase matching of three-wave mixing processes in biaxial
crystals. They are shown schematically in figure 8-4. Quadrants with the
principal refractive index x axis to the left, the principal refractive index y
axis out of page and the principal refractive index z axis towards the top of
the page. The continuous lines are the loci for type I processes and the
dashed lines are for type II processes. The lines drawn between quadrants
in figure 8-4 represent transitions from one critical phase matching
situation to another wherein non-critical phase matching occurs because of
an accidental equality of certain refractive indices. This case only occurs
along either the x, y, or z axis. Processes involving parallel polarizations
(type 1) are seen to be phase matched along cones of whose vertices lie on

the optic axes.

In general, the energy conservation relation for nonlinear processes
involving many optical waves at different frequencies is:

W, + 0, +..+0,_ = O (8-15)

N
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Figure 8-4

Schematic diagram of the possible loci of directions for phase
matching in optically well behaved biaxial crystals. The continuous lines

refer to type I, and the dashed lines to type II processes.
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and the following relation is also assumed:

0<0,<.<O_ <O, . (8-16)

To simplify the mathematics, we define:

w
H = —. (8-17)
20,
g=1

Then phase matching condition is expressed as:

s—1
n.=Hpn,. (8-18)
=1

For type I phase matching, the refractive indices satisfy:

" S._l '
n, = z—sz’n’ (8-19)

and for type II phase matching:

" S_l ' "
n, = z—le’(n’ Un,) . (8-20)

The total number of possible distributions for phase matching is:
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2sl

2[(p—r+1) +22p] : (8-21)

In the first part of the square bracket, r is the fold numbers of
degeneration. For example, second harmonic generation is one fold
degeneration in three-wave mixing. The second part in the square bracket
can be ignored in the general case. It must be counted only if the loci of
phase matching start at part Bl and end at part B2 in figure 8-3. And it

does not occur in optically well-behaved biaxial crystals.

8.5 Effective NLO Coefficient

Under the phase matching condition, the second harmonic power
grows quadratically with the effective nonlinear coefficient. According to

equation 8-6,

2w 2 72
P ~d L. (8-22)

The effective nonlinear coefficient der is a function of djx and the
orientation of the crystals. For type I and type II phase matching, the
effective nonlinear coefficients are given by [12]:

I e2 el el
d,=d,a"a a (8-23a)

dy =d,a’ala (8-23b)
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where
CosO0CospCoso — Sin@Sind
a‘ =| Cos6SinpCosS + Cos@Sind (8-24)
—Sin6Cosd
—Cos0CosSind — Sin@pCosd
a® =| —Cos0Sin@Sind + CospCosd (8-25)
Sin6Sind
and
2 2 _ 2 2 .2
c1g25 = ctg"QSin" 0 —Cos 0Cos @ + Sin" @ (826)

CosOSin2 ¢

8.6 KTP, LBO, and KN Crystals

The third order tensor has a total of 27 elements. By considering the
symmetric properties of djj, that is, dijjx = dikj, the maximum number of
independent elements reduces to 18 [13]. It is possible to compress the
index notation of the djj. The index i is left unchanged and jk is

transformed to :
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kj new index
11 -> 1
22 -> 2
33 -> 3
23,32 -> 4
13, 31 -> 5
12, 21 -> 6

This notation often simplifies equations considerably and will be used
wherever convenient. However, it must be used with care because tensors
contracted using this notation no longer obey tensor transformation and

multiplication properties.

The nonzero elements in djjx for biaxial crystals are deducible from
the symmetry operations for each point group. For mm2 (C,,) group, the

nonzero elements are :

0O 0 0 0 45 0
d,=10 0 0 4, 0 O (8-27)
d31 d32 d%% O 0 O

These tensors are wusually referred to axes defined by the
piezoelectric convention which is based upon the crystallographic axis. The
relationship of the optical indicatrix to the crystallographic axes is to some

extent arbitrary, depending on the particular crystals. It is more convenient



158

when considering phase matching to transform the djjx tensors from the

piezoelectric axes to the principal axes X, y, and z of the optical indicatrix.

KTP, LBO, and KN crystals are in the same point group. After the

transformation, the nonzero elements of the d;jx tensor are:

X
KTP vy

LBO vy

KN y

m

m

2

m
2

m

3

0 00 04d;0
0004d,00 (8-28)
d31d32d33 000

0 0 00 O0d;
dy, dy,;d,, 0 0 0 (8-29)
000¢04d,0

d33 d32 d31 000
0 0000O0d,|]|. (8-30)
0 000d;0

From equations 8-23 through 8-30, we obtained the effective nonlinear

coefficient for the mm2 group, in particular for KTP, LBO, and KN. The

results are listed in table §8-1. The phase matching directions must be in

either x, y, or z plane in order to reach the maximum coefficient.



Table 8-1

The effective nonlinear optical coefficient for the crystals with mm2

point group. The phase matching directions are in either x, y, or z plane in
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order to obtain the maximum coefficient.

Crystals| Orientation derr (type I) dere (type II)
mm?2 0 = 90° 0 d24Cos® + d;5Sin@
(KTP) ¢ =90° 0 disSinf
0=0°0<Q d;,Sind 0
0=0°%0>Q 0 d»4Sin6

m2m 8 =90° d3,Cosf 0

(LBO) ¢ =90° 0 d;sCosB
0=0°06<Q 0 d»4SinO - d;5CosH
©0=0°0>Q d;;CosB + d3,Sin6 0

2mm 0 =90° d3;Sin@ 0

(KN) ¢ = 90° d;3Cos0 + d3;Sin6 0
0=0°0<Q d;3CosH 0
0=0°0>Q 0 d;sCos6

8.7 Summary

It has been shown that the phase matching for three-wave
interactions in biaxial crystal can be achieved in two types. The directions
of polarizations in biaxial crystals are governed by the Biot-Fresnel law,
which is shown analytically by equation 8-10. The general expression of

the effective second order nonlinear coefficients in biaxial crystals under
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the phase matching condition can be derived by taking into account the
projection of the generated polarizations in the directions of the respective

optical electric fields.

The topological distributions of phase matching loci has been
described. Three-wave mixing processes display thirty types of possible
distributions. Second harmonic generation is the degenerate case of three-

wave mixing, displaying 14 types of phase matching loci.

The optimum operating directions under the phase matching
condition in biaxial crystals can be obtained from the calculation of the
effective nonlinear coefficients. In order to utilize bulk crystal and to
achieve efficient conversion, the phase matching direction must be within

the principal plane.

Finally, a set of analytical expressions of effective nonlinear optical
coefficient for the crystals with mm2 point group is given. The phase
matching directions are in either X, y, or z plane in order to obtain
maximum coefficient.
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