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Abstract

The thesis explores preparation and properties of bismuth iron garnet (BIG) films
and the incorporation of BIG films into one-dimensional magneto-optical photonic
crystals (MOPCs).

Films were prepared by pulsed laser deposition. We investigated or measured
crystallinity, morphology, film-substrate interface, cracks, roughness, composition,
magnetic coercivity, refractive index and extinction coefficient, and magneto-optical
Faraday rotation (FR) and ellipticity. The investigations were partly performed
on selected samples, and partly on two series of films on different substrates and
of different thicknesses. BIG films were successfully tested for the application of
magneto-optical visualization. The effect of annealing in oxygen atmosphere was
also investigated - very careful annealing can increase FR by up to 20%. A smaller
number of the above mentioned investigations were carried out on yttrium iron
garnet (YIG) films as well.

Periodical BIG-YIG multilayers with up to 25 single layers were designed and
prepared with the purpose to enhance FR at a selected wavelength. A central
BIG layer was introduced as defect layer into the MOPC structure and generated
resonances in optical transmittance and FR at a chosen design wavelength. In a 17-
layer structure, at the wavelength of 748 nm, FR was increased from −2.6 deg/µm
to −6.3 deg/µm at a small reduction in transmittance from 69% to 58% as compared
to a single-layer BIG film of equivalent thickness. In contrast to thick BIG films,
the MOPCs did not crack. We were first to report preparation of all-garnet MOPCs
and second to experimentally demonstrate the MOPC principle in magneto-optical
garnets.
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Preface

This thesis is based on my research within the section of Condensed Matter Physics
(CMP) at the Royal Institute of Technology, Stockholm, Sweden, during the pe-
riod 2000-2004. When I started my work, CMP was part of the department of
Physics. In January 2001, CMP formally joined the Laboratory of Solid State
Devices (SSD), which is part of the Institute of Microelectronics and Information
Technology (IMIT). In August 2001, CMP physically joined SSD by moving from
central Stockholm to Stockholm-Kista. In the early summer of 2002, the move was
completed and all systems were up and running again. Although I have spent more
than half of the time in Stockholm-Kista, I am graduating in Physics because I
started my work in that department.

The following publications and manuscripts are included in this thesis.

1. ”Bi3Fe5O12 thin film visualizer”, S. Kahl, A. M. Grishin, S. I. Khartsev, K.
Kawano, and J. S. Abell, IEEE Trans. Magn. 3, 2457 (2001), presented at
the Joint MMM and Intermag conference (2001).

2. ”Structure, microstructure, and magneto-optical properties of laser deposited
Bi3Fe5O12/Gd3Ga5O12(111) films”, S. Kahl, S. I. Khartsev, A. M. Grishin,
K. Kawano, G. Kong, R. A. Chakalov, and J. S. Abell, J. Appl. Phys. 91,
9556 (2002).

3. ”Influence of the laser repetition rate on crystalline structure, composition,
and magnetic properties of laser deposited Y3Fe5O12/Gd3Ga5O12(111) films”,
S. Kahl, V. P. Denysenkov, S. I. Khartsev, A. M. Grishin, and S. Kranzusch,
Mat. Res. Soc. Symp. Proc. 720, H6.7.1 (2002), presented at the MRS spring
meeting (2002).

4. ”Pulsed laser deposition of Y3Fe5O12 and Bi3Fe5O12 films on garnet sub-
strates”, S. Kahl and A. M. Grishin, J. Appl. Phys. 93, 6945 (2003), pre-
sented at the MMM conference (2002).

5. ”Optical transmission and Faraday rotation spectra of a bismuth iron garnet
film”, S. Kahl, V. Popov, and A. M. Grishin, J. Appl. Phys. 94, 5688 (2003).
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6. ”Evolution of material properties of epitaxial bismuth iron garnet films with
increasing thickness”, S. Kahl and A. M. Grishin, to appear in J. Magn.
Magn. Mater. (2004).

7. ”Enhanced Faraday rotation in all-garnet magneto-optical photonic crystal”,
S. Kahl and A. M. Grishin, to appear in Appl. Phys. Lett, March 1st (2004).

Publications 1 and 2 are the results of our cooperation with S. Abell’s research
group at Birmingham University, UK. The film from publication 1 was prepared
and measured in Stockholm by N. Adachi and S. I. Khartsev while the film from
publication 2 was prepared in Birmingham. Measurements for figures 3 and 4 in
publication 1 were carried out in the system for magneto-optical imaging in Birm-
ingham. The transmission electron microscope (TEM) measurements in publication
2 were also done by our partners.

S. Kranzusch from the Laser Laboratory in Göttingen, Germany, made the
atomic force microscope (AFM) measurements for publication 3. V. P. Denysenkov
contributed with ferromagnetic resonance (FMR) measurements during optimiza-
tion of the deposition parameters.

AFM measurements for publications 5, 6, and 7 were mainly done by S. Popov,
J.-H. Kim contributed as well. Rutherford backscattering (RBS) measurements in
publication 6 were done by A. Hallén.

Except for the contributions mentioned above, I prepared all samples, made
all measurements and calculations and wrote all manuscripts. I have seeked and
received advice in experimental, theoretical, and strategic questions from both S.
I. Khartsev and A. M. Grishin during my whole work.

The following papers and contributions are not included in this thesis.

1. ”Critical angles effect: Vanishing of cubic magnetocrystalline anisotropy in
ferromagnetic resonance spectra”, A. A. Jalali, S. Kahl, V. P. Denysenkov,
and A. M. Grishin, Phys. Rev. B 66, 104419-1 (2002).

2. ”Magneto-optic laser deposited Bi3Fe5O12(111) films: characterization and
imaging”, S. Flament, Warsito, L. Mechin, C. Gunther, K. Kawano, G.
Kong, R. A. Chakalov, J. S. Abell, S. Kahl, S. I. Khartsev, A. M. Grishin,
Transactions of the Magnetics Society of Japan 2,4, 214 (2002), presented at
the MORIS (2002) conference.

3. ”BIG films fabricated by PLD for magnetic flux visualisation of YBCO”, K.
Kawano, R. A. Chakalov, G. Kong, J. S. Abell, S. Kahl, and A. M. Grishin,
Physica C 372-376, 696 (2002).

4. ”Magneto-optical Bi3Fe5O12 films by pulsed laser deposition”, S. Kahl and
A. M. Grishin, presented at the conference Northern Optics (2003).
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5. ”Collapse of FMR spectra at critical angles, due to vanishing of cubic mag-
netocrystalline anisotropy”, A. A. Jalali, S. Kahl, V. Denysenkov, and A. M.
Grishin, presented at the conference Northern Optics (2003).

6. ”Optical transmission and Faraday rotation spectra of bismuth iron garnet
films”, S. Kahl, V. Popov, and A. M. Grishin, presented at the ICOPO (2003).

In the field of garnet films, cgs units are traditionally used. However, now even
groups researching on garnet films start to use the SI units, such that it is sensible
also for us to make the transition to SI units. The publications in this thesis contain
a mixture of both systems of units, but the body of this thesis employs SI units.
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Symbols

B magnetic induction
cBi/cFe bismuth to iron concentration ratio
d film thickness
dr deposition rate
D electric displacement
D0 state of polarization
e electronic charge (1.6022 · 10−19 C)
E

i/r/t
± electric field amplitude of incident/reflected/transmitted LCP/RCP wave

E electric field
f oscillator strength
F magneto-optical figure of merit
h = 2π� Planck’s constant (6.6726 · 10−34 J/s)
H magnetic field
Hc magnetic coercivity
∆H line width of the ferromagnetic resonance
I light intensity
∆Ipol polarization dependent error in the measurement of I
j electric current density
J Jones vector
k extinction coefficient (−�√εxx/ε0)
k wave vector
K linear magneto-optical tensor
K∗

u constant of effective uniaxial anisotropy (including shape anisotropy)
me electron mass (9.1094 · 10−31 kg)
M magnetization
Ms saturation magnetization
n index of refraction (�√εxx/ε0)
nL low refractive index in MOPC
nH high refractive index in MOPC
∆n nH − nL

ñ complex index of refraction (n− ik)
ñ± refractive indices for left- and right circularly polarized light
∆ñ± ñ+ − ñ−
N density of absorbing sites
P electrical polarization
pO2 oxygen background pressure
QS swing factor of the photoresponse
r position
s substrate refractive index
t time
T optical transmittance
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TC Curie temperature
Ts substrate temperature
T (n−1,n) transfer matrix from layer (n− 1) to layer (n)
T transfer matrix of the whole multilayer
u base change matrix between linear and circular Jones vectors
V Verdet’s constant
x bismuth atoms per chemical formula unit
α coefficient of absorption
Γ half linewidth of the resonance
2∆ excited state splitting
ε0 vacuum permittivity (8.8542 · 10−12 As/Vm)
ε permittivity tensor
εr relative permittivity tensor
θ, 2θ angles measured in XRD measurements
θF angle of Faraday rotation per film thickness
θmax maximum angle of Faraday rotation per film thickness in visible light
ΘF total angle of Faraday rotation
Θmax maximum total angle of Faraday rotation in visible light
λ wavelength
µ0 vacuum permeability (4π · 10−7 Vs/Am)
µr relative permeability tensor
ρ electric charge density
σ electric conductivity tensor
τ analyzer angle
φ angle measured in XRD measurements
ψF angle of Faraday ellipticity per film thickness
ΨF total angle of Faraday ellipticity
ω circular frequency
ω0 resonance circular frequency
{X̂, Ŷ } basis of linear Jones vectors
{L̂, R̂} basis of circular Jones vectors
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Abbreviations:

AFM atomic force microscope
BIG bismuth iron garnet Bi3Fe5O12

Bi:IG bismuth-substituted iron garnet
Bi:YIG bismuth-substituted yttrium iron garnet (Bi,Y)3Fe5O12

CMP Condensed Matter Physics
CP circularly polarized
ECRS electron cyclotron resonance sputtering
FE Faraday ellipticity
FMR ferromagnetic resonance
FR Faraday rotation
GCGMZG calcium-, magnesium-, and zirconium-doped GGG (Ca,Gd)3(Mg,Zr,Ga)5O12

GGG gadolinium gallium garnet Gd3Ga5O12

GScGG scandium-doped gadolinium gallium garnet Gd3(Sc,Ga)5O12

IMIT Institute of Microelectronics and Information Technology
LCP left circularly polarized
LPE liquid phase epitaxy
MOCVD metal organic chemical vapor deposition
MOPC magneto-optical photonic crystal
NdGG neodymium gallium garnet Nd3Ga5O12

PLD pulsed laser deposition
PC photonic crystal
RBS Rutherford backscattering
RCP right circularly polarized
RIBS reactive ion beam sputtering
rf radio-frequency
SmScGG scandium-doped samarium gallium garnet Sm3(Sc,Ga)5O12

SSD Laboratory of Solid State Devices
TEM transmission electron microscope
VI virtual instrument
XRD x-ray diffraction
YIG yttrium iron garnet Y3Fe5O12
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Chapter 1

Introduction

Iron garnets of suitable composition combine high magneto-optical Faraday rota-
tion (FR) angles with high optical transmittance in visible and infrared light [34,37].
Magneto-optical FR has a nonreciprocal character, which is of great technical im-
portance. Bismuth doping increases the FR angle in iron garnets [8].

Bismuth doped garnet films grown by liquid phase epitaxy are used in optical
isolators. Isolators are devices that let light pass through in only one direction (see,
e.g., [118]). This application is probably the most common one for magneto-optical
garnet films (more than 2000 patents and patent applications related to optical
isolators worldwide 1). There is hope and serious research efforts are done to realize
competitive isolators as waveguides in thin film integrated optics (review: [67]).

Garnet films and crystals that exhibit FR are probably the most promising
materials for magneto-optical sensors that are based on the Faraday effect. This
field of application is rather large as well, with more than 300 patents and patent
applications worldwide. Electric current sensors that make use of the Faraday
effect are more stable and reliable than electronic sensors and can work over a wide
frequency range, at elevated temperatures, and in the presence of large electric
fields and mechanical vibrations. Many resarch groups investigating currents in
superconducting samples use garnet films to visualize magnetic stray fields (reviews:
[49, 63, 82]). Recently, magnetic vortices in superconducting samples have been
imaged with the visualizing technique, after improvement of the imaging system
and using thin visualizer films [31–33]. Visualizer films with in-plane magnetization
are currently being developed for flaw visualization in industrial applications [3,61,
62, 90, 91]. Garnet films with perpendicular magnetic anisotropy may be used as
sensor films as well and are employed in the aircraft industry, but interpretation of
the images is not straightforward.

The pure bismuth iron garnet Bi3Fe5O12 (BIG), which only exists in thin-film
form, has been found to have the highest FR angles among bismuth-substituted iron

1Patent searches were done with the worldwide database of esp@cenet, the given numbers
include equivalent patents.
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2 Chapter 1. Introduction

garnets [34]. BIG was deposited for the first time by Okuda et al. in 1987 [80]. Epi-
taxial BIG films show approximately 50% higher angles of FR than polycrystalline
BIG films [79].

FR can be enhanced even more at selected wavelengths, if layers of the magneto-
optical material are embedded in a periodical structure that exhibits a photonic
bandgap. The magneto-optical layers are so-called defect layers with thicknesses
that break the periodicity and introduce transmission resonances (review: [70]). We
call such structures magneto-optical photonic crystals (MOPC).

The focus of our research was on the preparation and characterization of BIG
films. Especially at the beginning of this work, we considered the research on BIG
films to be in the stage of observation, where the main goal was to generate facts
about the material and its preparation. Reports on preparation of BIG films are
still rather limited in number. We also tested BIG films for the application of
magneto-optical visualization and showed that BIG films can be used as sensor
films for magnetic stray fields.

We were first to report the preparation of one-dimensional MOPCs composed
of heteroepitaxial garnet multilayers. BIG films are attractive here because of their
strong FR and the high refractive index as compared to other garnet materials. The
second material in our MOPCs is yttrium iron garnet Y3Fe5O12 (YIG), which we
managed to prepare at the same conditions as BIG. A small part of this work was
also dedicated to the preparation and characterization of single-layer YIG films.



Chapter 2

Theoretical background

2.1 Polarization of light and the Faraday effect

The Faraday effect in its most simple description is: The polarization plane of
linearly polarized light is rotated by an angle ΘF when the light passes through a
sample that is magnetized parallel to the direction of light propagation. Experimental
results show that ΘF = V dM , i.e., ΘF is proportional to the sample thickness d and
its magnetization M . V is the wavelength-dependent constant of proportionality,
called Verdet’s constant for paramagnetic media.

This subsection introduces states of polarization and one possibility to represent
them, a phenomenological treatment of the Faraday effect, and a few ideas about
the microscopic theory of this magneto-optical effect in iron garnets.

2.1.1 Polarized light

States of polarization

This section is mainly taken from the first chapter of Ref. [40]. To study the
polarization of light means to investigate how a vector associated with the electro-
magnetic field temporally evolves at a fixed point of space. If this evolution is the
same in every point of space, the field is said to be polarized.

In the general case of anisotropic media, the electromagnetic field is often rep-
resented by the electric displacement D. In isotropic media, D is parallel to the
electric field E. In a plane wave, D lies in a plane perpendicular to the propagation
direction, which is parallel to the wave vector k. k is taken parallel to the z axis
of the laboratory frame of reference, k = kẑ. In complex notation,

D = D0e
i(kz−ωt). (2.1)

D0 ε C
3 characterizes the state of polarization. It can be represented in the xy

plane as

3



4 Chapter 2. Theoretical background

D0 =
[
Axe

iφx

Aye
iφy

]
, (2.2)

where Ax, Ay, φx, φy ε R and φx, φy have modulo 2π values.
The real part of the electric displacement is obtained by taking the real part

of the right side of Eq. (2.1). �(D(z0, t)) is the parametric description of an el-
lipse, which is the most general state of polarization of a monochromatic wave in a
homogeneous medium. The ellipse of polarization at z0 = 0 is described by

X2

A2
x

+
Y 2

A2
y

− 2XY cosφ
AxAy

= sin2 φ, (2.3)

where φ = φy −φx. Due to the cross term XY , the axes of the ellipse, 0x′ and 0y′,
are not the same as those of the laboratory frame of reference, 0x and 0y, except
for the case of φ = ±π/2. The change from 0xy to 0x′y′ is performed by a rotation
represented by

R(θ) =
[

cos θ sin θ
− sin θ cos θ

]
. (2.4)

θ is the angle between the main axis of the ellipse and the x axis, see Fig. 2.1. ψ
is the angle of ellipticity, tanψ = b/a. The ratio b/a itself is called ellipticity. The
pairs of angles {χ, φ} and {θ, ψ} are linked by the following equations,

cos 2ψ cos 2θ = cos 2χ
cos 2ψ sin 2θ = sin 2χ cosφ

sin 2ψ = ± sin 2χ sinφ
tan 2ψ = ± sin 2θ tanφ. (2.5)

Linear and circular polarization states are the two most important special cases.
Linear polarization occurs for φ = 0, π. Eq. (2.3) then becomes

Y = ±Ay

Ax
X. (2.6)

Circular polarization occurs for φ = ±π/2 and Ax = Ay = r. Eq. (2.3) is then

X2 + Y 2 = r2. (2.7)

The intensity associated with the oscillation is given by

I = D∗
0D0 = A2

x +A2
y, (2.8)

where D∗
0 is the Hermitian conjugate of D0. I is obviously independent of φ.
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Figure 2.1. Parameters that characterize the elliptical state of polarization.

The Jones representation

R. C. Jones [48] represented the state of polarization by the vector

J =
[
Axe

iφx

Aye
iφy

]
. (2.9)

As multiplication of J with a complex number does not modify the state of
polarization, it is often convenient to work with a normalized Jones vector Ĵ . The
normalized Jones vector of linearly polarized light that includes an angle θ with the
x axis is

Ĵ =
[
cos θ
sin θ

]
. (2.10)

Two orthogonal normalized Jones vectors of linearly polarized light along the x
and y axes of the laboratory frame of reference are

X̂ =
[
1
0

]
and Ŷ =

[
0
1

]
. (2.11)

The two normalized vectors describing left (LCP) and right (RCP) circularly
polarized light,
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L̂ =
1√
2

[
1
i

]
and R̂ =

1√
2

[
1
−i
]
, (2.12)

form another normalized orthogonal basis of the linear space of Jones vectors.
Fig. 2.2 shows graphically how two circular states of polarization superpose to give
an elliptical state of polarization.

�

�

�

�
�

�

�

�

Figure 2.2. A left-going elliptically polarized wave as superposition of one left- and
one right-circularly polarized wave with different amplitudes but the same frequen-
cies.

The base change matrix u and its inverse u−1 = u† are

u =
1√
2

[
1 −i
1 i

]
and u† =

1√
2

[
1 1
i −i

]
, (2.13)

where X̂ = uL̂, Ŷ = uR̂, and L̂ = u†X̂, R̂ = u†Ŷ . A vector V lin in the linear
basis corresponds to V cir = uV lin in the circular basis.

A normalized elliptical state in the Cartesian basis in the system 0xy is

Ĵ(χ, φ) =
[

cosχ
sinχeiφ

]
, (2.14)

whereas it becomes in the system 0x′y′
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Ĵ0x′y′ =
[

cosψ
i sinψ

]
. (2.15)

In order to express the vector in the 0xy system, it has to be rotated by the
angle −θ (compare Fig. 2.1):

Ĵ(θ, ψ) = R(−θ)Ĵ0x′y′ =
[
cos θ cosψ − i sin θ sinψ
sin θ cosψ + i cos θ sinψ

]
. (2.16)

The effect of optical elements (polarizers, retarders, rotators, ...) on the state
of polarization is given by multiplying Ĵ with a 2 × 2 matrix that is characteristic
of the respective optical element. The formalism presented here is applied to our
measurements as described in section 4.6.2.

2.1.2 The magneto-optical Faraday effect

Phenomenological description

The mathematical treatment in this subsection closely follows Refs [5,23]. Maxwell’s
equations for a dielectric, permitting lossy currents, are

∇D = ρ ∇× E = −Ḃ (2.17)

∇B = 0 ∇× H = j + Ḋ, (2.18)

where E and D are electric field and displacement, H and B magnetic field and in-
duction, and ρ and j electric charge and current densities. The material’s equations
are

D = ε0E + P = εE = ε0ε
rE (2.19)

B = µ0(H + M ) = µH = µ0µ
rH (2.20)

j = σE, (2.21)

where relative permittivity εr, relative permeability µr, and electric conductivity σ
are tensors of rank two. ε0 and µ0 are the vacuum permittivity and permeability.
P is the electric polarization and M the magnetization. For linear electric and
magnetic media or for small values of E and H, εr and µr are field independent.
These sets of equations lead to the wave equation

∇× (∇× E) = −µ

(
σ
∂E

∂t
+ ε

∂2E

∂t2

)
. (2.22)

At optical frequencies, µr ≈ 1 because the magnetization cannot follow the
high-frequency magnetic field of light. Now insert E = E0 · exp[i(kr − ωt + φ)]
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into the wave equation, i.e., look at plane wave solutions. Then, the ∇’s and time
derivatives drop out, and the following equation is left:

(ω2µ0ε
c + (kk) − k2I)E = 0, (2.23)

where

εc ≡ ε +
iσ

ω
(2.24)

is now a tensor with complex components. kk is a dyadic product: (kk)ij = kikj ,
and I the identity matrix. The conductivity σ is very small in insulating materials,
but it has a finite value, which corresponds to energy that the lightwave looses on
its way through the material.

The key quantity in the wave equation is εc and will be denoted by just ε in the
following. ε depends on the magnetization and can be separated into two parts:

ε = ε0 + ∆ε(M). (2.25)

∆ε(M ) can be developed into the series

∆ε(M )ij =
3∑

k=1

KijkMk +
3∑

k=1

3∑
l=1

GijklMkMl + ..., (2.26)

where K and G are the linear and quadratic magneto-optical tensors. G is small
in iron garnets and will be neglected. ε has to fullfill the Onsager relations as well:

ε(M ) = ε(−M)†. (2.27)

For a (111)-oriented cubic crystal with M = M(M/|M |) in the z direction, K
can be so strongly simplified that

ε =

⎡
⎣ εxx εxy 0
−εxy εxx 0

0 0 εxx

⎤
⎦ =

⎡
⎣ εxx KM 0
−KM εxx 0

0 0 εxx

⎤
⎦ , (2.28)

where K = K123 = K312 = K231 = −K213 = −K132 = −K321 and the Cotton-
Mouton effect (magnetic linear birefringence) has been neglected. For the root of
the diagonal element, we use the notation

ñ = n− ik =
√
εxx/ε0, (2.29)

where we call n just refractive index and k extinction coefficient.1 The coefficient
of optical absorption is α = 4πk/λ. The wave equation for propagation in the z
(Fig. 2.3) direction is now

1Not to be confused with the wavevector k or any of its components.
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⎛
⎝ω2µ0

⎡
⎣ εxx εxy 0
−εxy εxx 0

0 0 εxx

⎤
⎦+

⎡
⎣0 0 0
0 0 0
0 0 kzkz

⎤
⎦−

⎡
⎣k2

z 0 0
0 k2

z 0
0 0 k2

z

⎤
⎦
⎞
⎠
⎡
⎣Ex

Ey

Ez

⎤
⎦ = 0. (2.30)

 

 

linearly polarized light 

M 

x 

y 
z 

Figure 2.3. Polar geometry of the Faraday effect.

