
Risø-R-880(EN)

Magnetophotorefractive Effect and
Interference Filters in Lithium
Niobate
Carsten Dam-Hansen

o-

- 5 -

(O
O

o
<u - i n -

-15"

-3dB

• • *

A ; W I M = °-06

S
a

° " -D " i
cP

• •
D a " D

•
• •

-0,20 -0,10 0,00 0,10

Wavelength detuning [Å]
0,20 0,30

Risø National Laboratory, Roskilde, Denmark
March 1996

?• 7 ri 1 3



Magnetophotorefractive Effect and
Interference Filters in Lithium
Niobate

Carsten Dam-Hansen

Risø National Laboratory, Roskilde, Denmark
March 1996



Abstract This thesis deals with the fundamental photorefractive and photo-
voltaic properties of iron-doped lithium niobate crystals.

Experimental observations of a strong magnetic field effect on the energy cou-
pling and grating formation in a vectorial interaction scheme are presented. To
the author's knowledge these are the first reported results in the field. It is shown
that an enhancement of the diffraction efficiency of 60 % is possible by applying
even a moderate magnetic field of 0.23 T.

A new theoretical model of the magnetophotorefractive effect in the vectorial
interaction scheme is presented. It describes the space-charge field formation, two-
wave mixing and grating formation under the influence of an externally applied
magnetic field. Good agreement with the experimental results and the first mea-
surement of nondiagonal components of the magnetophotovoltaic tensor are re-
ported.

A theoretical model for the temperature properties of photorefractive interfer-
ence filters with subangstrom bandwidths are presented and compared favourably
with experimental investigations. A novel method for determining the spectral re-
sponse of these filters from a combined thermal and angular response measurement
is described.

Front page figure: Spectral response of photorefractive interference filter with a
centre wavelength at 514.5 nm written in a 10 mm long LiNbO3".Fe crystal.
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Dansk resumé

Dansk titel: "Magnetofotorefraktiv Effekt og Interferens Filtre i Lithium Niobat"

Denne rapport omhandler de fundamentale fotorefraktive og fotovoltaiske egen-
skaber af lithium niobat krystaller doteret med jern.

Eksperimentelle observationer af en kraftig magnetfelts indvirken på energi
overførsel og gitter opbygning under skrivning i en vektoriel skrive opstilling er
præsenteret. Ifølge forfatterens viden er dette de først rapporterede resultater in-
den for dette felt. De viser at det er muligt at øge diffraktions effektiviteten med
60 % ved at påtrykke et moderat magnetfelt med en størrelse på 0.23 T.

En ny teoretisk model for den magnetofotorefraktive effekt i den vektoriel skrive
opstilling er præsenteret. Den beskriver to-bølge blanding og gitter opbygning
under indflydelse af et eksternt påtrykt magnetfelt. God overensstemmelse med
de eksperimentelle resultater og de første målinger af ikke-diagonal elementer af
den magnetofotovoltaiske tensor er rapporteret.

En teoretisk model for temperatur egenskaberne af fotorefraktive interferens
filtre med subångstrøm båndbredde, er præsenteret og sammenlignet med god
overenstemmelse med eksperimentelle resultater. En ny metode til at bestemme
det spektrale respons af disse filtre udfra en kombineret termisk og indfaldsvinkel
måling er beskrevet.
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1 Introduction

Prom the first synthesis of single crystals of lithium niobate (LiNbOa) in 1965 the
material has been extensively investigated. Its rich property of large magnitude
physical effects has caused lithium niobate to become widely used in a variety of
applications, such as acoustic filters, optical amplitude modulators, optical phase
modulators, beam deflectors, Q-switches, second- and third-harmonic generators.

One of the most interesting physical effects is the very strong bulk photovoltaic
effect, which causes efficient charge migration within the material and, in combina-
tion with the material electro-optic effect, can produce a significant photorefractive
effect. Due to this property it has become widely used for applications in holo-
graphic data storage, phase conjugators, optical interconnects, diffractive optical
elements and optical filters.

The material, however, never ceases to reveal new physical properties, which
may lead to yet other applications. Since it has been established that the pho-
tovoltaic effect is caused by nonequlibrium electrons with an anomalously high
mobility, new investigations of magnetic field effects has commenced. The work in
the present thesis was started by an investigation of photorefractive gratings for
optical narrowband interference filters, which is a very promising application. At
a point, however, it was realised that the photorefractive grating recording process
might be influenced by a magnetic field, which started new investigations. Due to
this fact, the thesis has become somewhat twofold. It revolves, however, around
this very interesting material of lithium niobate.

The thesis is organised in the following way. In chapter 2 the physical proper-
ties of lithium niobate crystals are described, with an emphasis on the physical
mechanisms responsible for the photorefractive effect. A general approach to the
description of the induced space-charge field based on a perturbational approach
to the band transport model is outlined. It is interpreted with reference to the
configurations for refractive index grating recording used in this thesis.

The physical origin of the bulk photovoltaic effect, which is the dominant
charge migration mechanism responsible for the photorefractive effect in crys-
tals of LiNbO3tFe is described. The concept of nonthermalised electrons which
are responsible for the photovoltaic current and thermalised electrons which are
mainly responsible for the photoconduction in these crystals are explained.

The magnetic field effect on these two types of electrons in the conduction band
is discussed. The physical origin of the magnetophotovoltaic effect is explained as
being caused by the Lorentz force acting on the nonthermalised electrons, which
possess an anomalously high mobility. The phenomenological description of both
the bulk photovoltaic effect and the magnetophotovoltaic effect are outlined and
the expressions for the induced photovoltaic currents are given with reference to
a general grating recording scheme.

It should be noted that both of the considered photovoltaic effects are bulk
in the sense that they occur under homogeneous illumination of a homogeneous
material. In this thesis, however, the term bulk is not used explicitly when referring
to the magnetophotovoltaic effect.

The concept of the magnetophotorefractive effect and the idea behind an inves-
tigation of such effects are described in chapter 3. The possible influence on the
photorefractive effect caused by an externally applied magnetic field in different
magnetophotorefractive geometries are described and the limited theoretical and
experimental work done in this field is reviewed.

A new theoretical model of the magnetophotorefractive effect in a vectorial in-
teraction scheme is presented. The model is based on the inclusion of the magne-
tophotovoltaic contribution to the spatially oscillating photovoltaic current which

Risø-R-880(EN) 11



is solely responsible for the formation of the perturbed space-charge field in the
vectorial interaction scheme. An expression for the formation of the space-charge
field that shows the influence of the magnetic field is determined. Contrary to
other descriptions of the vectorial interaction scheme the influence of the diffusion
mechanism is also taken into account and the validity of neglecting this is dis-
cussed through a comparison of the new model with the theory usually applied.
The expression for the induced perturbed space-charge field is used to analyse the
magnetic field influence on the fundamental photorefractive processes of two-wave
mixing and refractive index grating formation.

The first reported experimental observations showing a strong magnetic field
influence on both energy coupling during recording and on the grating formation
in the vectorial interaction scheme are presented. The experimental results are
compared with the theoretical model and shows a qualitative good agreement in
the initial stages of recording. Prom this comparison the modulus of nondiagonal
components of the bulk photovoltaic and magnetophotovoltaic tensors are deter-
mined. This is the first reported measurements of nondiagonal components of the
magnetophotovoltaic tensor for LiNbC>3:Fe crystals.

An application of thick refractive index gratings written in LiNbCtø crystals for
narrowband optical interference filters is considered in chapter 4. It is the high
wavelength selectivity and high reflectance characteristic of thick reflection grat-
ings that form the fundamental basis for the photorefractive interference filters.

The recording geometries used for writing the filters and designing the centre
wavelength of the filters are described and the quantities used to characterise the
filter response are defined. A theoretical model of the temperature response of the
filters is given, and is used to predict the temperature sensitivity of the centre
wavelength of photorefractive interference filters. Good agreement is found for the
experimental results of filters presented here and for the measured temperature
sensitivities reported by other groups.

A novel method for determining the spectral response from a combined tem-
perature and angular response measurement using a narrowband probe at a fixed
wavelength is described. The method is applied to determine the spectral response
of a photorefractive interference filter designed with a center wavelength at the
argon-ion laser line at 514.5 nm.

In App. A the tensors describing the linear electro-optic effect, the bulk pho-
tovoltaic and magnetophotovoltaic effect are described. The relation between the
nonzero components of the magnetophotovoltaic tensor, which is not found in the
literature, is derived for a crystal belonging to the 3m point group, like LiNb03. In
App. B the materials parameters for LiNbO3tFe crystals used in the calculations
presented in chapter 3 are given.

Essential parts of the work presented in this thesis have been published in
three papers, see Refs. [55] ,[56] and [70], and a fourth paper, Ref. [63], has been
submitted for publication in the feature issue of the Journal of the Optical Society
of America B on photorefractives expected to appear in the november issue 1996.

12 Risø-R-880(EN)



2 Lithium Niobate

Crystals of lithium niobate (LiNbOs) exhibit large optical nonlinearities and are
characterised by large pyroelectric, piezoelectric, photoelastic and electro-optic co-
efficients. They may be grown in the form of large single crystals of good optical
quality using the Czochralski method. The growth, structure and physical proper-
ties of LiNbOs have been investigated in detail at Bell laboratories and have been
described in a series of articles from 1966 [l]-[5]. Since then a huge amount of
work on the material have been performed and many papers have been published.
Some of the work has been collected in a tutorial paper [6] giving a summary
of the crystal structure, the physical properties and their tensorial description.
Recently, a book giving thorough treatment of the manufacturing of crystalline
lithium niobate and its physico-chemical, ferroelectric, electrophysical and non-
linear optical properties with an emphasis on its applicability in laser radiation
control has been published [7]. LiNbC>3 is widely applied in electro-optic devices
as well as in integrated and guided wave optics. LiNbOs exhibits a very strong
bulk photovoltaic effect [8] that combined with the electro-optic effect, causes a
large photorefractive effect. This makes crystals of LiNbOs highly suitable for
holography, and they have been used in high-density optical data storage, optical
interconnects, optical filters, etc.

In this chapter the structure and physical properties of LiNbOs crystals im-
portant for the present thesis are discussed, with the main emphasis being put on
the physical effects responsible for the photorefractive effect. Especially the photo-
voltaic effect, which is the predominant charge transport mechanism in LiNbOs, is
explained and the dependence on an externally applied magnetic field is discussed.

2.1 Structural and physical properties
LiNbO3 exhibits a single structural phase transition from the non-polar paraelec-
tric phase to the polar ferroelectric phase at the Curie temperature, Tc ~ 1210 °C
[6]. Below Tc LiNbC-3 is ferroelectric, which means that it has two orientational
states in the absence of an electric field and can be shifted from one to the other
by an applied electric field [9]. The positions of lithium (Li) and niobium (Nb)
atoms relative to the oxygen layers in LiNbOs are shown in Fig. l(a) for the para-
electric phase and in Figs. l(b,c) for the two possible orientational states of the
ferroelectric phase, respectively. In the ferroelectric phase the Li- and Nb-atoms
are displaced from their positions in the non-polar phase and induce a sponta-
neous polarisation along either direction of the trigonal symmetry axis. If there
is no field applied, the resulting structure of domains, i.e. volumes of uniform
polarisation, will result in an almost complete compensation of the polarisation.
The bulk crystal will then exhibit a small if any piezoelectric effect. Therefore, to
be applicable for, e.g., photorefractive experiments it has to be poled so that it
consists of a single domain[2].

At room temperature, in the ferroelectric phase, LiNbOs exhibits three-fold
rotation symmetry about its c-axis and is therefore a member of the trigonal
crystal system. Additionally, it exhibits reflection symmetry in three mirror planes
60° apart and all containing the c-axis. It thus belongs to the 3m point group (C3„
in Schonflies notation). The coordinate system used to describe the physical tensor
properties is a right-handed Cartesian x, y, z system. The axes are in the standard
convention chosen so that the z-axis is parallel to the c-axis and the x-axis is

Risø-R-880(EN) 13
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Figure 1. Positions of Li- and Nb-atoms relative to the oxygen layers (horizontal
lines) in the paraelectric and ferroelectric phases of LiNbOs. (a) non-polar phase,
(b) positively charged domain and (c) negatively charged domain.

perpendicular to one of the mirror planes [6].
LiNbO3 belongs to one of the 10 polar crystal classes, which means it is pyroelec-

tric, i.e. it possesses a temperature dependent spontaneous polarisation (electric
dipole moment per unit volume, « 70 /iC/cm at 23 °C). It is a negative uniaxial
crystal and exhibits the piezoelectric effect, i.e. electric polarity by application of
stress. The converse piezoelectric effect describes the strain induced by an electric
field.

2.2 Photorefractive effect
The photorefractive effect describes light induced changes in the refractive index
of photoconductive electro-optic materials[10]. The first observations of the effect
were made in crystals of LiNbO3 and lithium tantalate (LiTaO3) at Bell labora-
tories [11]. The effect was detrimental to second harmonic generation and was,
hence, called "optical damage". The poling of the crystals mentioned above en-
hanced the effect. The effect has been observed in a variety of other electro-optic
materials such as, e.g., BaTiO3, KNbO3, K(TaNb)O3 (KTN), Sr!_xBaxNb206
(SBN), Bi12Si02o (BSO), Bii2Ge02o (BGO), Bi12TiO20 (BTO), GaAs, InP and
CdTe [10].

The first explanation of the effect given by Chen [12,13] attributed the photore-
fractive effect to the drift of photoexcited electrons out of the illuminated region
followed by retrapping in dark regions near the beam periphery. The space-charge
field between the retrapped electrons and the ionised positive centres causes the re-
fractive index changes via the linear electro-optic effect. In crystals of potassium
tantalate niobate (KTN) the drift was caused by an externally applied electric
field[12]. This was not the case in LiNbO3 and it was assumed that the drift
occurred due to an internal electric field[13]. The origin of this internal field in
crystals of LiNbO3 was first explained by Glass et al. in 1974 as being caused by
the bulk photovoltaic effect[8].

14 Risø-R-880(EN)



High-efficiency holographic storage in crystals of LiNbO3 and LiTaO3 was first
demonstrated by Chen et al.[14]. Additional doping of the crystals with transi-
tion metals such as, e.g., iron and copper was shown to increase the photorefrac-
tive sensitivity and the maximum diffraction efficiency considerably. Iron-doped
LiNbC>3 crystals (LiNbC^Fe) exhibit the largest sensitivity[15]. Even nominally
pure LiNbC>3 crystals contain a small amount of iron impurities. The holograms
are erasable by uniform illumination of the crystal. The refractive index changes
can be made optically stable or 'fixed' by heating the crystal to ~ 100 °C either
during or after the writing procedure[16, 17]. The fixed hologram can be read
nondestructively and erased by further heating of the crystal to ~ 200 °C.

Pure LiNbC>3 is transparent in the wavelength range from approx. 5 fim to 325
nm where the fundamental absorption begins. Spectroscopic studies of LiNbO3:Fe
crystals have shown that only Fe2+ and Fe3+ centres are present[18]. The impurity
introduces characteristic bands in the absorption spectrum. In Fig. 2 the measured
absorption spectrum is shown for two untreated samples of LiNbO3:Fe with Fe-
concentration of 0.1 and 0.05 mol %, respectively. The conduction band is formed

„ 4

.a 3

.2 2

o

I

1 mol % Fe

350 400 450 500 550 600
Wavelength [nm]

Figure 2. Measured absorption spectrum for unpolarised light of two samples of
LiNbO3:Fe, used in this thesis, with concentration of 0.1 and 0.05 mol %. The
dotted line indicates the absorption peak at 484 nm due to the intervalence tran-
sition Fe2+- M 5 + .

by Nb 5 + ions and the valence band is formed by O2~ ions[19], as shown schemat-
ically in Fig. 3. The intervalence transition, F e 2 + - Nb5 + , gives rise to a broad
absorption band centred around 484 nm, as shown in Fig. 2. The absorption band
corresponding to the O2~— Fe3+ transition is difficult to distinguish from the fun-
damental absorption edge at approx. 325 nm. The absorption in these two bands is
proportional to the concentration of Fe2+ and Fe3+ centres, respectively[20]. The
valence states of iron, and therefore the absorption, can be strongly influenced
by thermal annealing treatment of the crystal, by oxidation (Fe2+ —• Fe3+) or by
reduction (Fe3+ -> Fe2+)[18, 20].

The dependence of photorefractive sensitivity on the concentration of Fe2+ and
Fe3+ centres has been investigated and an optimum value was found for a crystal
with 0.05 mol % Fe and a concentration ratio of Fe2 + /Fe3 + » 0.3, and in this case
the photoconductivity is dominated by electrons[21].

This leads to the following model for the light induced charge transport in

Risø-R-880(EN) 15



EB (Nff
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Figure 3. Model of light induced charge transport in LiNbOz crystals; VB and CB
are the valence and conduction hand, respectively.

LiNbC>3:Fe crystals [19], see Fig. 3. In this thesis it is assumed that only electrons
contribute to the photoconductivity. Fe2+ and Fe3+ centres, respectively, act as
donors and acceptors for electrons. Absorption of photons at Fe2+-centres leads
to the creation of free electrons in the conduction band. These photoexcited elec-
trons contribute to the photovoltaic current and after a short period of time, Tjso,
they lose their directional properties and will diffuse according to concentration
gradients and drift in an electric field. Eventually the electrons recombine at Fe3+

centres at another site. This redistribution of charges results in the buildup of
a space-charge electric field, which causes a change in the refractive index via
the linear electro-optic effect. The drift may be caused by an externally applied
electric field or by an internal electric field induced by the photovoltaic effect.
The gradients in the electron concentration that gives rise to a diffusion current
may originate from inhomogeneous photoexcitation, e.g., by illumination with an
interference pattern formed by two plane waves. The photovoltaic effect is the
predominant charge transport mechanism in crystals of LiNbC>3 and is discussed
in more detail in section 2.3.

2.2.1 Band transport model

A consistent theoretical description of the photorefractive effect was put forward
by Kukhtarev et al. in the late seventies[22, 23] and is widely used today. It is
known as the band transport model and consists of a set of coupled differential
equations for the induced space-charge field. The equations are taken in the form

t)n(r,t), (1)

t)+jPV(r,t), (3)

V-(rs-E(r,t)) = e[N+(r,t)-NA-n(v,t)}, (4)

where N£ is the number density of ionised donors, No is the total number den-
sity of donors, s is the photoexcitation cross section, / is the light intensity, P is
the probability rate of thermal excitation, 7K is the recombination constant, n is
the number density of free electrons in the conduction band, e is the numerical
electronic charge, V is the nabla operator, j is the total electronic current den-
sity, D is the diffusion constant, and p is the mobility of the electrons, E is the
total space-charge electric field, j P V is the photovoltaic current density, es is the
static permittivity tensor, and N& is the number density of acceptors. For crys-
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tals of LiNbC^Fe No and NA are the concentrations of Fe2+- and Fe3+-centres,
respectively.

Equation (1) is a rate equation describing the change in the concentration of
immobile ionised donors. The generation rate is linearly proportional to the num-
ber density of nonionised donors and the probability rate of ionisation, while the
recombination rate is linearly proportional to the number of free electrons and
the number of ionised donors. Equation (2) is a continuity equation relating the
change in electron density to the spatially varying current density.

The total current density is given by Eq. (3) assuming electron transport by
diffusion, drift and the photovoltaic effect. The drift current is proportional to the
total space-charge field, which includes the electric field created by the nonlinear
interaction itself and a possible externally applied electric field. The drift current
is caused by thermalised electrons, see section 2.3, so fi is the thermalised mobility
that is related to the diffusion constant by the Einstein relation

(5)

where £B is the Boltzmann constant and T is the absolute temperature. Equation
(4) is the Poisson equation, which relates the space-charge electric field to the
net charge distribution. These equations are supplemented with the electro-static
condition

V x E = 0 (6)

that determines the direction of the induced space-charge field and corresponds
to one of Maxwell's equations in the quasi-steady state approximation.

In solving the coupled differential equations (l)-(4) for the induced space-charge
field one usually linearises the equations using a perturbational approach. The
dynamic variables ./Vj-^nJjEJ and I are divided into a DC term, constant in
time and space (with subscript 0), and an AC term varying in time and space
(with subscript 1):

J V £ n r ' [ v — 'VJ5O ' ' yDl\ r> Ll> \')

n(r,t) = no+iii(r,t), (8)

j(r,t) = jo+ji(r , i) , (9)

E(r,i) = Eo + E^r.i) , (10)
;PV/ f) _ -.PV.-PV, f) / , ,%
J (. r)E/ — Jo + J 1 V")1/) ('•'•)

andl(r,t) = I0 + h(r,t). (12)

By inserting Eqs. (7)-(12) into the band transport equations (l)-(4), a set of
equations for the unperturbed quantities and one for the perturbed quantities are
obtained. In this thesis we consider only the linear material response; therefore all
the nonlinear terms, i.e. products of two AC terms, are neglected in the coupled
equations for the perturbed quantities. Furthermore, the following conventional
approximations are made: In Eq. (1) it is assumed that the excitation rate due
to the DC intensity level, Jo, is much higher than the thermal excitation rate,
i.e. slo S> /3 ss 0. In Eq. (2) it is assumed that dn/dt « 0, which is the adia-
batic approximation and means that a quasi-stationary distribution of the free
electron concentration throughout the conduction band is assumed. In Eq. (4) n
is neglected since the main contribution to the net space-charge distribution in
the crystal stems from the ionised donors.

By using the linearisation procedure and approximations mentioned above the
obtained coupled equations for the pertubed quantities can be combined into the
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following equation for the perturbed space-charge field

- - L El _c/oEl
[ITR

e e

+w0E0(V • Ei) + E0(V- Éi) (13)

, /.^BT I f"s\-l * ;PV
+ C—— Vii + (e j ^ T J i '

where the dots denote time derivatives. The generation rate u>o and the constant
C are given by

"o = ^slo, C = 8±{ND - NA). (14)

The relaxation time or the lifetime of conduction band electrons is given by

where it is assumed that NA ••
The left-hand side of Eq. (13) describes the response of the medium, the evo-

lution of the induced space-charge field, when exposed to the driving forces ap-
pearing on the right-hand side. These consist of three terms representing drift,
diffusion and the photovoltaic, effect, respectively. The governing equation, Eq.
(13), presented here is an extension of the analog description in Ref. [24] in that
the photovoltaic effect is taken into account. In a traditional recording scheme
the driving force consists of a spatially varying intensity distribution formed by
the interference of two plane waves, in this case all three terms on the right-hand
side of Eq. (13) may be different from zero. Even in the absence of a spatially
varying intensity distribution the third term may be different from zero, since a
spatially oscillating photovoltaic current can be induced by orthogonally polarised
waves through the photovoltaic nonlinearity, see section 2.3.2. This is the case in
a vectorial interaction scheme, which is considered in chapter 3. Finally, in order
to solve the equation for the induced space-charge field, it is necessary to specify
the appropriate initial and boundary conditions.