As usual for plane waves, Ez = 0. The first two lines are now(
ω2µ0ε0

[
εr

xx εr
xy

−εr
xy εr

xx

]
−
[
k2

z 0
0 k2

z

])[
Ex

Ey

]
= 0, (2.31)

where εij = ε0ε
r
ij , i, jε{x, y}. Using the notation ν2 = k2

z/(ω2µ0ε0), we get[
εr

xx − ν2 εr
xy

−εr
xy εr

xx − ν2

] [
Ex

Ey

]
= 0. (2.32)

The Cartesian basis {X̂, Ŷ } is now changed to the one for circularly polarized
(CP) light {L̂, R̂}. Denoting the matrix in Eq. (2.32) with A, the corresponding
matrix in the circular basis is A′ = uAu†. Eq. (2.32) then reads[

εr
xx + iεr

xy − ν2 0
0 εr

xx − iεr
xy − ν2

] [
EL

ER

]
= 0. (2.33)

The resulting conclusion is that LCP and RCP waves are eigenmodes of the
problem with two solutions for ν, the refractive indices

ñ± =
√
εr

xx ± iεr
xy, (2.34)

where the plus sign corresponds to LCP light. Now, we can reason with the help of
these results how a linearly polarized wave is transformed when it passes through
a magneto-optical film as shown in Fig. 2.3.



10 Chapter 2. Theoretical background

Let us consider first the case of no absorption. This corresponds to real εr
xx and

purely imaginary εr
xy. ñ± is thus real. εr

xy causes the Faraday rotation (FR) because
it leads to different refractive indices n+ and n− for the two circularly polarized
waves (magnetic circular birefringence). Different n± correspond to different phase
velocities c0/n± such that the two waves have different optical paths dn+ and dn−
in a sample of thickness d. Their relative phase changes by ∆φ = 2π

λ d(n+ − n−).
The polarization of linearly polarized light is rotated by ΘF = ∆φ/2. This principle
is depicted in Fig. 2.4.

� �

� � � � � � � � � 	 
 �

� � � � � 

� �

Figure 2.4. Mechanism of Faraday rotation.

In general, εr
xx, εr

xy, and ñ± are complex. The imaginary parts of ñ+ and ñ−
cause different absorptions of the LCP and RCP waves (magnetic circular dichro-
ism). The two waves leave the sample with a phase shift and a difference in their
amplitudes and combine to elliptically polarized light, see Fig. 2.5. The angle of
Faraday ellipticity (FE) is given by ΨF = π

λd Im(ñ+ − ñ−) (compare Fig. 2.2 for
the angle of ellipiticity).

� � � � � � � � � 	 
 �

� � � � � 

� � � �

Figure 2.5. Mechanism of Faraday rotation and ellipticity.

FR and FE per film thickness, the so called specific FR and specific FE, can be
represented by a single complex angle for small FE:

θF + iψF =
π

λ
(ñ+ − ñ−). (2.35)

ψF can not be defined this way for large FE because, strictly speaking, tan ΨF =
tanh(ψF d). With the notation
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εr
ij = εr

ij
′ + iεr

ij
′′

ζ+ =
√

(εr
xx

′ − εr
xy

′′)2 + (εr
xx

′′ + εr
xy

′)2

ζ− =
√

(εr
xx

′ + εr
xy

′′)2 + (εr
xx

′′ − εr
xy

′)2

η+ =
εr

xx
′′ + εr

xy
′

εr
xx

′ − εr
xy

′′

η− =
εr

xx
′′ − εr

xy
′

εr
xx

′ + εr
xy

′′ , (2.36)

θF and ψF are expressed as follows, using Eqs (2.34), (2.35), and (2.36):

θF =
π

λ

(√
ζ+ cos

η+
2

−
√
ζ− cos

η−
2

)
(2.37)

ψF =
π

λ

(√
ζ+ sin

η+
2

−
√
ζ− sin

η−
2

)
. (2.38)

In the limit of small off-diagonal component |εr
xy| � |εr

xx| and small absorption
|εr

xx
′′| � |εr

xx
′|, an approximate expression for θF is obtained:

θF ≈ − πεr
xy

′′

λ
√
εr

xx
′ . (2.39)

This expression is widely used in the literature [19,39,89,111,113]. εr can show
a strong dependence on the wavelength of the incident light. This means that also
FR and FE are wavelength dispersive. The dependence of FR on the magnetization
follows from combination of Eqs (2.28) and (2.39):

θF ∝M. (2.40)

Microscopic description of the Faraday effect

The dielectric tensor ε is the quantity where experiment and quantum physics
meet: ε can both be measured experimentally and (in principle) be calculated from
quantum theory. However [118], ’the theory of the magnetooptical properties of
ferrites and other transition-metal-based oxide compounds is far from complete.
There is no clear understanding of the nature of the electron transitions that would
explain the main magnetooptical effects, and could be used to identify particular
transitions in magnetooptical spectra.’

Magneto-optical effects in visible light are caused by electric dipole transitions
in visible and ultraviolet light. The Fe3+ ions absorb much more strongly than the
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rare-earth ions at energies of relevance to spectra in visible and ultraviolet light. It
is thus the iron ions that predominantly determine the optical and magneto-optical
properties [15, 57]. Fe3+ wavefunctions mix with those of neighbouring O2− ions
and are also influenced by ions on the dodecahedral sites.

Ab-initio calculations of the electronic transitions in iron garnets have not yet
succeeded to reproduce measured magneto-optical spectra. Instead, wavelengths
and strengths have been estimated from simple ionic cluster models for transitions
within the tetrahedral and octahedral iron-oxygen complexes. The parameters of
the various transitions have then been adapted to fit the measured spectra. For the
case of YIG, 20 transitions have been proposed to explain spectra between 450 and
750 nm [89].

The strong enhancement of FR with bismuth substitution clearly demonstrates
that not only iron-oxygen complexes alone are involved. Already in 1975 [113],
Wittekoek et al. suggested admixture of bismuth 6p orbitals into oxygen 2p and iron
3d orbitals as underlying mechanism, an explanation that is still accepted [20, 39,
111,116]. As bismuth doping does not lead to new magneto-optical transitions, the
enhancement of Faraday rotation cannot arise from transitions within the bismuth
ions [113]. However, bismuth doping enhances transitions that are very small in
undoped iron garnets [116], such that these transitions seem to come into existence
only with bismuth doping [22].

In the following, the two different basic types of electric dipole transitions that
can generate magneto-optical effects will be presented. LCP and RCP photons have
magnetic moment m = ±1 in the direction of light propagation and, consequently,
change the appropriate projection of the system’s angular momentum by ∆M = ±1.
Two transitions that satisfy this requirement are shown in Fig. 2.6.

 

2∆ 

LCP 

Mz = 1        
Mz = 0 
Mz = -1 

RCP LCP RCP 

Diamagnetic transition Paramagnetic transition 

                  
Mz = 0 
 

Mz = 1        
Mz = 0 
Mz = -1 

                  
Mz = 0 
 

Figure 2.6. Schematic of diamagnetic and paramagnetic transitions. LCP and
RCP represent left- and right-circularly polarized photons.

The names of dia- and paramagnetic transitions are purely historical. Splitting
of the electronic states is in general caused by electron-electron interactions, spin-
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orbit coupling, crystal field splitting, exchange interaction, and the Zeeman effect
[118]. The magneto-optical effects are caused by the different polarizabilities of the
magnetized material for left- and right-circularly polarized waves, see [118] for a
detailed and quantitative treatment.

For diamagnetic dispersion, the different polarizabilities for left- and right-
circularly polarized light result mainly from the excited state splitting 2∆ [118].
For paramagnetic dispersion, different occupation of the ground state levels is the
main cause of the difference in polarizabilities [118]. The two cases can be distin-
guished by their characteristic lines shown in Fig. 2.7.
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Figure 2.7. Schematic of diamagnetic and paramagnetic line shapes.

The strict distinction between dia- and paramagnetic lines has been heavily
critized by Zenkov and Moskvin [116], whose publications have not found widespread
recognition, though. According to the major part of the published literature,
e.g., [19, 39, 111], the enhanced Faraday effect in Bi:YIG is caused by two to four
diamagnetic transitions only. For 0.9 bismuth atoms per chemical formula unit, the
FR spectrum in visible light has been described by two diamagnetic lines [39], while
a single diamagnetic transition is dominating for full bismuth substitution [56].

The frequency dispersion of the FR generated by a diamagnetic transition is
given by [19]
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θF ≈ −πε
r
xy

′′

λn

≈ πe2ω2

nmec

Nf

ω0
(2.41)

×
(

(ω0 + ∆)2 − ω2 − Γ2

[(ω0 + ∆)2 − ω2 + Γ2]2 + 4ω2Γ2
− (ω0 − ∆)2 − ω2 − Γ2

[(ω0 − ∆)2 − ω2 + Γ2]2 + 4ω2Γ2

)
,

where e and me are electron charge and mass, ω is the angular frequency of the
probing light, ω0 and Γ are the central angular frequency and half linewidth of the
resonance, N is the density of absorbing sites, and f the oscillator strength. 2∆ is
the excited state splitting for transitions induced by LCP and RCP light (see Fig.
2.6).

2.2 Magneto-optics of layered structures

This subsection treats the influence that the layered structures of our samples have
on spectra of optical transmission and magneto-optical Faraday rotation. Part of
the incident light is reflected at every interface and adds coherently with the incident
light. The one-dimensional magneto-optical photonic crystal uses such multiple re-
flections in order to increase the angle of Faraday rotation at a selected wavelength.

Throughout this thesis, only perpendicularly incident light is considered. Mathe-
matical derivations are far beyond the purpose of this section, but I want to explain
the involved geometries and give the relevant equations.

2.2.1 Thin films

Optical transmittance

The case of a free-standing thin film is described by Airy’s function: at wavelengths
of constructive interference, transmittance T is 100%, but drops to a minimum
at wavelengths of destructive interference [38]. (T is the ratio of the intensities
of transmitted to incident light.) Interference occurs only for light, which has a
coherence length that is significantly larger than the film thickness.

We use a spectrometer of limited resolution S ≈ 5 nm. This leads to coherence
lengths [27] of the order of λ2/S ≈ 10 µm. My samples have thicknesses below
3 µm, but the substrates are 0.3 mm thick. Consequently, forward- and backward-
reflected light waves add coherently inside the films, but incoherently inside the
substrates. Our BIG and YIG films show considerable absorption in the short
wavelength region of visible light, whereas the GGG substrates are transparent
within the accuracy of our measurements.
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Our case is described by an equation derived by Swanepoel [99] that gives trans-
mittance T as a function of wavelength λ, film thickness d, film refractive index n
and extinction coefficient k, and refractive index of the substrate s:

T =
Mx

P −Qx+Rx2
, (2.42)

where

M =16s(n2 + k2)

P =
[
(n+ 1)2 + k2

] [
(n+ 1)(n+ s2) + k2

]
Q =

[
(n2 − 1 + k2)(n2 − s2 + k2) − 2k2(s2 + 1)

]
2 cosϕ

− k
[
2(n2 − s2 + k2) + (s2 + 1)(n2 − 1 + k2)

]
2 sinϕ

R =
[
(n− 1)2 + k2

] [
(n− 1)(n− s2) + k2

]
ϕ =4πnd/λ, x = exp(−αd), α = 4πk/λ.
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Figure 2.8. Transmittances through a free-standing BIG film and a BIG film on a
GGG substrate (Eq. (2.42)). Film thickness is 670 nm.
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In Fig. 2.8, we present the geometries and calculated transmittances of a free-
standing BIG film and a BIG film on a GGG substrate. It should be noted that
transmittances are always below 100% for the BIG/GGG case, due to the asym-
metry of the structure.

The substrate refractive index s was assumed to be constant over the wavelength
range considered and determined from substrate transmittance Ts = 83% from the
relation for interference free transmission [99]

s =
1
Ts

+
(

1
T 2

s

− 1
)1/2

= 1.88. (2.43)

Magneto-optical Faraday rotation

The microscopic theory of the wavelength dispersion of magneto-optical Faraday
rotation (FR) in garnets is described in section 2.1.2. Multiple reflections generated
at the film interfaces modify FR: at wavelengths of constructive interference, the
optical path in the film is longer and FR is slightly enhanced. Visnovsky et al.
derived an equation for this situation [107]:

ΘF = �
{

∆ñ±
4ñ

2γñd
(
1 + rfarfse

−2iγñd
)

+ i
(
e−2iγñd − 1

)
(rfa + rfs)

1 − rfarfse−2iγñd

}
, (2.44)

where ∆ñ± = ñ+ − ñ−, γ = 2π/λ, and rfa and rfs are the complex reflection
coefficients between magneto-optical film and air, and magneto-optical film and
substrate, respectively. The reflection coefficients are given by

rfa =
ñ− 1
ñ+ 1

and rfs =
ñ− s

ñ+ s
. (2.45)

We show in Fig. 2.9 how the thin film structure modifies the wavelength disper-
sion θF (λ) in a 670-nm-thick BIG film.

2.2.2 4 × 4 transfer matrix formalism

Closed expressions for spectra of transmittance and FR of multilayered structures
can only be derived under simplifying assumptions, such as sinusoidal variations of
ñ± [95]. However, in order to reduce the number of required layers, ∆ñ± should
be large and the interfaces between layers should be sharp. The transfer-matrix
formalism is very convenient to calculate the spectra of interest by computer.

Compared to the 2 × 2 transfer matrix formalism for isotropic layers and the
Jones formalism with 2× 2 matrices for optical elements, the 4× 4 transfer-matrix
formalism takes into account both optical anisotropy and back reflections. Yeh
developed this formalism and describes it in detail in Ref. [115]. Visnovsky gives
the explicit expressions for the case of perpendicular incidence and polar Faraday
geometry [108] (Fig. 2.3). I closely follow Visnovsky’s treatment here.
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Figure 2.9. Spectra of Faraday rotation of a 670-nm-thick BIG film neglecting
(left) and taking into account (right) multiple reflections (Eq. (2.44)).

The CP eigenmodes and refractive indices ñ± are determined for every layer.
Amplitudes of forward and backward waves of both CP polarizations are obtained
from the boundary conditions for the electric and magnetic field components. The
four boundary conditions for every interface are expressed in a matrix equation
that relates the amplitudes of the incident (i) and reflected (r) LCP (+) and RCP
(−) electric field waves in layers (n− 1) and (n) by the transfer matrix T (n−1,n):

⎡
⎢⎢⎢⎣
E

i,(n−1)
+

E
r,(n−1)
+

E
i,(n−1)
−

E
r,(n−1)
−

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣
T

(n−1,n)
11 T

(n−1,n)
12 0 0

T
(n−1,n)
21 T

(n−1,n)
22 0 0

0 0 T
(n−1,n)
33 T

(n−1,n)
34

0 0 T
(n−1,n)
43 T

(n−1,n)
44

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣
E

i,(n)
+

E
r,(n)
+

E
i,(n)
−

E
r,(n)
−

⎤
⎥⎥⎥⎦ . (2.46)

T (n−1,n) becomes diagonal if the off-diagonal elements of the dielectric tensor
are zero, i.e., for vanishing Faraday effect. In that case, T (n−1,n) can be reduced to
the 2× 2 transfer matrix for isotropic layers. The nonzero components of T (n−1,n)

are given by:
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T
(n−1,n)
11 =

1

2ñ(n−1)
+

(
ñ

(n−1)
+ + ñ

(n)
+

)
exp[iβ(n)

+ ], (2.47)

T
(n−1,n)
12 =

1

2ñ(n−1)
+

(
ñ

(n−1)
+ − ñ

(n)
+

)
exp[−iβ(n)

+ ], (2.48)

T
(n−1,n)
21 =

1

2ñ(n−1)
+

(
ñ

(n−1)
+ − ñ

(n)
+

)
exp[iβ(n)

+ ], (2.49)

T
(n−1,n)
22 =

1

2ñ(n−1)
+

(
ñ

(n−1)
+ + ñ

(n)
+

)
exp[−iβ(n)

+ ], (2.50)

T
(n−1,n)
33 =

1

2ñ(n−1)
−

(
ñ

(n−1)
− + ñ

(n)
−

)
exp[iβ(n)

− ], (2.51)

T
(n−1,n)
34 =

1

2ñ(n−1)
−

(
ñ

(n−1)
− − ñ

(n)
−

)
exp[−iβ(n)

− ], (2.52)

T
(n−1,n)
43 =

1

2ñ(n−1)
−

(
ñ

(n−1)
− − ñ

(n)
−

)
exp[iβ(n)

− ], (2.53)

T
(n−1,n)
44 =

1

2ñ(n−1)
−

(
ñ

(n−1)
− + ñ

(n)
−

)
exp[−iβ(n)

− ], (2.54)

where β(n)
± = (2π/λ)ñ(n)

± d(n). The transfer matrix T of a structure with P layers
sandwiched between the two semi-infinite media 0 and P + 1 relates the CP field
amplitudes of the incident (i), reflected (r), and transmitted (t) waves:

T =
P+1∏
n=1

T (n−1,n) (2.55)

⎡
⎢⎢⎣
Ei

+

Er
+

Ei−
Er

−

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣
T11 T12 0 0
T21 T22 0 0
0 0 T33 T34

0 0 T43 T44

⎤
⎥⎥⎦
⎡
⎢⎢⎣
Et

+

0
Et−
0

⎤
⎥⎥⎦ . (2.56)

Transmission and reflection coefficients for LCP and RCP light are defined by

[
Et

+

Et
−

]
=
[
t+ 0
0 t−

] [
Ei

+

Ei
−

]
, (2.57)

[
Er

+

Er
−

]
=
[
r+ 0
0 r−

] [
Ei

+

Ei
−

]
(2.58)
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and can be expressed through the components of T :

t+ =
1
T11

, t− =
1
T33

(2.59)

r+ =
T21

T11
, r− =

T43

T33
. (2.60)

Transmittance T into medium P + 1 and reflectance R into medium 0 are

T =
n0

nP+1
· |E

t
+|2 + |Et−|2

|Ei
+|2 + |Ei−|2

, (2.61)

R =
|Er

+|2 + |Er−|2
|Ei

+|2 + |Ei−|2
. (2.62)

The angles θ and ψ of the polarization ellipse (Fig. 2.1) of transmitted light can
be calculated from the ratio χt of transmitted CP electric field amplitudes:

χt =
Et

−
Et

+

, (2.63)

θ = −1
2

arg[χt], (2.64)

ψ = arctan
|χt| − 1
|χt| + 1

. (2.65)

It is not so easy to correctly account for surface and interface roughnesses in a
multilayer structure. The perhaps simplest and at the same time most plausible
assumption is that of correlated thickness variations where thickness ratios between
all single layers are constant. T , R, θ, and ψ are then obtained by averaging over
a distribution of multilayer thicknesses.

2.2.3 Magneto-optical photonic crystals

Introduction

We have seen in section 2.2.1 that the FR in a thin single-layer BIG film is enhanced
at certain wavelengths and reduced at others due to reflections at the film interfaces.
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This effect can be concentrated at chosen wavelengths by sandwiching magneto-
optical layers between highly reflective, wavelength-selective dielectric mirrors [42–
44,59, 68, 86, 87, 95, 97].

Such a mirror with high reflectivity around the design wavelength λ0 is realized
by a periodical multilayer with alternating layers of two materials (H and L) with
high and low refractive indices (nH and nL) and layer thicknesses of a quarter wave-
length in the respective material (λ0/4nH and λ0/4nL). The periodical structure of
the mirrors creates a photonic bandgap (low transmission, high reflection) around
λ0. In the modern language of periodically structured optical media, the notion
of one-dimensional photonic crystal (1-D PC) is used [47]. For magneto-optical
materials, we therefore speak of magneto-optical photonic crystals (MOPC).

Inoue et al. were the first (and before us only) research group to experimentally
test the MOPC principle for magneto-optical garnets. They prepared structures,
where the highly reflective parts consist of Ta2O5/SiO2 double-layer stacks and
the magneto-optical layers consist of polycrystalline bismuth-substituted dyspro-
sium iron garnet [42] or polycrystalline Bi:YIG [59]. The growth of polycrystalline
garnet layers on nongarnet substrates instead of epitaxial garnet layers has two dis-
advantages: polycrystalline films have lower transmittance due to their microstruc-
ture [58] and allow only for lower levels of bismuth substitution - at least so far, BIG
has only been obtained on garnet substrates. The advantage of the Ta2O5/SiO2

system as compared to garnet mirrors is the higher contrast in refractive index.
Tanaka et al. demonstrated the increase of FR at a central defect layer in

GaAs/AlAs multilayers [100]. The defect layer consisted of GaAs with inclusions
of MnAs. The magneto-optical effect is generated by the inclusions. However, the
presented results of less than 0.4 deg FR at a transmittance below 3% raise doubts
whether this material is suitable for magneto-optical photonic crystals.

Ref. [70] is a very recent review article on the subject of photonic crystals made
from magnetic materials and/or under the influence of a magnetic field and contains
an excellent list of references.

MOPCs with one defect

An example of a one-dimensional realization of an MOPC is a multilayer stack of
two materials (H and L) with high and low refractive indices (nH and nL) where
at least one of the materials possesses FR, say material H . The simplest multilayer
structure has a number of L/H (’L on top of H ’) double layers with single-layer
thicknesses λ0/4nL and λ0/4nH , followed by an H layer of different thickness, and
a series of H/L double layers where each single layer again has the thickness of
a quarter wavelength in the respective material (see Fig. 2.10 A)). The central H
layer is a defect in the periodic PC structure and leads to a transmission resonance,
in analogy to electronic states created by impurity atoms inside the bandgap of a
semiconductor. If the defect layer has thickness λ0/2nH or multiples of this value,
the transmission resonance occurs at λ0. In the following, defect layers are assumed
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to have such a thickness. For nonmagnetic media, the structure just described is
that of a dielectric Fabry-Perot filter [47, 115].