2.2.2 Linear electro-optic effect

The linear electro-optic effect or Pockels effect describes the change in refractive
index of a material caused by an applied DC electric field. It is a second-order
nonlinearity arising from the quadratic term in the expansion of the polarisation
in terms of the electric field[25]. Since it is a local effect, the spatially varying
space-charge field described in the previous section will cause a modulation of the
refractive index with the same spatial period and position; the latter is referred
to as a refractive index grating.

The propagation of optical radiation in crystals can be described completely in
terms of the impermeability tensor, 77= (e,.)"1, where e r is the relative dielectric
constant tensor. The dielectric constant tensor is <?= CQ e^, where EQ is the vac-
uum permittivity. The linear electro-optic effect is defined as the change in the
impermeability tensor[26]

A ̂ f= A^)"1 =7 -E, (16)

or in component form
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where Ek is the fc'th component of the applied DC electric field, E, and rijk is a
component of the linear electro-optic tensor, r . It is assumed that the quadratic
electro-optic effect or Kerr effect is negligible. The corresponding change in tea
relative dielectric constant tensor is given by

Ae" = - r r . ( r -E). er . (18)

Since the dielectric constant tensor is symmetric in a lossless and optically
inactive material, it can be shown that r^k = r^j. and, thus, the number of
independent components of the third-rank tensor, r , is reduced from 27 to 18.
It is usually given in a contracted notation as a 6 x 3 matrix, r^-. The form and
nonzero components of the linear electro-optic tensor for a crystal belonging to the
3m point group like LiNb03 are shown and the contracted notation is explained
in App. A. For LiNbC>3 ry has 8 nonzero components of which 4 are independent,
viz. ri3, r33, r22 andrsi.

The mechanical constraints on the crystal have an effect on the observed electro-
optic effect. If the crystal is mechanically free (undamped), the applied electric
field will cause a strain in the crystal as a result of the converse piezoelectric effect
and this, in turn, will give a change in the refractive index through the photoelastic
effect. This effect cannot explicitly be distinguished from the linear electro-optic
effect and is called the secondary (or "false") electro-optic effect. The observed
electro-optic effect in a mechanically free crystal is, consequently, the sum of these
effects.

Values for the linear electro-optic coefficients have been measured for LiNbC>3 at
different wavelengths[6]. The largest component is r33 that is 30.8 10~12 m/V at
633 nm, measured for an undamped crystal. In the experiments in present thesis
the crystal is mechanically free and, hence, the undamped values are used.

2.3 Bulk photovoltaic effect
The bulk photovoltaic effect results in the generation of a direct current in a uni-
form medium subjected to homogeneous illumination in the absence of external
fields. The direction of the current is governed by the internal symmetry of the
material. This makes it fundamentally different from the other photorefractive
charge transport mechanisms, viz. drift and diffusion. These are governed by an
external electric field and by spatial inhomogeneity in the illumination, respec-
tively. In the literature from the former Soviet Union the effect is also known as
the photogalvanic effect.

The bulk photovoltaic effect can occur in any medium without a centre of sym-
metry. There are 21 non-centrosymmetric crystal classes (point groups) and they
include pyroelectrics, piezoelectrics and gyrotropic materials.

The first bulk photovoltaic effect experiments were made in the ferroelectric
SbS(I Br) in 1970 by Fridkin[27, historic review], and the first explanation of
the effect was given in 1974 by Glass et al.[8] who reported observing a stationary
current along the polar axis in iron- and copper-doped crystals of LiNbC>3, linearly
related to the light intensity, /;

jPh = KCJ, (19)

where a is the absorption coefficient and K is known as the Glass coefficient. These
currents where associated with anomalously large photoinduced electric fields,
determined by the ratio of the photocurrent to the photoconductivity, E = jph/°ph
~ 105 V/cm.

An interesting feature of the bulk photovoltaic effect is the dependence of the
current on the polarisation of the light, which means that the Glass coefficient in
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Eq. (19) must be replaced by a third-rank tensor. This was shown experimentally
in crystals of LiNbCtøFe for linearly polarised light[28] and was fully described
using the phenomenological theory[29]. The nonvanishing components of the pho-
tovoltaic tensor were measured. The dependence of the tensor components on
dopant concentration (Fe and Cu) and on wavelength has been measured[30]. Also
elliptically polarised light will give rise to a photocurrent that due to birefringence,
is spatially oscillating[31].

In addition to direct current measurements, holographic methods have been de-
veloped for the investigation of photovoltaic currents and the determination of ten-
sor components[32]. The spatially oscillating currents, which are difficult to mea-
sure by direct techniques, have been used for new holographic recording schemes
and for measuring non-diagonal components of the photovoltaic tensors[33]. This
is also the case in the present work, where we investigate the magnetic field influ-
ence on these spatially oscillating currents, see chapter 3.

In the following the physical origin of the bulk photovoltaic effect is discussed
based on a consistent theory for the effect[29, 34, 35] and the phenomenological
description is outlined.

2.3.1 Physical origin

The bulk photovoltaic effect is due to the asymmetry of the elementary electronic
processes, i.e. the noninvariance of these under spatial inversion. Examples of such
processes are photoexcitation, scattering and recombination. This asymmetry sub-
stantially affects the kinetics of electrons in media without a centre of symmetry.
In a nonequilibrium situation it will give rise to a current that in thermodynamic
equilibrium will be completely compensated. The source of nonequilibrium is in
this case the light. The asymmetry in LiNbC>3 crystals expresses itself through the
presence of a polar axis.

As an example the effect can be illustrated using a model of asymmetric wells for
the impurity centres. The model contains three independent contributions to the
induced photocurrent, j p h , due to the processes of photoexcitation, recombination
and scattering, which are shown in Fig. 4. The photoexcited electrons will mainly

;ph

• / « •

Figure 4- Current originating from the processes of (a) photoexcitation, (b) recom-
bination and (c) scattering for a noncentrosymmetric potential.

emerge to the right and will have a velocity VQ, see Fig. 4(a). The electrons will
only for a short period of time contribute to the photocurrent in the opposite
direction until they lose their directionality by collisions. This period of time is
the characteristic time of momentum isotropisation, T\so. The contribution to the
current from the photoexcitation is called j c . Only electrons arriving from the
right can recombine at the impurity centre, see Fig. 4(b). It is assumed that these
are thermalised, i.e. they have lost their excess energy and have a velocity VT that
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is lower than VQ. The removal of these electrons will give a current contribution in
the same direction as for the excitation process. Since the rate of recombinations
and excitations in a stationary state is equal, we have that j r ~ (VT/VQ)JC- Only
electrons arriving at the centre from the left, Fig. 4(c), can be scattered. Since the
process removes one electron moving to the right and adds one moving to the left,
the corresponding current contribution will be opposite to the directions of j c and
j t . As the rate of collisions and recombinations is the same and the mean velocity
is VT, then jCoi — —%jr- These three contributions to the total photocurrent can
be written as[35]

j p h = ie + j r > (20)

where Tiw is the photon energy, a the absorption coefficient, / the light intensity,
<I» is the quan tum efficiency, and £ is a parameter describing the asymmetry of the
potential well. Thus , the photoexcited electrons have to be in a nonequilibrium
sta te to induce a current, because if the medium is in thermal equilibrium with
the radiation, i.e. VQ = VT, then the current is completely compensated. In crystals
of LiNbC>3 the transit ions are of impurity-band type for which the predominant
current contribution is related to the photoexcitation asymmetry[27]. The current
will be along the polar axis of the crystal.

In this concept there are two groups of photoexcited electrons in the conduction
band. These are thermalised electrons with an energy e = UBT and nonthermalised
(hot) electrons with an energy e, k^T < e < £Q, where eo is the energy of the
photoexcited electrons. This is illustrated in Fig. 5 t h a t shows the energy distribu-
tion of photoexcited electrons in the conduction band. The number of thermalised

kBT

0

nonthermalised
electrons

thermalised electrons

photoelectron density

Figure 5. Diagram of •photoexcitation, relaxation, and energy distribution of elec-
trons in the conduction band.

electrons greatly exceeds that of the nonthermalised electrons. The ratio between
them is determined by the lifetime of the electrons in the conduction band, TR
see Eq. (15), compared to the time of energy relaxation, re. This relaxation from
the nonequilibrium state to a Boltzman distribution is caused by electron-phonon
and electron-impurity collisions, described by a lumped collision frequency, F£ .
The momentum isotropisation time is given by T\so ~ F^1 . Measurements of the
bulk photovoltaic effect at low temperatures (6 K) have shown that in crystals of
LiNbC>3:Fe the phonon coupling is weak, and that TjSO is mainly determined by the
electron-impurity scattering[36]. We have the following relation between the relax-
ation times: Tn^ Te^ TiSO. Typical values are TR ~ 10~9 s, re ~ 10~ n -1O~10 s,
and Tjso ~ 10~14 - 10~12 s[27]. Essentially, the bulk photovoltaic effect is caused
by the small number of nonthermalised electrons with energies e o± eo, and the
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photoconductivity is related to electrons that have lost their directionality, the
majority of which are thermalised[35].

Investigations of the magnetic field influence on the bulk photovoltaic effect have
been used to measure the mobility of the nonthermalised electrons. These have
shown an anomalously high value of the mobility. For LiNbO3:Fe-crystals the so-
called photo-Hall mobility has been estimated to be nnP ^ 0.1 m2/(Vs)[37]. This
is at least three orders of magnitude larger than the mobility of thermalised elec-
trons, n < 10~4 m2/(Vs)[38]. The large mobility of the nonthermalised electrons
substantially distinguishes the effects of a magnetic field on the bulk photovoltaic
effect from the effects on photoconductivity. This property is utilised in chapter 3
to analyse the magnetophotorefractive effect in crystals of LiNbO3.

2.3.2 Phenomenological theory

The phenomenological theory based on spatial symmetry is a simple and general
approach to photovoltaic effects. It expresses the currents in terms of the intensity
and polarisation of the light. However, the phenomenological description cannot
give information on the magnitude of the effect nor can it explain the spectral or
temperature dependence or other dependencies. Such dependencies are described
by a microscopic theory[35, 27].

The photovoltaic current is in the phenomenological theory given by[29, 35]

BjEi, (21)

where fiijk is the bulk photovoltaic tensor of third rank, Ek is the fc'th compo-
nent of the electric field, and the asterisk denotes the complex conjugate. All the
information on the bulk photovoltaic effect is included in the bulk photovoltaic
tensor which, consequently, is a function of temperature, wavelength and other
parameters. Since the current ji is a real quantity, taking the complex conjugate
of each side in Eq. (21) gives

= ifpv = (22)

This is true if P^k = Pikj, i.e. it is Hermetian in j and k. Therefore, the real part
of the bulk photovoltaic tensor is symmetric under permutation of the subscripts
fc and I, while the imaginary part is antisymmetric:

MPm] = tfjk = faj and Im[/3yfc] = /?& = - 0 & . (23)

The indices L and C are explained below. Since a tensor that is antisymmetric in
a pair of subscripts can be written in terms of a lower rank tensor, få, and the
Levi-Civita 'tensor', Sski, the photovoltaic tensor can be written in the form

Then the bulk photovoltaic current from Eq. (21) can be expressed as

,-BPV =

jk s jk

VxW}s. (25)

Consider a simple case where the applied electric field is a plane wave at the
frequency u with the wave vector k

E(r, t) = SjØe-^""-1") -f c.c, (26)
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•where E is the complex field amplitude and e is a unit vector in the direction of
polarisation. When we insert this in Eq. (25) the bulk photovoltaic current can be
written as

jfPV = E / ^ e ^ J + i £ / £ [ e x SV, (27)
jk s

where the intensity / is expressed in terms of \E\ and ej is the j ' t h component of
the polarisation vector e. The expression in Eq. (27) is the most frequently used
phenomenological expression relating the induced current to the intensity and
polarisation of the light. The restrictions put on the current by crystal symmetry
are contained in the photovoltaic tensor.

The second term on the right-hand side of Eq. (27) is nonzero only for a complex
polarisation vector, e ^ e*, i.e. for elliptically polarised light. The corrresponding
current component is called the circular bulk photovoltaic current, hence the index
C. The first term is not only nonzero for elliptically polarised light but also for
linearly polarised light, e = e*, and the corrresponding current component is
called the linear bulk photovoltaic current, hence the index L. The tensors /?£fc

and (3fs are called the linear and circular bulk photovoltaic tensors, respectively.
A more general situation where the crystal is illuminated by two linearly po-

larised plane waves is now considered. This is a general scheme for holographic
grating recording and will be used in chapters 3 and 4. The total electric field is
taken in the form

E(r, t) = ejJSie"''^-1""-) + e2E2e-i^t-k^ + c.c., (28)

where E\<2 are the complex amplitudes, ki i2 are the wave vectors, and ei i2 =
e j 2 are unit vectors in the direction of polarisation for the two plane waves,
respectively. The total bulk photovoltaic current is found by inserting Eq. (28)
into Eq. (25)

jfPV = X^-fchjeu. | ^ | 2 + e2je2k \E2\
2 + eyezfctø^V*' + c.c.)}

g(Si x eaMijEiEJe*-' + c.c.) (29)

where K = ki — k2 is the grating wave vector of the current density grating. In
analogy to Eq. (27) and by using the relations

and E2 = sfhé^, (30)

where ip\i2 are the absolute phases of the two waves, the bulk photovoltaic current
can be expressed in terms of the intensity of the two waves

cos(K • r +

(31)

Here Atp = <p\—tp2 is the absolute phase difference between the two waves, which
has no physical significance since it only introduces a constant spatial shift and
it is omitted in the following. The induced bulk photovoltaic current is seen to
consist of both a spatially constant and a spatially oscillating term. The spatially
constant terms are the linear bulk photovoltaic current due to each of the two
linearly polarised plane waves. The spatially oscillating terms due to both the
linear and circular bulk photovoltaic effect can be nonzero both for interfering
waves, i.e. ei • e2 ^ 0, and for waves polarised orthogonally with respect to each
other, i.e. ei • e2 = 0.
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2.4 Magnetophotovoltaic effect
In the presence of an external magnetic field the photocurrent due to the bulk
photovoltaic effect, described in the previous section, is changed. The magne-
tophotovoltaic effect describes the additional magnetic field induced photocurrent
in noncentrosymmetric materials [39]. In this section the physical origin of the
magnetic field effect is discussed and the phenomenological description of the ef-
fect is outlined.

2.4.1 Physical origin

The magnetophoto current may be due to various physical effects of which the
Hall effect is one of the most obvious. The free electrons in the conduction band
can be considered as a one-component solid-state plasma. When these electrons,
with a velocity vo, are influenced by a uniform magnetic field, B, they will be
influenced by the Lorentz force — e(vo x B). This is illustrated in Fig. 6(a), where
it is assumed that vo is perpendicular to B. ft causes the trajectories of the

(a) (b)

»B
f = H(Bxj)

Figure 6. The motion of a free electron in the conduction band under the influence
of a uniform magnetic field.

electrons to bend, and forces the electrons to move in a circular orbit in the plane
perpendicular to the magnetic field. The rotational motion is characterised by
the angular frequency and the radius of the circle, which are called the cyclotron
frequency and the Larmor radius, respectively, and are given by[40]

where B is the magnitude of the magnetic field, VQ is the magnitude of v0, and
77i* is the effective electron mass. If there is an electric field, E, present, the centre
of rotation will drift in a direction given by E x B, and the electrons will move
along the dotted line in Fig. 6(a).

For a weak magnetic field, i.e. when the electrons only travel a short part of the
circle before relaxation, the Lorentz force will produce a Hall current transverse
to the magnetic field and the primary current, j as shown in Fig. 6(b), given by

j H a "=/*(Bxj ) , (33)

where the mobility of the electron is \i = er/m*. It can be shown that this current
will vanish for a strong magnetic field, WCT » 2K, i.e. the electrons perform many
rotations before relaxation[39]. Thus, for the Hall description, Eq. (33), to be valid
we must assume a weak magnetic field, WCT <C 27r, and by using the expression
for the mobility in Eq. (32) the weak field criterion is \iB <C 2n.

As explained in section 2.3 there are two groups of free electrons in the con-
duction band; thermalised electrons with low mobility, fi, and nonthermalised
electrons with high mobility, ^HP , where /*Hp ~ 0.1 m2/(Vs) w 103/i. For a strong
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laboratory magnetic field with a magnitude of 1-2 T, /J.B «; /tHp-B » 0.2, so that
the weak field criterion is fulfilled. Since the bulk photovoltaic effect is caused by
nonthermalised electrons, it will induce a Hall current proportional to (iHPB, while
a drift current, which is dominated by thermalised electrons, will generate a Hall
current proportional to fiB. The corresponding effects are called photo-Hall- and
ordinary Hall effect, respectively. The ordinary Hall current is negligible compared
to the photo-Hall current.

In the Hall description the primary current is unaffected by the magnetic field,
however, a more rigorous treatment yields a reduction in this current component
and is called the transverse magnetoresistance. A reduction in a possible current
component along the magnetic field, j , is called the longitudinal magnetoresistance[41].

Another important mechanism is the magnetic field induced asymmetry in the
photoexcitation process. When electrons are photoexcited from paramagnetic im-
purities (Fe2+), the electrons enter into the conduction band in a polarised state
which depends on the magnetic field. It can be shown that the magnetic field in-
duced current component is inversely proportional to the temperature, which leads
to the conclusion that at high temperatures the magnetic interaction is dominated
by the Hall-effect whereas the spin-effect is important at low temperatures[35]. In
this thesis the investigations have been performed at room temperature, so the
magnetophotovoltaic effect is attributed to the photo-Hall effect.

Experimental investigations of the magnetophotovoltaic effect have been per-
formed by measuring the magnetophotocurrent in the Hall-direction. The circular
magnetophotovoltaic current has been detected in Te[42] and in Bii2Ge02o[43,
44]. The linear magnetophotovoltaic effect has been observed in ferroelectrics of
LiNbC>3:Fe [37] and in piezoelectrics of ZnS[45] causing anomalously high Hall
photocurrents.

In Ref. [37] a sample of LiNbC>3:Fe was illuminated with light @ 440 nm from
a HeCd laser polarised along the polar axis (c-axis), and a magnetic field with a
magnitude of 0.35 T was applied in the y-axis direction. The magnetophotocur-
rent measured in the Hall-direction, along the x-axis, depended on the direction
of the applied magnetic field and had a magnitude of 5 % of the ordinary bulk
photovoltaic current along the c-axis. This was reduced by approx. 10 % indepen-
dently of the direction of the magnetic field. It was shown that the ordinary Hall
current is negligible compared with the Hall photocurrent, which is a confirmation
of the discussion above. Even if the magnetic field was parallel to the direction of
propagation, the Faraday effect was not considered. This gives rise to a rotation
of the state of polarisation and the influence on the magnetophotovoltaic current
has been investigated in ZnS[46].

The investigation of magnetic field induced Hall currents constitutes one of the
most effective methods for investigating the photovoltaic effect, and has been used
to determine the mobility of the nonthermalised electrons and of the thermalised
electrons, see section 2.3.

2.4.2 Phenomenological theory

In the phenomenological theory the induced current due to the magnetophoto-
voltaic effect is given by[35, 39]

(34)

where Sijki is the magnetophotovoltaic tensor, which is a pseudo-tensor of fourth
rank, Bj is the j ' t h component of the applied magnetic field and Ek is the fc'th
component of the electric field. The magnetophotovoltaic effect can be obtained
from the ordinary bulk photovoltaic effect by an expansion of the bulk photovoltaic
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current, Eq. (21), in a series of B. The expression in Eq. (34) includes only the first
term in such an expansion, which corresponds to the Hall effect [39]. In general,
the expression for the magnetophotovoltaic current in Eq. (34) cannot be reduced
to Eq. (33); however, it will always contain current components corresponding to
a current contribution in the Hall direction[27].

The current, jfIPV, and the applied magnetic field, Bj, are real quantities,
consequently, taking the complex conjugate of each side in Eq. (34) gives

^ E (35)
jkl jkl

which is true if S^kl = Sijik- Therefore, the real part of the magnetophotovoltaic
tensor is symmetric under permutation of the subscripts k and /, while the imag-
inary part is antisymmetric:

Re[Sijki] = Skkl = S?jlk and lm\Sijkl} = S% = -SgJfc. (36)

By analogy with Eq. (24) for the bulk photovoltaic tensor, the magnetophoto-
voltaic tensor can be written in the form

Sijki = S?jkl + iS?jkl = S?jkl +iJ2S?jsSski, (37)?jkl + iS?jkl = S?jkl

where S^5 is a third-rank true tensor and 8ski is the Levi-Civita 'tensor'. The
magnetophotovoltaic current from Eq. (34) can then be expressed as

,-MPV =

jkl js kl

gjlExE*^ (38)
jkl js

When we consider the case of illumination with a single plane wave, Eq. (26),
the magnetophotovoltaic current is given by

,-MPV = Y^S^BwV + iJ^S&Bjle x e V (39)
jkl js

which by analogy with Eq. (27) consists of a linear and a circular magnetophoto-
voltaic current. The tensors S£w and S$3 are called the linear and the circular
magnetophotovoltaic tensors, respectively. The form and relation between nonzero
components of the magnetophotovoltaic tensor for a crystal belonging to the 3m
point group are derived in appendix A. It is shown that for LiNbO3 the linear ten-
sor Sfjkl has 8 non-vanishing independent components, and the circular tensor,
5y3, has 4 non-vanishing independent components.

In the general case of illumination with two linearly polarised plane waves, Eq.
(28), the magnetophotovoltaic current is given by

i|2 + e2fce2, |£2 |2 + elfce21(£i£2VK-r + c.c.)]
jkl

& *-«- + ex.) (40)
js

and in terms of the intensity of the two waves the current can be expressed as

+ eZke2lh + eu.e2,2N//^cos(K • r)]

h sin(K • r). (41)
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Thus, in this case the magnetophotovoltaic current gives rise to two spatially con-
stant current contributions, which are the photo-Hall currents due to the spatially
constant current contributions in Eq. (31) and likewise for the spatially oscillating
current components.
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3 Magnetophotorefractive Effect

The magnetophotorefractive effect describes the influence of an externally applied
magnetic field on the photorefractive effect. The idea behind an investigation of
such effects is twofold. On the one hand to study a possible enhancement of the
photorefractive effect with respect to, e.g., two-wave coupling efficiency and grat-
ing diffraction efficiency, and to find new possible configurations for wave interac-
tion in photorefractive materials. On the other hand it is also the purpose to obtain
a better and more detailed knowledge of the basic physical processes responsible
for the photorefractive effect. In this the introductory section the physical effects
responsible for a magnetophotorefractive interaction are discussed and the rather
limited theoretical and experimental work in this field are reviewed.

Three typical geometries used in investigations of magnetophotorefractive effects
with holographic transmission gratings are shown in Fig. 7. Two laser beams with
the wave vectors kj and k.2 induces a refractive index grating characterised by
grating wave vector K = ki —1<2 as shown in section 2.2. The different geometries

(a)

B |

K

Figure 7. Adagnetophotorefractive geometries for transmission gratings, (a) lon-
gitudinal and (b) transverse Faraday geometry, (c) Voigt geometry. ki,2 are the
wave vectors of the interacting optical waves, K is the grating wave vector and B
is the magnetic field.

are labelled according to the dominant magnetic effect[47].
Magnetophotorefractive effects can originate from several physical effects, such

as e.g., the Faraday, Voigt and Hall effects and magnetoresistance effects. The
first two are magneto-optic effects, i.e. they change the optical properties of the
material, and thus the propagation of optical waves. The other two are magneto-
transport effects, which modifies the transport of charged particles, as described
in section 2.4.1.

The magnetophotorefractive effect caused by magneto-optic and magnetotrans-
port effects, respectively, differs significantly, in the sense that, magnetotransport
effects will directly change the migration of charges in the crystal and, hence,
changes the induced perturbed space-charge field and in turn the refractive in-
dex grating. Whereas, magneto-optic effects do not influence the charge migration
and, therefore it does not change the induced perturbed space-charge field and, in
turn, no effect is made on the refractive index grating. The polarisation dependent
photovoltaic current, however, will be influenced to some degree by such magneto-
optic effects. The magnetophotorefractive effect caused by magneto-optic effects,
will influence the grating diffraction, in cases where the diffraction is polarisa-
tion dependent, and thus magneto-optic effects will influence the characteristic
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photorefractive processes of two-, and four-wave coupling.
The Faraday effect is associated with a magnetic field induced circular bire-

fringence. The effect causes the state of polarisation of the optical wave to rotate
as it propagates through the crystal. The direction of rotation is determined by
the component of the wave vector parallel to the applied magnetic field. In the
longitudinal geometry, Fig. 7(a), the polarisations will corotate, whereas they will
counterrotate in the transverse geometry, Fig. 7(b).

The Voigt effect is the magnetic field induced linear birefringence, causing a
difference in the phase velocity of light polarised perpendicularly to and parallel
to the magnetic field, respectively, in an otherwise optically isotropic medium[48].
This effect is quadratic in the magnetic field and is usually weaker than the linear
Faraday effect [47]. The Voigt geometry, Fig. 7(c), is a pure geometry, in the sense
that there is no component of the wave vectors parallel to the applied magnetic
field and therfore no Faraday effect.

Some theoretical and experimental work on magnetophotorefractive effects in
diluted magnetic semiconductors of Cdi_a;MnzTe and Cdi-xMn^Se in the geome-
tries described above has been published very recently[47, 48, 49]. A giant Voigt
effect has been observed [48] and the influence of the Faraday effect on photore-
fractive beam coupling has been demonstrated in these magnetic materials[49].
The two-wave coupling gain showed oscillatory behaviour as a function of the
magnetic field and the magnetic field controls the direction of energy transfer.
The measurements were made at low temperatures (20-200 K) and large magnetic
fields (B « fi T) were applied. Due to the very large Zeeman splitting of elec-
tronic bands in the materials, these effects are expected to be much larger than
in nonmagnetic semiconductors[48].

In Ref. [50] the formalism for photorefractive two-wave coupling is extended to
include the effects of an externally applied magnetic field by including the Faraday
effect in the wave equation and by including the effect of the magnetic field on
the refractive index perturbation in the two-beam coupling constant. The latter is
due to a magnetotransport effect, and originates from the magnetic field effects on
the free electron plasma generated in the conduction band [51]. It is the Lorentz
force acting on the charged carriers giving rise to a Hall current transverse to the
magnetic field and to the primary current, as explained in section 2.4. Thus the
magnetic field changes the charge migration processes responsible for the buildup
of the space-charge field. Such effects were neglected in the theoretical description
of the magnetophotorefractive effects in Ref. [47].

The influence of a magnetic field on the induced space-charge electric field has
been considered theoretically in Ref. [51]. The band transport model, see Eqs. (1)-
(4), is extended to include the effect of an externally applied magnetic field. This
is done by introducing the Hall-current due to the diffusion and the drift current,
respectively, in the expression for the total current density. In accordance with the
discussion in section 2.4 it is the ordinary Hall effect that is referred to here. The
photovoltaic effect and, therefore, the photo-Hall effect was neglected in Ref. [51].
It is shown that both the magnitude and the phase of the space-charge field are
influenced when the magnetic field is applied perpendicularly to the grating wave
vector, as in the Voigt geometry shown in Fig. 7(c), and when the applied electric
field and the grating wave vector are nonparallel at the same time. If they were
parallel the Hall-current induced due to the drift current would be perpendicular
to the grating wave vector and, consequently, it would have no influence on the
induced space-charge field.

It is interesting to note that due to the fact that the diffusion current is always
parallel to the grating wave vector, the induced Hall current in the Voigt geometry
will be perpendicular to the grating wave vector and will have no influence on the
space-charge field.
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Furthermore it is shown that the influence of the magnetic field on the photore-
fractive effect is crucially dependent on the free carrier mobility, and scales with
the product of the mobility and the magnitude of the magnetic field, /x5[51]. In
the context of the discussion of the photovoltaic effect in section 2.3.1 it is the
mobility of thermalised electrons responsible for photoconduction that enters the
expression for the ordinary Hall-current. With moderate magnetic fields ( B « l
T) a very weak effect is expected for most photorefractive crystals since the mobil-
ity of the thermalised charge carriers is low. For the widely used sillenite crystals
BSO, BGO and BTO, recent measurements have shown a thermalised mobility of
2 - 5 • 10-4 m2/(Vs)[52].

If, however, the photorefractive charge migration process is dominated by the
photovoltaic effect, it is the much larger nonthermalised mobility that enters the
expression and, hence, a much stronger magnetic interaction through the photo-
Hall effect is expected, as discussed in section 2.3.1. Therefore, the high mobility
of the nonthermalised electrons makes it very interesting to investigate the mag-
netophotorefractive effects in crystals of LiNbC>3 and has initiated some work in
this field[53]-[56].

Measurements have shown that the photorefractive effect in LiNbCV-Fe crystals
does depend on an externally applied magnetic field[53]. The induced refractive
index change in a homogeneously illuminated strip perpendicular to the optical
axis depends on the direction and magnitude (1.5 T) of a magnetic field applied
along the y-axis. This was attributed to an increase in the photoconductivity,
which is called the transverse photomagnetoresistance effect, and a change in the
effective photovoltaic constant, respectively. The observed effect was explained
using the magnetophotovoltaic effect, including both a linear term, the photo-
Hall effect and a quadratic term in the magnetic field.

Contrary to this no magnetic field effect on holographic grating formation
was observed in LiNbC>3:Fe crystals using a traditional holographic recording
scheme[54]. The diffraction efficiency of a grating written with a pulsed Ruby
laser @ 694 nm was measured, with and without the application of a magnetic
field of 3 T. A Voigt geometry, Fig. 7(c), with the grating wave vector parallel
to the c-axis and the y-axis of the crystal, respectively, was studied. A possible
explanation for the negative result can be the weak photovoltaic response of the
material in the far red region of the spectrum, and it is therefore possible that the
diffusion current dominates the grating formation in this case.

Recently, however, a strong magnetic field effect on both beam coupling and
grating formation in crystals of LiNbO3:Fe has been shown experimentally in
our laboratories[55, 56]. In contrast to the investigations in Ref. [54], this was
demonstrated in a vectorial interaction scheme[33, 57]. In this recording scheme
the spatially oscillating photovoltaic current is solely responsible for the forma-
tion of the space-charge field. The strong magnetic field effect is due to the Hall
component of the spatially oscillating bulk photovoltaic current.

The magnetophotorefractive effect considered in the present thesis is concen-
trated around the magnetotransport effect on the nonthermalised electrons re-
sponsible for the photovoltaic effect in LiNbC>3. This photo-Hall effect is much
larger than the ordinary Hall effect. A Voigt geometry is used so that Faraday
effects can be ruled out, and it is assumed that the Voigt effect is negligible, as
justified above.

It is the purpose of this part of the thesis to give a detailed theoretical and
experimental investigation of the magnetophotorefractive effect in a vectorial in-
teraction scheme. In particular we want to examine the magnetic field influence
on the fundamental photorefractive processes of two-wave mixing and holographic
grating formation.

The theoretical model presented utilises Eq. (13) for the perturbed space-charge
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field, which is derived from the band transport model, Eqs. (l)-(4) using the con-
ventional perturbational approach, see section 2.2. The driving force responsible
for the creation of the perturbed space-charge field is the spatially oscillating
photovoltaic current. The novelty of the present theory for the vectorial interac-
tion scheme, is the additional magnetophotovoltaic contribution to the spatially
oscillating photovoltaic current caused by the presence of the externally applied
magnetic field.

Contrary to earlier descriptions of the vectorial interaction, see ,e.g., [58, 59],
we have included the contribution from the diffusion mechanism to the charge
migration. The influence of the diffusion mechanism on the perturbed space-charge
field and, consequently, on the two-wave mixing and grating formation is discussed.

The considered configurations of the vectorial interaction scheme are explained
in section 3.1.1, and an expression for the induced photovoltaic current is given,
using the phenomenological description of the bulk photovoltaic- and magnetopho-
tovoltaic effect outlined in sections 2.3.2 and 2.4.2, respectively.

Expression for both the unperturbed and the perturbed space-charge field are
determined in section 3.1.2. The influence of the diffusion mechanism is analysed
on the basis of the new theoretical description presented here and it is compared
with the theory usually applied. The validity of neglecting diffusion effects is dis-
cussed for the configurations of the vectorial interaction scheme used here. The
magnetic field and angular dependence of the perturbed space-charge field is ex-
plained by investigating the directions of the bulk photovoltaic and magnetopho-
tovoltaic contributions to the spatially oscillating current.

The expression for the perturbed space-charge field determined is then used
to describe two-wave mixing during recording and formation of the induced re-
fractive index grating in sections 3.1.3 and 3.1.4, respectively. The magnetic field
influence on the exponential gain factor, describing the energy coupling, and on
the diffraction efficiency is also described.

In section 3.2 the experimental investigations of the magnetophotorefractive ef-
fect in the vectorial interaction scheme are presented. The experimental setup and
method are described in section 3.2.1, while the experimental results are presented
in section 3.2.2. Measurements of the two-wave coupling and the diffraction effi-
ciency of the induced grating as a function of recording time are compared with
the theory, both in the steady state regime and for the initial stages of recording.

3.1 Vectorial interaction
Vectorial interaction is the nonlinear interaction of optical waves with orthogonal
states of polarisation that is possible due to the polarisation dependence of the
photovoltaic current [60]. It is caused by the excitation of both linear and circular
spatially oscillating photovoltaic currents that arise from the nondiagonal compo-
nents of the photovoltaic tensor, /3,-jfci where j ^ k, as shown in Eq. (31) in section
2.3.2. These currents are the predominant transport mechanism responsible for
the formation of a space-charge electric field and, consequently for, the formation
of a refractive index grating.

The recording of holographic phase gratings by beams in a vectorial interaction
scheme was first demonstrated in crystals of LiNbC>3:Fe by Odulov [33] and later
in BaTiC>3 crystals by Holtmann et al. [57]. The circular spatially oscillating pho-
tovoltaic current gives rise to a nonlocal nonlinearity, equivalent to the diffusion
nonlinearity in traditional recording schemes, and results in a steady state unidi-
rectional energy transfer[60]. Two- and four-wave mixing in a vectorial interaction
scheme has been studied both theoretically and experimentally in LiNbC>3:Fe [59].
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3.1.1 Configuration and photovoltaic current

In the analysis presented here we look at two different versions of the vectorial
holographic recording scheme, see Fig. 8. Generally, the incident electric field is
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Figure 8. Schematic overview of setups for vectorial interaction in configurations
with: (a) a single incident writing beam; (b) symmetrically incident writing beams.

taken as a superposition of an ordinary and an extraordinary plane wave in the
form

E(r, t) = e0E0 exp(-t(wi - k0 • r)) + eeEe exp(-i(wt - ke • r)) + c.c., (42)

where w is the angular frequency and EOfi the complex field amplitudes of the or-
dinary and extraordinary waves, respectively. The corresponding unit polarisation
vectors are

eo = (-cos0o,sin0o,O) and ee = (0,0,1). (43)

The wave vectors, kOiC, are both in the plane perpendicular to the c-axis and are
given by

ko = &no(sin0o,cos0o,O) and ke = kne(— sin0e,cos0e,O), (44)

where no<& are the refractive indices of the ordinary and the extraordinary waves,
respectively, and k = 27r/A, A being the free space wavelength. The internal angles
of incidence are denoted 0Oie, and a prime will denote the corresponding external
angle. In Fig 8(a) a single incident beam with components of both states of polar-
isation is used, i.e. 0 ' = Q'o = -Q'e, and in Fig. 8(b) the beams are symmetrically
incident with respect to the normal to the crystal face, i.e. 0 ' = Q'o = 0'e.

The electric field in Eq. (42) corresponds to the general field considered in
section 2.3.2 and is obtained from Eq. (28) by replacing waves 1 and 2 with the
ordinary and the extraordinary fields , respectively, (i.e. 1—> o and 2—> e). As shown
such a field induces a bulk photovoltaic current with both spatially constant and
spatially oscillating contributions.

Using the form of the linear and circular bulk photovoltaic tensors for LiNbO3,
as given in (A.113) and (A.115) in App. A.2, in the expression for the bulk pho-
tovoltaic current, Eq. (29), the spatially oscillating part can be written in the
form

j ? p v = e r) + c.c. (45)
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The spatial variation in Eq. (45) is described by the current grating wave vector,
K = ko — ke, of the magnitude

2TT
K = — y/nl + n\ - 2none cos(9o + 0e), (46)

A

and the spatial period is A = 2TV/K.

In the present analysis a static magnetic field of magnitude B is applied perpen-
dicular to the grating wave vector and parallel to the c-axis, i.e. B = Be, which
is the Voigt geometry, Fig. 7(c). In the analysis negative values of B will be used
to denote a magnetic field applied in a direction opposite to the c-axis.

Using the form of the magnetophotovoltaic tensor as derived in App. A.3 and
the expression for the induced magnetophotovoltaic current, Eq. (40), we have for
the spatially oscillating part that

ffpv(B) = £MPVE0E;B(S!? + z50
c) exp(iK • r) + c.c. (47)

The components of the magnetophotovoltaic tensor entering Eq. (47) are: S£ =
5'i323 = -S2313 = £'i332 = -5233i a n d So = s?3i = 5232. see tables 6 and 8 in
App. A.

Both contributions to the current are in the plane perpendicular to the c-axis.
The unit vectors describing the direction of these are given by

eøpv = (—cos 0O, sin00,0) ande\ipv = (sin0o,cos0O)O) (48)

and are shown in Fig. 8. Comparing these with the polarisation vectors, Eq. (43),
it is seen that the current component stemming from the bulk photovoltaic effect is
parallel to the polarisation vector of the ordinary wave, e0, whereas the component
stemming from the magnetophotovoltaic effect is perpendicular to e0 and B. Since
the last part is proportional to the magnitude of the applied magnetic field, it is
interpreted as a photo-Hall current.

By introducing the magnetic field dependent complex vector, q, given by

q(5) = (#5 - ^f2)eBPV + B(S% + iS$)eMPV, (49)

the total spatially oscillating photovoltaic current can be written in the form

v) + c.c. (50)

The vector, q(B), is a new parameter, introduced in this thesis, describing the
combined bulk photovoltaic and magnetophotovoltaic effect in the vectorial inter-
action scheme and is called the photovoltaic magnetic coupling vector.

In addition, a spatially constant current component is induced via the linear
photovoltaic effect caused by each of the two interacting waves. According to Eqs.
(31) and (41) and the form of the photovoltaic tensors for LiNbC>3 we have that

J P V =
e)c (51)

0 O + y sin 2©0)/0

Since P^3,Pti » Ø22PO] a n d stB « /^HpS/^ < P22 i-e- assuming that j ^ p v is
the Hall current due to JoPV, we have that the largest component of this current
will be in the direction of the optical axis, i.e.

jPV~(/33V0+/33ye)e. (52)

This current causes the buildup of an electric field over the illuminated area in
the direction of the c-axis. Since it is perpendicular to the grating wave vector,
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K, this field has no influence on the induced space-charge field responsible for the
refractive index grating.

The total photovoltaic current is then

fV(B)=fo
v+fl

v(B)y (53)

where the various contributions are given in Eqs. (50) and (52). It is a function
of the applied magnetic field only through the spatially oscillating magnetopho-
tovoltaic current.

3.1.2 The space-charge field

The induced photovoltaic current, Eq. (53), will cause a redistribution of charges
and the formation of a space-charge electric field in the crystal. The spatially
oscillating part of the current, j j v , will cause the generation of a spatially oscil-
lating or perturbed space-charge field, Ei, while the spatially constant part of the
current will generate an unperturbed space-charge field, Eo. The latter depends
on whether the crystal is in an open-circuit or short-circuit condition. In this sec-
tion an expression for both the unperturbed and perturbed space-charge fields is
derived and the influence of the externally applied magnetic field is outlined and
and compared with other descriptions.

The unperturbed space-charge field
If the crystal is in an open-circuit condition the spatially constant photovoltaic

current, Eq. (51), will induce a compensatory electric field, Eo, that will compen-
sate the photovoltaic current so that in a stationary state the total current density
is zero. The total unperturbed current density is given in the form

j = <TphEo+jSv> (54)

where rrph is the photoconductivity, which is assumed to be much larger than the
dark conductivity. Combining the equation of continuity and Gauss' law yields
the following equation for the induced unperturbed space-charge field

Éo +(rs)-1<TphE0 = - ( O - X t f v , (55)

where es is the static permittivity tensor and the dot denotes the time derivative.
By using the initial condition that Eo = 0 for t = 0 and assuming that the

transverse current components of j£v are negligible, as in Eq. (52), the solution
of Eq. (55) for the unperturbed space-charge field can be written in the form

x P ( - f ) - l ] ) (56)
To

where we have used the fact that the photoconductivity is proportional to the
total intensity,

(Tph = Kph(Io + Ic)> (57)

Kph being the specific photoconductivity[19]. The characteristic time constant for
the buildup of Eo is given by

( 5 8>
where £33 is the longitudinal static permittivity.

This field does not affect the buildup of the spatially oscillating space-charge
field but it does, however, affect the measurements of two-wave coupling and grat-
ing diffraction[55]. The best experimental fulfilment of the open-circuit condition
is obtained by illuminating only a small part of the crystal aperture.
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If the entire aperture of the crystal is illuminated and the crystal faces per-
pendicular to the c-axis are short-circuited, then no compensatory electric field is
induced in this direction, i.e. Eo = 0. However, it is difficult to fulfil this condition
experimentally.

The perturbed space-charge field
Since the interacting optical waves in the vectorial interaction scheme are or-

thogonally polarised, eo • ee = 0, they do not produce an interference pattern.
Therefore, the perturbed intensity, I\, in Eq. (12) is zero, and the only driving
force entering Eq. (13) for the perturbed space-charge field, Ei, is the perturbed
photovoltaic current, jfv, given in Eq. (50).

It is assumed that the spatial variation of Ei will mimic that of the driving
force, the perturbed photovoltaic current, jfv. The direction of Ei is by Eq. (6)
determined to be parallel to the "current" grating wave vector, K. By introducing
a unit vector, ei, parallel to the direction of the grating wave vector, i.e. K = Ke\,
we have that the perturbed space-charge field must have the following form

Ei (r, t) = eiEi (t) exp(iK • r) + c.c, (59)

where E\ is the time dependent magnitude of Ei .
Since the unperturbed space-charge field, Eo, given in Eq. (56), is perpendicular

to ei, it will have no influence on the buildup of Ei. Therefore, the constant electric
field entering Eq. (13) can be set to zero. By further using I\ = 0 the resulting
equation for the perturbed space-charge field can be written as

____]v2 Éi + M ! w o v 2 B l - — ÉI -C/rEx = -7—-jfV, (60)

where es
n is the transverse static permittivity, n is the mobility and TR is the

lifetime of thermalised electrons in the conduction band.' The variables _>o and C,
are defined in Eq. (14).

Equation (60) is solved by inserting Eq. (59) and Eq. (50) for Ei and jfv,
respectively, and by using a Laplace transformation method. With the initial con-
dition that Ei = 0 for t = 0 the solution for the fundamental component of the
perturbed space-charge field can be cast in the form

E:(B) = e i ^ - A — £PV(B)[exp(-^) - 1] exp(zK • r) + c.c. (61)

where the intensity modulation coefficient is given by

M - 2E°Ee _ 2 \ /Ve

It is important to note that M does not describe a modulation in the total intensity
since there is no interference, eo • ee = 0. The characteristic time constant, r, for
the formation of the perturbed space-charge field is given by

_ Ep + EM
T

where the generation rate, WQ, is given in Eq. (14) and the characteristic fields
introduced in Eqs. (61) and (63) are defined by

kBT eNANp-NA

K E = _ _ _ _ _ BM =

and

kBT eNANp-NA 1 , .
ED = _ K t Eq = _ _ _ _ _ BM = _____ ( 6 4 )

(65)
e[is(ND - NA)rR
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In Eq. (64) Ep is the diffusion field, Eq is the maximum peak-to-peak space-charge
field corresponding to a charge separation of one grating period, EM is the drift
field, and Epv is the characteristic photovoltaic field. The latter is a function of
the externally applied magnetic field through the photovoltaic magnetic coupling
vector, q(B). By inserting Eq. (49) for q(B) into Eq. (65) the characteristic pho-
tovoltaic field can be written as the sum of an effective bulk photovoltaic field,

I and an effective magnetophotovoltaic field, EMPV, 'n the form

EPV(B) = EBPV + EMPV(B), (66)

where

and

Thus, the field describes the combined bulk photovoltaic and magnetophotovoltaic
effect, which is characteristic of the vectorial interaction scheme. It is equivalent to
the photovoltaic field defined in [10, p. 112] and may be interpreted as: the drift
current due to this photovoltaic field will compensate the photovoltaic current.
The situation here is different in that the photovoltaic current consists in both a
linear and a circular part, which makes the photovoltaic constant used in Ref. [10]
complex and, in addition, the current is spatially oscillating.