The two double-layer stacks are highly reflective at λ0 and confine the light at
the central magneto-optical layer. Multiple reflections lengthen the optical path in
the magneto-optical material H . As a result, the FR angle, which is proportional
to the optical length, increases at λ0. The increased optical length also leads to
increased absorption, if material H absorbs at λ0.
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Figure 2.10. A) Schematic of a one-dimensional magneto-optical photonic crystal
(MOPC). Material H exhibits the magneto-optical Faraday effect. B) Schematic of
MOPC (BIG/YIG)4/BIG4/(YIG/BIG)4 prepared by us.

The MOPC with a single defect has one principle drawback: As left- and right-
circularly polarized light waves experience slightly different refractive indices nH+

and nH− in the magneto-optical material, there are in fact two transmission reso-
nances, at λ0−δ and λ0+δ. With increasing number of double layers and increasing
contrast in refractive index ∆n = nH −nL, the two resonances become sharper and
the transmittance at λ0 decreases. The maximum FR angle always occurs at λ0

and increases with increasing number of double layers and increasing ∆n.
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The concept of MOPCs with one defect is closely related to the idea of a sub-
stance exhibiting FR placed in the cavity of a Fabry-Perot interferometer. In high-
finesse interferometers, FR can be enhanced strongly [85, 106].

While it is not possible to simultaneously obtain very high FR and transmittance
in MOPCs with one defect, very high Kerr rotation can be combined with very high
reflectance [96]. This effect is obtained if the second double-layer stack is much more
reflective than the first one. In this case, almost all light is reflected and the rotation
angle is very high as well because the light passes the defect layer twice.

MOPCs with two or more defects

Inoue et al. were the first to find MOPC designs where both FR and transmittance
T are high. Their approach was to randomly multiply transfer matrices for Bi:YIG
and SiO2 quarter-wavelength layers [43, 44]. Sakaguchi and Sugimoto found favor-
able combinations of FR and T in some symmetric structures with more than one
defect [87].

Steel et al. understood that enhanced FR and T occur simultaneously in MOPCs
with two or more defects, if one transmission resonance of LCP light coincides
with a transmission resonance of RCP light: Every additional defect layer creates
new transmission resonances, and coincidence of two resonances (one each for LCP
and RCP light) can be achieved by tayloring the distances between the defect
layers [95, 97].

Two defect layers are sufficient to create high FR at wavelengths of high trans-
mittance, but only over a very narrow wavelength region. It would, e.g., not be
possible to build an isolator for several wavelengths in a system for optical data
transmission that makes use of wavelength division multiplexing (WDM). (The so-
called dense WDM offers minimum wavelength spacing of 0.4 nm). In continuation
of the work by Steel et al., Levy et al. developed new multiple-defect concepts that
give flat-top transmission bands of 1.7 nm (three defects) and 3.0 nm (four defects)
width at 45 ± 5 deg of FR in less than 40 µm thick films at 1.55 µm wavelength [68].

In hypothetical isolators with these MOPCs as Faraday rotators, isolation would
not be better than 20 dB towards the band edges. This is still poor compared to
commercial isolators, which have dispersion of FR of 0.068 deg/µm [105] and thus a
20 dB isolation bandwidth of 75 nm. On the other hand, it is of course not possible
in principle to reduce the length of the rotator by using resonances and to keep a
low spectral dispersion simultaneously.



Chapter 3

Garnet materials and film
preparation

The crystalline and magnetic structure of the yttrium and bismuth iron garnet ma-
terials are described in the first section of this chapter while the second section
introduces two methods for preparation of thin garnet films: The most established
preparation method, liquid phase epitaxy, and the method that we apply, pulsed laser
deposition. In the remaining three sections, I take a look at the effect of bismuth
doping in yttrium iron garnet, and review the literature on bismuth iron garnet films
and periodical garnet multilayers in detail.

3.1 Crystalline and magnetic structure

Garnets are ionic crystals of the general composition

{C3}[A2](D3)O12.

C, A, and D represent the cations, which can occupy lattice sites with different
oxygen coordination. The cubic unit cell of the garnet structure comprises

• 24 {c} dodecahedral sites with 8 oxygen neighbours,

• 16 [a] octahedral sites with 6 oxygen neighbours,

• 24 (d) tetrahedral sites with 4 oxygen neighbours,

• 96 h-sites for oxygen ions.

In this nomenclature, yttrium iron garnet (YIG) and bismuth iron garnet (BIG)
are written as {Y3+

3 }[Fe3+
2 ](Fe3+

3 )O2−
12 and {Bi3+3 }[Fe3+

2 ](Fe3+
3 )O2−

12 where the ionic
charges have also been given.

23
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As the unit cell consists of 8 chemical formula units or 160 ions, it cannot be
presented nicely as a whole. Fig. 3.1 shows three polyhedra in a YIG unit cell. The
lattice constants are 12.38 Å for YIG [66] and approximately 12.63 Å for BIG [1].

Figure 3.1. Unit cell of YIG with the different sites for cations and their oxygen
environment. From Ref. [30].

Superexchange coupling between the cations results in antiparallel alignment
of magnetic moments on the a- and d-lattices. The Y3+ and Bi3+ ions have zero
magnetic moment. Magnetic ions on the c-lattice would couple weakly with and
align themselves parallel or antiparallel to magnetic moments on the d-lattice. At
zero temperature, the net magnetic moment per unit cell YIG or BIG is eight
times the magnetic moment of the iron atom (which has the magnetic moment of 5
Bohr magnetons in its 3+ state). The saturation magnetization of YIG is around
Ms = 14.3 kA/m (4πMs = 1760 G) at room temperature [66].

Detailed information about crystalline and magnetic properties of garnets can
be found in, e.g., Refs [66] and [81].
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3.2 Film preparation

Liquid phase epitaxy (LPE) is the most widely used method to prepare garnet
films. BIG films have most frequently been prepared by pulsed laser deposition
(PLD) [1, 2, 11, 12, 51, 55, 101,110], but other methods have been employed as well.
These include reactive ion beam sputtering (RIBS) [1, 78, 80], radio-frequency (rf)
diode sputtering [34,102], electron cyclotron resonance sputtering (ECRS) [73,74],
and metal organic chemical vapour deposition (MOCVD) [77].

3.2.1 Liquid phase epitaxy

LPE produces films with the least microstructure, allows good control over film
composition, and shows a high reproducibility. The single-crystal garnet substrate
is dipped under rotation into a supersaturated, metastable melt, and the garnet film
crystallizes on the substrate. Since this method was applied for the first time at the
end of the 1960’s [69], it has become and been the most widely used preparation
technique for epitaxial garnet films. Two disadvantages are that LPE can hardly
be integrated with other deposition techniques and that it is difficult to produce
films far away from thermodynamical equilibrium. A major disadvantage for opti-
cal applications is the incorporation of platinum ions from the crucible (the melt is
usually so reactive that it attacks the platinum crucible), of lead ions from the melt
and of silicon ions from impure precursor materials. The yttrium (or substituted)
ions and the iron ions are 3+ charged, and if additional ions with charges 2+ and
4+ do not exactly cancel each other, charge transfer processes between Pb2+ and
Pb4+ or between Fe2+ and Fe3+ lead to strongly increased optical absorption - the
coefficient of absorption easily increases by a factor of 100 [24]. However, mini-
mum coefficients of optical absorption of 0.1 cm−1 at 1.3 µm have been achieved
in (Lu,Bi)3(Fe,Ga)5O12 [24]. This was obtained by having the same number of 2+
and 4+ ions.

The uniaxial magnetic anisotropy of garnet films grown by LPE can be tai-
lored to a large degree by substitution and change of the growth conditions; the
film orientation also influences the uniaxial anisotropy [25, 36]. Generally, uniaxial
anisotropy is considered to consist of two contributions: stress-induced and growth-
induced uniaxial anisotropy. The constant of stress-induced uniaxial anisotropy is
proportional to the lattice mismatch between film and substrate. The origin of
growth-induced anisotropy is the nonrandom distribution of different rare earth
ions on the dodecahedral lattice sites. Growth-induced anisotropy can be removed
by postannealing.

3.2.2 Pulsed laser deposition

Overview

Pulsed laser deposition (PLD) has established itself as one of the most versatile
methods for the preparation of thin films since the first experiments in the year
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1965 [94].
The concept and experimental setup of PLD are simple (see below), but the

mechanism of ablation is very complicated [13]. The electromagnetic energy of the
laser beam is first transferred to the electrons in the target and subsequently trans-
formed into thermal, chemical, and mechanical energy. This can lead to various
kinds of material ablation. Besides atoms and ions, also molten droplets and larger
particulates may come off the target. The mean free path of the ablated matter is
so small that the material expands in the shape of a plume into the space in front
of the target.

Maybe the largest advantage of PLD is the stoichiometric transfer of matter
from the target to the substrate. This feature allows the preparation of films with
complex stoichiometries. PLD became well known due to the successfull preparation
of high-temperature superconducting films in 1987 [18] and has been employed
in many thin-film laboratories since then. If the laser energy is sufficient and
appropriate wavelengths are chosen, almost any material may be ablated and thin
films of various composition can be prepared.

For the preparation of most thin films, the high kinetic energy of the ablated
species is not desirable, and the high-speed species are thermalized in an ambient
gas. However, there might also be applications of films deposited in low ambient gas
pressure or vacuum, e.g., as ferroelectric relaxor materials [14] or hard coatings [16].

Our deposition system and conditions

A focused laser beam is incident on a ceramic target. The target has the same
stoichiometry that the film shall have. Every laser pulse generates a plasma plume
perpendicular to the target surface. At a distance of between 4 and 5 cm from the
target, the heated substrate is positioned. Ablated ions and atoms hit the substrate
and form the film. Fig. 3.2 schematically shows the setup of our deposition system.

Films are deposited inside a vacuum chamber under an oxygen background pres-
sure. Prior to oxygen inlet, the chamber is evacuated to a pressure of 10−6 mbar.
Oxygen pressures during film deposition ranged from 0.01 mbar to 0.13 mbar. Our
laser is a KrF excimer laser (Lambda Physik LPX 305iCC) with 248 nm wavelength
and 25 ns pulse length. We used pulse repetition rates between 10 Hz and 50 Hz.
Energy densities on the target surface were between 2 and 5 J/cm2 per pulse. The
target holder is moved during deposition so that two successive pulses do not hit
the same area on the target. We built a target carousel (see appendix A), which
was required for the deposition of multilayer films.

We used Gd3Ga5O12(111) (GGG) single crystal substrates for the preparation of
YIG films because GGG and YIG have nearly the same lattice constants (12.383 Å
and 12.376 Å). The lattice mismatch between BIG and GGG is around 2%. There-
fore, we tried BIG deposition also onto doped GGG substrates with enlarged lat-
tice parameters ((Nd,Gd)3(Sc,Ga)5O12(111), 12.62 Å, and Gd3(Sc,Ga)5O12(001),
12.58 Å). Substrate temperatures between 500 oC and 700 oC were suitable for
deposition of BIG and YIG films.
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Figure 3.2. Schematic view of our laser deposition system. See text for details.

In general, the growth of high-quality BIG films required lower temperatures
and lower oxygen background pressures than the growth of high-quality YIG films.
The reason is probably that BIG is not a thermodynamically stable material. Chern
and Liaw made the same observation [11].

PLD is not a complicated technique, but still many steps have to be performed
for a film deposition. Appendix B gives a list of these steps.

The move of our section of Condensed Matter Physics from central Stockholm
to Stockhom-Kista fell within the time of my studies. When reinstalling the sys-
tem, the laser optics were reorganized such that stable deposition conditions were
obtained for the first time in this system. This also means that deposition condi-
tions from before the move (August 2001) cannot be exactly reproduced. In spring
2003, the laser was sent to Göttingen for upgrading of the gas container to the
NovaTube system, which meant another change of deposition conditions. These
changes, however, do not concern the substrate temperature and probably only to
a small degree the oxygen background pressure.

Postannealing

It can sometimes be advantageous to postanneal the films directly after deposition
in the vacuum chamber. For oxides, this should be done under high oxygen partial
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pressure in order to prevent oxygen loss from the film or to facilitate oxidation,
respectively. We also made use of the possibility to anneal our samples later in an
oven at atmospheric pressure in a flow of oxygen.

3.3 Bismuth-substituted yttrium iron garnet

It was suggested for the first time at the end of the 1960’s that bismuth doping
increased the Faraday effect in garnets [8]. In the early 1980’s, a linear increase
θF /x = 2.06 deg/µm of the Faraday rotation (FR) angle θF at the wavelength of
633 nm with increasing number x of bismuth atoms per formula unit was reported
[37]. A short description of the change of FR spectra with increasing x is given in
section 3.4.

The refractive index also increases with x as is described by the following equa-
tion [36] where wavelength λ is expressed in µm:

n(λ, x) = 2.174 + 0.0593 · λ−2 + (0.103 + 0.0371 · λ−2) · x. (3.1)

The optical absorption in visible light increases due to the redshift of the band
edge [89, 112] with increasing bismuth concentration.

Bismuth also influences the superexchange interaction as is seen from the in-
crease of the Curie temperature with 34 K per bismuth atom per formula unit [37].
This leads to an increase of the saturation magnetisationMs at temperatures above
230 K [37]. At 0 K, Ms is smaller than in pure YIG, due to the lattice expansion.
From fitting of the temperature dependence of Ms to a molecular field theory, it
has been found that the magnetic moment of the iron ions remains unchanged upon
bismuth substitution [37].

Another consequence of the influence of the bismuth ions on the electronic
structure of the neighbouring ions is the generation of a strong uniaxial anisotropy
in films grown by liquid phase epitaxy. The anisotropy comes from the preferential
ordering of bismuth ions on dodecahedral sites and is stronger than observed for
the preferential ordering of other nonmagnetic ions [36].

The Bi3+ ion has a larger ionic radius (1.132 Å) than the Y3+ ion (1.017 Å) [92].
The garnet unit cell therefore expands with increasing bismuth substitution. The
expansion can be calculated from the Strocka formula [98], which is an empirical
equation for the garnet lattice parameter as function of ionic radii and site oc-
cupancies. With increasing bismuth substitution, it becomes more difficult to find
lattice-matched substrates [35]. On the other hand, growth of Ca2+-, Mg2+-, Zr4+-,
Hf4+-, and Ge4+-doped GGG single crystals with lattice constants up to 12.86 Å
has been demonstrated [71] and could perhaps be carried out in larger scale, should
a strong demand arise.

The formation of cracks and dislocations has always been a problem for the
growth of epitaxial iron garnet films. Cracks and dislocations form in response
to stress in the film. Such stress can be generated by lattice mismatch between
film and substrate or by differences in coefficients of thermal expansion αth [6].



3.4. Bismuth iron garnet films 29

While lattice matching between film and substrate can easily be achieved in most
cases, αth is approximately 8% higher for iron garnet films than for rare earth
gallium garnet substrates [28]. Bismuth doping aggravates the situation because
αth increases with 9% per bismuth atom per formula unit at 800 oC [28].

3.4 Bismuth iron garnet films

Complete substitution of bismuth into the dodecahedral sites was reported for the
first time by Okuda et al. in 1987 [80]. They prepared BIG films by reactive
ion beam sputtering (RIBS). Soon after this first international publication, Gomi
et al. published an already very comprehensive article on the properties of the
new material made by rf diode sputtering [34]. Also in 1989, Thavendrarajah et
al. [102] reported magnetic measurements from low temperatures up to the Curie
temperature. In the following, I give an overview over the properties of BIG films.
Tables 3.1 and 3.2 give a chronological overview over epitaxial BIG films prepared
by various vapour deposition techniques.

Crystallinity

In all investigations cited here, the authors proved or assumed that BIG films grew
epitaxially on single-crystal garnet substrates, if the deposition conditions had been
optimized. Values for lattice constants are usually between 12.620 and 12.633 Å
[1, 34, 77, 78]. Chern et al. report a lower value of 12.60 Å [11]. Polycrystalline
BIG films were reported to have slightly larger lattice constants of 12.64 or 12.65 Å
[79, 104].

Cracking

Few authors decided to reveal whether their BIG films were cracked or not. This
might be related to the fact that researchers try to emphasize the advantages of
a new material in the early years of its preparation. Gomi et al. and Okuda et
al. reported that their films on garnet substrates are cracked but film thicknesses
are not given [34,78]. We investigated cracking in a series of BIG/GGG(111) films
of thicknesses between 470 and 2560 nm and observed that films crack above a
thickness of approximately 1 µm [53].

Target and film composition

Targets for sputtering and pulsed laser deposition are usually prepared by sintering
powders of Bi2O3 and Fe2O3 in the desired concentration ratio. If the oxides
are weighed carefully and no material is lost during the sintering process, target
compositions will correspond to the desired values. It cannot be taken for granted,
though, that the films have exactly the same composition as the targets they were
deposited from. This was shown in detail in an investigation by Mino et al. for
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the case of ECRS [74]. The authors made films from four targets of different
stoichiometries and measured the concentration ratio cBi/cFe between bismuth and
iron ions. The nominal value of cBi/cFe for BIG is 0.6. For the stoichiometric
target, the film cBi/cFe ratio was between 0.4 and 0.5, while this value increased to
approximately 0.7 for target compositions ratios cBi/cFe between 0.7 and 0.88. For
the case of PLD, Tepper et al. obtained stoichiometric transfer over a wide range of
deposition conditions [101]. We investigated the stoichiometry in a series of films
of different thicknesses and found cBi/cFe = 0.48 in most films [53].

Magnetic properties

Gomi et al. [34] and Thavendrarajah et al. [102] observed a linear increase of the
Curie temperature TC with increasing bismuth content x per formula unit of 30 K
and 39 K, respectively, up to the full bismuth substitution x = 3. Using the
technique of rf diode sputtering, however, they achieved values of TC that were
lower by 30 K [34] and 40 K [102] than in LPE films of the same composition.
Chern et al. [12], on the other hand, measured the same TC in their laser deposited
YIG films as was observed in LPE films. With increasing bismuth content, though,
they obtained a smaller than linear increase in TC .

Reported values of Ms are all smaller than for YIG films and vary between
95 and 132 kA/m at room temperature [1, 2, 11, 34, 55, 74, 78, 102]. This result is
surprising because the higher TC in BIG should also lead to higher values for Ms

at room temperature, as it is observed for Bi:YIG films made by LPE (section 3.3).
At very low temperatures, BIG is expected to have lower Ms than YIG, due to
the larger unit cell. In fact, Ms in BIG at low temperatures is much lower than
can be explained by the larger unit cell alone [102]. The reason has not really
been made clear despite of tentative tries to explain the small Ms values in BIG
by a magnetic moment on the bismuth ions [2, 102]. I do not think that the ideal
BIG material has been made yet, due to the complications of thermodynamical
instability, lattice mismatch, and mismatch in thermal expansion. Therefore, all
direct comparisons with results extrapolated from LPE films or films of low bismuth
substitution should be performed with some reservations.

Reported magnetic coercivities range from 2.3 to 42 kA/m [1, 51, 55, 78]. We
found that coercivities increase with lattice mismatch between film and substrate
and are higher for thinner films [51].

With the exception of Okuda et al. [78], all investigations found that the easy
axis of magnetization lies in the film plane. In that investigation, Okuda et al. do
not report the film thickness. Perhaps, very thin BIG films do not show in-plane
anisotropy, similiar to the case of very thin YIG films [83].

Refractive index and coefficient of absorption

Mino et al. developed a two-step growth process in order to improve BIG films for
optical waveguiding and measured the coefficient of optical absorption at 1.55 µm
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wavelength [73]. We deduced refractive indices and absorption coefficients for BIG
films of between 470 and 2560 nm thickness for the wavelength range from 500 to
850 nm [53]. The refractive index has also been measured by Tepper et al. between
500 and 1800 nm wavelength [101]. Within the accuracy of the measurements, all
obtained data for the refractive index agree with the extrapolation of Eq. (3.1) to
3 bismuth atoms per formula unit. The coefficient of absorption falls from high
values at short wavelengths to below 1800 cm−1 at 700 nm and then continues
to fall towards longer wavelengths [53] until it reaches the value of 4.8 cm−1 at
1.55 µm [73].

Faraday rotation

Most data on the FR angle θF is available for the wavelength of 633 nm. Reported
θF range from −5.3 to −8.9 deg/µm [1, 2, 11, 34, 51, 55, 74, 77, 78, 110]. Spectra
of Faraday rotation in visible light show peak values in the range from −12 to
−26 deg/µm at wavelengths between 517 and 567 nm [12, 34, 51, 55, 110]. Only
Mino et al. give a value, θF = −0.344 deg/µm, at the wavelength of optical com-
munication, 1.55 µm.

As Hansen et al. had reported the linear increase of θF with increasing bismuth
concentration at 633 nm wavelength [37], many authors tried to answer the ques-
tion, whether the increase is linear up to the full bismuth substitution x = 3. No
agreement on this question has been reached. In my opinion, it does not make too
much sense to pick out a single wavelength because the entire FR spectrum changes
shape with increasing bismuth concentration.

The FR spectrum of pure YIG is very complicated because many small tran-
sitions contribute to its shape [57, 89]. With increasing bismuth substitution x, a
few transitions grow in strength and begin to dominate the spectrum [12,22,34,39,
56, 113]. Between approximately x = 0.5 and x = 1.5, two diamagnetic transitions
give rise to high FR angles [22,39]. We showed that a single diamagnetic transition
dominates between 500 and 1000 nm wavelength at x = 3 [56]. The transition(s)
that dominate with increasing x lie at longer wavelength as compared to those that
are more important for smaller x. This leads to the often-reported redshift of the
Faraday rotation spectrum, which is shown in Fig. 3.3 from Ref. [12] by Chern et
al.
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Figure 3.3. Spectra of Faraday rotation in Bi:YIG with increasing number x of
bismuth atoms per formula unit. From Ref. [12].

3.5 Periodical garnet multilayer structures

Reports on complicated multilayer structures are rare because multilayers are very
cumbersome to prepare by LPE. Simion et al. have grown YIG-BIG heterostruc-
tures of between 2 and 3 µm thickness with up to 5 double layers by PLD [93].
In XRD measurements they could separate BIG and YIG reflections. Finding de-
position conditions that are both favorable for BIG and YIG turned out to be
problematic. Rastogi and Moorthy deposited garnet multilayers from YIG and
cobalt- and cerium-doped YIG layers by low pressure chemical vapor deposition
and measured magnetic hysteresis curves [84]. In neither of the two reports cited
above did the authors show that they really obtained a multilayered film.