Due to the presence of the dot products in Eqs. (67) and (68) of ei with SBPV

and eMPVi respectively, the fields EBPV and JEMPV are denoted as being effective
fields. This is because it is only the photovoltaic current component parallel to
the grating wave vector, or eit contributes to the formation of the perturbed
space-charge field.

From Eqs. (61) and (65)-(68) it is seen that the perturbed space-charge field
contains two components TT/2 out of phase with respect to each other. The first
component, proportional to cos(K • r), is related to the real part of Epv and is usu-
ally called the local response[27]. According to Eqs. (67) and (68) it is determined
by the linear bulk photovoltaic and magnetophotovoltaic tensor components, /?f5
and Sf. The second component, proportional to sin(K • r), relates to the imagi-
nary part of Epv and is referred to as the nonlocal response[27]; it is determined
by the circular bulk photovoltaic and magnetophotovoltaic tensor components,
Pf2 and SQ, in accordance with Eqs. (67) and (68).

Equation (63) for the characteristic time constant, r, corresponds to the usual
time constant for photorefractive grating formation with no externally applied
electric field as, e.g., given in Ref. [10, p. 108]. From Eq. (63) it follows that r is
independent of the applied magnetic field.

The influence of the diffusion mechanism
An important difference between the present analysis and other descriptions

of space-charge field formation in the vectorial interaction scheme, see e.g. Refs.
[59, 61, 62, 58], is that we have included the effect of diffusion. It appears in Eq.
(61) for Ei through the characteristic diffusion field, ED, and originates from the
diffusion contribution to the total current density, eDVn, in Eq. (3). This term
is only nonzero if there is a spatial variation in the free carrier density, n.

In traditional schemes, where the refractive index grating is recorded by optical
waves of the same state of polarisation, the interference pattern or perturbed
intensity, 1%, causes a direct optically induced spatial variation in the concentration
of conduction band electrons and, hence, a diffusion current occurs due to the
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gradients. In the vectorial interaction scheme the diffusion processes is usually
assumed to be absent since Ii = 0. However, a spatial variation in n is caused by
the spatially oscillating photovoltaic current and by the induced spatial variation
in the density of nonionised donors.

In Ref. [63] we have neglected diffusion in order to compare the results with
other descriptions and to direct the emphasis on the effect of the externally applied
magnetic field. In the following an expression for the perturbed space-charge field is
derived, under this assumption of negligible diffusion. This expression is compared
with Eq. (61) and the validity of the assumption is discussed.

By neglecting the diffusion term in Eq. (3) for the total current density and by
using the linearisation equations (9)-(ll), the total perturbed current density can
be written in the form

Jl = °ph->1'l + J l \.&)t \P")

where crph = e/m is the photoconductivity, which is assumed to be constant, and
hence the free electron density, n, is assumed constant. The drift current due
to the induced perturbed space-charge field, Ei will compensate the perturbed
photovoltaic current so that the total current, j i , is zero in a stationary state. The
perturbed photovoltaic current, j £ v , is given in Eq. (50).

By analogy with Eq. (55) we obtain the following equation for the perturbed
space-charge electric field by combining the equation of continuity and Gauss' law

•p i (TPhr; _ ; p v ( n \ (fn)

By inserting Eq. (50) for the perturbed photovoltaic current and Eq. (57) for the
photoconductivity, the solution to Eq. (70) is found to be

A ) - 1] exp(zK • r) + c.c, (71)
T

,() ^ l

where the photovoltaic magnetic coupling vector, q, and the intensity modulation
coefficient, M, are given in Eqs. (49) and (62), respectively. The characteristic
time constant for the formation of the space-charge field is given by

and is determined by the transverse static permittivity, efj. For LiNbC>3 we have
that efi cs 3£§3[6], which means that the characteristic time for the buildup of
the perturbed space-charge field, r ' , is longer than that of the unperturbed space-
charge field, To, in Eq. (58). There is no explicit dependence on the applied mag-
netic field in Eq. (72). Experimental investigations[53] have, however, shown a
small decrease in the photoconductivity when a magnetic field is applied. This
dependence is neglected here. For zero applied magnetic field the expression for
the space-charge field in Eq. (71) reduces to the ones given in Refs. [58], [59] and
[62].

Equations (71) and (72) for the perturbed space-charge field are equal to Eqs.
(61) and (63) when diffusion is neglected, ED = 0, and when

KPh = e(j.s(ND - NA)TR (73)

holds for the specific photoconductivity. The influence of the diffusion mechanism
on the perturbed space-charge field gives rise to the additional factor

t-sås; <74>
in Eq. (61) compared with Eq. (71). In Fig. 9 the factor £, calculated using Eq.
(74) and the material parameters given in App. B, is shown as a function of the
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Figure 9. The factor, £, in Eg. (74) as a function of the grating period, showing
the influence of the diffusion mechanism on the perturbed space-charge field in the
vectorial interaction scheme.

grating period, A. It is seen that £ ss 0.9 for a grating period of A = 1.5 urn.
For larger grating periods £ approaches unity, i.e. the diffusion mechanism has no
influence in this limit. For smaller grating periods, A < 1.5 pm, £ decreases towards
zero, i.e. the diffusion mechanism causes a strong reduction in the space-charge
field for small grating periods. Consequently, in the vectorial interaction scheme
the diffusion mechanism acts as a reducing factor, as opposed to the traditional
recording scheme where it constitutes the driving force. It should be noted that
the exact form of the curve in Fig. 9 depends on the ratio of the concentration
ratio of donors to acceptors, ND/NA, which differs from sample to sample. For
larger values than the one used in Fig. 9, which is taken from Ref. [64], the point
at which £ « 0.9 will move towards larger grating periods.

The grating period is given by A = 2ir/K, where K is given in Eq. (46) as a
function of the angles of incidence. In the setup shown in Fig. 8(a) with a single
incident beam, the grating period varies from 5.5 [im for 0 ' = 0° to 5 [im for
©' = 90°, therefore, in this case the diffusion mechanism has no influence on the
induced perturbed space-charge field.

However, in the case with angularly separated writing beams, see Fig. 8(b), the
grating period may be as small as 0.2 jim, in which case the diffusion term becomes
non-negligible. The grating period varies from 5.5 ^m for 0 ' = 0° to 0.2 fxm for
©' = 90°. In Fig. 10 the absolute value of the perturbed space-charge field is shown
as a function of the symmetrical external angle of incidence, 0 ' . The calculation
is performed using Eq. (61) in the two cases; where diffusion is neglected, Ep = 0
and £ = 1, and where diffusion is taken into account, ED # 0 and £ < 1. The
intensity modulation coefficient was 0.4 and the material parameters used are
listed in App. B. It is seen that for angles O' < 5° there is no difference in the two
descriptions. For larger angles, however, the perturbed space-charge field is much
lower when the diffusion mechanism is taken into account. The difference may be
as much as a factor of 5 for large angles, corresponding to f w 0.2 for A = 0.2 [im.

Therefore, the predicted space-charge field using the theory usually applied,
where diffusion is neglected, is larger than that found when diffusion is taken into
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Figure 10. Calculated absolute value of the perturbed space-charge field as a func-
tion of the symmetrical external angle of incidence, 0', in the vectorial interaction
scheme shown in Fig. 8(b). The dashed line corresponds to the description where
diffusion is neglected, ED = 0, and the solid line corresponds to the description
where diffusion is taken into account, ED i1 0.

account. In the outlined analysis of the diffusion mechanism it has been assumed
that the process of diffusion is dominated by thermalised electrons. However, the
model in section 2.3.1 predicts that also nonthermalised electrons will contribute
to the diffusion[58]. This is not considered here, but since it would yield a larger
diffusion field, it would enhance the reducing effect on the space-charge field.

Magnetic field and angular dependence of the space-charge field
The magnetic field dependence of the space-charge field in Eq. (61) is contained

within the characteristic photovoltaic field Epy given in Eq. (65). It is proportional
to the dot product ei • q(B), which according to Eq. (49) can be written as

q{B) = • eBpv) Si • eMPv). (75)

It is denoted the effective photovoltaic magnetic coupling coefficient and describes
the component of the total perturbed photovoltaic current density, jfv, given by
Eq. (50), that is parallel to the grating wave vector. In Fig. 11 it is illustrated how
this current component at an arbitrary position in the XY-plane changes when a
magnetic field is applied. For a positive magnetic field, B, the total current is seen
to have a larger component parallel to K as compared with the case of no magnetic
field applied. Consequently, it gives rise to a larger space-charge field. Applying
the magnetic field in the opposite direction, —B, leads to a smaller space-charge
field. When the direction of the magnetic field is changed, this shows a symmetric
effect due to the fact that only the additional magnetophotovoltaic current is
considered. The modulus of the total current thus increases when a magnetic field
is applied. The transverse magnetoresistance effect, mentioned in the introduction
in this chapter, would cause a small decrease in the current components along the
grating wave vector for both directions of the magnetic field. Thereby, it would
introduce a small asymmetry.

From Fig. 11 it is clear that the magnetic field effect depends strongly on the
direction of the bulk photovoltaic current, SBPV. relative to the grating wave
vector, K. If eepv is parallel to K, the magnetophotovoltaic current gives no
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Figure 11. Vector diagram illustrating the spatially oscillating bulk photovoltaic
and magnetophotovoltaic currents in the XY-plane of the crystal. The component
of the total current parallel to the grating wave vector, which determines the mag-
nitude of the space-charge field, is shown for ± B and for no applied magnetic field.
The current directions correspond to the situation shown in Fig. 8(a).

contribution to the space-charge field induced.
The maximum magnetophotovoltaic current contribution is found when eBpv is

perpendicular to K, and then there is no contribution from the bulk photovoltaic
current. In the setup shown in Fig. 8 this situation appears when both beams are
normally incident, i.e. 0 ' = 0. It means that it is possible to create a space-charge
field in a configuration, where it is normally not possible, by simply applying an
external magnetic field. However, as will become clear later, the effective electro-
optic coefficient is zero in this configuration.

The angular dependence of the effective photovoltaic fields, £BPV
 and i?MPV)

are determined by the dot products ei • SBPV and ei -eMPVi respectively, as can be
seen in Eqs. (67) and (68). In Fig. 12 the moduli of the dot products are shown as a
function of the external angle of incidence, 0', for the vectorial interaction schemes
shown in Fig. 8. It is seen that the angular dependence of the contribution from
the magnetophotovoltaic effect is quite different from that of the bulk photovoltaic
effect. The relation between the two quantities is that the squared sum equals one.

Corresponding to the case described above we see that ei • eapv = 0, while ei •
GMPV = 1 for 0 ' = 0. In the setup with a single incident beam, K is parallel to the
y-axis for all angles of incidence and in Fig. 12(a) it is shown that «?MPV will always
have the largest component parallel to K. For the setup with angularly separated
writing beams (see Fig. 12(b)) this is only the case for small angles of incidence.
It is seen that for angles greater than approx. 2.4° «JBPV will have the largest
component parallel to K as compared with eMPV- From these considerations we
conclude that the strongest effect of an externally applied magnetic field on the
induced space-charge field is found in the setup with a single incident beam.

In Fig. 13 the angular dependence of the steady state magnitude of the per-
turbed space-charge field is shown for three different values of the parameter (*HPB.

These correspond to the case of no magnetic field and a magnetic field with a mag-
nitude of 1 T applied in the two directions parallel to the c-axis. The intensity
modulation coefficient was 0.4 and the material parameters used are listed in App.
B. The calculation is performed assuming constant intensities of the two waves
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Figure 12. Angular dependence of the factors |ei-eBPv| (solid lines) and
|ei • eMPv\(dashed lines) determining the magnitude of the induced space-charge
field in the vectorial interaction scheme with (a) a single incident beam, (b) sym-
metrically incident writing beams.

outside the crystal, which have been corrected for Fresnel losses. Since these differ
for the two eigenwaves, the effective internal intensity modulation coefficient will
be a funtion of the angle of incidence.

A strong dependence on the magnetic field is observed in the setup with a single
incident beam, Fig. 13(a). The theory predicts a nonzero value of |Ei | at normal
incidence, 0 ' = 0, for a nonzero applied magnetic field, independently of the
direction of the field. For increasing 0 ' it is seen that |Ei | is enhanced for a positive
magnetic field, HHPB > 0, while it decreases for a negative field, fiHpB < 0. The
angle at which the curve for HHPB = —0.1 is zero is approximately 13°, this angle
will be an increasing function of the magnitude of the magnetic field. At angles
larger than this the magnetic field induced change in |Ei | is symmetric around
the value for no applied field.

The maximum value of |Ei | is obtained in the setup with symmetrically incident
beams, 13(b), for an external angle of 0 ' « 7°. A strong magnetic field dependence
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Figure 13. Calculation of the absolute value of the perturbed space-charge field,
with the magnetic field as parameter in the vectorial interaction scheme with; (a)
a single incident beam; (b) symmetrically incident beams.

is present for angles close to normal incidence, however, the angular dependence
is strong and makes the curves very step. Similar to the case in Fig. 13(a) the
magnetic field induced change in |Ei | is symmetric around the value for no applied
field, however, the relative change is much smaller in this case. The fact that a
positive magnetic field in the one case causes an enhancement, Fig. 13(a), while it
causes a reduction in the other, Fig. 13(b), is due to the difference in sign of the
factor ej • eepv in Eq. (67) for the two configurations.

3.1.3 Two-wave mixing

In the vectorial interaction scheme the two interacting light waves interchange
their energy during recording[60, 59]. As shown in the previous section, the circular
component of the spatially oscillating photovoltaic current induces a nonlocal
response, i.e. a component of the perturbed space-charge field that is shifted 7r/2
in phase with respect to the one induced by the linear component. The effect
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of the perturbed circular photovoltaic current is equivalent to the effect of the
diffusion nonlinearity in traditional recording schemes, and gives rise to a steady
state energy transfer. In the vectorial interaction scheme this energy transfer is
unidirectional[60].

The dynamic energy transfer is described by inserting the perturbed dielectric
constant tensor into the wave equation

V2E(r,i) - Me0(er +A e r ) " ~ g ' y = 0. (76)

Here fio is the vacuum permeability and EJ, AT r are the unperturbed and per-
turbed relative dielectric constant tensors, respectively. The perturbation of the
dielectric constant tensor is caused by the induced space-charge field via the linear
electro-optic effect, and A e^ is determined by inserting Eq. (61) into Eq. (18).

By assuming that both waves propagate in the XY-plane (see Fig. 8) and that
the wave amplitudes are functions of y only and, further, using the standard
approximations[10] two coupled differential equations for the complex amplitudes
of the two interacting eigenwaves are obtained:

p (77)
W 2^Ol 2c*ke(Io + Ie)cosOe

 Ee' (77)

and

dEo a0 .^2ngngrsi(ei • eo)[exp(-£) -
E

where ao,e are the intensity absorption coefficients for the ordinary and the ex-
traordinary waves, respectively, c is the velocity of light and r51 (ei • e0) is the
effective electro-optic coefficient. Since e0 = SBPVI the angular dependence of this
coefficient is equal to that of the bulk photovoltaic current contribution, ei • eapvi
which is shown in Fig. 12.

The magnetic field dependence enters the coupled wave equations through the
characteristic photovoltaic field, Epv(B), which appears in the coupling terms
and is defined in Eq. (65). In the considered Voigt geometry where the magnetic
field is applied perpendicular to the direction of propagation for both eigenwaves,
there is no influence from the Faraday effect. This would otherwise have to be
taken into account in the coupled wave equations[50, 49]. In the case of no applied
magnetic field and negligible diffusion, i.e. £ = l,the coupled wave equations (77)
and (78) reduce to the ones given in, e.g., Ref. [62].

In order to simplify the coupled wave equations the average complex coupling
coefficient is introduced

F{B) _ ^ , ( e

where n = (no + ne)/2 is the average refractive index, and for the internal angles
it is assumed that cosQ ~ cos0o ~ cos0e, which is valid for both configurations
shown in Fig. 8. By further using the relations

Eo = y/Ze*' and Ee = y/Tee
ilf>* (80)

in Eqs. (77) and (78), the following coupled equations for the intensities of the
two eigenwaves are obtained

dy
dlo

dy
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and for the phases

-

Thus, the imaginary part, F"(B), of the coupling coefficient, Eq. (79), is determi-
native for the intensity coupling, while the real part, F'(B), determines the phase
coupling.

Equations (81)-(84) that describes the intensity and the phase coupling in the
vectorial interaction scheme are equivalent to the equations describing two-wave
coupling in a traditional recording scheme, see , e.g., [10, p. 122]. The differ-
ence is in the coupling coefficient, which in the vectorial interaction scheme has
a characteristic strong angular dependence. The sign of the coupling coefficient is
independent of the ratio of the intensities of the interacting waves, as opposed to
the traditional scheme.

By neglecting the anisotropy in the absorption Eqs. (81) and (82) can be de-
coupled and the solution for the intensities of the two eigenwaves at the output of
the crystal, y = L, can be written in the following form for the ordinary wave

/„(£) = /

and for the extraordinary wave

1 + ^ (86)

where m = /o(0)//e(0) is the incident intensity ratio, L is the crystal length, and

(87)

is the average intensity absorption coefficient corrected for the direction of prop-
agation.

in contrast to other descriptions of the vectorial interaction[58, 59] the expo-
nential gain factor, T(B) = 2F"(B), is here a function of the externally applied
magnetic field. By inserting the characteristic photovoltaic field from Eq. (65) into
Eq. (79) it can be written in the form

l]g c ^ ,
• eBPv) + BS0 (ei • eMPV)J, (88)

where Eq. (73) has been used for the specific photoconductivity. It is seen that
the exponential gain factor is independent of the total intensity. In the case of no
applied magnetic field, 5 = 0, the gain factor is equivalent to the one given in Ref.
[58]. Applying the magnetic field introduces an additional term in the exponential
gain factor that is linear in B and proportional to the circular component of the
magnetophotovoltaic tensor, SQ.

The direction of the energy transfer in the vectorial interaction scheme is de-
termined by the sign of the factor r 5 i^^ in Eq. (88). In crystals of LiNbCtøFe the
direction of the energy transfer is from the ordinary to the extraordinary waves,
i.e. r5if3^2 < 0. This is an inherent property of LiNbCtøFe crystals[61]. Thus, the
exponential gain factor in the analysis outlined above is negative for no applied
magnetic field, i.e. T(0) < 0.

In Fig. 14 the exponential gain factor, T(B) in Eq. (88), is calculated as a
function of the external angle of incidence using the material parameters listed
in App. B. Curves are shown for no magnetic field and a magnetic field with a
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Figure 14. Calculated exponential gain factor for two-wave mixing in a vectorial
interaction scheme for three values of the parameter (J.HpB, corresponding to a
magnitude of the magnetic field of 0 and ±1 T. For a setup with; (a) a single
incident beam, Q' = Q'o = —Q'e; (b) symmertically incident beams, Q' = Q'o = Q'e.

magnitude of ±1 T. It is seen that F = 0 at normal incidence independently of the
magnetic field. This is due to the effective electro-optic coefficient, which is zero in
this case. Therefore, the nonzero space-charge field induced by the magnetic field at
normal incidence, see Fig. 13(a), has no influence on the two-wave coupling. In the
setup with a single incident beam, Fig. 14(a), it is seen that it is possible to change
the sign of the exponential gain factor by applying a negative magnetic field and,
thereby, to change the otherwise inherent direction of energy transfer. The positive
exponential gain factor obtained for angles smaller than approximately 13° is,
however, very low. It can be increased by applying a larger negative field, which
will also move the zero-crossing towards larger angles. Applying the magnetic
field in the other direction is seen to enhance the efficiency of the coupling to the
extraordinary wave. The magnetic field induced change in F is symmetric around

Risø-R-880(EN) 45



the value for no applied magnetic field, F(0). The largest coupling efficiency is
obtained in a setup with symmetrically incident beams, Fig. 14(b), for an external
angle around 8°. The optimum value of F can be enhanced by a small amount by
applying a negative magnetic field. The relative influence of the magnetic field is
much smaller than in the case shown in Fig. 14(a).

Short time limit
Due to the presence of strong light induced scattering, which is also called beam

fanning, it is not possible to make qualitative comparisons between theory and
experiments in the steady-state regime. Therefore, we are interested in looking at
the kinetics of the energy coupling in the short time limit, t <3C r, in which the
effect of light induced scattering is negligible.

In this initial stage of recording an expansion of the exponential time dependence
in Eq. (88) can be used. By further assuming that the coupling is weak, F <C 1,
the relative change in the intensities at the output of the crystal, y = L, can be
written as

— [~Pi2^i' ^BPV) + BS0 (ei • eMPv)] t (89)
I0,e

where the — sign refers to the change in the ordinary intensity. It is seen that the
relative change is proportional to the exposure time, t.

Eq. (89) shows that the coupling in this limit is independent of the specific
photoconductivity, Kph and is determined directly by the circular components of
the bulk photovoltaic and magnetophotovoltaic tensors, (3f2 and SQ. Thus, from
an experimental investigation of the two-wave coupling in the short time limit one
can gain information about the circular photovoltaic tensor components. In order
also to investigate the linear part of the photovoltaic tensors, we may look at the
diffraction efficiency of the induced refractive index grating.

3.1.4 Diffraction efficiency

The refractive index grating resulting from the induced space-charge field in Eq.
(71) may be detected by means of diffraction of a probe beam.

In the derivation of an expression for the diffraction efficiency it is assumed that
the two-wave coupling is negligible, which means that the analysis is carried out
in the approximation of a given constant light distribution, or at least, a constant
intensity modulation coefficient, Eq. (62), throughout the crystal volume. The
perturbed dielectric tensor, Eq. (18), is found assuming a constant space-charge
field as given in Eq. (61), and is inserted into the wave equation, Eq. (76). Using
the same standard approximations leading to Eqs. (77) and (78) the following
coupled equations for the incident and diffracted wave are obtained

^ ^ (90)

and

^ ^ (91)

where 22i|tf are the complex amplitudes of the incident and diffracted waves, re-
spectively, and a' is the average intensity absorption coefficient, as given in Eq.
(87). The magnetic field dependent coupling coefficient, K, is given by

( - - ) - 1], (92)2 A c o s 6 . E p v ( . B ) l e x p ( -
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where n = (no + ne)/2 is the average refractive index and it is assumed that
cos 0 w cos Qi w cos Qd for the internal angles of incidence.

It has been assumed that the probe beam is perfectly phase matched to the
grating. The coupled equations may be extended to include a phase or momentum
mismatch to describe a deviation from the Bragg condition, however, it is not
important for the present analysis. In the experiments, described in section 3.2.1,
the fulfilment of the Bragg condition is achieved by using one of the writing beams
as a probe beam. Hence the probe wavelength is equal to the writing wavelength,
A.

The anisotropic diffraction described by Eqs. (90) and (91) involves a change
in the state of polarisation upon diffraction, i.e. if the incident wave is ordinarily
polarised, then the diffracted wave is extraordinarily polarised, i.e. i = o and
d = e, and vice versa, i.e. i = e and d = o. The coupled equations (90) and (91)
are readily solved using the boundary condition that Ed(0) = 0, and the diffraction
efficiency, defined as the intensity ratio of the diffracted wave at the output of the
crystal, y = L, to the incident wave, can be written in the form

- l ) - 1] \EMB)\) exp(-2a'L), (93)

which is a function of the applied magnetic field through the characteristic photo-
voltaic field, Epv(B), given in Eq. (65). In the case of no applied magnetic field,
D = 0, and negligible loss and diffusion, i.e. a' = 0 and £ = 1, the expression for
the diffraction efficiency in Eq. (93) is equivalent to the one given in, e.g., Ref.
[58].

In Fig. 15 the steady state diffraction efficiency is shown as a function of the
external angle of incidence corresponding to the two different vectorial interaction
schemes in Fig. 8. As the preceding ones in Figs. 13 and 14 the calculations are
done for a magnetic field of ±1 T and are compared with the case of no applied
magnetic field, the corresponding values of the dimensionless factor /*Hp£ are 0
and ±0.1. The diffraction efficiencies are calculated for a total intensity of 7 0 +/ e =
550 mW/cm2 and with an intensity modulation coefficient M = 0.4, and using
the material parameters listed in App. B. Correcting for Fresnel losses gives an
internal total intensity and a intensity modulation coefficient that depend on the
angle of incidence. These corrections allow us to compare the calculations with
measurements.

In the setup with a single incident beam, Fig. 15(a), it is seen that the maximum
diffraction efficiency is obtained for an external angle of incidence of apr ( JX. 63°
for no applied magnetic field. This optimal angle increases slightly for a negative
applied magnetic field of 1 T, whereas the maximum diffraction efficiency is low-
ered by 44 %. By altering the direction of the magnetic field the optimal angle of
incidence decreases slightly while the maximum diffraction efficiency is enhanced
by 55 % compared with the case of no applied magnetic field. The relative mag-
netic field induced change in the diffraction efficiency change is even higher for
smaller angles while it decreases slightly for larger angles of incidence.

The obtainable diffraction efficiency in this configuration is much lower than for
the setup with symmetrically incident beams, Fig. 15(b). The maximum efficiency
is here obtained at an external angle of incidence around 8°. The efficiency drops
rapidly as the symmetric angle of incidence is altered toward both larger and
smaller values. Applying a negative magnetic field of —1 T is seen to enhance
the maximum diffraction efficiency by about 7 %, while reversing the direction of
the applied magnetic field yields a corresponding decrease, as compared with the
case of no applied magnetic field. The relative change in diffraction efficiency is
less than ±10 % for angles of incidence in the range from 6 to 80° for the given
magnetic field.
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Figure 15. Calculated diffraction efficiency of grating unitten in a vectorial inter-
action scheme for three values of the parameter /̂ HpS, corresponding to a magni-
tude of the magnetic field ofQ and ±1 T. (a) Symmetrically incident beams, 0 ' =
®o = ©el (b) sin9le incident beam, 0 ' = Q'o = - 0 ^ . The total intensity is 550
mW/cvf? and the intensity modulation coefficient is 0.^.

Thus, the strongest magnetic field induced relative change in the diffraction
efficiency is found in the setup with a single incident beam, Fig 8(a). In Fig. 16
the steady state diffraction efficiency, v(B), of a grating written in this setup is

shown as a function of the magnitude of the applied magnetic field, using the same
data as in Fig. 15. The variation of the parameter nnPB from - 1 to 1 corresponds
to a variation in the magnitude of the magnetic field in the range from —10 to 10 T.
Curves are shown for four different angles of incidence. It is seen that it is possible
to enhance the diffraction efficiency considerably by applying a negative magnetic
field, nnpB < 0. Applying the magnetic field in the opposite direction, HHPB > 0,
is seen to lower the diffraction efficiency. The value of the parameter finPB at which
the diffraction efficiency is zero increases with the external angle of incidence. For
an angle of 60° the minimum is reached for HHpB = 0.4, corresponding to a
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Figure 16. Calculated diffraction efficiency of grating written in a vectorial inter-
action scheme with a single incident beam as a function of the parameter (inpB
corresponding to a magnitude of the magnetic field in the range -10-10 T. This
is shown for four different external angles of incidence, 0 . The total intensity is
550 mW/cm2 and the intensity modulation coefficient is 0.4-

magnetic field of 4 T. For even larger values the diffraction efficiency increases
again. Such strong magnetic fields are only obtainable by using superconducting
magnets[47].

Short t ime limit
As was the case for the two-wave coupling it is interesting to examine the

diffraction efficiency in the short time limit, t < r, in order to make qualitative
comparisons with experimental results.

In this initial stage of recording an expansion of the exponential time dependence
in Eq. (93) can be used. By further assuming that the diffraction efficiency is low,
T? «; 1, from Eq. (93) it follows that the diffraction efficiency increases as the
square of the exposure time

= 7.(0)1.(0) (94)

where the effective photovoltaic magnetic coupling coefficient, ei -q(B), is given in
Eq. (75). By analogy with Eq. (89) the diffraction efficiency in the short time limit
is independent of the specific photoconductivity and is determined by the photo-
voltaic tensor components. From an investigation of the kinetics of the diffraction
efficiency one can gain information about the modulus squared sum of the linear
and circular components of both the bulk photovoltaic and the magnetophoto-
voltaic tensors; (/fø)2 + (/3f2)

2 and (S£)2 + (Sg)2, see section 3.2.2.
Combined with an investigation of the two-wave coupling described in the previ-

ous section, it is possible to determine both the linear and the circular components
of the bulk photovoltaic and the magnetophotovoltaic tensors, S£ and Sfi, in the
experimental configuration analysed here.
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3.2 Experimental investigations
In this section the experimental investigations of the magnetophotorefractive ef-
fect in crystals of LiNbO3:Fe are described. Measurements of the influence of an
externally applied magnetic field on both two-wave coupling and diffraction effi-
ciency are performed. In the first part the experimental method and apparatus are
described and in the second part the obtained experimental results are presented
and discussed. Comparisons with the outlined theory are presented.

3.2.1 Experimental me thod

A typical setup used for the experimental investigations is shown in Fig. 17. The

(a) Mirror

Mirror

Dclcctor

(b)

Mirror c.B Aperture B c i l i m P l i t t c r W2-plate Pol. beamsplitter W2-plate

(C)

Figure 17. Experimental setup for measuring energij coupling and diffraction effi-
ciency in a vectorial interaction scheme, corresponding to the configurations shown
in Fig. 8. Enlargement of the crystal showing the incidence of the beams (b) with
small angular separation; (c) with symmetrically incident beams and an additional
probe beam, Ip.

actual setups used for specific measurements may vary slightly from this, as ex-
plained in the text. An argon-ion laser (Coherent Innova 90-5) operating at a
single longitudinal line @ 514.5 nm, with a maximum power of 0.8 W is used. The
linearly polarised beam is divided by a polarising beamsplitter into two beams
polarised orthogonally with respect to each other. The intensity ratio of the two
beams is controlled with a half-wave plate placed in front of the beamsplitter.
In one of the beams a computer-controlled shutter is inserted to allow exposure
control. Both beams are expanded and collimated and are directed to overlap in
the crystal. The beams are incident in the XY-plane of the crystal; thus beam
Ie polarised perpendicularly to the plane of incidence is extraordinarily polarised,
and the other beam, Io, is ordinarily polarised in the crystal.

The specific setup shown in Fig. 17(a,b) corresponds to the configuration with
a single incident beam shown in Fig. 8(a). Here the two beams are combined via
a plate beamsplitter so that the beams are incident at almost the same angle. A
small angular separation is introduced, Q'o + Q'e — 0.6°, to be able to spatially
separate the transmitted beams at the detectors. This does not significantly change
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the angular dependence of the diffraction efficiency, which is shown in Fig. 15(a).
It merely shifts the curves slightly towards larger angles.

In setups corresponding to the configuration shown in Fig. 8(b), with symmetri-
cally incident beams, the perpendicularly polarised beam is directed directly from
the first mirror after the beamexpander to the crystal, see also Fig. 17(c).

Prior to entering the crystal, a polarisation filter and a half-wave plate are used
in the path of the extraordinarily and ordinarily polarised beams, respectively,
to ensure the right state of polarisation of the two beams. The intensity of the
transmitted beams is measured at the detectors during the exposure, thereby
monitoring the beam coupling and the additional loss of energy through light
induced scattering.

The grating formation, i.e. the diffraction efficiency of the induced refractive
index grating as a function of time, is measured through either the diffraction of
one of the writing beams or through the diffraction of an additional probe beam.
The first experimental investigations[55, 56] were performed by using an expanded
and collimated probe beam from a HeNe-laser @ 632.8 nm. This beam, denoted Ip

in Fig. 17(c), is extraordinarily polarised. Due to the anisotropic Bragg diffraction,
the diffracted beam is ordinarily polarised. Initial measurements were used to
adjust the angle of incidence of the probe beam to match the Bragg condition of
the induced grating. After each measurement the grating was erased optically by
illuminating the crystal at an off-Bragg angle with an ordinarily polarised beam
equal to the total writing intensity. The intensity of the probe beam is kept low
in the order of 1 mW/cm2, to minimise the disturbance on the grating as well
as the grating induced by the probe itself and the diffracted beam. To minimise
the influence from scattered light at the writing wavelength @ 514.5 nm, on the
measurements of the diffracted beam, a red filter and a polarising filter are placed
in front of the detector. The diameter of the probe beam was smaller than that of
the writing beams in order to probe only the central part of the grating.

Due to the high angular selectivity of the grating, measured to be approx.
0.4 mrad, and temperature drift it can be very difficult to achieve and maintain
phase matching during the long recording time. Therefore, in the more recent
experimental investigations[63], which were focused on grating formation in the
short time limit, one of the writing beams is used as a probe beam. In this way
we ensure that the phase matching condition is fulfilled. The diffraction efficiency
of the grating is measured by turning off one of the writing beams and measuring
the diffraction of the other writing beam. The diffracted beam propagates in the
direction of the blocked writing beam. This is done at very short time intervals
of 200 ms every 5 s so that the shutter is open in approx. 96 % of the time. It is
assumed that this diffraction efficiency measurement is performed quickly enough
the grating not to be disturbed by the single beam incident at the crystal. In the
setup with a single incident beam in Fig. 8(a), or the actual setup with a small
angular separation in Fig. 17(a,b), the diffraction efficiency is very low. According
to the calculations presented in Fig. 15(a) it is in the order of 10~5 - 10~3. To
be able to measure the diffracted intensity it is necessary to use the beam with
the high intensity as a probe beam. In the measurements presented here and in
Ref. [63] it is the ordinarily polarised beam and, hence, the diffracted beam is
extraordinarily polarised, corresponding to the placement of the shutter in Fig.
17(a).

Two crystals of LiNbC>3:Fe were used in the experiments, both purchased from
Deltronic Crystal Industries, Inc. The specifications of the samples are shown in
table 1 and include Fe-concentration, dimensions along the principal crystallo-
graphic axes, and measured intensity absorption coefficients @ 514.5 nm along the
crystallographic y-axis. The crystals are grown from a congruent melt using the
Czochralski method[7]. They are cut along the principal crystallographic axes with
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Table 1. Specifications for two samples of LiNbO&Fe used in the experiments,
dopant concentration, dimensions, and intensity absorption coefficient for the two
eigenwaves.

„ , „ . , W 1 Dimensions [mm] Absorption fm"1]
Sample Fe mol %] l J r i jl x y z ao a e

1 0.03 10 10 10 100 72
2 O03 10 15 15 110 76

an accuracy of 5 arc minutes and the faces are polished to a flatness of A/10 and
are characterized by a scratch/dig value of 10/5. Both samples are antireflection
coated for 514.5 nm on the faces perpendicular to the y-axis.

All measurements have been performed in thermally erased crystal samples, i.e.
they have been kept at 250 °C for 5 h. The crystal is placed on a rotating stage
which is manually controlled with a differential micrometer with a resolution of
15 arc sec.

The magnetic field is applied by placing the crystal in an air gap between two
permanent magnets 25.4 mm in diameter. Permanent magnets of niodymium-iron-
boron and rare earth cobalt doped ceramics are used. The magnets are connected
via an iron yoke to ensure uniformity of the flux lines. The magnitude of the
applied magnetic field is varied by changing the distance between the magnets.
For crystals with a dimension of 10 mm in the direction of the c-axis, the possible
magnitude of the magnetic field is in the range 0 - 0.6 T. The magnetic flux density
is measured using a Gauss/Tesla meter with a transverse probe and showed an
almost homogeneous field over the volume occupied by the crystal, with a variation
in the magnitude of ±8 %.

The boundary conditions of the crystal are important for the measurements.
In the first experimental investigations[55, 56] the crystal was illuminated with
writing beams that were expanded and collimated to a diameter of 12 mm. This
is done to ensure uniform illumination of the crystal aperture. During these ex-
periments strong electrical discharges were observed causing discontinuities in the
measured diffraction efficiency[55]. The discharges are due to the unperturbed
space-charge field, Eq. (56), that is induced across the crystal faces perpendicular
to the c-axis. It is caused by the spatially constant bulk photovoltaic current,
which has its largest component along the c-axis, Eqs. (51) and (52). As shown in
section 3.1.2, the characteristic time for the buildup of the perturbed space-charge
field, T' in Eq. (72), is longer than the corresponding time for the unperturbed
space-charge field, TQ in Eq. (58). Due to the discharges through the air or along
the crystal surface, it is not possible to maintain the open-circuit condition until
a steady state is reached for the perturbed space-charge field. To minimise this
effect, the crystal faces perpendicular to the c-axis were short-circuited with a
grip of phosphorus bronze. Some small discontinuities in the measured diffraction
efficiency were, however, still observed.

By illuminating only a small part of the crystal, the best fulfilment of the open-
circuit condition is obtained. In this case the unperturbed space-charge field, Eq.
(56), is induced across the illuminated area of the crystal since the conductivity
in the dark region is very low compared with that in the illuminated region.
An aperture located at the crystal is inserted to select the central part of the
Gaussian beam, see Fig. 17(a), to ensure a uniform intensity distribution over
the illuminated area. In this way self-defocusing effects are avoided. By using this
procedure repeated measurements can be done at new and fresh places in the
crystal, without having to thermally erase the crystal. The procedure is used to
perform measurement series consisting of three measurements for different values
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of the applied magnetic field. A measurement with no applied magnetic field is
made in the centre of the crystal and two measurements with a magnetic field of
+B and — B, respectively, are performed above and below the region of the first
measurement.

3.2.2 Experimental results

In the following the experimental results are presented and discussed. In the first
experimental investigations^, 56] the full aperture of the crystal was illuminated
and it was short-circuited in the direction of the c-axis. The dynamics of energy
coupling and grating formation were measured with and without a magnetic field
applied along the c-axis. The crystal used for these experiments was sample 1 in
table 1.

Measurements of two-wave coupling are performed using a single incident beam,
i.e. the external angles of incidence are equal for the two eigenwaves of the crystal,
0 ' = Q'o = -Q'e = 41.1°, corresponding to the setup in Fig. 8(a). The grating
period is A = 5.3 ^m in this case, according to Eq. (46). In Fig. 18 the measured
change in the extraordinary intensity at the output of the crystal is shown as a
function of time. Due to the normalisation the initial intensity corresponds to the
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Figure 18. Measured normalised change in the measured intensity of the transmit-
ted extraordinary beam as a function of recording time in sample 1, with applied
magnetic field as parameter. The magnitude of the magnetic field is B = 0.5 T.
Same external angles of incidence for the two writing beams, G' = 41.1°. Total
intensity is 360 mW/cm2 and a modulation of 0.6. Reproduced from Ref. [56].

zero value at t = 0. The total incident intensity is I0 + Ie = 360 mW/cm2 and the
incident intensity ratio is m = 0.6. Measurements are carried out for a magnetic
field magnitude of B = 0.5 T applied in the two directions parallel to the c-axis
and in the case of no applied magnetic field.

The coupling is seen to depend strongly on the applied magnetic field. Without
the applied magnetic field a maximum energy coupling of 5.5 % of the initial
intensity was obtained. With the magnetic field in either direction, the coupling
was reduced. With B = 0.5 T, the maximum energy coupling was 3.8 % and for
B = —0.5 T a maximum value of 3.3 % was measured. For the case of no applied
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magnetic field the maximum intensity of the extraordinary wave is obtained after
approx. 11s, whereafter the intensity decreases rapidly. This is also the case when
the magnetic field is applied; however, the maximum coupling is obtained after
approx. 19 s for both directions of the field.

Rotating the crystal 180° about the y-axis yields the same results as those
shown in Fig. 18. Both the effective electro-optic and the photovoltaic constants
change sign with this operation, resulting in no change in the direction of energy
coupling.

Diffraction efficiency measurements are performed in a setup with symmetrically
incident beams, corresponding to the setup shown in Figs. 8(a) and 17(c). The
symmetric external angle of incidence is 0 ' = Q'o = Q'e = 34.3°, yielding a grating
period of A = 0.45 /im, according to Eq. (46). The total incident intensity is
Io + Ie = 390 mW/cm2 and the incident intensity modulation coefficient, Eq.
(62), is M = 0.87, where the ordinary beam is the weaker of the two. The induced
grating was probed with a weak beam from a HeNe-laser. The diffraction efficiency
is measured as the intensity ratio of the diffracted beam to the incident beam. The
measurement is carried out with a magnetic field of the magnitude B = 0.4 T,
applied in both directions parallel to the c-axis, and for no applied magnetic field.

In Fig. 19 the measured diffraction efficiency is shown as a function of time.

300

Figure 19. Measured diffraction efficiency of the HeNe-probe beam as a function
of recording time in sample 1, with applied magnetic field as parameter. The mag-
nitude of the magnetic field is B = 0.4 T. Symmetrically incident •writing beams at
an external half-angle of 34.3°. Total intensity is 390 mW/cm2 and a modulation
of 0.87. Reproduced from Ref. [56].

The maximum diffraction efficiency of 4.0 % is obtained in the case of no applied
magnetic field. By applying a magnetic field in either direction the maximum
diffraction efficiency is seen to be reduced to a value of 2.0 % for a positive field,
B - 0.4 T, and to 1.0 % for a negative field, B = -0.4 T. That the magnetic
field causes a reduced efficiency and that the strongest reduction is found for
the negative magnetic field is in agreement with the measurements of the energy
coupling shown in Fig. 18.

The Bragg angle for the HeNe-probe beam was observed to change by approx.
0.7 mrad when the magnetic field was applied. Tin's is quite a large change since
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the angular selectivity of the induced grating is approx. 0.4 mrad, and without
adjusting the angle of incidence for the probe beam no diffraction was measured.

As discussed in the previous section, small discontinuities are observed in the
measured diffraction efficiency, even if the crystal was short-circuited in the direc-
tion of the c-axis. This is most visible in the measured curve for B = 0.4 T. If the
crystal faces are not short-circuited abrupt changes from a nonzero value to zero
in the measured diffracted efficiency. Subsequent to this, the diffraction efficiency
increases again to at least the value obtained before the discontinuity.

The slope of the curves in the time interval t w 40 - 70 s is approximately the
same, and it is not possible to make any conclusive comparison. The recording time
needed to obtain the maximum diffraction efficiency, however, differs significantly.
In the case of no applied magnetic field this is obtained after 250 s, and by applying
a magnetic field this time is reduced, to 150 s for a positive field and to 100 s for a
negative field. After the optimal value has been reached, the diffraction efficiency
decreases at almost the same rate as the buildup. Therefore, a true steady state
situation is not obtained. The reason for this and the similar situation observed
for the energy coupling in Fig. 18 is the strong light induced scattering, which
occurs before steady state is reached, causing depletion of the writing beams and
of the probe beam. After approx. 200 s the intensities of the transmitted writing
beams were reduced to less than 10 % of the initial values.

A comparison between these experimental results, presented in Figs. 18 and
19, and the outlined theory in the steady state regime, does not show any good
agreement. The magnetic field effect on the maximally obtainable value of the
energy coupling in Fig. 18 should be compared with the calculated exponential gain
factor in Fig. 14(a) for an external angle of 0 ' = 41.1°. This shows an enhancement
for one direction of the magnetic field compared with the case of no magnetic field,
and a corresponding decrease in the coupling when changing the direction of the
field. It does not compare with the measured reduction in the maximum value that
occurs for both directions of the magnetic field. The similar situation is the case
of the magnetic field effect on the maximally obtainable value of the measured
diffraction efficiency in Fig. 19 that should be compared with the calculation of
the steady state diffraction efficiency shown in Fig. 15(b) for 0 ' = 34.3°. The
theory predicts a small and symmetric dependence on the magnetic field contrary
to the observed strong reduction in the diffraction efficiency when a magnetic field
is applied in either direction.

Due to the somewhat random nature of the light induced scattering it is difficult
exactly to reproduce the measured curves presented in Figs. 18 and 19. However,
the general features of the magnetic field effect on the energy coupling and grating
formation, as described, were reproducible.