Chern et al. have prepared YIG/GGG superlattices by PLD [9, 10]. They re-
duced the thickness of the YIG layers down to one unit cell and determined TC of
the multilayer structures by measurement of the magneto-optical Kerr effect. When
the YIG layer thickness was reduced from six unit cells to one, TC decreased from
540 K to 400 K. Grazing angle x-ray reflectivity measurements confirmed that the
multilayers were of high quality.



Chapter 4

Characterization techniques

Thin films represent the central part of my research. In order to get information
as complete as possible, many different characterization techniques need to be ap-
plied. However, not all techniques are easily available, and some of them require
substantial effort, such that not every film can be investigated with all techniques.
The investigator has to make strategical decisions, to get his questions anwered with
as little effort as possible - at least, if he wants many answers.

4.1 Crystalline structure: X-ray diffractometry

All x-ray investigations were carried out on the same device, a 3-circle Siemens
D5000 powder diffractometer. See Fig. 4.1 for a description of the angles. The
instrument uses Cu-Kα radiation with the wavelength of λ = 1.54056 Å for the
Kα1 line.

X-ray diffractometry has been applied in order to get information about the
crystalline structure of the films. Diffraction denotes the coherent and elastic part
of scattering and is generated by interference between waves from electronic states
of different atoms. Reflection maxima in a diffraction pattern are called Bragg
peaks.

The condition for Bragg peaks to occur is that the wave vector of the incident
radiation k, the wave vector of the diffracted radiation k′, and one vector of the
reciprocal lattice G form the triangle:

k − k′ = G. (4.1)

This condition is equivalent to Bragg’s law, nλ = 2d sin θ, where θ = 1
2 (2θ)

and d is the distance between lattice planes perpendicular to k − k′. n is the
order of diffraction and is conventionally included in d: In the terminology of x-ray
crystallography, the nth order reflection from the (hkl) set of lattice planes is called
reflection from the n(hkl) set of lattice planes.

35
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Figure 4.1. Angles in the 3-circle diffractometer. ω is the tilting angle of the
sample, φ the angle of sample rotation, and 2θ is the angle of the detector position.
Incident and scattered rays are indicated.

In the section of Condensed Matter Physics, we have adapted some sort of stan-
dard for the ’full characterization’ of thin epitaxial films. The ’standard’ consists
of seven diffractogrammes which are explained below.

A film is called epitaxial, if the crystalline axes of the film have the same ori-
entation with regard to the crystalline axes of the substrate at every position in
the film; there is then a fixed orientation relation between film and substrate. A
film can be epitaxial but not single crystal. This means that grain boundaries are
compatible with the notion of epitaxy. Neighbouring grains usually include at least
some small angle of misorientation. If these angles are very small, a film is still
called epitaxial, although, strictly speaking, the orientation relation between film
and substrate is position dependent in this case.

θ − 2θ scans

θ − 2θ scans are measurements where the incident and scattered beams include
the same angle with the sample surface, i.e., ω = 0. They convey information
about distances between lattice planes parallel to the film surface. The direction
’perpendicular to the film surface’ is often also called ’out-of-plane’ or ’growth’
direction.

A θ − 2θ scan over a wide angular range of at least 20 deg < 2θ < 80 deg gives
information about crystalline orientations in the growth direction. In Fig. 4.2,
only integer multiples of (111) reflections are visible, which means that the film is
exclusively (111) oriented in the growth direction and that there are no other phases
besides the garnet phase. If a θ − 2θ scan is used to demonstrate that the film is
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Figure 4.2. X-ray diffraction patterns of a laser deposited 1.8-µm-thick
Bi3Fe5O12 /Gd3Ga5O12 (BIG/GGG)(111) film. The main graph shows a wide
angle θ − 2θ scan in logarithmic scale. The insets show the (444) and the oblique
(642) reflections in linear scale.

single-phase and perfectly oriented in the growth direction, as in this example, it
is best to show the data in logarithmic scale.

The left inset in Fig. 4.2 shows in more detail the shape of the (444) reflections
and should therefore be in linear scale.

The 2θ angle can be calibrated from the known positions of the substrate peaks.
This calibration is required for precise determination of the distance between lattice
planes because already small errors in the sample height in the diffractometer lead
to errors in measurements of 2θ.

Bragg peaks from infinitely large perfect crystals are delta-functions, but in-
terruptions in crystalline periodicity lead to broadening ∆(2θ) of the peaks. The
average distance between two such interruptions is called coherence length l. Co-
herence lengths below 100 nm can be estimated from broadening of the peaks in
the θ − 2θ scan according to Scherrer’s formula

l =
aλ

∆(2θ) cos θ
, (4.2)

where a is a constant close to 1. Too small values of l can be obtained, if the
effect of instrumental broadening is not removed. The instrumental broadening
can be estimated from the width of the substrate Bragg peaks: If the substrate is
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assumed to be a perfect single crystal, then a substrate Bragg peak is the narrowest
peak that the instrument can produce.

Rocking curves

In the scan leading to a rocking curve, the 2θ angle is adjusted to the maximum of
the Bragg peak, and the θ + ω angle is varied.

Small deviations in out-of-plane orientation from grain to grain are measured
as broadening of the rocking curve. An example of a rocking curve is shown in
the inset of Fig. 4.3 where θ + ω is designated just by θ as it is often done. It is
important to also show the substrate rocking curve because this gives information
about the instrumental broadening.
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Figure 4.3. φ scan of the {642} reflections from a laser deposited 1.8-µm-thick
BIG film and its GGG(111) substrate. The inset shows rocking curves of the film
and substrate (444) reflections. FWHM’s of the rocking curves are given.

(θ + ω) − 2θ scans

If ω 	= 0, reflections from lattice planes inclined at an angle ω to the film surface can
be measured. These reflections can only be seen at special φ angles. The diffraction
patterns look very similar to those obtained in θ − 2θ scans.

The right inset in Fig. 4.2 displays the result of a (θ + ω) − 2θ scan of (642)
reflections. The purpose of showing this pattern is to prove the reader that we
know the correct angles (θ + ω, 2θ) to perform φ scans of {642} reflections from
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substrate and film, and especially that we can distinguish between substrate and
film reflections in the φ scan.

φ−scans

During a φ−scan, ω and 2θ are kept fixed, and φ is rotated, usually by the full
360 deg. This kind of investigation gives information about orientations of grains
in the film plane. The film is not epitaxial, if there are more reflections than in a
single crystal of the same material. Fig. 4.3 shows a φ−scan of {664} reflections
from both film and substrate. Here, the reflections are at the same positions,
meaning that the film has the same orientation as the substrate.

4.2 Thickness determination

Profilometry

One of the conceptually simplest methods to determine film thickness is profilom-
etry: A fine needle is in contact with the sample and moves along a straight line
while the height of the needle is recorded. To be able to measure film thickness by
profilometry, one part of the substrate must be left uncovered by the film during
deposition. This is done by covering one corner of the substrate with metal ox-
ide powder before the film is deposited. The powder can easily be removed after
deposition. Film thickness is then measured over the step.

As laser deposited oxide films are usually rather hard, the danger to scratch the
film and measure too small thicknesses is low. One disadvantage of profilometry is
that thickness is measured on one side of the film - and laser deposited films often
do not possess homogeneous thicknesses over their whole areas.

We use a Tencore profilometer that is available in the Electrum Laboratory.
The profilometer is calibrated every month, and the measurement accuracy is 5%
or better. This is our standard and most reliable method to measure film thickness.

Atomic force microscope

The step height can also be determined from images of sample topography obtained
by atomic force microscope (AFM). After calibration of our Burleigh AFM, we
obtained good agreement with data measured by profilometer, see table 4.1.

Rutherford backscattering

From fits of the measured spectra, film thicknesses can sometimes be obtained.
In the BIG/GGG system, thickness determination could be performed for films
below 2 µm thickness. The results agree rather well with thicknesses determined by
profilometer and AFM, see table 4.1. The principles of Rutherford backscattering
measurements are introduced in section 4.3.
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Table 4.1. Comparison of film thicknesses measured by Tencore profilometer,
Burleigh AFM, and RBS.

Instrument Thicknesses of seven BIG films in nm
Profilometer 470 530 670 1120 1330 1670 2560

AFM 520 540 730 1100 1340 1750 2590
RBS 430 510 660 1100 1310 1750 —

TEM cross section

If a film cross section has been investigated in a transmission electron microscope
(TEM) and the TEM is calibrated, thickness can be read off directly from the
micrograph. The thickness of the film mainly discussed in publication 2 [55] has
been determined this way. TEM measurements were done with a Philips FEI Tecnai
F20 equipped with a field emission gun at 200 kV at Birmingham University.

4.3 Composition: Rutherford backscattering

This method was used to determine film compositions. The principle is as follows:
A high-energy beam of 4He+ ions is normally incident on the sample. The energy
of the backscattered 4He+ ions is measured under a fixed angle.

A good summary of the theory of Rutherford backscattering (RBS) with many
details is given in Ref. [72]. Here, I only review the most basic principles.

The main events are elastic scattering events. The atoms of the sample can be
considered free because their binding energy is very low as compared to the energy
of the incident ions. The energy E1 of the backscattered 4He+ ions of mass M1 and
incident energy E0 is then

E1 = E0
M2

1

(M1 +M2)2

⎧⎨
⎩cos θ ±

[(
M2

M1

)2

− sin2 θ

]1/2
⎫⎬
⎭

2

(4.3)

in the laboratory frame of reference. M2 is the mass of the nucleus in the target
and θ is the scattering angle. Two solutions occur only for M1 > M2, otherwise
the plus sign applies.

The kinematic factor κ = (E1/E0) is larger for largerM2. The change |∂κ/∂M2|
is highest at backscattering angles close to θ = 180o, therefore the highest practi-
cally possible angle of θ ≈ 170o is usually used.

On their way into the sample and on their way out after the main scattering
event, the 4He+ ions lose energy due to inelastic scattering, which leads to a spread
in the energy of the beam (’straggling’).
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Figure 4.4. RBS spectra with 1.0 MeV 4He+ ions incident on a gold layer of
100 nm thickness on top of a silicon substrate. From Ref. [72].

The measured counts as a function of the energy of the backscattered 4He+ ions
form the RBS spectrum of one sample. The shapes of RBS spectra are related to
the contents of the samples in the following way:

• A single free-standing layer of just one chemical element gives a block. The
higher energy edge of the block corresponds to 4He+ ions scattered from near
the layer surface and can be calculated from Eq. (4.3). The width of the block
indicates the thickness of the layer.

• A film containing one element with high atomic mass on a substrate containing
one element with low atomic mass gives a block at high energies and a block at
low energies. The low-energy block corresponds to the substrate and extends
to E1 = 0, if the substrate is thick enough. The high-energy edge of the
low-energy block corresponds to the substrate atoms at the film-substrate
interface. Fig. 4.4 shows such an example.

• A free standing layer containing several chemical elements gives one block
for every element. The blocks may overlap. The positions of all high-energy
edges can be calculated from Eq. (4.3). The height of a block indicates the
concentration of the respective element.
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In the case of YIG/GGG and BIG/GGG, we have a multi-elemental film on a
multi-elemental substrate. The yttrium or bismuth and iron edges occur at higher
energies than the gadolinium and gallium edges because the 4He+ ions lose energy
on their way through the film. The oxygen edge is not resolved clearly. The
concentration ratio of yttrium or bismuth to iron can be determined by accurately
fitting the heights of the yttrium and iron blocks, compare figures in Refs [50, 53]
(publications 3, 6).

We fitted measured spectra with the professional programme SIMNRA4.4 [72].
Test fits of the spectra from uncovered substrates gave the correct cation ratio with
an accuracy of 1%. A common energy of the incident ions is 2 MeV, but in the case
of YIG/GGG [50] we had to use 1.51 MeV for technical reasons. The measured
energies are sorted into channels, each of which covers an energy intervall of the
same width. The incident energy should in principle be chosen in a way to make best
use of the available channels. It is very advantageous to calibrate channels versus
energy with a few standard samples directly before or after the measurement; we
used C, Al, Ag, and Au standards.

4.4 Film morphology

Optical microscopy

A Zeiss Ultraphot II optical microscope is available in our laboratory. Images could
be taken with the Nikon Microscope, Eclipse ME600, at the section of Nanostruc-
ture Physics, Royal Institute of Technology.

Atomic force microscopy

Three different AFM’s were used to measure rms surface roughnesses in Refs [50,
52, 53, 56] (publications 3, 5-7). Modern instruments of the type NanoScope III by
Digital Instruments were used in cooperation with the Laser Laboratory Göttingen,
Germany, and inside IMIT, and an old Burleigh instrument was used within our
section.

The NanoScope III AFM’s were operated with commercial silicon tips in tapping
mode. In tapping mode, the tip is excited to vertical oscillations. A laser beam
is reflected by the backside of the tip and the reflected intensity is measured by a
quadrupole detector. The signal changes when the tip approaches a surface because
the interaction between tip and surface changes the resonance frequency of the tip.

The Burleigh instrument works only in contact mode. It was therefore not
capable to measure roughnesses of smooth films and was only used to measure the
comparatively rough single-layer BIG films [53, 56].

Calculations of rms roughnesses were done automatically by the softwares of all
systems.
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4.5 Magnetometry

Magnetic moments of the samples as functions of external magnetic fields were mea-
sured in our vibrating sample magnetometer (Oxford Instruments). The instrument
was calibrated with a short nickel wire aligned along the axis of the sample holder.
The main error in determining the magnetization of a sample from the measured
magnetic moment stems from determining the sample volume. This error can reach
15% for our thin films. Coercivity, on the other hand, can be obtained with good
accuracy: the magnetic field can be variied in small steps of 1 Oe (80 A/m).

4.6 Optical and magneto-optical measurements

We have two homemade setups to measure magneto-optical Faraday rotation (FR).
One setup measures FR as a function of the applied magnetic field at a constant
wavelength, while the second setup measures FR at saturation magnetization for
wavelengths between 400 and 900 nm.

4.6.1 Setup with pulsed magnetic field

This setup allows measurements of magneto-optical hysteresis loops and is shown
in Fig. 4.5. The light from the laser (680 nm wavelength) is linearly polarized.
The polarization is rotated when the light passes through the magnetized sample.
The detector measures the intensity of the light, which depends on the angle of
the analyzer and on the FR angle (in this experiment, Faraday ellipticity (FE) is
neglected).

The current through the solenoid is provided by a pulsed current source: A
capacitor that is discharged through an oscillating circuit so that the current in
the solenoid shows sinusoidal variations with decreasing amplitude. The magnetic
field shows the same variations as the current. This time varying magnetic field
demagnetizes the sample rather effectively: every new hysteresis loop starts at zero
magnetization in zero magnetic field.

The oscilloscope (GageScope CS1602) registers a signal proportional to the light
intensity at the detector and a signal proportional to the current in the solenoid.
The signal from the detector can be shifted in the compensator to show varia-
tions around zero voltage because this increases the resolution of the signal in the
oscilloscope. Putting together the two signals, a hysteresis loop is obtained, see
Fig. 4.6.

The angle of FR can be obtained from Malus’s law, which gives the relation
between the intensities of linearly polarized light I(0) before and I(ξ) after the
analyzer:
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Figure 4.5. Setup for measuring magneto-optical hysteresis loops.

I(ξ) = I(0) cos2 ξ, (4.4)

where ξ is the angle between the direction of polarization of the incident light and
the transmission axis of the analyzer. Say the laser light is polarized horizontically,
the polarization is turned by the angle ΘF in the film, and the analyzer angle from
the horizontal position is τ . Then

I(τ − ΘF ) = I(0) cos2(τ − ΘF )

⇐⇒ ΘF = τ − arccos

(√
I(τ − ΘF )

I(0)

)
. (4.5)

ΘF depends on the external magnetic field and is proportional to the magne-
tization, and I(0) = I(τ)/ cos2 τ is obtained at zero magnetic field when ΘF = 0.
An eventual shift in the detector signal needs to be taken into account as well. We
always measured at the analyzer angle of τ = 45 deg because the highest sensitivity,
i.e., the highest |∂I/∂ΘF |, is achieved there.
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Figure 4.6. Magneto-optical hysteresis loop of a 1330-nm-thick laser deposited
BIG/GGG(111) film at 680 nm wavelength.

4.6.2 Magneto-optical spectrometer

Another setup allows us to measure FR as a function of wavelength, see Fig. 4.7.
The setup is controlled via a LabVIEW programme that is described in appendix C.
Two permanent magnets, which generate a magnetic field above 160 kA/m (2 kOe),
magnetize the sample to saturation. The direction of the magnetic field is reversed
by reversing the magnets. The combination of halogen light source and spectrome-
ter (OceanOptics PC2000) allows to determine FR and FE as well as transmittance
over a spectral range from 500 to 900 nm wavelength. The spectrometer is mounted
onto a PC-card and the data is processed in the PC.

In the following, I calculate the intensity measured behind the analyzer as a
function of the angles of FR and FE. The electrical field is elliptically polarized
after the light has passed through the magneto-optical sample. A normalized Jones
vector (Eq. (2.16)) is identified with the E vector.

Ê(θ, ψ) =
[
cos θ cosψ − i sin θ sinψ
sin θ cosψ + i cos θ sinψ

]
. (4.6)

The light incident on the sample is chosen to be linearly polarized (ψ = 0) in a
horizontal plane (θ = 0). After passing through the sample, the state of polarization
has changed to elliptically polarized light with turned polarization: ψ = ΨF (angle
of FE), θ = ΘF (angle of FR).

Light in this state of polarization then passes the analyzer, which is set at an
angle τ relative to the x axis. The Jones matrix describing the action of the analyzer
on Ê is
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Figure 4.7. Setup to measure spectra of Faraday rotation.

P (τ) =
[

cos2 τ cos τ sin τ
cos τ sin τ sin2 τ

]
. (4.7)

The electric field behind the analyzer is P (τ).Ê, and the spectrometer measures
the wavelength-dependent intensity

I = (P (τ).Ê)(P (τ).Ê)∗

=
1
4
{2 + cos[2(τ − ΨF − ΘF )] + cos[2(τ + ΨF − ΘF )]}

=
1
2

+
1
2

cos[2(τ − ΘF )] cos[2ΨF ]. (4.8)

Plotting the intensity versus the analyzer angle τ for fixed FR ΘF = 0 at
different fixed ΨF ≥ 0, it is seen how the modulation in intensity becomes smaller
for larger angles of ellipticity (Fig. 4.8). Equation 4.8 can be solved for ΘF :
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Figure 4.8. Comparison of how light intensities behind the analyzer change as
function of the angle of the analyzer with respect to the x axis. The incident light
is elliptically polarized (ΘF = 0, ΨF = 0o, 23o, 35o, 45o).

ΘF = τ − 1
2

arccos
[

2I − 1
cos 2ΨF

]
. (4.9)

We determine the angles ΨF and ΘF independently of each other by the fol-
lowing method. The analyzer is rotated through 180 deg in discrete steps of 1 deg
or 5 deg. Every step, a spectrum is recorded. At a certain wavelength, intensity as
function of τ could look as in Fig. 4.9.

The minimum and maximum intensities (Imin and Imax in Fig. 4.9) can be
determined with a rather small error because the intensity curve is flat at these
positions. The angle of FE is then

ΨF = arctan
√
Imin

Imax
. (4.10)

The angle of FR ΘF corresponds to the relative shift of the whole intensity
curve between the case where the sample is not magnetized and the case where
the sample is magnetized to saturation parallel to the light propagation, compare
Eqs (2.40) and (4.8). This shift is best determined at the position of strongest slope
|dIλ/dτ |, i.e., at Imed = (Imax + Imin)/2. The measured intensities just above and
just below Imed are selected and τmed : I(τmed) = Imed is determined through linear
interpolation. The shift is measured this way for both directions of magnetization
and then averaged in order to eliminate the influence of remnant magnetization.

When ΨF is small, ellipticity can be neglected and ΘF can be determined from
Malus’ law. This is not possible close to the maximum of FR, where there is
substantial ellipticity [55] (publication 2).
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Figure 4.9. To explain the measurement of the angle of Faraday rotation ΘF by
rotating the analyzer: The two intensity curves were recorded for magnetization of
the sample parallel (indexed as left) and antiparallel (indexed as right) to the light
propagation. See text for details.

Analyzer and polarizer in our setup are Glan-Thompson prisms with a polar-
ization factor of practically 1, i.e., no light passes through the sequence of crossed
prisms. Even when a GGG substrate magnetized at 160 kA/m (2 kOe) is inserted
between the crossed prisms, no intensity is measured by the spectrometer. This
means that measured ellipticities are generated by the films.

Detection at the spectrometer is strongly polarization dependent, and this de-
pendence itself is wavelength dispersive. We measured intensity as a function of
analyzer angle in a modified setup, where we have removed the magnets and sam-
ple holder and placed the tungsten halogen light at the position of the polarizer in
the setup shown in Fig. 4.7. This measurement gives - under the assumption that
the halogen lamp radiates unpolarized light - the polarization dependent error in
measured intensity as

∆Ipol ≡ (Imax − Imin)/Imax. (4.11)

Figure 4.10 shows that ∆Ipol is above 10% at all wavelengths. Therefore, the
measured intensity as function of τ at a certain wavelength does not exactly follow
Eq. (4.8).

Fortunately, ∆Ipol does not introduce a systematic error into the measurement
of FR because the averaging over the two directions of the magnetic field in our
evaluation procedure eliminates the contribution from ∆Ipol. ∆Ipol increases the
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Figure 4.10. Polarization dependent error ∆Ipol in the spectrometer measurement.

noise of the measurement, though. Figure 4.11 shows measurements of FR and FE
performed without sample in order to get a sense of the accuracy of the measure-
ment.
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Figure 4.11. Magneto-optical spectra of the magnitude of the angle of Faraday
rotation (FR) and Faraday ellipticity (FE) without sample.

Of course, FE and FR should be zero in this measurement. FE is nonzero
because the spectrometer measures some intensity (noise) even when the polarizers
are crossed. There is also some noise in the measurement of FR, but the standard
deviation over the wavelength range from 400 nm to 1000 nm is below 0.04 deg.
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However, the measurement accuracy decreases in the vicinity of absorption bands
of the material under investigation. Especially the error in FE increases strongly,
if the measured intensity is low because the spectrometer noise becomes important
then.