In the continued experimental investigations the focus is put on the initial stages
of recording, i.e. for times long before steady state is reached, t <IC T, which is
called the short time limit. In this limit the effect of the light induced scattering
is negligible, and the energy coupling and the diffraction efficiency of the induced
grating can be described by Eqs. (89) and (94), respectively. The accuracy of the
measurements, shown in Figs. 18 and 19, in the short time limit was not sufficiently
good to make any conclusive comparison with the theory.

The experimental investigations presented in the following and in Ref. [63] are
performed with the crystal in the open-circuit condition, i.e. only a small part, 3.5
mm in diameter, of the crystal is illuminated. The grating diffraction efficiency
is measured by using the ordinarily polarised writing beam as the probe beam
at short intervals during recording, as explained in the previous section. By this
procedure it is possible to measure the diffraction efficiency of a grating written in
a setup with a single incident beam, which was very difficult using an additional
probe beam. This setup is chosen since the outlined theory predicts the largest
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relative effect of the externally applied magnetic field in this configuration, see
Fig. 15 for the diffraction efficiency.

The actual setup is shown in Fig. 17(a,b). The external angles of incidence are
Q'o = 60° and Q'e = —59.4° so that there is a small external angular separation of
the two beams, Q'o + Q'e = 0.6°. According to Eq. (46) this yields a spatial period
of A = 5.3 fim. For these measurements sample 2, with the specifications given in
table 1, was used. The total incident intensity is 550 mW/cm2, and the incident
intensity modulation coefficient, Eq. (62), is M = 0.42, where Ie is the weaker of
the two beams.

The results of a measurements series, where three measurements have been
performed at a fresh places in the crystal, are shown in Fig. 20. The diffraction
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Figure 20. Measured diffraction efficiency, intensity ratio of the diffracted to the
transmited ordinary beam, as a function of the recording time, for three values
of the applied magnetic field. Vectorial interaction setup with a "single" incident
beam, Q'o + Q'e = 0.6°, using sample 2 with an interaction length of 10 mm. The
total intensity is 550 mW/cm2 and the intensity modulation coefficient is 0.42.

efficiency presented here is the measured intensity ratio of the diffracted to the
transmitted beams as a function of the exposure time. In the short time limit this
quantity is described by Eq. (94) if the absorption term is omitted, i.e. a! = 0. The
interaction length is L = 10 mm. The measurements are performed for no applied
magnetic field and for a positive magnetic field with a magnitude of B = 0.2 T
and a negative field with a magnitude of B = -0.23 T. All three curves show
a buildup of the diffraction efficiency until a maximum is reached after about
80 s. The maximum value value is practically constant for a period of time of
about 30-40 s. Thus a quasi-steady state regime is reached since, the diffraction
efficiency decreases for longer exposure times - as was the case in Fig. 19. As
dicussed above this is due to the strong light induced scattering in the crystal.
The constant electric field that is induced across the illuminated area, see Eq.
(56), also affects the measurements in the steady state. It causes a change in the
unperturbed dielectric constant tensor and, hence, changes the Bragg condition
for the probe beam. This has been confirmed experimentally by the fact that the
diffraction efficiency can be enhanced by changing the angle of incidence of the
probe beam after the diffraction efficiency is decreased from the maximum value
for t > 140 s.
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For B = 0 the maximally obtainable diffraction efficiency is 2.3 • 10~4. For
a magnetic field of B = —0.23 T the corresponding value is 3.7 • 10~4, while for
B = 0.2 T the maximum diffraction efficiency is 2-10""4. Thus, in the quasi-steady
state regime the diffraction efficiency is enhanced by approx. 60 % for a negative
magnetic field while it is lowered by approx. 13 % for a positive magnetic field.
These results are in quantitative good agreement with the theoretical predictions
in the steady state as shown in Fig. 15(a), for 0 ' w 60°, however, the magnitude
of the magnetic field induced change in the diffraction efficiency is not symmetric
about the value obtained for B = 0.

Other measurement series show the same behaviour, even if the absolute diffrac-
tion efficiency varies somewhat between measurement series. This may be due to
slight changes in the experimental conditions, which are kept constant within a
measurement series.

Repeated measurements showed good reproducibility of the initial behaviour,
i.e. for recording times in the interval of 0-30 s. Equation (94) shows that the
diffraction efficiency in the short time limit is proportional to the square of the
exposure time. This is used to make a qualitative comparison of the outlined theory
with the measured dynamics of the diffraction efficiency. In Fig. 21 the initial

Initial curvature [10 s ]

-0,2 0,0 0,2

Applied magnetic field [T]

0,4

Figure 21. Measured initial curvature for the buildup of the grating diffraction
efficiency at 0O + 0 e = 0.6° as a function of the applied magnetic field. The error
bars indicate the accuracy of the measurements. The solid line represents the best
theoretical fit.

curvature from two measurement series is shown as a function of the magnitude
of the applied magnetic field. The solid circles are determined from the curves
shown in Fig. 20, while the solid squares are found from another measurement
series. The accuracy within which the determined initial curvature is estimated to
be is indicated by the error bars in Fig. 21. The solid line is the best theoretical
fit using Eq. (94) with the material parameters given in App. B and a' = 0. Note
that the initial curvature is independent of the specific photoconductivity, which is
the material parameter associated with the largest uncertainty, in that it has not
been measured for the crystal samples used. From this comparison an estimate for
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square root of the squared sum of the linear and circular bulk photovoltaic tensor
components has been obtained

)2 + (få)2 « (0-9 ± 0.3) • lO"10 V"1 ,

which is comparable with the values measured in Ref. [59]. This value is approxi-
mately equal to — /?{ ,̂ since we have that /?f£ <£ /3^[65].

For the square root of the squared sum of the linear and circular magnetopho-
tovoltaic tensor components the estimated value is

w (1.6 ±0.6)-10-" V ^ T " 1 ,

which is equal to the modulus of the complex magnetophotovoltaic tensor compo-
nent 5in2 = —£2221) s e e * a ^ e 5 in App. A. This is the first reported measurement
of a nondiagonal component of the magnetophotovoltaic tensor, i.e. Sijki where
k ^ I, for crystals of LiNbCtøFe. The measured value is slightly lower than the
value of the diagonal component S% = 51233 = -52133 « 1.5 • 10~10 V"1!1"1,
which has been estimated from the measurements reported in Ref. [37]. These
values determined in this thesis are specific for sample 2 at 514.5 nm.

3.3 Discussion and perspectives
In summary, the limited experimental and theoretical work in the field of magne-
tophotorefractive effects have been reviewed. The fundamentally new observations
presented in this thesis showing a strong magnetic field effect on both two-wave
mixing and grating formation in a vectorial interaction scheme in LiNbC>3:Fe crys-
tal has been related to the work of other groups. Such effects has not been observed
in traditional recording schemes.

An explanation of the observed strong effect is that the magnetic field influ-
ences the nonthermalised electrons, which possess an anomalously high mobility,
as explained in section 2.3. These high mobility electrons are responsible for the
spatially oscillating photovoltaic current that is the only driving force leading to
the generation of a perturbed space-charge field. Therefore, the magnetic field
changes the induced space-charge field and, consequently, changes the two-wave
mixing and the grating formation.

A detailed theoretical and experimental investigation of the magnetophotore-
fractive effect in the vectorial interaction scheme has been presented. Two differ-
ent configurations of the vectorial interaction scheme have been considered. The
phenomenological description of the bulk photovoltaic and magnetophotovoltaic
effect has been used to describe the induced photovoltaic current. The spatially
constant current contribution is assumed to be independent of the magnetic field,
while the spatially oscillating current contains contributions from both the bulk
photovoltaic and magnetophotovoltaic effect. The total photovoltaic current is
described by introducing the photovoltaic magnetic coupling vector.

The formation of the space-charge field induced due to the photovoltaic current
is determined, yielding expressions for both the unperturbed and the perturbed
space-charge field. The latter is determined using the novel theoretical description
and compared to the theory usually applied to the description of the vectorial in-
teraction scheme. From this comparison, the influence of the diffusion mechanism
on the perturbed space-charge field has been analysed. It is shown that the diffu-
sion causes a reduction in the modulus of the perturbed space-charge field. This
reducing effect is strong for small grating periods, while it is negligible for large
gratings periods. This means that the effect of diffusion can be neglected in the
configuration with a single incident beam, while it has to be taken into account in
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the configuration with symmetrically incident beams with half-angles larger than
approx. 5°.

The influence of the magnetic field on the perturbed space-charge field is ex-
plained by an investigation of the directions of the bulk photovoltaic and mag-
netophotovoltaic contributions to the spatially oscillating current with respect to
the grating wave vector. It shows a linear dependence on the magnetic field. The
perturbed space-charge field is analysed as a function of the external angle of in-
cidence in the considered configurations of the vectorial interaction scheme, and
the relative influence of the magnetic field is shown to be largest in the setup with
a single incident beam. It is, furthermore, shown that when a magnetic field is
applied the creation of a perturbed space-charge field is possible in a configura-
tion with normally incident writing beams, which is not possible in the case of no
applied magnetic field.

The expression for the magnetic field dependent perturbed space-charge field is
used to describe the two-wave mixing during recording and the grating formation.
It is shown, theoretically, that by applying a magnetic field, in the setup with a
single incident beam, it is possible to change the direction of energy transfer. This
is otherwise inherently determined to be from the ordinary to the extraordinary
wave for crystals of LiNbO3:Fe. Generally, it is possible to enhance or diminish
the energy coupling dependent on the direction of the magnetic field applied along
the c-axis.

The diffraction efficiency of the induced refractive index grating is shown to
have a quadratic dependence on the magnetic field, and it is also analysed as a
function of the angle of incidence in the vectorial interaction setups. Optimal an-
gles of incidence for obtaining maximum diffraction efficiency are found for the
two different configurations. As for the energy coupling it is possible by apply-
ing a magnetic field to enhance or diminish the obtainable diffraction efficiency
dependent on the direction of the field.

The results of the experimental investigations of the magnetophotorefractive ef-
fect in crystals of LiNbC>3:Fe are presented. These show the significant influence of
the magnetic field on both two-wave mixing and grating formation in the vectorial
interaction scheme.

Measurements in crystals that are short-circuited in the direction of the c-axis
shows a strong reduction in both the energy coupling and the obtainable diffraction
efficiency when a magnetic fields was applied in either direction of the c-axis. The
magnitude of the induced change compared with the case of no magnetic field
depends on the direction of the magnetic field. These results are not in good
agreement with the predictions of the theoretical model. This is due to the strong
light induced scattering that is not included in the model and makes it impossible
to perform a comparison in the steady state regime.

A quantitative good agreement for the measured grating formation in the setup
with a single incident beam and with the crystal in an open-circuit condition is
found in the quasi-steady state regime. Here a 60 % enhancement of the diffrac-
tion efficiency has been obtained by applying a magnetic field with a magnitude of
—0.23 T. In addition, a qualitative good agreement between the outlined theory
and experimental results for the initial stages of recording has been used to deter-
mine the modulus of the non-diagonal components of both the bulk photovoltaic
tensor and the i»".::::etophotovoltaic tensor. This is the first reported measure-
ment of a nc-d;...!;..v.:ul component of the magnetophotovoltaic tensor for crystals
of LiNbO3:Fe.

The experimental observations and the agreement of which with the theoretical
model is a new confirmation of the photovoltaic effect being caused by the high
mobility nonthermalised electrons. Based on physical reasoning, it is anticipated
that the influence of the magnetic field becomes possible provided that the mean
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free path of the nonequilibrium electron is comparable with the grating period.
This mean free path has been determined in independent measurements to be lo ~
102 - 103 Å in LiNbO3-.Fe[27]. This implies that if the grating spacing is much larger
than lo no effect is to be expected. In the experiments shown, however, we have
formed gratings with spatial periods of 5.3 and 0.45 /im, which showed a strong
dependence on the magnetic field. It is necessary to perform further measurements
as a function of the grating period, to be able to give a definite conclusion on the
mean free path of the nonthermalised electrons.

Such measurements would also yield information about the influence of the dif-
fusion mechanism in the vectorial interaction scheme. It is expected from a com-
parison of the new theoretical model with experimental results for varying grating
periods that information on the relative importance of diffusion of thermalised and
nonthermalised electrons are revealed. If diffusion of nonthermalised electrons is
nonnegligible it will cause a stronger reducing effect, than predicted by the model
outlined in this thesis, where only diffusion of thermalised electrons is considered.
These effects has, however, no influence on the measured components of the bulk
photovoltaic and the magnetophotovoltaic tensors since it is determined from a
grating measurement in which the spatial period is 5.3 /xm and, hence, diffusion
processes can be neglected.

The measured components of the magnetophotovoltaic tensor are specific for the
used wavelength and the dopant concentration of the LiNbO3:Fe crystal. Further
investigations of the wavelength and dopant-concentration dependence would be
interesting, and these are expected to reflect the corresponding dependencies of
the bulk photovoltaic effect, which is enhanced at shorter wavelengths and for
increasing Fe2+-concentration. Thus, a larger magnetophotorefractive effect can
be expected.

An enhancement of the observed effects of a magnetic field is also possible
by performing the magnetophotorefractive measurements with larger magnetic
fields. Values of B « 1.5 T are obtainable by using large electromagnets. Such
measurements will give information on the limitations of the theoretical model
presented, which includes only a magnetophotovoltaic current linearly dependent
on B, corresponding to the photo-Hall current. For a description at larger magnetic
fields it will be necessary to include second-order terms in the expansion of the
magnetophotovoltaic current in powers of the magnetic field, and such terms are
described by tensors of rank five.

Investigations of the magnetophotorefractive effect may also be performed in
a vectorial interaction scheme were the wave vectors of the interacting waves
are in a plane including the optical axis and where the grating is formed via
transverse currents [27], This can be used to measure other components of the
magnetophotovoltaic tensor and will provide new information on the anisotropy
of the mobility of the nonthermalised electrons.

The theoretical model of the magnetophotorefractive effect given describes the
magnetic field influence on the fundamental photorefractive processes of two-wave
mixing and grating formation. It can be extended and applied to the description of
the magnetic field influence on other wave interactions in LiNbCV.Fe crystals like,
for example, four-wave mixing, optical phase-conjugation and parametric processes
of scattering, amplification and oscillation.

Grating formation by vectoral interaction using the photovoltaic nonlinearity is
also possible in crystals of BaTi03 in which the importance of the photovoltaic
effect on charge migration is not fully described and is highly sample dependent.
Therefore, similar magnetophotorefractive investigations may provide new and
•valuable information on this aspect.
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4 Photorefractive Interference Fil-
ters

The application of reflection gratings written in photorefractive crystals for narrow-
band optical interference filters has recently gained considerable interest [66]-[77].
It is the high wavelength selectivity and high reflectance characteristic of thick
phase gratings, i.e. a periodic modulation in the refractive index, that forms the
fundamental basis for the photorefractive interference filter.

When light is incident perpendicular to the grating planes a high reflectance
is obtained if the period of the grating equals one half of the light wavelength
in the material. This Bragg condition is obeyed at the centre wavelength and a
high reflectance is only obtained in a narrow wavelength range around this value.
The bandwidth of the filter increases with the refractive index modulation and
decreases with the filter length, while the reflectance, on the other hand, increases
with the filter length and with the magnitude of the refractive index modulation.
Therefore, in order to produce a narrow-band optical filter with a high reflectance
one needs a long filter with a low refractive index modulation.

Photorefractive materials in general and lithium niobate in particular possesses
characteristic properties which makes them suitable for this purpose. Crystals of
LiNbC-3 can be produced in large single crystals so that it is possible to produce
filters with interaction lengths of several centimeters. The magnitude of the opti-
cally induced refractive index change is in of the order of 10~5-10~3. This com-
bination of long interaction lengths and low modulation of the refractive index
makes it possible to produce interference filters with high reflectance and extreme
narrow bandwidths. Filters that exhibit reflectivities in the range 25-98 % and
subangstrom bandwidths have been demonstrated[66]-[71]. Crystals of iron-doped
LiNbC-3 were chosen as the recording material for most photorefractive interfer-
ence filters because the refractive index grating can be made permanent by, e.g.,
thermal fixing[71, 16].

In 1985 investigations of a holographic filter with a centre wavelength at 1.15 /um
and an expected bandwidth of 0.8 Å was performed in a LiNbC>3:Fe crystal[69]. A
similar filter was used to produce stable single-mode output from a semiconductor
laser at 1.55 /im[73]. Several years later in 1991 the idea of the photorefractive
interference filter was put forward and the coupled mode theory of periodic media
was extended to describe the response of a such filters[67, 74]. Dynamic filters
in BaTiC-3 crystals were considered and it was shown that the reflectance of the
filter can be controlled in real time by controlling the intensity ratio of the laser
beams inducing the filter. Photorefractive interference filters written in a BaTiC-3
and LiNbO-3 crystals has been used to probe the higher spatial harmonics of the
photorefractive grating[75].

Photorefractive interference filters have been produced commercially by the
Accuwave corporation. A filter with a centre wavelength at the H-a line of 656.46
nm and with a bandwidth of 0.0125 nm has been designed for solar astronomy,
to determine the distribution of hydrogen in the solar corona[66]. The operation
of this filter compared favorably with a Lyot-filter with a bandwidth of 0.05 nm,
which is usually used for this purpose. Another filter has been designed with a
centre wavelength at the Krypton transition line, 1547.82 nm for use in wavelength
multiplexing systems for optical communication[68]. It has a reflectance of 98 %
and a bandwidth of 0.18 nm, which allows for a channel separation of less than
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1 nm. A device that employs two photorefractive interference filters with crossed
response has been produced to stabilize the output wavelength of a semiconductor
laser, yielding a stability of ±0.005 nm[76].

The fabrication details for preparing these devices have not been released by the
company. Therefore, a detailed description of the fabrication process was given in
two papers by Muller et al.[71, 72] for a photorefractive interference filter with
a centre wavelength at 518.45 nm written in a 2 mm long LiNbO3:Fe crystal.
A procedure for optimization of the fixing process, where recording is performed
at an elevated temperature, is described and a maximum reflectance of the fixed
filter of 32 % is achieved[71]. Fine tuning of the center wavelength is achieved by
varying the temperature of the crystal (5.1 pm/K) or by applying an electric field
(5.9 pm/kV)[72].

In the theoretical description of the response of a photorefractive interference
filter, it is usually assumed that the modulation of the refractive index grating
and the spatial period of the grating is constant along the filter length. In this
case the coupled wave theory presented by Kogelnik in 1969[78], describing the
diffraction from thick holographic gratings, can be used. When refractive index
gratings are recorded in photorefractive materials, however, two-wave mixing oc-
curs, as explained for the vectorial interaction scheme in section 3.1.3. The influ-
ence of two-wave mixing on the diffraction efficiency and the angular selectivity
of reflection and transmission gratings in photorefractive materials has been de-
scribed in Ref. [79]. For reflection gratings it is shown that the phase coupling
influences the grating period and that intensity coupling causes a variation the re-
fractive index modulation along the grating length. This has been used to describe
the spectral response of photorefractive interference filters written in a reflection
geometry[80, 77]. In this case the absorption as well as intensity coupling causes
a variation of the refractive index modulation, which improves the filter response,
i.e. the reflectance at the sidelobes is reduced, and it gives a better explanation of
the experimental results[66].

The filter response can be tuned by controlling the crystal te.iiperature[66, 68,
72]. The temperature sensitivity of the centre wavelength is due to the tempera-
ture dependence of the refractive index and thermal expansion which makes the
spatial period of the grating temperature dependent. A knowledge of the thermal
properties of the filter is of great importance for the filter designer and user. The
temperature sensitivity of the centre wavelength and the thermal bandwidth deter-
mine both the accuracy of the temperature control necessary for stable operation,
and the temperature tuning range.

In this thesis a theoretical model of the temperature response of photorefractive
interference filters is given and it is compared with experimental studies of unfixed
filters written in LiNbO3:Fe crystals. A new method for determining the spectral
response of the filter from combined temperature and angular response measure-
ments using a fixed probe wavelength is described. Application of this method is
appropriate when no suitable tunable narrow linewidth light source is available
for direct measurement of the spectral response. This is, e.g., the case for a filter
designed for a specific fixed laser wavelength.

In section 4.1 a general introduction to photorefractive interference filters is
given. The recording geometries used for writing the filter and designing the centre
wavelength is explained. The filter response is discussed and the characteristic
quantities as the centre wavelength, spectral bandwidth, field of view and the
off-Bragg or phase mismatch parameter are defined.

The theoretical description of the temperature properties based on an analysis
of the phase mismatch parameter is outlined in section 4.2. A linear dependence
on temperature of both the refractive index and thermal expansion is assumed.
An expression for the temperature sensitivity of the centre wavelength is found,
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and the thermal bandwidth of the filter is introduced. The relations between a
wavelength, an angular and a temperature detuning is described with respect to
the phase mismatch parameter. It is shown how the spectral response of the filter
can be determined from the thermal response if the temperature sensitivity is
known.

In section 4.3 the experimental investigations of the temperature properties are
presented. The temperature sensitivity of filters written for two different centre
wavelengths are determined. Furthermore, filters with the grating wave vector
oriented parallel and perpendicular to the c-axis of the crystal are investigated
and compared with each other. The theory is compared favorably with the ex-
perimental results, and with the work of other groups. The spectral response of
a filter is determined from a measurement of the thermal response and compared
with that determined from an angular response measurement. Prom the measured
temperature properties the necessary temperature stabilization and tunability are
discussed.

4.1 Filter recording and response
The recording of the photorefractive interference filter is performed using a tradi-
tional holographic recording scheme, as shown in Fig. 22. The recording beams,
11 and h, are plane waves with the wave vectors ki and k2, and they are of the
same state of polarisation contrary to the vectorial interaction scheme considered
in chapter 3. In this description the writing beams are polarised perpendicular to
the plane of incidence, i.e. TE-polarised. As described in section 2.2, the driving
forces leading to the generation of a perturbed space-charge field, Eq. (13), in the
traditional scheme are the perturbed intensity, due to the interference of the writ-
ing beams, and the perturbed photovoltaic current, stemming from the diagonal
components of the bulk photovoltaic tensor, Pijk, j = k. The space-charge field, in
turn, induces a refractive index grating due to the linear electro-optic effect, see
section 2.2.2. It is not within the scope of this thesis to derive an expression for the
refractive index grating, however, the outlined theory in section 2.2 can be applied
in the case where the crystal is in a closed circuit condition, Eo = 0. If the crystal
is in a open-circuit a constant field is built up which makes the unperturbed field,
Eo, in Eq. (13) a funtion of time. Both situations has been analysed in Ref. [64].