In the absence of ∆Ipol, a much simpler and more accurate evaluation scheme
was proposed by Budde [7]. Eq. (4.8) can be developed into a Fourier series for τ :

I = k0 + k1 cos[2τ ] + k2 sin[2τ ], (4.12)

where the Fourier coefficients

k0 =
1
2

(4.13)

k1 =
1
2

cos[2ΨF ] cos[2ΘF ] (4.14)

k2 =
1
2

cos[2ΨF ] sin[2ΘF ] (4.15)

are obtained directly by measuring I for j evenly spaced τi between 0o and 180o:

k0 =
1
j

j∑
i=1

I(τi) (4.16)

k1 =
2
j

j∑
i=1

I(τi) cos[2τi] (4.17)

k2 =
2
j

j∑
i=1

I(τi) sin[2τi]. (4.18)

Angles of FR and FE are calculated from

ΘF =
1
2

arctan
[
k2

k1

]
(4.19)

ΨF =
1
2

arctan

[
k2√
k2
1 + k2

2

]
. (4.20)

4.7 The technique of magneto-optical visualization

Our partners in Birmingham and Caen use garnet films in order to visualize mag-
netic stray fields above superconducting samples. The principle of this technique
using films with in-plane magnetization is as follows (compare Fig. 4.12).
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Figure 4.12. Principle of the magneto-optical visualizing technique. See the text
for an explanation. For clarity of the figure, the incident and reflected rays are not
shown under their true, perpendicular incidence on the visualizer, and the additional
beam splitting element has been left out.

The visualizer consists of the substrate, the magneto-optical garnet film, and a
reflecting aluminum layer. It is put face down onto the superconducting sample,
and the gap should be as small as possible. Filtered and linearly polarized light
passes through the substrate and the film and is reflected by the aluminum layer.
The reflected light passes through an analyzer which is at (nearly) crossed position
relative to the first polarizer. This means that there will only be (larger) intensity
behind the analyzer, if the polarization of the light is turned on its way through
the visualizer ... and the polarization will only be turned, if the magneto-optical
film has a component of magnetization parallel to the light beam. Bright regions
on the recorded image thus indicate regions where magnetic fields penetrate into
the magneto-optical film.

The visualizing experiments in Birmingham were performed with a liquid He
cryostat attached to the conventional x-y-z stage of an optical polarizing microscope
(Nikon Optiphot 100S). The light is produced by a mercury lamp and then filtered
to restrict the wavelength to the region around 530 nm. An external water-cooled
copper coil positioned around the cold stage can generate magnetic fields up to
143 kA/m (1.8 kOe). A low-light level CCD color camera (JVC TK-C1360E) is
used to capture the image.
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The magneto-optical resolution can be divided into magnetic and optical reso-
lutions. The magnetic resolution is given by the smallest local magnetic field which
can be detected. Substituted iron garnet films have the highest magnetic resolution
among all magneto-optical materials employed as visualizers: magnetic fields down
to 10 A/m (100 mOe) can be detected [63]. The optical (spatial) resolution is lim-
ited by the thickness of the film and the gap between the film and the investigated
superconducting sample, if the garnet film is magnetized in plane [63].



Chapter 5

Yttrium iron garnet films

In this chapter, I will report properties of laser deposited yttrium iron garnet (YIG)
films on gadolinium gallium garnet (GGG) substrates. We found a surprising
change of film properties upon changing the laser repetition rate [50] (publication 3).

5.1 Deposition conditions

Due to all the changes and the initial instability of our deposition system (section
3.2.2), only substrate temperature Ts and oxygen background pressure pO2 are con-
sidered as optimized deposition parameters, see table 5.1. ’Substrate temperature’
is measured by a thermocouple on the heater surface. Due to the spatial separa-
tion from the substrate surface and the impinging particles [114], the real substrate
temperature might be different. The distance between target and substrate was
kept constant at 4.5 cm.

The initial interest of our section in YIG films stemmed from their microwave
properties. Loss of microwave radiation in the material is usually small for small
widths ∆H of the line of ferromagnetic resonance (FMR). Therefore, we optimized
deposition parameters in order to obtain films with small ∆H . Optimization was
done for a fixed laser repetition rate of 40 Hz. The obtained deposition parameters
are shown in table 5.1. Optimization steps were 50 oC for Ts and 30 µbar for pO2 .

Table 5.1. Optimized deposition parameters.

Material Ts [oC] pO2 [µbar] in-situ postannealing?
YIG 650 34 20 min at 700 mbar
BIG 550 25 no

53
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5.2 Crystallinity

∆H for YIG/GGG(111) films of approximately 500 nm thickness prepared at opti-
mized deposition conditions are below 800 A/m (10 Oe). This indicates good crys-
talline quality. X-ray measurements by powder diffractometer do not give much
information about really good YIG films because the film reflections are shadowed
by the substrate reflections, due to the excellent lattice match.

However, laser deposited YIG films become inhomogeneous when the thick-
ness exceeds 1 µm: An only 400-nm-thick YIG/GGG(111) film has its (444) x-ray
diffraction (XRD) reflections at the same position as the lattice-matched substrate,
but a 1.2 µm thick YIG/GGG(111) film shows additional reflections on the left of
the main (444) peaks (Fig. 5.1). We are not alone with this observation, Ibrahim
et al. report the measurement of two lattice parameters in the growth direction for
YIG films on Mg-doped GGG(111) substrates for film thicknesses between 1 µm
and 2 µm [41]. This effect seems to be an artefact of laser deposited YIG films and
does not occur in films grown by liquid phase epitaxy.
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Figure 5.1. θ − 2θ XRD scans of two laser deposited YIG/GGG(111) films of
different thicknesses.

5.3 Morphology and cracks

All films were smooth, with rms surface roughnesses of appromately 5 Å or less.
Figure 5.2 shows a small-area scan of a 630-nm-thick film by atomic force microscope
(AFM). The small surface roughness is promising for both optical waveguiding and
multilayer films for optical applications. Multilayers are discussed in chapter 7.
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Figure 5.2. AFM micrograph of a 630-nm-thick YIG/GGG film with rms surface
roughness of 5 Å.

We observed optical waveguiding at 1.55 µm in a YIG/GGG film by prism
coupling, see Fig. 5.3. This was just a test measurement without careful beam
alignment, but besides the big broad peak, which is an artefact, two peaks cor-
responding to the TE modes are clearly visible. Both refractive index and film
thickness calculated from the measurement agreed with thickness measurement by
profilometer (d = 1220 nm) and extrapolation of the refractive index obtained for
a 670-nm-thick YIG film from measurement of optical transmission (n = 2.34).
Details of the prism coupling technique are not described in this thesis because we
measured just this one film. The setup used is described in Ref. [117] and the prism
coupling technique in general in Ref. [103].

5.4 Target and film composition

All films exhibited a too small yttrium-to-iron concentration ratio cY/cFe. It turned
out that the transfer from target to substrate was basically stoichiometric, but the
target was already yttrium deficient with cY/cFe = 0.5 instead of the nominal value
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Figure 5.3. Bright-line spectrum of prism coupling measurement of YIG/GGG
film for TE polarized light. Refractive index and film thickness calculated from the
TE0 and TE1 mode angles are indicated.

of cY/cFe = 0.6 for Y3Fe5O12. Figure 5.4 shows measured and simulated Rutherford
backscattering (RBS) spectra for a YIG/GGG film.

The YIG material probably reacts to the yttrium deficiency by formation of
defects that could include interstitial iron ions, oxygen vacancies, and antisite de-
fects, which means that iron ions occupy dodecahedral lattice sites. Theoretical
investigations on intrinsic defect structures in YIG and yttrium aluminum garnet
have shown that antisite defects are more energetically favorable than the other
two mechanisms [21, 65]. The existence of antisite defects in YIG has been proven
experimentally as well [75].

5.5 Saturation magnetization and coercivity

After optimization, we varied the laser repetition rate in steps of 10 Hz from 10 to
50 Hz, which resulted in surprisingly drastic changes of magnetic properties.

Films deposited at 10 and 20 Hz showed low saturation magnetizations Ms and
high magnetic coercivities Hc as compared to the films deposited at 30, 40, and
50 Hz, which show approximately the same Ms as bulk YIG, see Fig. 5.5. The
high-Ms films possess a light color, while the low-Ms films are dark brownish. This
is an indication of oxygen deficiency, which leads to formation of Fe2+ ions in order
to preserve charge neutrality [21]. Charge transitions between Fe2+ and Fe3+ ions
then increase the optical absorption. The magnetic superexchange coupling in YIG
is mediated by oxygen ions. Oxygen deficiency is therefore expected to result in
reduced saturation magnetization as well.
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Figure 5.4. RBS spectrum of a 420-nm-thick YIG/GGG film. The inset shows the
fit of the film edges.
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Figure 5.5. Coercivities and saturation magnetizations for YIG/GGG(111) films
deposited at different laser repetition rates.

5.6 Annealing in oxygen atmosphere

To test the assumption of oxygen deficiency in the low-Ms films, we simultaneously
annealed a high-Ms and a low-Ms film for 90 min in 1 atm of oxygen at different
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temperatures. While no changes were observed in the high-Ms film, the low-Ms

film became light in color and Ms increased to the same value as in bulk YIG after
the annealing step at 800 oC. Annealing did not reduce Hc of the formerly low-Ms

film, though. Figure 5.6 shows magnetic hysteresis loops of the two films after
various annealing steps.
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Figure 5.6. Magnetic hysteresis loops of two laser deposited YIG/GGG films
recorded with the magnetic field parallel to the film plane. The films were deposited
at the indicated repetition rates. After preparation they were subjected to postan-
nealing in oxygen atmosphere for 90 min at the temperatures given in the figures.
The right figure shows the region of low magnetic fields in magnification.

We suppose that the films deposited at 10 and 20 Hz have a different microstruc-
ture than the other films. There could be a change from films with microstructures
permitting fast diffusion of oxygen to films with slower channels of oxygen diffusion
as the repetition rate is increased from 20 to 30 Hz. Such a change in growth mode
can occur abruptly when deposition parameters are changed over certain thresh-
old values. Most plausible is then that oxygen left the growing films during the
deposition process.

For most technological applications, the combination of low Ms and high Hc is
probably not desirable. Large Hc usually occurs simutaneously with large ∆H in
laser deposited YIG films [17], which makes such films not suitable for microwave
applications. An exception are atomic traps and waveguides, where transparent
magnetic materials with low Ms and high Hc are required [45].

5.7 Refractive index and extinction coefficient

Optical constants for YIG are available in the literature [66]. In order to simulate
spectra from BIG-YIG multilayers, we determined refractive index and extinction
coefficient of a YIG film deposited at the same conditions as the multilayers. More
details are given in section 6.6.
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Bismuth iron garnet films

Preparation and characterization of bismuth iron garnet (BIG) films, with nomi-
nal composition Bi3Fe5O12, form the main part of this thesis. Results have been
published in Refs [26,50,51,53–56,60](publications 1,2,4-6).

6.1 Deposition conditions

The optimized conditions for the preparation of BIG films are shown in table 5.1.
Substrate temperatures Ts < 550 oC resulted in films with reduced Faraday rotation
(FR), Ts > 550 oC produced films with low magnetic coercivity Hc, but the films
lost their transparency and developed matt surfaces. The same tendencies are
valid for the oxygen background pressure pO2 , pressures below the optimal value
give low FR, while high values lead to low Hc at the cost of reduced optical quality.
Optimization steps were 25 oC for Ts and 5 µbar for pO2 .

Another observation was that FR slightly increased with increased target-to-
substrate distance. Extrapolation of this result would lead to perfect films of zero
thickness at complete consumption of the target ... we therefore did not proceed
very far in this direction.

6.2 Crystallinity

As previous investigations (section 3.4), we also found that BIG films can be grown
with epitaxial quality on garnet substrates. An example is given in Figs 4.2 and
4.3 for a film deposited in Birmingham, at Ts = 550 oC and pO2 = 67 µbar.

Films deposited at the optimized conditions on GGG(111) show overlapping
Kα1 and Kα2 lines of the oblique (642) reflections, see Fig. 6.1 for the case of a
1330 nm thick film. This means that the distances between lattice planes are well
defined for planes parallel to the sample surfaces but not well defined for oblique

59
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lattice planes. More details of this phenomenon should be investigated in a more
comprehensive high resolution XRD study.
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Figure 6.1. (444) and (642) XRD reflections of a 1330-nm-thick BIG film and
GGG(111) substrate. The [444] direction is parallel to the substrate normal whereas
the [642] direction includes an angle of 22.21o with the substrate normal.

A careful comparison of the (444) reflections in BIG/GGG(111) films of different
thicknesses has shown that reflections become slightly broader with increasing film
thickness. Figure 6.2 shows the (444) reflections of three selected films. The overlap
of the peaks from the Kα1 and Kα2 lines can be resolved by fitting two Lorentzian
curves to the spectrum. Curve width can be converted to coherence length for
x-rays by Scherrer’s formula, Eq. (4.2). We inserted the average width of the Kα1

and Kα2 lines into Eq. (4.2). The inset in Fig. 6.2 shows that coherence length
decreases with increasing film thickness.

6.3 Morphology, interface, and cracks

Figure 6.3 shows an image of a 530-nm-thick film taken with the Burleigh atomic
force microscope (AFM). A granular structure with rounded grains is visible. Films
between 470 and 2560 nm thickness have grains with diameters between 300 and
500 nm: The diameters of the grains that are visible at the surface do not increase
with film thickness.

We also extracted rms surface roughnesses for all films over areas of 7.5 × 7.5 µm2

from AFM measurements, see table 6.1. All values are between 10 and 40 nm, and
- as in the case of grain diameters - there is no clear increase of rms roughness with
film thickness. Tepper and Ross [101] did observe an increase of rms roughness with
film thickness for thicknesses between 70 and 200 nm. Between 200 and 370 nm
film thickness, though, measured rms roughness did not increase any more [101].

A 1800-nm-thick BIG/GGG(111) film from Birmingham was investigated in
cross section in the transmission electron microscope (TEM). The obtained TEM
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Figure 6.2. (444) XRD reflections of three BIG/GGG(111) films of thicknesses
indicated. The thin dotted lines are two Lorentzian curves fitted to the diffraction
pattern of the 530-nm-thick film. The inset shows the change of coherence length
with film thickness.

micrographs show epitaxial and undisturbed growth over most of the examined film-
substrate interface, see Fig. 6.4 a). However, the TEM cross sections also reveal
inclusions of a different phase, Fig. 6.4 b), and some cracks. The average distance
between two inclusions is slightly below 100 nm. The cracks occur only occasionally
in TEM images, but a network of cracks is observed in the optical microscope in
transmitted light.

In the beginning, all of our BIG/GGG(111) films were cracked. By reducing the
cooling rate of the sample after deposition from 20 oC/min to 10 oC/min, cracks
were avoided in films with thicknesses below 1 µm. The cracks are caused by
stress which was not accommodated by other means as, e.g., misfit dislocations.

Table 6.1. Properties of BIG/GGG(111) films of different thicknesses.

thickness [nm] 470 530 670 1120 1330 1670 2560
deposition rate [Å/pulse] 0.19 0.11 0.13 0.15 0.13 0.11 0.14

is the film cracked? no no no yes yes yes yes
concentration cBi/cFe 0.48 0.43 0.48 0.41 0.48 0.48 0.48

rms surface roughness [nm] 16 15 13 38 35 20 19
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Figure 6.3. AFM image of a 530-nm-thick BIG/GGG(111) film.

According to [6], the BIG films are expected to be in tensile stress because the
thermal expansion coefficient of BIG is much larger than that of GGG [28] and
because the lattice mismatch of 2% between BIG and GGG is so large that the film
is expected to take on its own lattice constant and does not grow in compressive
stress on the GGG substrate. While compressive stress can lead to the formation
of dislocations in iron garnet films, tensile stress usually leads to fractures [29].

6.4 Target and film composition

The deposition parameters have not been optimized with regard to film composition
because we did not have direct access to a method to investigate compositions.
Figure 6.5 shows measured and simulated Rutherford backscattering (RBS) spectra
of a 530-nm-thick BIG/GGG(111) film. From the measurements conducted on a
series of films of different thicknesses, all deposited at the optimized Ts and pO2 ,
we deduced the ratio cBi/cFe = 0.48 for most films, see table 6.1. If we assume a
cation-to-anion concentration ratio of 8/12 and 12 oxygen ions per formula unit,
cBi/cFe = 0.48 corresponds to the chemical formula Bi2.6Fe5.4O12.

We also analyzed the target composition by RBS and found the value of cBi/cFe =
0.62, which is close to the correct stoichiometry. We estimate the error in the de-
termination of cBi/cFe to be approximately 0.02.

In a recent report, the authors suggested that departure from the Bi3Fe5O12

stoichiometry prevented the formation of the garnet structure [101]. This is not the
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Figure 6.4. TEM cross section of a BIG film on a GGG(111) substrate. a) High
resolution image of the interface. b) Grain of deviating phase.

case for our experimental conditions where even strongly bismuth deficient films still
grow epitaxially in the garnet structure. Sputtered Bi:YIG films with 2 bismuth
atoms per formula unit were obtained in the garnet structure over a wide range of
nonstoichiometry as well [64].

A target with a small surplus of bismuth oxide could lead to an increase in
bismuth concentration as was found in an investigation on sputter deposited BIG
films by Mino et al. [74], see section 3.4.

The bismuth deficiency certainly leads to the formation of defects in the BIG
material. It is plausible that the material forms antisite defects, as in the case of
YIG and yttrium aluminum garnet (see remarks in section 5.4).

6.5 Magnetic coercivity

We observed that both the choice of substrate and the film thickness have a strong
influence on coercivity Hc.

We deposited films onto GGG(111), (Nd,Gd)3(Sc,Ga)5O12(NGSGG)(111), and
Gd3(Sc,Ga)5O12(GSGG)(100) substrates. They have latttice parameters of, respec-
tively, 12.38 Å [66], 12.60 Å, and 12.57 Å [46] (BIG: 1.263 nm [1]). Starting from
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Figure 6.5. RBS spectrum of 530-nm-thick BIG/GGG(111) film. The figure also
shows the separate contributions from the metallic elements present in the film (Bi
and Fe) and substrate (Gd and Ga).

one step below the optimized deposition conditions, the oxygen background pres-
sure and substrate temperature were simultaneously increased in steps of 5 µbar
and 20 oC. The number of pulses applied to grow a film was kept constant.

The coercivities obtained for films on different substrates are shown in Fig. 6.6.
While the coercivities become smaller at higher oxygen background pressures and
substrate temperatures, the film surfaces become matt at temperatures above 550 oC
and optical transmission decreases.

Comparing films on (111) oriented substrates, it is evident that a larger lattice
mismatch gives rise to higher coercivity. There could be two reasons why the
films on GSGG show lower coercivities than the films on NGSGG. First, substrate
orientation could play a role through anisotropies of the elastic properties and/or
the thermal expansion of the film and/or substrate. Second, neodymium doping
slightly decreases the coefficient of thermal expansion in gallium garnets [29] so that
GSGG has slightly better (though still very bad) matching of thermal expansion
coefficients with BIG than NGSGG has.

When substrate temperature and oxygen pressure are higher, the films relax
through the formation of defects - this reduces both coercivities and optical trans-
mission.

The influence of film thickness on Hc was studied in a series of seven films de-
posited at the optimized deposition parameters, see Fig. 6.7. Thin BIG/GGG(111)
films possess higher coercivities than thick films. This can be explained by the fact
that thin films are more highly strained than thick films.
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Figure 6.6. Dependence of the coercivity on deposition conditions and choice of
substrate for laser deposited BIG films. The films deposited at 550 oC are 1 µm
thick.
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Figure 6.7. Magnetic coercivities for BIG/GGG(111) films of different thicknesses.

6.6 Refractive index and extinction coefficient

From our simple measurements of transmittance, refractive index n and extinction
coefficient k can be determined with only approximately 5% accuracy, but it will
be seen in chapter 7 that the obtained dispersion relations are nevertheless suitable
to estimate the performances of magneto-optical multilayers. The second material
employed in our garnet multilayers is YIG, and we therefore give n and k for a laser
deposited YIG film here as well.

Starting point for our analysis of the transmission spectra is Eq. (2.42), where
film thickness d is determined independently from profilometer measurements. This
equation does not account for roughness, which reduces the amplitude of the oscilla-
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Figure 6.8. Histrogramme of film thicknesses of a 530-nm-thick BIG film measured
by AFM.

tions that are generated by interference inside the film. We model surface roughness
by assuming that the incident light beam probes an area of the film with a Gaussian
distribution of film thickness. d is the mean value and σd the standard deviation.
The averaging over different thicknesses smears out the interference oscillations.
Transmittance T of the rough film is then expressed as

T (λ, d, σd, n, k, s) =
1

σd

√
2π

∫
exp

[
−1

2

(
d′ − d

σd

)2
]
T (λ, d′, n, k, s)dd′. (6.1)

Measurements by AFM indicate that the film thicknesses roughly follow Gaus-
sian distributions, see Fig. 6.8 for an example. The TEM micrographs (Fig. 6.4)
showed us that the interface between film and substrate is smooth.

For both BIG and YIG we assumed that n follows a relation of the form

n = A+
(
B

λ

)2

. (6.2)

This choice was made in analogy to the empirical equation for bismuth-substituted
yttrium iron garnet (Bi:YIG) films, Eq. (3.1). The absorption at short wavelengths
is so strong in BIG that the coefficient of optical absorption was modelled by an
exponential expression,

α [nm−1] = exp
[(a
λ

)2

− b

]
. (6.3)

For the case of YIG, we found good coincidence with the empirically chosen
equation
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α [nm−1] =
a

(λ− b)1.8 + c
. (6.4)

The dispersion relations n(λ) and k(λ) of BIG and YIG films were determined
from ’visual fitting’ of measured transmission spectra by Eq. (6.1). The thin dashed
and dotted lines in Fig. 6.9 illustrate the fitting process for a BIG film: A and B
were adjusted first to reproduce the positions of the minima and maxima of the
oscillations, a and b give the shape of the absorption edge, and σd reduces the
amplitude of oscillations.

Fitting is rather good, and the error in the refractive index n gained from the
fit is expected to be of the order of the error of the profilometer measurement, i.e.,
about 5%. Results for seven BIG/GGG(111) films prepared at optimized deposition
parameters are shown in table 6.2, along with data for a YIG/GGG(111) film that
was deposited at the same deposition conditions.