The induced refractive index grating is characterised by the grating wave vector,
K = kj — k2, with the magnitude K = 2TT/A, where A is the grating period. By
assuming that K is parallel with the z-axis in the laboratory coordinate system,
the refractive index grating is taken in the form

n(z) =71 + 71! cos{Kz), (95)

where n is the average refractive index and ni is the refractive index modulation.
In the theoretical model presented here, it is assumed that the quantities n, n\
and K are constant along the z-direction. The orientation of the grating with
respect to the crystal axes is given by the angle <p between K and the c-axis of the
crystal. The maximum photorefractive response in LiNbC>3 crystals is found for
K ||c, which is the configuration normally used. The refractive index modulation
can be controlled by the intensity modulation of the writing beams[67, 74].

In Fig. 22 the geometries used for filter recording are shown. The writing beams
are incident at opposite sides of the crystal in the reflection geometry, Fig. 22(a),
whereas in the transmission geometry, Fig. 22(b), they are symmetrically incident
at the same side of the crystal. The external angle of incidence of the beams
measured with respect to the normal of the crystal face is denoted 0 ' , while 0 is
the corresponding internal angle. The spatial period of the grating induced in the
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(a) (b)

K

• — ,

Figure 22. Setup for recording of photorefractive interference filters in (a) reflec-
tion geometry and (b) transmission geometry.

the two recording geometries is given by

2n
\ (**&( for reflection geometry

(96)

. . *".. for transmission geometry
2 sin 0 '

where nw is the refractive index at the wavelength of the recording beams, \w.
The smallest grating period is obtained in the reflection geometry with exactly
counterpropagating beams, 0 ' = 0.

The induced refractive index grating is used as an optical interference filter in a
reflection geometry as shown in Fig. 23(a). The probe beam, //, is a plane wave

(a)

K

Cb)

Figure 23. Probing the photorefractive interference filter; (a) geometry and (b)
vector diagram illustrating the off-Bragg condition.

at the wavelength A, with the wave vector, k/, and is incident at an external angle,
ip', with respect to the grating wave vector. The reflected and transmitted beams,
IR and IT, are characterised by the wave vectors k« and k/, respectively, with the
magnitude k = |k/| = |k/i| = 2im/\. A vector diagram illustrating the off-Bragg
condition is shown in Fig. 23(b); the magnitude of the vector Ak = K— (k/ — k/j)
is known as the off-Bragg parameter, Afc, and describes the dephasing from the
Bragg condition, Afc = 0.
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The reflectance of the filter is found using a standard coupled mode theory, see
e.g. [10, Chap. 2], and when n\ is assumed constant along the crystal length, it
can be taken in the form

2

(97)
scosh(sL) + (Y + i4p) sinh(sL)

where L is the interaction length of the filter, s is a complex variable given by

*-w-(£+4>». m
K is the coupling constant

K = \—H-. (99)
A cos ip '

a' is the intensity absorption coefficient, a, corrected for the direction of propa-
gation

ao/ =
cosV>'

and the off-Bragg parameter or phase mismatch is given by

2n Aim
Afc = — — cos V>,

A A

(100)

(101)

where n is the refractive index at the probe wavelength, A. In Fig. 24 the filter

100

aL = 0

Figure 24- Calculated reflectance of ideal filter as a function of the phase mismatch,
AkL. Curves are shown for four different absorption values, aL. The coupling
strength is KL = 2.

reflectance, R, is shown as a function of the phase mismatch, AkL, for a filter
with a coupling strength of KL = 2. Curves are shown for four different values
of the absorption, aL, ranging from 0 to 2. These values are typical of the filters
analysed in this thesis, written in LiNbC>3 crystals, see table 1, with L w 1-2 cm,
a « 1 cm"1 and nx w 10~5 - 10~4.

It is seen that the maximum reflectance, i?maxi is obtained at Afc = 0, which is
the Bragg condition and using Eq. (101) it can be written as

A = 2nA cos ip.
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As Ak deviates from zero, the reflectance decreases rapidly and the first zero is
reached for AkL w ±7.5. A deviation from the Bragg condition or a phase mis-
match, Ak ^ 0, can be caused by a change in either the probe wavelength, A, or the
angle of incidence, ip. The deviation in these values causing a reduced reflectance
of one half of the maximum reflectance, R = Rmax/2, is used to characterise the
filter. The spectral bandwidth of the filter is characterised by the full-width-half-
maximum value, AAFWHM> defined as two times the wavelength deviation from
the Bragg condition, at which R = Rmax/2. By analogy the angular field of view,
FOV, is defined as two times the angular deviation yielding, at which R = Rmax/2.

The absorption is seen to cause a strong reduction in the maximum reflectance,
Rmaxi while the widths of the curves at R = i?max/2, i.e. AApy/HM and FOV,
are only reduced by a small amount. The sidelobes, which are prominent in the
lossless case, a = 0, are smoothed out.

The centre wavelength, Ac, of the filter is defined as the wavelength at which
the Bragg condition, Eq. (102), is fulfilled at normal incidence, ij) = 0. By using
the grating period given in Eq. (96) the centre wavelength for a filter written in
the reflection and transmission geometries, respectively, is given by

Ay; "
71 ill

2T -i
1 — ( ) for reflection geometry

V " ' J (103)

for transmission geometry.

The filters considered in this thesis have been written in a reflection geometry
as shown in Fig. 22(a) with counterpropagating beams, 0 ' = 0. In this case the
centre wavelength of the filter is equal to the wavelength of the writing beams,
Au,. By varying A ,̂ within the photorefractive sensitive spectral range of LiNbC>3
crystals, the filter can be produced with centre wavelengths covering the visible
range 400-700 nm. Varying 0 ' only gives a minor correction to A°. For filters
written in the transmission geometry the centre wavelength is much longer than
Xwl by varying 0 ' and Au,, filters with centre wavelengths in the range 1.1-5.5 (im
can be produced. This almost covers the transparent range of LiNbC>3 crystals,
which is approx 0.4-5.5 /tm[7].

4.2 Temperature properties
Since both the grating period, A, and the refractive index, n, depend on the
crystal temperature, so will the centre wavelength of the filter, which according
to Eq. (103) is determined by these parameters. Assuming a linear temperature
dependence of these two parameters, the phase mismatch in Eq. (101) can be
written in the form

( 1 0 4 )

where AT = T — T$ is the change in temperature from the reference temperature
TQ. The refractive index, no, and the grating period, Ao, are taken at To- The
thermo-optic coefficient, (dn/dT), describes the change in the refractive index
with temperature. Due to the anisotropy of LiNbO3 the linear thermal expansion
coefficient, a, depends on the grating angle, ip. In general, the grating wave vector
changes in both length and direction as the temperature is varied. When the
grating wave vector is directed along one of the principal axes of the crystal, there
is no change in its direction. Here the change in direction is neglected, and the
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thermal expansion coefficient in the direction of the grating wave vector is defined
as[26]

a(tp) = a a sin2 tp + ac cos2 tp, (105)

where a a and a c are the principal linear thermal expansion coefficients for the
directions perpendicular to and parallel to the c-axis, respectively. The values for
LiNbC>3 are given in App. B.

The centre wavelength, Ac, as defined in Eq. (103), is therefore also a function
of the crystal temperature. The temperature sensitivity, 5, describing the change
in centre wavelength with temperature is given by

(106)

where the linear dependencies of the refractive index and the grating period given
previously have been inserted. Ag = 2noAo is the centre wavelength at the ref-
erence temperature, To. From Eq. (106) it is seen that the sensitivity is linearly
proportional to the centre wavelength, Ag. Furthermore, it depends on the centre
wavelength through the dispersion of both the refractive index, n, and the thermo-
optic coefficient. These in turn depend on the polarisation and the direction of
propagation of the probe beam. In the following experimental study of interfer-
ence filters only ordinarily polarised light is considered, i.e. n = n0. Moreover,
the sensitivity depends on the grating orientation through the thermal expansion
coefficient, a(<p), see Eq. (105).

Equation (104) shows that a phase mismatch, Afc ^ 0, can be caused by a de-
tuning in either of the three parameters: wavelength, angle of incidence, or crystal
temperature. By anology with the spectral and angular bandwidths, AAFWHM

 and
FOV, a thermal bandwidth, ATFWHMI of the filter can be defined as two times
the temperature detuning, which gives R = i?max/2.

The individual contributions from a wavelength, temperature and angular de-
tuning to the phase mismatch can be used to determine the spectral response of a
filter from response measurements using a fixed probe wavelength and varying ei-
ther the angle of incidence or the crystal temperature. According to Eq. (104) the
change in wavelength corresponding to a change in angle of incidence for AT = 0
is given by

Z A A = A — AQ = A

i.e. the phase mismatch Afc caused by change in the angle of incidence, ip, for
a probe beam at Ag is equivalent to that caused by a change in the wavelength,
AA, for ip = 0. It is assumed that when one parameter is varied, the two others
are kept constant at the reference values. Equation (107) is an even and positive
function of the angle, ip. Similarly, from Eqs. (104) and (106) it is seen that the
change in wavelength corresponding to a change in the temperature for ip = 0 is
given by

AA = -S(<p, AC)AT. (108)

In contrast to Eq. (107), which was an even function of ip, Eq. (108) is an odd
function of AT. In table 2 the sign of the phase mismatch Afc caused by varying
one of the parameters is summarised. From this it is concluded that through
an angular response measurement at A = Ag and AT = 0 information is only
revealed about the spectral response for AA > 0, i.e. wavelengths longer than Ag.
A temperature response measurement, on the other hand, will give information
about the total spectral response. For AT < 0 the response for AA > 0 is obtained
- as with an angular response measurement - while for AT > 0 the response for
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Table 2. Sign of phase mismatch for variations in the parameters, wavelength,
temperature and angle of incidence.

AA AT
Aft>0 + - ±
Afc < 0 - +

AÅ < 0 is obtained. To make an actual conversion from temperature-detuning
to wavelength-detuning the temperature sensitivity, S, from Eq. (106), must be
known.

4.3 Experimental investigation
In the following sections the experimental studies of the temperature properties
of the photorefractive interference filters written in LiNbO3:Fe crystals are de-
scribed. In the first section the experimental method and apparatus used for the
measurements is decribed and in the second section the experimental results are
presented and discussed.

4.3.1 Experimental method

The setup used for recording and probing the filter is shown in Fig. 25. It is

Mirror

LiNbO,:Fe-crystal
placed in oven
on rotary stage

Detector 1 WK

Beamsplitter

Pol. beamsplitter A/2-plate

Figure 25. Reflection geometry setup used to write the interference filters. Ii is
used as a probe beam in the probe experiments, while I2 is blocked. The crystal
is either oriented with the c-axis parallel to or perpendicular to the grating wave
vector, K. Reproduced from Ref. [70].

a reflection geometry recording setup corresponding to the configuration shown
in Fig. 22(a). The laser used for recording is either the argon-ion operating @
514.5 nm, described in section 3.2.1, or a krypton-ion laser (Coherent Innova 301)
operating at a single longitudinal line @ 413 nm, with a maximum power of 0.4 W.
The linewidths of these laser lines are much narrower than the spectral bandwidth
of the filter to be analysed.

The linearly polarised laser beam is expanded to a diameter of approx. 15 mm
to ensure uniform illumination of the crystal aperture. The expanded beam is
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divided in a polarising beamsplitter and the intensity ratio of the two beams, I\
and h, can be controlled by rotating the halfwave plate placed in front of the
beamexpander. With the second halfwave plate the state of polarisation of the
one beam, I\, is rotated so that both beams are polarised perpendicular to the
plane of incidence (TE-polarised). The two writing beams are redirected via the
mirrors so that they are almost counterpropagating and symmetrically incident
upon opposite faces of the crystal. A slight misalignment is introduced to avoid
spurious backreflections from the pinhole in the beamexpander.

The LiNbO3:Fe crystals used in the experimental investigations are samples 1
and 2 with the specifications given in table 1 in section 3.2.1. The samples are ori-
ented so that the grating wave vector, K, is either parallel to the crystallographic
y- or z-axes (c-axis), yielding filter lengths of 10 mm using sample 1 and of 10 and
15 mm using sample 2. To reduce reflection losses to less than 0.5 %, the faces of
sample 1 perpendicular to the c-axis are broadband AR-coated for wavelengths
in the visible region 400-700 nm. The faces perpendicular to the y-axis of both
samples are AR-coated for 514.5 nm.

The total intensity of the writing beams is Jj + I2 ~ 50 m\V/cm2, and the
intensity modulation coefficient is around 0.5, where beam I2 is the weaker of
the two. During recording the reflectance of the induced grating is monitored by
blocking I\ and using I2 as a probe beam. This is done at regular intervals for a
short period of time. With the beamsplitter inserted in the path of beam h, the
intensity of the reflected beam can be measured on detector 1 and the intensity
of the incident beam can be measured on detector 2 in Fig. 25. The reflectance is
the ratio of In to / / , when calibrated for the reflectance and transmittance of the
beamsplitter. This is also used for the subsequent probing measurements of the
angular and temperature responses of the induced filter. The optimum recording
time to obtain the maximum reflectance is about 15 min. After this time the
writing beams are blocked. For the experiments presented here the filters are not
fixed in any way.

In the reflection geometry setup used here, the centre wavelength of the induced
filter will be approximately equal to the writing wavelength, according to Eq.
(103). Therefore, the laser used to write the filter is also used in the probing
procedure. Beam I2 in Fig. 25 is used as a probe beam and the filter response,
i.e. the reflectance, is measured as explained above. The intensity of the probe
beam is kept approximately 500 times weaker than the writing beams so that the
influence of the probe beam on the recorded filter is negligible. A strong coherent
probe beam would partially erase the grating and write a new one.

During the probing measurements the temperature of the crystal is controlled
and stabilised by placing it in a custom-made oven. This consists of a close-to-
the-crystal-fitting block of aluminium, which has large thermal conductivity. This
block is, in addition, protected by a box in order to minimise the air flow around
the crystal; otherwise, it is difficult to obtain temperature stabilisation. The oven
allows the illumination of two opposite faces of the crystal. The other four faces
of the crystal are covered with thermal paste to create an optimum thermal con-
duction at the aluminium-crystal interface. The temperature controller employs
a temperature sensor, an NTC(negative temperature coefficient) thermistor em-
bedded in the aluminium block as close to the crystal as possible. The thermistor
is part of a resistance bridge in a feedback loop that regulates the power to a
heating/cooling Peltier element. This element has a dimension of 30x30 mm2 and
is placed between the aluminium block containing the crystal and another alu-
minium block that acts as a heat sink. These interfaces are also covered with
thermal paste. The temperature is measured using another NTC thermistor as a
probe also embedded in the aluminium block close to the crystal. The temperature
can be varied from 288 to 308 K and the accuracy of the temperature stabilisation
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of the crystal is estimated to be within 0.05 K. Prior to each measurement the
sample is allowed to reach thermal equilibrium to avoid temperature gradients.

4.3.2 Experimental results

In the following the experimental results of the angular and temperature response
measurements are presented. In Fig. 26 the measured angular response is shown
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Figure 26. Angular response curves measured for three different crystal tempera-
tures. The filter has K parallel to the c-axis. The centre- and probe-wavelength is
514-5 nm and the filter length is 10 mm. The reference temperature is 295.65 K.
Reproduced from Ref. [70].

for a filter written in sample 1, see table 1 with the grating wave vector parallel to
the c-axis, ip = 0, yielding a filter length of L = 10 mm. The writing wavelength is
514.5 nm and by probing the filter with the same wavelength, phase matching and
maximum reflectance are obtained for normal incidence at the reference tempera-
ture, To = 295.65 K. Thus, the centre wavelength at this temperature is the laser
wavelength @ 514.5 nm and the maximum reflectance is 28.5 %. The reflectance
as a function of the external angle of incidence is shown for three different temper-
atures of the crystal. The curve for AT = -0.05 K shows a maximum reflectance
of 27.5 % at normal incidence, which is lower than the reflectance obtained at
phase matching. It is seen that phase matching cannot be achieved by changing
the angle of incidence with this probe wavelength. In agreement with Eq. (101)
the measured angular response is seen to be symmetic around normal incidence,
which states that the phase mismatch is an even function of •$. From this mea-
surement the angular field of view of the filter can be determined to be; FOV « 14
mrad or 0.8°.

From the two curves for AT > 0 in Fig. 26 it is seen that at normal incidence the
reflectance decreases as the crystal temperature increases and that the maximum
reflectance of 28.5 % is obtained away from normal incidence. There is a slight
difference in the two maxima obtained at positive and negative angles, respectively.
Phase matching can thus be obtained again by changing the angle of incidence.
This optimal angle of incidence increases with the temperature. From the curves in
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Fig. 26 the optimal external angles are determined to be approx. ± 7.7 mrad and
± 9.8 mrad for a AT of 0.65 and 1.10 K, respectively, and this corresponds to an
increase in the centre wavelength. In accordance with Eq. (107), this corresponds
to a change in the centre wavelength of approx. 0.02 Å and 0.03 Å, respectively.

The temperature dependence on the centre wavelength has been determined by
measuring this optimal angle of incidence as a function of the crystal temperature
over a larger temperature range. The results of such a measurement on two filters
written in sample 2, see table 1, are shown in Fig. 27. The centre wavelengths of
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Figure 27. Measured optimal external angle of incidence (open symbols) for max-
imum reflectance and calculated centre wavelength deviation (solid symbols) as a
function of temperature detuning AT = T — TQ. Centre- and probe-wavelength at
514-5 nm and the filter length is 15 mm for both K parallel to (squares) and per-
pendicular to (circles) the c-axis. The lines represent the best fits to the theory.
Reproduced from Ref. [70].

the filters are 514.5 nm at AT = 0 and the filter lengths are 15 mm. For one filter
the grating wave vector is parallel to the c-axis, i.e. K || c, while for the other
the grating wave vector is parallel to the crystallographic y-axis, i.e. K ±c. The
corresponding values of the angle ip are 0 and TT/2, respectively. The probe beam
@ 514.5 nm is ordinarily polarised.

On the left axis in Fig. 27 the measured optimal external angle of incidence is
shown as a function of the temperature detuning for the two filters. Using Eq. (107)
the equivalent centre wavelength deviation is calculated and plotted on the right
axis of Fig. 27. The deviation in centre wavelength shows a linear dependence
on AT in accordance with Eq. (106). The slope of the curves is equal to the
temperature sensitivity. The measured sensitivities @ 514.5 nm are given in table
3 together with the measured sensitivity of filters with the same orientation of
the grating wave vector and a centre wavelength @ 413 nm. This shows a marked
difference in the temperature sensitivity for the two types of filters, oriented either
parallel to or perpendicular to the c-axis. The difference is solely caused by the
anisotropy in the thermal expansion since the probe beam is ordinarily polarised
in both cases.

The temperature sensitivity of the centre wavelength predicted by the theoret-
ical description is shown in Fig. 28 as a function of the centre wavelength. It
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Table 3. Measured temperature sensitivity of the centre wavelength for filters with
centre wavelengths at 514-5 and 413 nm and for the two orientations of the grating

vector.

0.2-

o.i-

0 - ^

Ag [nm]
514.5
413

1

Meas. Theo.
• • —

o - - - -

S{ip = 0) [A/K]
0.047 ±0.003
0.104 ± 0.005

1 ' t ' 1

K||8
K18

S{ip = TT/2) [A/K]
0.048 ± 0.004
0.122 ±0.006

1 1 ' 1 '

400 600 800 1000 1200 1400
Center wavelength [nm]

1600 1800 2000

Figure 28. Comparison of measured (symbols) and calculated (lines) temperature
sensitivity of the centre wavelength as a function of the centre wavelength. For two
filters with K parallel to and perpendicular to the c-axis, respectively. The probe
beam is ordinarily polarised. The measured points labelled A, B and C are values
from Refs. [66], [68] and [72], respectively. Reproduced from Ref. [70].

is calculated using Eq. (106), where values for the refractive index and thermo-
optic coefficients are obtained from temperature dependent Sellmeier equations
for pure lithium niobate [81]. The actual values for the samples used here may
differ from these because of differences in the composition and the impurity level.
Several measurements of the thermal expansion of LiNbC>3 have been reported,
which show a relatively large variation. The principal linear thermal expansion
coefficients in Ref. [82] and [83] are seen to be consistent and are used here. The
values at 300 K are: aa = 14.8 • 10~6 K"1 and ac = 4.1 • 10~6 K"1.

The measured values of S(tp, A§), which are given in table 3, are for comparison
with the theoretical description plotted in Fig. 28. A quantitative good agreement
is observed between the measured and calculated values considering the uncer-
tainty of the material parameters. Three values of the temperature sensitivity at
longer centre wavelengths have been reported in the literature [66, 68, 72]. These
have also been plotted in Fig. 28 and are seen to agree equally well with the theory.

Filters with the grating wave vector parallel to the c-axis exhibit the lowest
sensitivity, which is almost constant over the centre wavelength range from 400 —
1600 nm around a value of approx. 0.05 Å/K. The measured values of these filters
are all slightly lower than the theoretical value. This indicates that the actual
value of ac is somewhat lower than the value used here. Filters with K _Lc are
twice as sensitive in the visible range as for filters with K || c, and the sensitivity
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increases further with the centre wavelength.
In the experiments and calculations presented in this thesis only ordinarily

polarised light is considered. Filters with K || c do not exhibit any polarisation
dependence when the light is normally incident. Filters with K ±c, however, are
polarisation dependent, and the temperature sensitivity of the centre wavelength
for extraordinarily polarised light will be liigher than that for ordinarily polarised
light (dashed line in Fig. 28) due to a higher value of the thermo-optic coefficient
for the extraordinary refractive index[81].

In Fig. 29 the normalised temperature response of two filters written in sample

1.0-

-3 -1 0 1

Temperature detuning AT [K]

Figure 29. Measured temperature response as a function of the temperature de-
tuning, for the two filters with K, respectively, parallel and perpendicular to the
c-axis. The reflectance is measured at normal incidence for ordinarily polarised
light and a probe wavelength of 514-5 nm. The filter length is 15 mm. The curves
are normalised for comparison. Reproduced from Ref. [10].