Fig. 6.10 shows all seven transmittance spectra for the BIG films of different
thicknesses. For the thickest film we had to add 6.9×10−14 (λ[nm])3 to α in Eq. (6.3)
in order to achieve agreement with the measured spectrum. The additional term
proportional to λ3 was chosen empirically.

Fig. 6.11 shows the dispersion relations n(λ) for all films. Refractive indices
of all films lie within a band of width ∆n ≈ 0.2, the thickest film might have a
slightly lower n than the other films have. For comparison, we have also drawn
n(λ) according to Eq. (3.1). The disagreement ∆n ≈ 0.15 between our result and
Eq. (3.1) is of the order of the measurement error.

The dispersion relations k(λ) of the extinction coefficients of all films are pre-
sented in Fig. 6.12. The curves for all films lie close to each other. At 700 nm, k
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Figure 6.9. Transmittance spectrum for a 530-nm-thick BIG/GGG(111) film. The
theoretical curves were calculated from Eqs. (6.1), (6.2), and (6.3). The thin dashed
and dotted lines illustrate the fitting procedure.
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Table 6.2. Parameters describing n(λ), Eq. (6.2), and α(λ), Eqs (6.3) and (6.4),
in BIG and YIG films for the wavelength range from 500 to 850 nm.

Material Thickness A B a b c σd

BIG 470 nm 2.28 413 nm 1630 nm 14.8 — 15
BIG 530 nm 2.36 413 nm 1660 nm 15.2 — 18
BIG 670 nm 2.38 413 nm 1660 nm 15.1 — 22
BIG 1120 nm 2.34 413 nm 1490 nm 13.4 — 20
BIG 1330 nm 2.36 413 nm 1580 nm 14.3 — 27
BIG 1670 nm 2.22 480 nm 1540 nm 13.8 — 27
BIG 2560 nm 2.19 425 nm 1530 nm 13.8 — 15
YIG 670 nm 2.19 244 nm 2.95 nm1.8 495 nm 1200 nm1.8 18
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Figure 6.10. Transmittance spectra for seven BIG/GGG(111) films of thicknesses
given in the figure. The theoretical curves were calculated from Eq. (2.42). Each
spectrum has been shifted upwards by the percentage indicated.
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Figure 6.11. Refractive indices for BIG/GGG(111) films of thicknesses given in
the figure. The line denoted ’LPE’ was calculated from Eq. (3.1).

falls below 0.01 for all films. (k = 0.01 corresponds to the absorption coefficient
α = 4π/λ · k = 1800 cm−1 at λ = 700 nm). Films thicker than 1000 nm generally
have higher k than those thinner than 1000 nm.

The values obtained for k should be considered as the values of ’effective extinc-
tion coefficients’, which include not just absorption of the material but all effects
that lead to a reduction of transmission. In thin films, these are additional ab-
sorption and scattering from real-structure defects and rough surfaces [58]. Trans-
mission spectra in bismuth-substituted iron garnet films can also be influenced by
optical diffraction at the magnetic domain structure [118], but such an effect was
not observed in our films within the accuracy of our measurement: transmission
spectra were the same for the unmagnetized films and the films magnetized to
saturation.

The standard deviations of film thicknesses σd obtained by fitting of the trans-
mittance spectra span about the same range as the rms roughnesses determined
by AFM, compare table 6.1. There is no clear tendency with film thickness, σd is
smallest (15 nm) for the 470 and 2560-nm-thick films and largest (27 nm) for the
1330 and 1670-nm-thick films.

6.7 Faraday rotation

As described in Sec. 2.1.2, in visible light, Faraday rotation (FR) spectra of Bi:IG
films with up to 0.9 bismuth atoms per formula unit have been described by consid-
ering two diamagnetic transitions [39]. We tried to describe the Faraday rotation
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Figure 6.12. Extinction coefficients for BIG/GGG(111) films of thicknesses given
in the figure.

spectra measured for BIG films by two diamagnetic transitions with parameters
similar to those given in Refs [20, 39]. We did not succeed because the soft kink
that appears at 565 nm in the spectra presented in Ref. [39] is absent in the BIG
spectra. This kink occurs at the wavelength where the relative importance of the
two diamagnetic transitions changes.

We should not expect that the spectra in BIG films can be explained by tran-
sitions that were obtained for materials with just one third of the bismuth content
of BIG. In fact, FR spectra of bismuth substituted yttrium iron garnet with bis-
muth concentrations of x = 1.5 and higher look qualitatively different from spectra
obtained for x = 1 and lower, compare Fig. 3.3.

Leaving aside all physical reasoning about molecular orbitals of Bi-O-Fe hybrid
excited states (described in [20] and [116]), in fact just one transition seemed suf-
ficient to describe our experimental data: each measured spectrum fits well into
the long-wavelength tail of a single diamagnetic line. We therefore started out by
describing the FR spectrum of BIG by a single diamagnetic line.

The quantities to be determined are ω0, Γ, ∆, and the product Nf , compare
Eq. (2.41). It is not possible to obtain them through a single least-squares fit over
the whole measured wavelength range, because for long wavelengths, θF can be
developed into the series

θF (ω, ω0,Γ,∆, Nf) ∝ Nf∆

(
1 +

(
∆
C

)2

+ ...

)
,

∆
C

� 1, (6.5)

where �C ≥ 22 eV for our data and the product of Nf and ∆ only appears as
a scaling factor. However, closer to the resonance frequency, Nf and ∆ can be
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Table 6.3. Parameters describing θF (λ), Eq. (2.41), in BIG films for the wave-
length range from 500 to 850 nm. λc is the center wavelength of the magneto-optical
transition and corresponds to ω0.

Thickness [nm] �ω0 [eV], λc [nm] �Γ [eV] �∆ [eV] Nf f

470 2.55, 486 0.092 0.092 1.76 × 1023 22
530 2.55, 486 0.095 0.087 2.08 × 1023 26
670 2.55, 486 0.095 0.099 2.04 × 1023 26
1120 2.51, 494 0.097 0.098 1.62 × 1023 20
1330 2.49, 498 0.099 0.095 1.83 × 1023 23
1670 2.46, 504 0.104 0.095 1.81 × 1023 23
2560 2.42, 512 0.106 0.097 1.23 × 1023 16

determined independently of each other.
In practice, we first performed least-squares fitting from 515 to 1000 nm for

several different but fixed values of ∆. High ∆ gives low Γ and vice versa because
both lead to broadening of the diamagnetic line. In order to exclude splitting of
the diamagnetic line (which occurs for ∆ > Γ), we limited ∆ to �∆ ≤ 0.095 eV.
�∆ = 0.095 eV is still much smaller than predicted in one theoretical investigation
[20]. The values of ω0, Γ, and Nf obtained for �∆ = 0.095 eV were used as starting
values for least-squares fitting of only the peak from approximately 515 to 600 nm,
depending on the peak position. In this fit, ω0 and Γ were kept fixed because
they showed little variation (< 10%) when ∆ was set to different values in the first
fitting. ∆ and Nf were thus determined independently. In a last step, Nf was
fixed to the value just obtained, and the other three parameters were determined
with higher accuracy through a last least-squares fit from 515 to 1000 nm. The
obtained parameters for the series of seven BIG films are shown in table 6.3.

The obtained dispersion relations ñ(λ) = n(λ) − ik(λ), and θF (λ) were then
inserted into Eq. (2.44). Eq. (2.44) introduces no new fitting parameters, it contains
the parameters obtained before - A, B, a and b from Eqs (6.2) and (6.3), and ω0,
Γ, ∆, and Nf from Eq. (2.41). In order to include the effect of surface roughness,
we calculated the average of ΘF over a Gaussian distribution of film thickness with
the already obtained parameter σd as standard deviation. Figure 6.13 shows both
our measured and calculated spectra.

Previous investigations [20, 39] state that the strongest diamagnetic line with
positive oscillator strength f originates from an electronic transition within the oc-
tahedral iron-oxygen complex. N should then be equal to the density of octahedral
sites, which is N = 7.9×1021 cm−3 for a lattice constant of 1.263 nm [1]. It is thus
possible to obtain estimates for f from the values for Nf , see table 6.3.

The center frequency ω0 decreases and the half linewidth Γ increases with in-
creasing film thickness. The increase in Γ can be interpreted as increase in struc-
tural disorder and is consistent with the decrease in x-ray coherence length with
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Figure 6.13. Spectra of Faraday rotation for BIG/GGG(111) films of thicknesses
given in the figure. The theoretical curves were calculated from Eq. (2.44).

increasing film thickness. Excited state splitting 2∆ and oscillator strength f do
not exhibit a clear tendency with film thickness.

Maximum values of FR Θmax are reached at wavelengths λmax. Fig. 6.14
presents both as functions of film thickness. Fig. 6.15 shows θmax ≡ Θmax/d for
all seven films. Films thinner than 1000 nm show increasing |θmax| with increas-
ing film thickness, while |θmax| decreases for the thicker films. An exception is the
1120-nm-thick film, which also has a higher bismuth deficiency than the other films.

The fact that |θmax| has a maximum at intermediate film thicknesses is an
indication for the existence of (at least) two competing processes: one that increases
|θmax| and one that decreases |θmax| with increasing film thickness. While the latter
is probably the reduction in crystalline quality with increasing film thickness, the
first one could be the existence of a ’magneto-optically weak’ layer at the interface
between film and substrate.

The maximum FR angles reported here are among the smaller ones reported in
the literature on epitaxial BIG films [12,34,55,110]. If the target contains a correctly
chosen surplus of bismuth oxide, it might be possible to obtain the correct ratio
cBi/cFe and to increase the angles of FR under the deposition conditions used for
this investigation.

From Figs 6.10, 6.13, and 6.14, we are inclined to suggest a red shift of the center
angular frequency of the transition with increasing film thickness. This suggestion
is confirmed by the decrease in ω0 with increasing thickness, see table 6.3. In the
existing literature on laser deposited BIG/GGG(111) films, there is an indication
that this red shift is not limited to the series of films deposited by us: Chern et
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Figure 6.14. Data extracted from spectra of Faraday rotation for BIG/GGG(111)
films of different thicknesses. The bold symbols are data of two films after annealing
in oxygen.
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Figure 6.15. Maximum Faraday rotations per film thickness Θmax/d for
BIG/GGG(111) films in visible light. The bold symbols show data for two films
after annealing in oxygen.

al. reported a peak value in FR at 517 nm in a 300-nm-thick film [12], while we
reported a position of 560 nm for the 1800-nm-thick film made in Birmingham [55].

We can only guess regarding the underlying reason for this red shift. Consid-
ering all results presented so far, the only clear change in structure or composition
is the decrease of x-ray coherence length with increasing film thickness (Fig. 6.2).
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As the electronic transitions within the octahedral iron-oxygen complexes are per-
turbed by the surrounding crystal environment [118], it is plausible that changes in
microstructure could be responsible for the redshift.
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Figure 6.16. Measured and calculated spectra of Faraday rotation for 530-nm-thick
BIG/GGG film. The inset depicts the two diamagnetic lines that were added in the
calculation with two diamagnetic lines.

We would not like to rule out any contribution from the tetrahedral Fe-O com-
plex to the FR spectra in visible light because the small disagreement between data
and calculation at wavelengths above 700 nm disappears when a second diamagnetic
line centered at approximately 530 nm is added. The parameters of this transition
cannot be determined exactly because its contribution is so small. Therefore, the
situation depicted in Fig. 6.16 and the data given in Table 6.4 for two diamagnetic
lines should just be considered as an example. There are 24 tetrahedral sites per
unit cell which corresponds to a density of N = 1.2 × 1022 cm−3. The oscilla-
tor strength of the tetrahedral transition is negative, in agreement with previous
results [19, 20, 39].

The peak of FR in visible light is accompanied by a peak of FE. FE reduces
the modulation signal that is generated by FR (compare Fig. 4.8), affects the inter-
pretation of magneto-optical images negatively if ψF /θF ≥ 0.2 [61], and prevents
use of the film in an optical isolator. Fortunately, FE falls off much quicker with
increasing wavelength than FR does. Figure 6.17 shows that FE is negligible for
wavelengths above 600 nm in the 2560-nm-thick film.
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Table 6.4. Parameters for calculation of FR spectrum of 530-nm-thick BIG film,
using two transitions. λc is the center wavelength of the magneto-optical transition
and corresponds to ω0.

transition �ω0 [eV], λc [nm] �Γ [eV] �∆ [eV] N [cm−3] f

octahedral 2.54, 488 0.095 0.087 7.9 × 1021 23
tetradedral 2.35, 528 0.5 0.018 1.2 × 1022 -25
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Figure 6.17. FR and FE spectra for a 2560-nm-thick BIG/GGG(111) film.

6.8 Annealing in oxygen atmosphere

BIG is not thermodynamically stable, and therefore the properties of BIG films
can change with time when the films are kept in air. We observed such changes
occasionally, typically for films that had undergone many kinds of (nondestructive)
measurements. The observed changes were a reduction of magnetic coercivity and
an increase of ΘF , not necessarily both in the same film. If BIG films are considered
for devices, an annealing step could be carried out both in order to increase ΘF

and to obtain more stable film properties. Here, we report details of how a 2560-
nm-thick film changed when subjected to annealing in 1 atmosphere of oxygen.

To start with, we tested our annealing procedure on another film of equal thick-
ness. We annealed first for 90 min and afterwards for 15 hours at the temperatures
of 500 oC, 525 oC, and 550 oC, respectively. The peak FR increased during ev-
ery annealing step until it finally decreased during the last 15 hours annealing at
550 oC. Then, we subjected the 2560-nm-thick film from this series to the same
procedure, but stopped after annealing for 90 min at 550 oC in order to investigate
the film at its highest FR. In this state, the film should possess its highest oxygen
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content before the magneto-optical properties start to deteriorate.
The three spectra of FR in Fig. 6.18 show that the angle of FR increased first

during a period of 8 months when the film was kept in air at room temperature
and then during the annealing. The maximum angle of rotation Θmax increased by
a total of 20% after the film had been subjected to the annealing procedure. The
wavelength λmax of maximum FR shifts to slightly shorter wavelengths. However,
this effect is rather small and did not appear when we tested the annealing procedure
on the other film. Therefore, we do not think that a change in oxygen content
with film thickness is the main reason for the red shift of FR with increasing film
thickness. Data after annealing are depicted by bold symbols in Figs 6.14 and 6.15.
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Figure 6.18. Changes in the spectrum of Faraday rotation for a 2560-nm-thick
BIG/GGG(111).

We also measured spectra of transmission and found a decrease in transmittance
of approximately 5% after film annealing.

Annealing did not change the magnetic hysteresis loops at all - saturation mag-
netization and coercivity were exactly the same after annealing as after preparation
within the relative accuracy of the measurement. This is an indication that no large
changes in microstress, microstructure or ferrimagnetic coupling have occured dur-
ing annealing. XRD measurements show that the lattice parameter in the growth
direction has slightly decreased during annealing (Fig. 6.19).

RMS surface roughness was 20 nm after annealing, which is practically the same
value as before annealing. We also determined the cation concentration ratio cBi/cFe

after annealing and found the value of 0.50. This is close to the value of 0.48 before
annealing and probably within the accuracy of the measurement.

The 470-nm-thick film reached the highest Θmax one annealing step earlier than
the 2560-nm-thick film. In this case of the thinnest film, Θmax could be increased
by 17%, λmax did not change within the accuracy of the measurement.
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Figure 6.19. θ − 2θ scans of the 2560-nm-thick BIG/GGG(111) film before and
after the annealing.

We found one more report where BIG films were postannealed: Watanabe et
al. observed a decrease in FR after annealing for 1 h at 600 oC in air. Their films
had been prepared at around 600 oC [110].

YIG crystals annealed in atmospheres with low oxygen pressure, as during film
deposition, contain Fe2+ ions. It has been shown by computer simulations that these
extra charges are most likely compensated by oxygen vacancies [21]. Octahedral
Fe2+ ions are slightly more energetically favorable than tetrahedral Fe2+ ions [21].
As the FR in visible light in our BIG films is dominated by a diamagnetic transition
in the octahedral iron-oxygen complexes, we can understand that the as-prepared
films tend to have smaller densities of absorbing sites N and therefore reduced
FR angles as compared to fully oxidized material. Our annealing treatment then
corresponds simply to filling of the oxygen vacancies, which increases N and leads
to increased FR angles. Oxygen vacancies lead to an expansion of the YIG unit
cell [109] and we expect this to be true for BIG as well. Therefore, the lattice
parameter in the growth direction is reduced after annealing.

6.9 Figure of merit and optical efficiency

We need to know n(λ), k(λ) or α(λ), and θF (λ) in order to calculate FR and
transmittance spectra from garnet multilayers, see section 7. Here, as a short
example of the use of knowing θF (λ) and α(λ), we calculate two quality factors for
the 530-nm-thick film. In order to achieve good accuracy also at longer wavelengths,
we use the expression with two diamagnetic lines for θF (λ).
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The magneto-optical figure of merit F = 2|θF |/α gives a measure of how well a
magneto-optical material is suited for applications: Optical efficiencies of magneto-
optical devices with optimized thicknesses are often monotonously increasing func-
tions of F [61, 88] .

Optical efficiency is the ratio of change in signal intensity to the intensity of the
incident light. It is a quality factor of the device and also depends on film thickness,
in contrast to F .

The recently defined optical efficiency of magneto-optical visualization is given
by

QS =

∣∣∣∣∣
(
Iout

Iin

)
↑↑

−
(
Iout

Iin

)
↑↓

∣∣∣∣∣ = |exp(−2αd) sin(4θFd)| , (6.6)

and is called ’swing factor of the photoresponse’ [61]. Iin and Iout are the
intensities of the incident and reflected light beams, ↑↑ symbolizes that the sample
is magnetized parallel to light propagation and ↑↓ that it is magnetized antiparallel
to light propagation. The relative angle between analyzer and polarizer is 45 deg.
QS and F are plotted for our film in Fig. 6.20.
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Figure 6.20. Magneto-optical figure of merit F and swing factor of the photore-
sponse QS for a 530-nm-thick BIG/GGG film. The separate data points are taken
from Ref. [37] and represent F for Y2Bi1Fe5O12 films grown by LPE.

F of our film increases monotonically with wavelength and exceeds the value
of 100 deg at 740 nm wavelength. At 633 nm, we have F = 41 deg, which is close
to the value of 45 deg calculated from an earlier investigation of an epitaxial BIG
film [1]. In Bi:YIG films prepared by LPE, maximum F in visible light is obtained
for compositions of approximately Y2Bi1Fe5O12 because the increase of absorption
with increasing bismuth substitution cannot be compensated by the increase in
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FR [37]. F for these LPE films has values similar to our film, but we do not
observe the decrease in F from 589 to 633 nm reported for LPE films [37].

QS has a maximum at 600 nm. At that wavelength, it is of the same order as
the maximum value of QS in films of optimized thickness considered for magneto-
optical visualization [61]. We should note, though, that the film described here
is of limited use for magneto-optical visualization because it has a high magnetic
coercivity of almost 40 kA/m (500 Oe).

6.10 Magneto-optical imaging

In order to visualize magnetic stray fields above superconducting samples at differ-
ent temperatures, the response of the sensor film should be independent of temper-
ature. This was checked in the polarizing microscope in Birmingham [54]. Fig. 6.21
shows the value of the gray scale (GS) as a function of the external field for different
temperatures. GS is proportional to the negative value of the intensity (I) of the
light that reaches the CCD camera (GS = A−B ·I, where A and B are constants).
The intensity is related to the angle of FR by the formula I(H) ∝ sin2[ΘF (H)]
(Malus’s law), if the experiment is performed with crossed polarizer and analyzer.
As ΘF depends on the wavelength, the gray scale is a measure for the average angle
of rotation for the light used in the microscope. Fig. 6.21 shows that the gray scale
(and thus the averaged ΘF ) is independent of the temperature between 5 K and
200 K within the accuracy of this measurement. This result was expected because
the bismuth ion is not magnetic, so that the BIG films should have no compensation
point.

0 20 40 60 80 100 120

100

150

200

 
G

ra
y 

sc
al

e 
[a

rb
. u

ni
t]

Magnetic field [kA/m]

 

 

Temperature [K]:
     5
   50
 100
 150
 200

Figure 6.21. Gray scale versus magnetic field at different temperatures.
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Fig. 6.22 shows the image of an artificial grain boundary in a melt-textured
YBa2Cu3O7−δ (YBCO) sample where a crack-free BIG film was used as visualizer.
The bright contrast indicates that the magnetic flux penetrates into the sample
from the edges and through the grain boundary. The various straight lines that
run through the picture stem from scratches on the back side of the substrate: we
used a razor blade to remove the silver paste with which the substrate was glued
to the heater during deposition.
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Figure 6.22. Magneto-optical image of a melt-textured YBCO sample at 50 K in
a magnetic field of 95 kA/m (1.2 kOe) after zero-field cooling.

In another test measurement, a cracked BIG film was set on top of a pat-
terned YBCO superconducting thin film in the visualizing setup in Caen [26].
Figure 6.23 a) is an optical image of the patterned structure. Figure 6.23 b) shows
the magneto-optical image for an applied magnetic field of 72 kA/m (900 Oe) at
12 K. The pattern observed in the left superconducting area indicates massive flux
penetration by vortices [63]. Similar images have also been obtained at fields as
low as 2.4 kA/m (30 Oe) at 80 K. Figure 6.23 shows that FR is not affected by the
cracks, and fine structures as narrow as 25 µm are easily resolved, the resolution
being so far limited by the camera pixel size. The labyrinth pattern comes only
from the cracks and did not change either with temperature or with applied field.
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a) b)

Figure 6.23. a) Optical and b) magneto-optical images of a patterned supercon-
ducting YBCO thin film. The width of the narrow line is 25 µm.
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Chapter 7

Magneto-optical photonic
crystals

We prepared one-dimensional magneto-optical photonic crystals (MOPCs) in the
form of periodical multilayers composed of yttrium and bismuth iron garnet layers.
Results have been published in [52] (publication 7).

An MOPC structure prepared by us, the MOPC (BIG/YIG)4/BIG4/(YIG/BIG)4

(4-D-4), is shown in Fig. 2.10 B). (BIG/YIG) stands for the double layer ’BIG on
YIG’, and the exponents indicate repetitions of double or single layers where every
single layer has quarter-wavelength thickness in the respective material. The design
wavelength was λ0 = 750 nm, whereas the experimentally obtained λ0 turned out
to be 748 nm, which corresponds to a total film thickness of 1486 nm, in agree-
ment with the value of (1480±50) nm measured by profilometer. The sum of the
thicknesses of all BIG layers is 836 nm and of all YIG layers 652 nm.

Calculations of Faraday rotation (FR) and transmittance spectra were done
with the 4 × 4 transfer matrix matrix formalism described in section 2.2.2. From
the dispersion relations n(λ) and k(λ) obtained for 670-nm-thick BIG and YIG
films in section 6.6 (table 6.2), as well as θF (λ) for the 670-nm-thick BIG film in
section 6.7 (table 6.3), we calculated the dispersion relations for the elements of the
BIG and YIG dielectric tensors. We neglected the FR in YIG because it is almost
two orders of magnitude smaller than the FR generated in BIG in the wavelength
range discussed here [34, 89].

The main challenge was, of course, to prepare MOPCs experimentally. One of
the difficulties was to deposit double layers of identical thicknesses, because the
deposition rate from a track on the target decreases with deposition time. Our
solution was to deposit every double layer from a fresh track on the target. It
was also problematic to obtain the correct total thickness of the MOPC (which
determines λ0, in first approximation) and the correct ratio of BIG and YIG layer
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thicknesses. These two problems could probably be resolved in the future by in-
stalling a technique to measure deposition rates in-situ. Another major problem
was to find deposition conditions, mainly substrate temperature and oxygen back-
ground pressure, that are suitable for deposition of both BIG and YIG. The most
serious materials issue could be interdiffusion at the interface - the MOPC needs
well defined interfaces. Before turning to the BIG-YIG system, I made unsuccessful
attempts with the BIG-GGG and the BIG-(Gd,Sc)3(Sc,Ga)5O12 systems. These
systems are attractive because they would have the advantage of a higher contrast
in refractive index ∆n.

In Fig. 7.1, we show measured and calculated spectra for MOPC 4-D-4 over a
wide spectral range. The FR spectrum of the BIG material is dominated by the
maximum that reaches the value of −22.5 deg/µm at 533 nm in the 670-nm-thick
single-layer BIG film (compare section 6.7). BIG absorbs strongly at light wave-
lengths below 550 nm, and the absorption in YIG increases for shorter wavelengths
as well, which explains that the MOPC is nontransparent at wavelengths below
500 nm.

The maxima in FR and transmittance at λ0 = 748 nm are due to the multilayer
structure of the sample. In order to estimate the structural quality of the MOPC,
we compared the measured to calculated spectra. It turned out that the BIG layers
in the MOPC exhibit FR angles that are higher by a factor of 1.25 than those in the
single-layer BIG film, and we multiplied the corresponding element ε′′xy of the BIG
dielectric tensor (Eq. (2.28)) by this factor. Otherwise, the calculations include just
λ0 as fitting parameter.

The fact that the BIG material in the MOPC exhibits 25% higher FR than the
BIG material in a single-layer BIG film deserves attention because it means that
there is an enhancement of the intrinsic FR of the BIG material, in addition to the
maximum at λ0 created by the multilayer structure.

The experimental spectra closely resemble the calculated spectra. The main de-
viations stem from deviations of the applied material dispersion relations from those
of the YIG and BIG layers in the MOPC. However, also the maxima at λ0 = 748 nm
generated by the multilayer structure do not have exactly the same height in the
measured and the calculated spectra. This effect can be caused by interfaces that
are not completely sharp with respect to geometry and/or composition, resulting
in lower reflectivity of the double-layer stacks. Another explanation for the small
decrease in the maxima at λ0 could be in terms of bulk and uncorrelated surface
scattering [4].

Very simplified, we can model the decrease of the maxima by assuming a Gaus-
sian distribution of film thickness where thickness ratios between all single layers
are kept constant. Good agreement is achieved for a standard deviation of 0.75% or
11 nm (insets of Fig. 7.1), which should thus be an upper limit for surface roughness.
By atomic force microscrope (AFM), we determined the rms surface roughness of
the MOPC to 10±1 nm. The MOPC thus exhibits a smaller surface roughness than
single-layer BIG films [53, 101] of thicknesses between 70 and 2500 nm.
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Figure 7.1. Measured and calculated spectra of MOPC 4-D-4/GGG: a) of optical
transmittance, b) Faraday rotation. Dotted lines are interference-free transmittance
and FR for an equivalent 836-nm-thick single layer BIG/GGG. λ0 = 748 nm is
wavelength of the transmission resonance. Calculations in the insets were performed
for a rough MOPC.

The dotted lines in Fig. 7.1 show transmittance and FR for a hypothetical
film where all BIG layers from the MOPC have been assembled into a single-layer
BIG film of 836 nm thickness. We have calculated interference-free transmittance
and FR from the dispersion relations for the 670-nm-thick BIG film. We can now
compare the measured transmittance and FR of the MOPC with those of a single-
layer BIG film of equivalent thickness: Transmittance is reduced from 69% to 58%
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and FR increased from −2.6 deg/µm to −6.3 deg/µm.
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Figure 7.2. Calculated spectra of transmittance and Faraday rotation for a single-
layer BIG film (including interference effects), and the MOPCs 4-D-4 and 6-D-6.

In Fig. 7.2, we show calculated spectra of transmittance and FR for the two
MOPCs 4-D-4 and 6-D-6. The double-layer stacks of MOPC 6-D-6 have higher
reflectance as compared to MOPC 4-D-4, which leads to sharper resonances and
higher FR at λ0 in MOPC 6-D-6. The reduction in transmittance from MOPC 4-
D-4 to 6-D-6 is mainly caused by absorption in the central BIG layer here. Figure
7.3 shows transmitted normalized intensities for the two different circularly polar-
ized (CP) waves, their sum, and transmittance in the absence of the Faraday effect
for the MOPC 6-D-6. The splitting into two resonance wavelengths is visible but
accounts only for a small decrease in transmittance, as can be seen by comparing
with transmittance in the absence of FR (εxy = 0). The wavelength of approxi-
mately 750 nm was chosen with respect to our spectrometer, which can measure
reliably only up to 900 nm, and the FR peak in BIG at around 540 nm. The MOPC
principle would clearly be more effective at longer wavelengths, where absorption
in BIG and YIG is smaller.

In Fig. 7.4, we compare spectra measured on our experimentally prepared
MOPCs. MOPC 4-D-4 shows very good performance as already seen above, but
MOPC 6-D-6 has some degradation in FR and transmittance as compared to the
simulated spectra (Fig. 7.2). However, the increase in FR with increasing number
of double-layers is obvious. At the present time, we cannot deposit more than eight
double layers from fresh tracks on the target, due to limitations in the optics and
target size of our system. For the 6-D-6, we have therefore used tracks twice, which
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Figure 7.3. Separate transmittances of the LCP and RCP waves, their sum,
and comparison with transmittance in the absence of the Faraday effect for MOPC
6-D-6.

has probably lead to variations in the double layer thicknesses and degradation of
the MOPC quality. These instrumental limitations will certainly be overcome soon.
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Figure 7.4. Measured spectra of transmittance and Faraday rotation for the laser
deposited MOPCs 4-D-4 and 6-D-6.
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Epitaxial quality of all layers was confirmed by x-ray diffraction (XRD) mea-
surements (Fig. 7.5). Figure 7.5 c) shows θ− 2θ XRD scans of the (444) reflections
from the MOPC and a 670-nm-thick single-layer BIG/GGG(111) film for compari-
son. The GGG substrate (444) reflections and the BIG (444) reflections are clearly
separated. YIG has the same lattice constant as GGG and we expect the YIG
reflections to largely coincide with the corresponding GGG reflections. The BIG
(444) reflections from the MOPC are strongly broadened and slighly shifted to-
wards higher angles as compared to those from the 670-nm-thick film. This is due
to inhomogeneous strain of the BIG layers and/or a steep but finite gradient in
the bismuth and yttrium concentrations at the interfaces of the MOPC. The BIG
layers are expected to be strained because of the 2% lattice mismatch at room tem-
perature [80] and the 26% difference in thermal expansion coefficients [28] between
YIG and BIG. Mixing of yttrium and bismuth at the interfaces is expected because
bismuth can be dissolved in YIG and the high energy of the ablated particles in
the PLD process leads to mixing of the top layers of the growing film. There is also
a more technical reason for mixed interfaces: during ablation of the BIG target, a
thin BIG layer is deposited onto the YIG target, and vice versa.
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Figure 7.5. XRD scans of MOPC 4-D-4/GGG(111): a) wide-angle θ − 2θ scan,
b) φ scans of BIG and substrate {642} reflections, c) θ − 2θ scans of MOPC and
670-nm-thick single-layer BIG/GGG(111) film.

Stress is accomodated so well in the MOPC structure that we do not observe
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Figure 7.6. Hysteresis loops of MOPC 6-D-6 with the magnetic field parallel and
perpendicular to the film plane.

any cracks in any of our one-dimensional MOPCs with currently up to 2130 nm
thickness. Pure BIG films on GGG (111) substrates, on the other hand, crack at
thicknesses above 1000 nm (see section 6.3).

BIG and YIG have the same magnetic sublattices (see section 3.1) and, conse-
quently, all layers are expected to be exchange coupled. The magnetic hysteresis
loops for two orientations of the magnetic field are very similar to those of single-
layer films, there is no indication of separate switching of any layer (Fig. 7.6).
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Chapter 8

Summary and Conclusion

We prepared bismuth iron garnet (BIG) and yttrium iron garnet (YIG) films and
BIG-YIG magneto-optical photonic crystals (MOPC) by pulsed laser deposition
(PLD). The main findings are summarized below.

YIG/GGG(111) films

• The deposition parameters, substrate temperature Ts = 650 oC and oxygen
background pressure pO2 = 34 µbar, minimize the width of the ferromagnetic
resonance line ∆H to below 800 A/m (10 Oe).

• The films grow epitaxially. Two lattice parameters for films thicker than 1 µm
have been observed.

• RMS surface roughnesses are below 1 nm for approximately 500 nm thick
films.

• A 1200-nm-thick film was observed to guide optical waves.

• The transfer from the target to the film was stoichiometric, but the target
had the concentration ratio cY/cFe ≈ 0.5.

• Films deposited at 10 and 20 Hz laser repetition rate show low saturation
magnetization Ms ≤ 25 kA/m (4πMs ≤ 310 G) and high magnetic coerciv-
ity Hc ≥ 1.6 kA/m (20 Oe). Films deposited at 30, 40, and 50 Hz exhibit
Ms ≥ 115 kA/m (4πMs ≥ 1440 G) and Hc ≤ 0.7 kA/m (9 Oe).

• Ms in the low-Ms films can be increased to approximately the bulk value by
annealing in oxygen. Hc does not decrease upon annealing.
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BIG films on garnet substrates

• Deposition parameters Ts = 550 oC, pO2 = 25 µbar give films of a favorable
combination of crystalline and optical quality and magneto-optical Faraday
rotation (FR).

• BIG films grow in epitaxial quality on all tested garnet substrates. X-ray
coherence lengths decrease with increasing film thickness.

• 500 to 2500-nm-thick BIG/GGG(111) films have granular structures with
grain sizes of 300 to 500 nm and rms surface roughnesses between 10 and
40 nm.

• The interface between BIG film and GGG(111) substrate is atomically smooth
in large parts, but there are also inclusions of a different phase directly at the
interface.

• Cracks could not be avoided in BIG/GGG(111) films for thicknesses above
1 µm.

• We did not obtain stoichiometric transfer from the target at the optimized
deposition conditions, the films are all bismuth deficient with cBi/cFe ≈ 0.48.
The target had the correct stoichiometry.

• Depending on film thickness and choice of substrate, Hc varied between
4 kA/m (40 Oe) and 42 kA/m (530 Oe). Reduction of Hc below 4 kA/m
was possible, but only at the cost of reduced optical quality.

• BIG films absorb strongly at wavelengths below 550 nm, but absorption de-
creases exponentially towards longer wavelengths and falls below α = 1800 cm−1

at λ = 700 nm.

• The refractive index of BIG films falls from approximately 3.05 at 500 nm to
approximately 2.65 at 850 nm.

• FR in visible light is very strong with maximum values of more than 20 deg/µm
at wavelengths between 530 and 540 nm.

• Parameters determining transmittance and FR were deduced from the com-
parison of measurement and theory. Measured spectra were reproduced well
by calculations that include the effects of thin film interference.

• The peak of FR is accompanied by strong Faraday ellipticity, which, however,
falls off more quickly towards longer wavelengths than FR does.

• BIG films can easily be destroyed by annealing. By careful annealing in
oxygen, though, we could increase the FR angles by 15% to 20%.
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• BIG films have very competitive magneto-optical figures of merit and optical
efficiencies for magneto-optical visualisation.

• Test measurements have shown that BIG films can be used as magneto-optical
visualizer films.

MOPCs

• BIG-YIG MOPCs were grown successfully at the deposition parameters for
BIG single-layer films.

• All single layers (up to 25) are of epitaxial quality and seem to be exchange
coupled.

• No cracks appeared in any MOPC (with up to 2130 nm thickness).

• Properties of the ’best’ MOPC with a central BIG layer sandwiched between
four (BIG/YIG) double layers on each side, with transmission resonance at
748 nm:

– Increase in FR angle by 140% as compared with a single layer BIG/GGG
of equivalent thickness.

– Decrease in transmittance by 16% as compared with a single layer BIG/-
GGG of equivalent thickness.

• Transmittance and FR spectra were calculated with good accuracy from the
data obtained for single-layer BIG and YIG films, using just two additional
fitting parameters.

One of the next steps to be taken is to improve our deposition system and install
an in-situ method for thickness measurements. This should preferably be an optical
or electron-optical technique because of the narrow ablation plume in PLD. The
optical beam path for the laser light should also be improved. These steps are of
course dependent on future funding.

A thorough evaluation of potential applications for garnet multilayer films by
numerical calculations is very important for the decision whether we should try to
optimize garnet multilayers with respect to a certain application. We might develop
new concepts as well.

Many applications require small magnetic coercivities and/or small saturation
fields. Magnetic coercivity can be reduced by improving the lattice match with
the substrate, which could be achieved by reducing the bismuth contents. Satura-
tion fields can be reduced by reducing the saturation magnetization, which can be
achieved by substituting a nonmagnetic element (e.g. aluminum or gallium) into
the tetrahedral sublattice.

In conclusion, we have broadened the available knowledge on BIG films and
demonstrated that all-garnet MOPCs can be prepared experimentally.
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Appendix A

Target carousel for PLD
system

Laser
Vacuum 
chamber 

Step 
motor 

Figure A.1. Pulsed laser deposition setup.
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Introduction

Our vacuum chamber in the ’Big Synthesis’ laboratory contains a target holder that
sits on an axis, which can be rotated by a step motor. Until now, only continuous
rotation of this axis was used for target ablation, and only one target could be
loaded. The target’s position was directly on top of the axis.

Our new target holder has space for three targets. They are arranged in a
triangle and the center of the triangle is on top of the rotation axis, see Fig. A.2.
It is thus possible to ablate from three different targets by rotating the axis in a
controlled way. Motion of the target holder must of course be synchronized with
emission of laser pulses. This synchronization is performed by our new programme.

 

Figure A.2. Targetholder with a BIG and a YIG target. One target space is empty.

The programme was implemented in LabVIEW and contains several sub pro-
grammes. In the LabVIEW language, programmes are called virtual instruments
(VI’s) and sub programmes are called subVI’s. This manual explains the use and
meaning of our new programme and all subVI’s. The last section describes the
hardware connections.

Main VI and subVI’s

Laser Control - main programme

From here (Fig. A.3), all subVI’s can be started, the control file can be edited, and
values from the control file can be read and thus made available to all subVI’s.

Below follows a brief description of all subVI’s. More detailed descriptions are
given in the next sections.
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D:\laser control\example.lcf

General Purpose Control File

View

PLD Routines

Read

END Programme

Start

Target Cleaning

START Deposition

Start

Manual Control

View Example

Edit

View

Help

KMF Laser Control

GO TO Binary Alloy

GO TO Single Layers

Start

Initialize Step Motor

Figure A.3. Laser control - main VI.

• MANUAL CONTROL gives direct control over target position and laser fir-
ing.

• TARGET CLEANING is a VI for preablative target cleaning.

• INITIALIZE STEP MOTOR must be run once after the step motor controller
has been switched on.

• The CONTROL FILE specifies laser and target parameters and defines a
multilayer structure.

• PLD ROUTINES contain a list of all steps that the experimentator performs
during a film deposition.

• HELP tells you were to find a copy of this manual.

• START DEPOSITION performs deposition of the multilayer structure de-
fined in the CONTROL FILE.

• GO TO BINARY ALLOY performs deposition of a binary alloy with high
effective laser repetition rate.
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• GO TO SINGLE LAYERS performs deposition of up to 3 subsequent single
layers.

• END PROGRAMME stops the programme.

Manual Control

The purpose of this subVI (Fig. A.4) is to enable the user to find the correct step
motor positions for the targets.

Manual control

0

Motor Position

0

Number of Pulses

Continuous

Single Pulse

Close

Specified Number

0

Delay (s)

Go0

Repetition Rate

0

Pulses fired

Figure A.4. Manual control - subVI.

• GO moves the step motor to MOTOR POSITION.

• SPECIFIED NUMBER fires the NUMBER OF PULSES indicated. The laser
fires at the REPETITION RATE after a certain DELAY.

• SINGLE PULSE fires a single pulse after a certain DELAY.

• CONTINUOUS fires pulses at the REPETITION RATE after a certain DE-
LAY. This action is finished by pressing the CONTINUOUS button again.

• PULSES FIRED indicates the number of pulses fired and is reset to zero
before every new action.

• The MANUAL CONTROL window is closed by pressing CLOSE.
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Target Cleaning

This subVI takes over values in TARGET CLUSTER from the main VI (LASER
CONTROL) and allows to change REPETITION RATE and DELAY BETWEEN
TARGETS by hand.

The values of TARGET CLUSTER can only be changed by editing the CON-
TROL FILE with the EDIT subVI (see below), and by pressing READ in LASER
CONTROL afterwards.

DELAY BETWEEN TARGETS should not be changed without reason. 5 sec
has been tested to be a sufficient and necessary delay time.

If PRESS TO SKIP is pushed in, the cleaning procedure is skipped upon pressing
START CLEANING. If the button is pushed in (showing PRESS TO CLEAN), it
must be pushed out again in order to actually do the cleaning.

The bottom line shows a continuous update of the number of pulses fired onto
each target.

Initialize Step Motor

INITIALIZE STEP MOTOR sets the parameters required to connect to the step-
motor control SDP5. These are 9600 baud transfer rate, port 0 (COM1), 7 data
bits, 1 stop bit, and even parity.

It sends the string ”:G28=1000\r\n:G29, E\r\n:X=0, E\r\n” to the SDP5. The
G28 and G29 commands are necessary in order to initialize the device (see manual
for SDP5), and the X command sets the step motor to the given position (X=0,
in this case). Every command starts with ’:’ and every line must conclude with
’return’ (which corresponds to \r\n).

After writing to the SDP5, INITIALIZE SDP reads any message that the con-
troller might send back. Error codes are displayed in the corresponding indicator
fields on the front panel.

INITIALIZE SDP also sets the rotationary speed of the step motor. This setting
is hidden in the code and cannot be accessed from the front panel/user interface.

Control File

This file contains all information needed to deposit all kinds of ternary systems
except for alloys with continuous concentration gradients. There are four actions
in LASER CONTROL associated with the control file:

• VIEW EXAMPLE opens Notepad with an example file, example.lcf, from
which the general structure of the control file is obvious.

• EDIT opens Notepad with the file given in the box. This file can then be
edited and saved.
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• READ reads information from the file given in the box and makes this infor-
mation available to the other subVI’s. After the control file has been changed
and saved or if a new control file has been chosen, READ must be pressed in
order to read in the new information.

• START DEPOSITION opens a subVI that performs deposition of a ternary
system according to the information from the control file.

The control file contains several paragraphs that are separated by blank lines.
The numbers at the beginning of the lines are the parameters read in by the READ
VI, while the following text is ignored.

The first paragraph contains information about the laser and the optical system.
From this paragraph, only the laser frequency is used by the current software. All
other parameters can be entered for documentation only.

500 Laser Energy
40 Laser Frequency
12 Lens 1
23 Lens 2
1 Aperture inserted?

The second paragraph contains information about the target holder. The initial
and final positions of three targets can be entered. The third number in the first
three lines indicates whether the TARGET CLEANING VI shall perform cleaning
of the respective target (enter 1) or whether the respective target shall not be
cleaned (enter 0). The parameter STEPS BETWEEN MOTOR POSITIONS is
currently not used by the software. The last parameter in this paragraph is the
number of cleaning pulses per target.

5 250 1 Target 1: min max clean?
330 580 1 Target 2: min max clean?
660 920 0 Target 3: min max clean?
10 Steps between Motor Positions
1000 Cleaning Pulses per Target

The third and following paragraphs define the system that is to be deposited.
First, the number of multilayers is given. Every multilayer can be repeated a
number of times and contains a number of sublayers. The subsequent lines define
the sublayers by specifying how many pulses should be applied to which target.
Every multilayer is defined by a paragraph of its own. This structure is extremely
flexible and allows definition of all kinds of multilayer and alloy systems. However,
the switching time between targets is 5 sec, which means that frequent target
changes significantly reduce the effective laser repetition rate. Therefore, the VI
BINARY ALLOW has been written to maximize the effective laser repetition rate
for the deposition of binary allows. An example of the definition of a multilayer
structure is given below.
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2 Multilayers

4 Repetitions of Multilayer 1
3 Layers in Multilayer 1
100 3 Layer 1 in Multilayer 1: Pulses Target
200 1 Layer 2 in Multilayer 1: Pulses Target
140 2 Layer 3 in Multilayer 1: Pulses Target

1 Repetition of Multilayer 2
1 Layer in Multilayer 2
1000 2 Layer 1 in Multilayer 2: Pulses Target

It is important that the numbers of paragraphs and lines per paragraph agree
with the numbers of multilayers and layers per multilayer. At the end of the control
file, any desired information can be added, as for example:

’This is an example file.’

Read

This subVI reads in all information given in the control file into three structures of
the programme.

• TARGET CLUSTER contains information about min and max positions of all
three targets, whether targets 1 to 3 shall be cleaned, the number of cleaning
pulses per target, and the step between motor positions. The step between
motor positions is not needed by any subVI at the moment.

• CONTROL ARRAY is a 1-dim array. It is a sequence of number of pulses
pi and target number ti. The programme ’START DEPOSITION’ works
through this control array and fires pi pulses on target ti for the whole length
of CONTROL ARRAY.

• LASER FREQUENCY is the chosen laser repetition rate.