2, with K || c and K ±c, respectively, are shown. The centre wavelength is at 514.5
nm and the crystal length is 15 mm. The filter reflectance has been measured at
normal incidence as a' function of the temperature detuning. The curves have
been normalised for the comparison of the thermal behaviour of the filters. The
reflectance of the filter with K perpendicular to the c-axis is very low, partly
due to strong light induced scattering during recording and partly due to the low
photorefractive response for this orientation of the crystal.

The temperature response curve for the filter with K perpendicular to the c-axis
is seen to be the narrowest. From Fig. 29 the thermal bandwidths, ATFWHMI °f
the filters are determined to be 0.9 K and 0.5 K for K || c and K .lc, respectively.
The temperature detuning scale can be converted into a wavelength detuning
scale by using Eq. (108) and the measured temperature sensitivities. The spectral
bandwidths, AAFWHMI corresponding to the thermal bandwidths of the filters in
Fig. 29 are 0.04 Å and 0.05 Å for K || c and K 1c, respectively. Thus, the spectral
bandwidths of the two filters are almost identical, while the thermal properties
are quite different.

By varying the temperature of the crystal within the possible range of the
temperature controller: 288-308 K, the centre wavelength can be tuned over a
range which is 20 to 40 times the spectral bandwidth. The largest tuning range is
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obtained for the filter with K ±c , which also requires better temperature stabili-
sation. Tuning the filters with an absolute wavelength control of 0.005 Å requires
control of the crystal temperature within 0.1 K for filters with K || c and within
0.05 K for K _Lc. This stabilisation requirement is readily achieved with the tem-
perature controller designed here.

In Fig. 30 the normalised spectral response of a filter determined from a tem-

o-

-0,20 -0,10 0,00 0,10

Wavelength detuning [Å]
0,30

Figure 30. Normalised spectral response for a filter determined from a temperature
(solid symbols) and an angular (open symbols) response measurement, respectively.
The filter is written in sample 1 and the quantities characterising the filter are
summarized in table 4-

pcrature and an angular response measurement is compared. The filter is written
in sample 1 with K || c and the quantities characterising the filter are summarised
in table 4. A measurement of the angular response at T = To, corresponding to the

Table 4- Quantities characterising a photorefractive interference filter written in
sample 1; centre wavelength, maximum reflectance, reference temperature, temper-
ature sensitivity, spectral bandwidth, thermal bandwidth and field of view.

AS

To
5
AAFWHM

ATpwHM
FOV

514.5 nm
27.5 %
295.65 K
0.046 Å/K
0.06 Å
1.3 K
14 mrad

curve for AT = 0.05 K in Fig. 26, and using Eq. (107) yields the spectral response
for AA > 0 shown with the open symbols in Fig. 30. From a measurement of the
temperature response at normal incidence, ip = 0, and Eq. (108) the solid symbols
in Fig. 30 are obtained.
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A good agreement of the spectral response for AA > 0 determined in the two
ways is observed. The response measurements yields the same levels of the side-
lobes, even if they are displaced by a small amount towards longer wavelengths for
the angular measurement. This is due the small temparature detuning AT = 0.05
K in the angular response measurement.

The filter reflectance is shown on a logaritmic scale to illustrate the strong asym-
metry in the spectral response, which is observed by the lower sideband levels and
the smearing out of the first 'zero' for AA < 0. This causes an asymmetry in the —3
dB crossing, which determines the full-width-half-maximum spectral bandwidth.
The bandwidth determined from an angular response measurement alone would
be smaller than the actual value, determined to be 0.06 Å. The measured field of
view and thermal bandwidth of the filter are given in table 4.

The strong asymmetry in the filter response was also observed in the tempera-
ture response curves shown in Fig. 29. For the filter studied it is a general feature
that the sidelobe levels are highest towards lower temperatures or equivalently
longer wavelengths in Fig. 30. This indicates a nonuniformity in the grating period
or the background refractive index through the crystal, and the asymmetric filter
response cannot be explained by the theory leading to Eq. (97) for the reflectance.
Similar asymmetric filter responses has been observed by other groups[66, 68],
however, here the levels of the sidebands were highest for wavelengths shorter
than the centre wavelength. A possible explanation is the phase coupling during
recording of the filter in the reflection geometry. In Ref. [10] it is shown that the
phase difference between the recording beams with be linearly proportional to the
2-coordinate, which leads to a change in the grating wave vector from K and hence
in the grating period.

4.4 Discussion and perspectives
In summary, the temperature properties of photorefractive interference filters writ-
ten in photorefractive crystals of LiNbOsrFe have been investigated. A review of
the work done by other groups in this field is given. A general introduction to the
recording of photorefractive interference filters and design of the centre wavelength
is given. The filter response is discussed using a standard coupled mode theory
and the quantities used to describe the filter response are defined.

A theoretical analysis of the phase mismatch parameter, based on a linear tem-
perature dependence on both refractive index and thermal expansion, has been
performed. An expression for the temperature sensitivity of the centre wavelength
is found. This shows that the sensitivity depends on both the absolute centre wave-
length and the grating orientation with respect to the optical axis of the crystal.
Furthermore, the concept of the thermal bandwidth of the filter is introduced.

Unfixed filters with centre wavelengths at the laser wavelengths 514.5 and 413
nm have been investigated experimentally. The probe experiments are carried out
using the same fixed wavelengths used to create the filters. In order to investigate
the temperature dependence of the filters, a custom made oven for the temperature
control and stabilisation of the filters has been produced. The oven ensures a
temperature stabilisation of approx. 0.05 K and allows temperature tuning in the
range from 288 to 308 K.

The measured temperature sensitivity of filters are shown to be in very good
agreement with the theory. The temperature sensitivity of filters with the grat-
ing wave vector perpendicular to the c-axis are shown to be much more sensitive
to temperature variations, compared with filters having the grating wave vector
parallel to the c-axis, which is the usually used configuration. The temperature
sensitivity of filters at longer centre wavelengths measured by other groups com-
pare equally well with the theory. A good prediction of the thermal properties of
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interference filters with centre wavelengths ranging from the visible to the near-
infrared and for an arbitrary grating orientation is obtained.

The described novel method for determining the spectral response of the pho-
torefractive interference filters from a combined angular and thermal response
measurement using a fixed probe wavelength is applied for a filter with a centre
wavelength at 514.5 nm written in a 10 mm long crystal. The spectral response is
shown to exhibit a strong asymmetry, which causes the sideband levels to be high-
est for wavelengths longer than the centre wavelength. Due to this asymmetry, the
spectral bandwidth estimated from an angular response measurement alone would
yield a value smaller than the actual value. Prom the themal response measure-
ment, the full-width-half-maximum spectral bandwidth of the filter is determined
to be 0.06 Å and the measured temperature sensitivity is 0.046 Å/K. Aided by the
custom made oven a filter with a tuning range of 1 Å and an absolute wavelength
control of 0.005 Å has been produced. These values are compare favorably with
the characteristics of filters produced by other groups.

The asymmetry in the filter response, observed to be a general property of the
filters studied here, cannot be explained with the theory usually applied including
intensity coupling and absorption. A thorough investigation of the phase coupling
during filter recording may give an explanation for this asymmetry.

In comparison with conventional dielectric interference filters the photorefrac-
tive interference filters possess a much higher wavelength selectivity and several
external control parameters for the reflectance and the centre wavelength. The
application of the high wavelength selectivity of photorefractive interference fil-
ters include high resolution spectroscopy, external cavity mirrors for single-mode
operation of infra-red semiconductor lasers, output mirrors for optical parametric
oscillators (OPO's) and solar astronomy.

The high temperature sensitivity of the centre wavelength can be applied for
producing temperature sensors. It is expected that the outlined theoretical de-
scription of the temperature properties of photorefractive interference filters will
be valuable for the design of such sensors, and for other filter applications.

By analogy to the temperature dependence due to thermal expansion, the centre
wavelength of the photorefractive interference filter will also be highly sensitive to
strain and, hence, strain-sensing elements may be produced. The photorefractive
interference filters considered here are written in bulk crystals of LiNbC>3:Fe, how-
ever, filters can also be written in photorefractive waveguides or photorefractive
fibres. For sensor applications, it is expected that waveguide or fibre devices will
be preferred to bulk devices, due to the ease of integration of such devices.

The photorefractive interference filters considered to date have all been based
on using the refractive index grating in a reflection geometry. A drawback of this
configuration is that the filtered light is reflected in the direction of the incident
light, which means that a practical system must employ, for example, a beamsplit-
ter to extract bandpass filtered light. This will cause a reduced overall efficiency
of the filter.

If instead the refractive index grating is used in a transmission geometry, then
the filtered light will be spatially separated from the incident light and conse-
quently a filter with a much higher overall efficiency can be produced. The spec-
tral response of such a filter will be similar to that of the filters considered in this
thesis. The angular selectivity of transmission gratings, however, are much higher
than for reflection gratings and therefore a filter based on a transmisson grating
will exhibit a much narrower field of field, which may be a limiting factor in many
applications. Thus in applications where the field of view is of minor importance
and where a high overall efficiency is necessary, a filter based on a transmission
grating is preferred. It is expected that such filters, with multiple centre wave-
lengths (created by superimposing several gratings with different spatial periods),
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can be used for producing wavelength division multiplexers and demultiplexers for
optical communication systems.
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5 Conclusion

In this thesis, the fundamental photorefractive and photovoltaic properties of
LiNbCtøFe crystals have been studied. This has been done through theoretical and
experimental investigations of a new magnetophotorefractive effect in a vectorial
interaction scheme and an application of reflection gratings for photorefractive
interference filters.

The properties of LiNbC^Fe crystals have been described with special refer-
ence to the physical mechanisms responsible for the photorefractive effect. The
physical origin and the phenomenological description of the bulk photovoltaic ef-
fect have been described. The strong magnetic field influence on the high mobility
nonthermalised electrons, which are responsible for the bulk photovoltaic current
is described and the additional magnetic field induced current is described by the
magnetophotovoltaic effect. The magnetic field effect on the drift current domi-
nated by thermalised electrons is shown to be much weaker.

The concept of the magnetophotorefractive effect and the idea behind an inves-
tigation of such effects have been described. A new theoretical model of the mag-
netophotorefractive effect in a vectorial interaction scheme have been presented.
It describes the formation of the space-charge field and the fundamental pho-
torefractive processes of two-wave mixing and refractive index grating formation
under the influence of an externally applied magnetic field in a Voigt geometry.
Contrary to other descriptions where diffusion is neglected, the model predicts
a strong influence of the diffusion mechanism for small grating periods. Further
experimental investigations to verify this aspect are needed and anticipated with
great interest.

The theoretical model is used to explain the fundamentally new experimental
observations presented in this thesis. They show a strong magnetic field influence
on both energy coupling during recording and on the grating formation in the
vectorial interaction scheme. It has been shown that it is possible to enhance
the diffraction efficiency of a grating by applying an external magnetic field. A
qualitative good agreement between the theory and the experimental results for
the initial stages of recording has been used to determine a nondiagonal component
of the magnetophotovoltaic tensor. This is the first reported measurements of this
kind for LiNbC>3:Fe crystals.

It is anticipated that these theoretical and experimental investigations will form
a basis for a whole new field of photorefractive research on magnetophotorefractive
effects, which may lead to the discovery of new configurations for optical wave
interaction and further enhancement of the photorefractive effect. It will, in any
case, contribute to a better understanding of the underlying physical mechanisms
responsible for the photorefractive effect in various photovoltaic media.

An application of thick refractive index gratings written in LiNbC>3 crystals for
optical narrowband interference filters has been considered. A theoretical analysis
of the temperature response of these filters has been given and used to predict the
temperature sensitivity of the centre wavelength of the photorefractive interference
filters. A good agreement is found for the experimental results for filters, with
centre wavelengths in the visible and infrared region, presented here and reported
by other groups.

A novel method for determining the spectral response of the photorefractive
interference filters, from a combined temperature and angular response measure-
ment using a narrowband probe at a fixed wavelength has been described. It was
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applied to a filter designed with a center wavelength at the argon-ion laser line at
514.5 nm.

It is expected that this work will be valuable for future design of filters for
various applications in laser radiation control, high resolution spectroscopy, as-
tronomy and optical communication systems and the application of filters written
in photorefractive fibers or waveguides for temperature and strain sensors.

I have found the work, which I have carried out during the past three years, very
rewarding as it has given me an experience and a solid educational foundation,
which I will gain from in the future. It has been an educating experience acquiring
knowledge from the work of other scientist and has given me the skills to express
my own research in writing. The knowledge and insight which I have obtained
in the area of photorefractive nonlinear optics, has provided me with a number
of ideas for future work in this field. These ideas, I hope, will be the subject of
further stimulating research.
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A Physical tensors

In this thesis we are interested in describing the linear electro-optic effect, the bulk
photovoltaic effect and the magnetophotovoltaic effect for LiNbC>3 crystals, which
belong to the 3m point group. To be able to describe such physical effects we
must know the form and relation between the nonzero components of the tensor
describing the effect.

According to Neumann's Principle: " The symmetry elements of any physical
property of a crystal must include the symmetry elements of the point group of
the jcrj/s'or(26], wo have that the tensor describing the physical effect must be
invariant under the syinjrietry transformations defining the point group of the
crystal. The general form and relation between nonzero components of second-
and third-rank tensors has been tabulated for the 21 point groups and can be
found in most textbooks on nonlinear optics, see, e.g., Ref. [25].

In general the physical property described by the tensor possesses more symme-
try than the point group and this further reduces the number of nonzero compo-
nents of the tensor. In the following the form and independent components of the
tensors describing the linear electro-optic and bulk photovoltaic effect are listed
for crystals belonging to the 3m point group.

Since the form and relation between nonzero components of a fourth-rank
pseudo tensor, like the magnetophotovoltaic tensor, cannot readily be found in
the literature, it is derived in this appendix for a crystal belonging to the 3m
point group.

A.I The linear electro-optic tensor
The linear electro-optic effect is defined by Eq. (16), in section 2.2.2,

Arlij = Ylri'kEk (A. 109)

and is described by the third-rank linear electro-optic tensor, r^k- The symmetry
of the physical property requires the tensor to be symmetric in the two first indices,
i.e. rjfcj = rijk. This permutation symmetry reduces the number of independent
elements of r^k from 27 to 18, and it is convenient to introduce the contracted
indices to abbreviate the notation, r^k = rsk, where the relation between ij and
s is

ij: 11 22 33 23,32 13,31 12,21
s : 1 2 3 4 5 6 ( A - 1 1 0 )

Using this notation the linear electro-optic tensor can be written as a 6 x 3 matrix.
For a crystal belonging to the 3m point group the linear electro-optic tensor has
the form[26]

0 ~7*22 r13

0 T22 7"13

0 0 r33 /A i i i \

0 r51 0 ' ( A " n i )

r5i 0 0
-r22 0 0

which has 4 independent components.
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A.2 The bulk photovoltaic tensor
The linear bulk photovoltaic effect is defined by the first term in Eq. (25), in
section 2.3.2,

is described by a third-rank true tensor, @{jk, the linear bulk photovoltaic
tensor. The symmetry of the physical property requires pkk to be symmetric in
the two last indices, i.e. pfø = pfjk, and can using the contracted notation, Eq.
(A.110), be written as a 3 x 6 matrix, /?£. For a crystal belonging to the 3m point
group it has the following form[27]

(A.113)

As for the linear electro-optic tensor, /3^fc has 4 independent components.
The circular bulk photovoltaic effect is defined by the second term in Eq. (25)

in section 2.3.2

• o
aL

~H22
aL

. P31

0
# 2

Ptl

0
0

0
aL
Pis0

aL
Pl5
0
0

-P22
0
0

j £ > E * E-]s (A.114)
jk s

and is described by a second-rank pseudo tensor, /?£, the circular bulk photovoltaic
tensor.

The circular bulk photovoltaic tensor, /??, is a second-rank pseudo tensor that
for a crystal belonging to the 3m point group has the form[27]

0
aC

-Pl2
0

P12
0
0

0"
0
0

(A.115)

which only has one independent component.

A.3 The magnetophotovoltaic tensor
The magnetophotovoltaic effect is defined by Eq. (34), in section 2.4.2

,-MPV _

jkl

and is described by the magnetophotovoltaic tensor, 5ym, that is a fourth-rank
pseudo tensor. In the following the general form of such a tensor is derived for a
crystal belonging to the 3m point group.

As explained above the tensor must remain invariant when transformed accord-
ing to the symmetry operations that define the point group. The transformation
of a fourth-rank pseudo tensor is given by

Sijki = det(.i4) 2_, airQjsakiaiuSrstu = Sijki, (A.117)
rslu

where 5" is the transformed tensor and S is the original tensor. The coordinate
transformation is given by the direction cosines, ay, which are components of the
transformation •natrix, A. The symmetry operations in the principal coordinate
system that define the 3m point group are; the identity element, two rotations
about the 3-fold z-axis, labelled C\ and Cf, and reflections in three mirror-planes
containing the z-axis, labelled crj, a\ and a\. Here we use the standard orientation
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of the crystal with the one mirror-plane perpendicular to the x-axis ( m l i c ) . The
transformation matrices and the determinants are given by

2 —3

-1/2 V3/2 0
-v/t/2 -1/2 0

0 0 0

' -1/2 -VS/2 0
V3/2 -1/2 0

0 0 0

,det(CJ) =

,det(C3
2) =

- 1 0 0
0 1 0
0 0 1

,det(aj) = - l

-1/2 \/3/2 0
-v/3/2 -1/2 0

0 0 0

-1/2 - N / 3 / 2 0

V3/2 -1/2 0
0 0 0

,det (a j ) )=- l

(A.118)

(A.119)

(A.120)

(A.121)

(A.122)

Applying these for the transformation matrix in Eq. (A.117) it is possible to
determine which components of Sijkt that are zero and the relation between the
nonzero components. It is found that the 81 elements of the fourth-rank tensor is
reduced to 36 nonzero elements of which 13 are independent. The relation between
these nonzero components are shown in table 5, where only the the tensor indices
are shown for simplicity and 1, 2 and 3 corresponds to x, y and z.

Table 5. The relation between nonzero components of a fourth rank pseudo-tensor
for a crystal belonging to the 3m point group (a bar denotes a negative value).

1112 = 2221
1121 = 2212
1211 = 2122
1233 = 2133
1323 = 2313.
1332 = 233T
3123 = 3213
3132 = 3231
3312 = 3321
1113 = 1223 = 2123 = 2213
1131 = 1232 = 2132 = 2231
1311 =1322 = 2312 = 232T
3111 = 3122 = 32l2 = 3221
1222 = m i = 1211 +1121 + 1112

Next we consider the symmetry restrictions put on the tensor in describing the
magnetophotovoltaic effect. As shown in section 2.4.2, Sijki is a complex tensor,
which can be written as, Eq. (37),

(A.123)
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where S^f-i and S^kl are the linear and circular magnetophotovoltaic tensor, re-
spectively.

The linear magnetophotovoltaic tensor is symmetric in the two last subscripts,
i.e. £^fci = S(jlk. This reduces the nonzero components given in table 5 further to
34 of which 8 are independent. These are given in table 6 and are labelled using
a single index, S/\

Table 6. The relation between nonzero components of the linear magnetophoto-
voltaic tensor, Sfj^Jor a crystal belonging to the 3m point group (a bar denotes a
negative value), The 8 independent components are labelled using a single index,
St.

S& 1112 = 2221 = 1121 = 2212
St 1211 = 2122
S% 1233 = 2133
S% 1323 = 2313 = 1332 = 2331
Sfr 3123 = 3213 = 3132 = 3231
S£ 1113 = 1223 = 2123 = 2213 = 1131 = 1232 = 2132 = 2231
St 1311=1322 = 2312 = 2321
Sf 3111 = 3122 = 3212 = 3221

The circular magnetophotovoltaic tensor is antisymmetric in the two last sub-
scripts, i.e. S!?jkl = — Sfjif.. This reduces the nonzero components given in table 5
further to 22 of which 5 are independent. These are given in table 7.

Table 7. The relation between nonzero components of the circular magnetophoto-
voltaic tensor, S^y, for a crystal belonging to the 3m point group (a bar denotes
a negative value).

1323 = 2313 = 1332 = 2331
3123 = 3213 = 3132 = 3231
3312 = 3321
1113 = 1223 = 2123 = 2213 = 1131 = 1232 = 2132 = 2231
1112 = Tl2T = 2227 = 2212

According to Eq. (37) the circular magnetophotovoltaic tensor, S?jH, can be
expressed in terms of a third-rank true tensor S£fc through the relation

where 6aki is the Levi-Civita 'tensor', Æ123 = £231 = 6312 = l i ^ m = Æ321 = $213 =
—1 and zero for all other components, which is also called the alternating symbol.
The tensor S$s can be shown to have 11 nonzero components of which 5 are
independent. These are given in table 8 and are labelled using a single index, Sp.
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Table 8. The relation between nonzero components of the circular magnetophoto-
voltaic tensor third-rank true tensor, 5^fc, for a crystal belonging to the 3m point
group (a bar denotes a negative value), The 5 independent components are labelled
using a single index, Sf7.

Sg 131 = 232
Sf 311 = 322
S§ 333
Sg 112 = 121 = 211 = 222
S? 113 = 223

B Material parameters

In table 9 the material parameters used in the calculations presented in chapter 3
of this thesis are listed.

Table 9. Material parameters for LiNbOz:Fe crystals.

Parameter

no

ne

a a

ac

7*51

efi/eo
£~h/£o
Kph

ND

NA

IJ-TR

P?2

So

Value
2.421
2.334
2.313
2.241

4.1 • 10-6

14.8 • 10-6

30 • 10-12

85
29
3 • 10"15

4 • 1023

2 • 1 0 2 2

1.6 • 10"16

< 1 • lO"12

-(0.9 ±0.3) -10" 1 0

< 1 • lO"13

(1.6±0.6)-10-n

Unit

K-1

K"1

mV"1

m f l - ^ -
m"3

m"3

mV1

V"1

v-1
y-lT-l
V-1T-1

Remark
@ 413. nm
@ 514.5 nm
@ 413. nm
@ 514.5 nm

300 K
300 K
undamped
undamped
undamped

1 Jo « 0.5 W/cm2

Sample 2
Sample 2
Sample 2
Sample 2

Ref.

[84]

[84]

[82, 83]
[82, 83]

[6]
[6]
[6]
[19]
[64]
[64]
[64]

For the components of the bulk photovoltaic and magnetophotovoltaic tensors,
it is assumed that jSffc < /3^[27], and correspondingly S£ <§: Stf and the values
used are based on the measurements presented in Ref. [63] and in the present
thesis for sample 2.
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