Edit

Notepad is opened with the file given in the box. Notepad can then be used to edit
and save the file. After saving, Notepad should be closed in order to minimize the
number of simultaneously opened programmes.

View Example

Notepad is opened with the file ’example.lcf’. ’example.lcf’ exemplifies the structure
of a laser control file.
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PLD Routines

PLD Routines opens a subVI where the lab routines of different stages of sample
preparation and film deposition can be viewed. Pressing a button inside PLD
ROUTINES opens Notepad with the corresponding list of steps to be performed
by the user.

This programme is meant to be updated and completed continuously by all lab
users. The current lists of ’PLD routines’ is given in appendix B.

Help

This subVI just tells you were to find a copy of this manual.

START Deposition

Pressing the START DEPOSITION button opens the MULTILAYER DEPOSI-
TION VI (Fig. A.5). This VI works its way through the CONTROL ARRAY that
has been defined in the LASER CONTROL FILE and been read by the main VI
through the READ VI.

LASER FREQUENCY and DELAY may be changed by hand before the de-
position is started. Press START DEPOSITION to start the deposition, but push
in SKIP DEPOSITION first if the deposition shall not be carried out (in case you
have changed your mind). If SKIP DEPOSITION is pushed in, it must be pushed
out again in order to really do the deposition.

On the right, the first few lines of the CONTROL ARRAY are visible. By
increasing the number in the top left corner, one can scroll through the complete
CONTROL ARRAY. The values of the TARGET CLUSTER are also shown.

During deposition, JUST DEPOSITED LAYER Nr. is continuously updated.
During deposition of a single layer, a second window (Fig. A.6) is opened that spec-
ifies data for that layer, including the total number of pulses and applied number
of pulses for that single layer.

GO TO Binary Alloy

This subVI (Fig. A.7) was written in order to minimize the time losses caused by
target switching. It is possible to deposit binary allows with effective laser repetition
rates above 20 Hz. This subIV’s drawback is that only two targets can be used.

The targets should be mounted as close to each other as possible. The initial
and final target positions (MIN1, MAX1, MIN2, MAX2) are taken from the control
file but can be changed by hand prior to deposition.

PULSES1 and PULSES2 give the number of pulses per target. If true alloying
shall be achieved, these numbers should be significantly smaller than the number
of pulses required to deposit a monolayer of the respective material.
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Figure A.5. Multilayer deposition - subVI.

To allow for homogenuous ablation of both targets, two different repetition rates
(REP RATE 1 and REP RATE 2) can be chosen. The laser changes frequency when
targets are changed.

The number of DOUBLE LAYERS multiplied by the number of PULSES1 gives
the total number of pulses fired onto target 1.

PORT NUMBER is 0 for COM1 at the laser computer.
If you want to quit the programme without deposition push in PRESS TO SKIP

and then press CONTINUE.
If PRESS TO SKIP is not pushed in, CONTINUE starts the automatic timing

procedure. BINARY ALLOYS calcutes the time (TIME1 and TIME2) that the
laser beam scans over each target during deposition of a single double layer (this
time is PULSES1/REP RATE 1 for target 1). Then, the programme measures
the time it takes the step motor to move from MAX1 to MIN1 (half of the value
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One Single Layer

0

Target min

0

Target max

0

Pulses/Target

3000

Delay before firing

0

Rep Rate

0

Pulses fired

Figure A.6. One single layer - subVI opened by the Multilayer deposition subVI.

displayed in TIME TARGET 1). If twice this time is longer than the calculated
time, MIN1 is increased to MIN1C. If the measured time is shorter, MIN1C is
reduced. Attention: Reduction of MIN1C below MIN1 means that the laser beam
might scan over the target holder. The timing procedure is repeated until measured
and calculated times agree to within 5 msec. DEVIATION shows the magnitude
of the difference between the two values in msec.

The same procedure is carried out for target 2, just that MAX2 is now reduced
(or increased) to MAX2C instead.

An increase of the value of FACTOR accelerates the timing procedure, however,
0.10 is a good value for the timing algorithm to function properly.

After timing has been completed, two dialog boxes are opened. The first one al-
lows to change MIN1C and MAX2C by hand (e.g. to avoid firing onto the holder or
to use another portion of the target). The second box allows to stop the programme
just prior to deposition. Stopping here leads to a stop of the main VI.

The indicators in the box PULSES/TIME show the total number of pulses,
the fired number of pulses (updated after every double layer), the elapsed time in
seconds and the effective repetition rate in Hz.

The indicators in the TARGET MOTION box to the right show the current
position of the target holder.
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Figure A.7. Binary alloy - subVI.

Single Layers

This subVI (Fig. A.8) allows for more direct control over the deposition parameters
of up to three single layers.

All values can be changed by hand before deposition is started by pressing
START DEPOSITION. The initial and final positions for all targets are intially
taken from the LASER CONTROL FILE, but can be changed by hand. If the
respective target shall be ablated, the parameter ABLATE TARGET must be 1. If
ABLATE TARGET is 0, the respective target is left out. By leaving out all targets
and pressing START DEPOSITION, the programme finishes without firing at all.

See ONE SINGLE LAYER for a description of the algorithm.

Other subVI’s

The subVI’s described here are used by the subVI’s explained above.
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Figure A.8. Single layers - subVI.

Go To Motor Position

sends a signal to the step motor controller. The parameter MOTOR POSITION is
inserted into a step motor command, which is sent to the controller.

One Single Layer

is a subVI used by MULTILAYER DEPOSITION. The VI’s SINGLE LAYERS
and TARGET CLEANING make use of the same procedure that is used by ONE
SINGLE LAYER.

Laser pulses and target motion are not synchronized in this VI. The laser fires
with the chosen repetition rate and the target moves continuously between the
initial and final positions. In the tests, it had turned out that a synchronized
motion of the form ’one target step, one laser pulse, one target step, one laser
step ...’ leads to violent vibrations of the motor axis. The unsynchronized motion
provided here ensures a smooth motion of the target between its initial and final
positions.
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Parallel Pulse

sends a triggering pulse to the laser via the parallel port. It sends a single pulse
0-1-0 to databit 0 (first databit) of the port specified by REGISTER ADDRESS
(in general, 278, 378 or 3BC might be addresses for the parallel port). The voltage
level at the parallel port is 5 V. WAITING TIME is the delay in msec between
switching on 5V and switching off. For communication with the laser LPX305i,
WAITING TIME should be zero.

Write To SDP

sends the command WRITE TO SDP through the serial port indicated by PORT
NUMBER. The WRITE ERROR CODE is indicated.

Hardware connections

Connection to step motor controller SDP5

The connection goes from the PC COM1 serial port via RS232 cable to a converter
and from the converter via RS422 cable to the SDP5 stepmotor controller. The
connections are described in detail below.

From PC to converter

We use a selfmade adapter from the COM1 port with 9 pins (D9) to the input
port of the converter with 25 pins (D25). The adapter connects the corresponding
pins on D9 and D25 directly. Pin 9 (ring indicator) of the D9 is not connected.
The RS232 standard requires only 3 lines for sending and receiving data: one for
ground, one for transmitting, and one for receiving. Signal level is 12 V. Some of
the other lines are required to supply power to the converter.

From converter to SDP5

The RS422 standard uses two lines each for transmitting and receiving data. One
line is ground and the other on 5 V level. RS422 cables allows data transmission over
larger distances than RS232 cables. The two transmission pins from the converter
are connected to the two receiving pins of the SDP5 and vice versa:

Converter XTM+ to SDP RxD−
Converter XTM− to SDP RxD
Converter RCV− to SDP TxD
Converter RCV+ to SDP TxD−

The switch on the converter (inside cover) must be on DCE.
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Connection to the laser

This is actually a connection to the laser control card located in the laser control
computer. The connection is via coaxial cable.

Triggering pulses are sent through the parallel port. Two pins of the D25
connector at the parallel port are connected to the coaxial cable: Parallel port
pin 19 to the shield of the coaxial cable and parallel port pin 2 to the central
conductor of the cable.

Pin 2 of the parallel port is line of the first databit (databit 0) in parallel data
transmission. Sending a ’1’ through the parallel port therefore results in a 5 V level
at pin 2.



Appendix B

Laboratory routines for PLD

This appendix lists the steps that the experimentalist has to perform during prepa-
ration of a film by pulsed laser deposition (PLD). The list shall not serve as a
manual to a new student, but as a help to carry out all steps in the correct order.

Before deposition ...

do the following:

• Cut the substrate into pieces of correct size. For garnet substrates: scratch a
line with the diamond pen and break substrate along this line.

• Clean the substrate pieces in an ultrasonic acetone bath.

• Dry the substrate with nitrogen.

• Clean the substrate with alcohol, either in the ultrasonic bath or just rinse.
Remove remaining stains with pads.

• Dry the alcohol with nitrogen or rinse the substrate with deionized water and
dry the water with nitrogen.

• If the substrate is still dirty use cleaning tissue or pads with acetone and
repeat the above steps.

• Glue the substrate with silverpaste onto the oven. Be careful to have a contin-
uous film of silverpaste below the whole substrate. Be also careful not to use
too much silverpaste in order not to get silverpaste on top of the substrate.

• Shake the Al2O3 suspension thoroughly, take a stick or small screwdriver to
take emulsion from the cap. Apply the emulsion to a corner of the substrate
and let dry.
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• Place the oven under the halogen lamp. Take care to have the light focus on
the substrate. Heat and dry for 5 to 10 min at 110% power.

• Flush the substrate surface with nitrogen and cover it with aluminum foil.

• Walk to the Big Synthesis laboratory.

• Mount the target onto a suitable target holder. Take the upper edge of the
ring on the step motor axis as reference point for the target height.

• When opening the vacuum chamber, have a small flow of nitrogen through
the chamber.

• Insert the oven into the chamber. Be careful and check with the flashlight
from underneath that the oven has fastened properly in the lock.

• Connect the plugs, the green plug first, then the yellow plug, with the ’+’ to
the right.

• Check on the temperature controller that the yellow plug is connected and a
sensible temperature is indicated.

• Check the sealing of the chamber door for hairs or other dirt before you close
the door.

• Connect the bottle with pure oxygen to the chamber. Make sure that the
bottle and one valve are closed.

• Open the leakage valve to the chamber and choose purge on the flow controller.

• Open the big shutter to the pumps a little bit.

• Check that cooling water to the turbo pump is flowing.

• Start pumping. Open the shutter to the pumps completely after a short time
(15-30 seconds).

• Program the substrate heater to reach the deposition temperature with a low
rate (e.g. 10 oC/min). For overnight pumping, program a return to zero after
2 hours at the deposition temperature.

• When the turbo molecular pump is running, switch on ’small baking’ and
switch on the heater and start the programme.

• Close the window shutter in order to avoid thermal stresses on the large
window.

• Switch off small baking after 30 min.

• Set the flow controller to close.

• Close the leakage valve.
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To do the deposition ...

• Open the water connection to the laser (first out, then in).

• Close the shutter on the laser tube.

• Switch on the laser.

• Follow the warm-up procedure.

• If the laser gas pressure is below 2900 mbar (laser programme indicates ’wrong
pressure’), contact Sergey.

• The pressure in the deposition chamber should be at least below 10E-5 mbar.
The pressure decreases as the chamber cools down after the small baking.

• Set the turbo pump to half speed.

• Open the valves from the oxygen bottle.

• Choose the desired flux on the controller and set the switch to the medium
position (between purge and close).

• Open the leakage valve until the set flux is reached and stable.

• Close the shutter to pumps almost completely.

• After some time, the pressure stabilizes. Now use either the shutter or flux
controller to establish the desired oxygen background pressure.

• The power of the turbo pump should not exceed half of the maximum power,
and the pressure shown on the turbo pump manometer should be below 1
Torr.

• Fill in the laser logbook.

• Switch on the warning light in the corridor.

• Put on laser protection glasses.

• Protect the substrates with the shutter from material ablated from the target.

• Open the laser shutter.

• Check that the laser spot hits the target at the correct position. If this is not
the case, adjust the position of the laser spot by two screws on the second
mirror (close to the chamber entrance window, with indication of directions).

• Run preablative target cleaning.

• Remove the shutter to allow deposition.
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• Start deposition.

• Write down all parameters in the logbook and in your notes.

• Program the cooldown procedure for the substrate heater.

• Always wear laser protection glasses when the laser shutter is open and high
voltage is on.

• After the desired time or number of pulses, stop the ablation:

– stop the laser (automatically done by the programme, see appendix A)

– close the shutter to turbo pump

– slightly close the leakage valve

– connect the oxygen house gas to the vacuum chamber

– open the leakage valve completely

– shut down the pumps

– close the laser shutter

– wait until the desired oxygen pressure is reached and then close the
oxygen lines and the flow controller

– start the heater programme.

• Finish your logbook entries.

• Shut down the control programme on the laser computer. Proper shutdown
is important.

• Switch off the computer.

• Switch off the laser and close the laser water.

• You can safely open the chamber and take out the heater when the heater
temperature has sunk below 50 oC.

After Deposition ...

• Switch off the heater.

• Connect the nitrogen to the chamber, flush.

• Take out the target holder (if you need to grind or change the target).

• Disconnect the yellow and green plugs, be careful!

• Remove the oven.
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• Close the vacuum chamber and pump down again, or come back with the
next substrate soon.

• Go back to the preparation room.

• Remove the sample from the heater with a razor blade.

• Carefully remove the Al2O3. Remember that this is grinding paste and you
can easily destroy your film.

• Put the sample face down onto a clean tissue and remove the silver paste with
a sharp razor blade.
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Appendix C

Magneto-optical
spectrometer

Introduction

To characterize the magneto-optical effect of our films in visible light, we have built
the measurement setup described in section 4.6.2 in this thesis. Figure C.1 shows
an image of the optical bench. In the beginning, the analyzer was rotated by hand,
and a spectrum was saved after every step of rotation. In order to increase the
number of steps (and thus accuracy of the measurement) and at the same time
make the measurement less tedious, we have introduced a step motor to rotate the
analyzer.

The programme described in this manual synchronizes step motor motions and
spectra acquisitions. The LabVIEW programme makes use of subVI’s that were
delivered with step motor and spectrometer (virtual instrument - VI - is the Lab-
VIEW name for a programme, subVI the name for a subprogramme).

First, the main VI and the subVI’s are described. Afterwards, all steps of a
typical measurement are given in chronological order. The new user can follow this
list when making his/her first measurements. The last section briefly describes the
hardware.

Main VI and subVI’s

Faraday rotation control - main programme

From here, parameters for the measurement of Faraday rotation can be set and the
measurement be started (Fig. C.2). The two subVI’s used to adjust spectrometer
and analyzer can be started from here as well.
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Analyzer Polarizer 

Sample
holder 

Step motor 

Figure C.1. Optical bench of magneto-optical spectrometer.

The idea of the measurement is to rotate the analyzer in steps of about 1o and
to measure a spectrum at every step. 12000 steps of the step motor correspond to
180o of rotation. 60 steps correspond to a bit less than 1o. Present measurements
are done with this step of analyzer rotation.

Measurement Sequence

This box allows to set initial position (START STEP), final position (STOP STEP),
and step size (STEP INTERVALL) of the motor motion. The switch CW-CCW
(clockwise versus counterclockwise) determines the sense of rotation. The step
where the latest spectrum has been recorded is shown in RECORDED STEP.

Spectrometer Parameters

INTEGRATION TIME is the time during which the spectrometer acquires a single
spectrum. The programme will crash if INTEGRATION TIME is set below the
minimum value of 3 ms. AVERAGES gives the number of spectra that are averaged
in order to produce the spectrum shown on the screen. If BOXCAR > 0, the
intensities of neighbouring measurement points are averaged; too large numbers
lead to unwanted artificial smoothing of the recorded spectrum. Nonzero EXTRA
DELAY introduces extra waiting times between motion of the step motor and
acquisition of spectra. DELAY TIME is INTEGRATION TIME times AVERAGES
plus EXTRA DELAY. All times are in milliseconds. The programme reacts to user
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Figure C.2. Faraday rotation control - main VI.

commands only after the current spectrum has been finished - therefore it reacts
very slowly at long delay times.

Halfturn of Analyzer

Pushing this button turns the analyzer by 180o. For a measurement of the spectrum
of Faraday rotation, two separate scans of the analyzer have to be performed, one
for the magnetic field parallel and one for the magnetic field antiparallel to the
beam of light. After the first scan, it is convenient to press the HALFTURN OF
ANALYZER button in order to go back to the initial analyzer angle.

Lower Box

The RECORDING SPECTRUM indicator is yellow when a spectrum is being
recorded. The analyzer angle is shown in ANALYZER ANGLE. This value should
not be confused with RECORDED STEP. ANALYZER ANGLE is the real angle
whereas RECORDED STEP just runs from START STEP to STOP STEP.

All data is stored in files in the directory given in the lower box. Every spectrum
is saved in a separate file, the name of the file currently being saved corresponds to
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the current step and is shown on the screen. One complete measurement generates
400 files with a total size of 15 MBytes.

Graph

The graph shows the intensity as a function of wavelength. Always the most lately
measured spectrum is shown here. In order to change the scale, click on the mini-
mum or maximum value, enter a new value and press enter.

Other

Four more buttons exist on this VI, these are

• ADJUST SPECTROMETER to open a subVI for calibration of the spec-
trometer,

• ADJUST ANALYZER to start a subVI that allows initialization of the ana-
lyzer,

• START ACQUISITION,

• END PROGRAMME.

Adjust Spectrometer

ADJUST SPECTROMETER is a subVI supplied by the spectrometer manufac-
turer, just the appearance has been adapted to our application (Fig. C.3). This
subVI gives full control of the spectrometer. In the context of the magneto-optical
measurements, only the button STORE DARK needs to be used to record a dark
spectrum. This spectrum should be recorded under the conditions where the real
measurements are done, but the beam of light should be blocked. INTEGRATION
TIME, AVERAGES, and BOXCAR are automatically chosen to be those given in
the main programme. Close this subVI by pressing STOP.

Adjust Analyzer

This subVI (Fig. C.4) makes it possible to initialize the analyzer position by hand
so that, e.g., zero intensity corresponds to the analyzer angle 0o. INTEGRATION
TIME, AVERAGES, and BOXCAR are not taken over from the main programme
because it is usually more convenient to run ADJUST ANALYZER with fewer
averages than the actual measurement.

INITIAL ANGLE is the value of ANALYZER ANGLE taken from the main
programme. With SET ANGLE, a new value can be assigned to ANALYZER
ANGLE.

The motor moves the number of STEPS TO MOVE upon pressing the MOVE
STEP MOTOR start button.
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Figure C.3. Adjust spectrometer - subVI.

CURRENT ANGLE is self-explanatory ... This subVI is closed by pressing
PROGRAMME END.

Move Step Motor

This subVI works only in the background. It has been supplied by the company
that sold the step motor. Only the variables STEPS and MODE are used. MODE
can take the values 1 and 2, which determine the sense of rotation. The other
parameters are kept fixed: write port (768), read port (772), repetition (1), speed
steps (180), steps to decel (180), PWD (7), acceleration (1), synch (0), synch mode
(0), mode 2 (0), and step division (0).

Tutorial: typical measurement

This section gives a list of steps to be carried out during a measurement of the
spectrum of Faraday rotation. The spectrometer measurements are temperature
dependent. As the spectrometer is mounted inside the computer, the computer has
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Figure C.4. Adjust analyzer - subVI.

to be run under experimental conditions for some time until a constant temperature
is reached inside the computer. It is therefore sensible to start with 30 to 60 min
of warm-up measurements.

• Switch on the fibre-optical lamp at least 10 min before the measurement.

• Start the main programme.

• Choose a low number of AVERAGES (e.g. 10).

• Set the parameters in the MEASUREMENT SEQUENCE box, e.g., START
STEP=0, STOP STEP=12000, STEP INTERVALL=60, CW.

• Enter the directory where you want to store the data files.

• Press ADJUST SPECTROMETER.

• Block the beam of light.

• Press STORE DARK.

• Open the beam of light. You should now see the spectrum.

• Press STOP.
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• Press ADJUST ANALYZER.

• Find the angle of zero transmission with the help of STEPS TO MOVE,
CW-CCW, and MOVE STEP MOTOR. You might find it useful to adjust
the intensity range in the graph. For some unknown reason, the programme
often crashes when you try to move the step motor for the first time.

• Set analyzer angle (using SET ANGLE) to zero at the angle of zero trans-
mission.

• Move to angle 6000 and insert the sample (no magnet).

• Find an integration time such that the intensity is maximized, but without
saturating the spectrometer at any wavelength.

• Move back to angle 0.

• Press END PROGRAMME.

• Set the optimized integration time in the main programme.

• Choose AVERAGES for the measurement (e.g. 200 or 500).

• Open ADJUST SPECTROMETER.

• Block the beam of light.

• Press STORE DARK. Now the average intensity should be zero.

• Open the beam of light. Insert the magnet, e.g., with the star to the right.

• Press STOP.

• In the main programme, press START ACQUISITION.

• Wait until all spectra have been recorded.

• Reverse the direction of the magnet.

• Press HALFTURN OF ANALYZER.

• Use the time while the analyzer turns to change the directory where you store
files (e.g., to c:...starleft).

• Block the beam of light and check whether the average intensity is still zero.
If it deviates from zero, store a new dark spectrum.

• Press START ACQUISITION.

• Wait until all spectra are recorded and start data evaluation!

The concept of data evaluation for these measurements is simple, but the vast
amount of data requires an automized evaluation by computer. My method of
evaluation is described in my thesis (section 4.6.2), and a Mathematica programme
is available from me.



122 Appendix C. Magneto-optical spectrometer

Hardware

Spectrometer

We use a PC2000 spectrometer by OceanOptics. The spectrometer covers the
wavelength range from 300 to 1100 nm (grating Nr. 13). It is mounted inside the
PC on an ISA card. Our PC2000 has 50 µm slitwidth. The detector is a linear array
of 2048 silicon diodes. This configuration corresponds to a resolution of 5.5 nm,
according to the manufacturer [76]. As a light source, we use a tungsten halogen
lamp. This fan-cooled source emits light from above 350 nm wavelength.

Rotational stage with step motor

The rotational stage used in the setup is model 8MR174 by Standa. The rotational
stage employs a Berger-Lahr stepmotor, which provides 24000 steps per one full
rotation. The step motor is controlled by the Standa 8SMCC1 controller card,
which is mounted inside the computer.
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Feasibility of magneto-optic flaw visualization using thin garnet films.
NDT&E International, 33:547, 2000.

[91] M. Shamonin, M. Klank, O. Hagedorn, and H. Dötsch. Magneto-optical
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