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Abstract

Bismuth-doped lutetium iron garnet thin films for the magnetostatic wave
(MSW)-optical mode interaction were grown on paramagnetic gadolinium gallium
garnet substrates from a PbO-based flux with varying amounts of MgO added. The
ferromagnetic resonance (FMR) linewidth, optical waveguide absorption at 1320 nm
wavelength, and magnetostatic wave passband were measured. The addition of
magnesium drastically reduced the FMR linewidth, which reflects on the ability to excite
magnetostatic waves in the film, as the divalent magnesium ion replaces the Pb2+ ion
and charge compensates the Pb#+ ion. The optical absorption is only slightly
increased due to creation of Fe4+ jons to compensate for the Mg2+. The direct
measurement of MSW passband showed a slight improvement in insertion loss at a
low valué of MgO doping, but it is still high and the passband shape is distorted. The
higher than desired insertion loss is believed to occur as a result of inhomogeneities
present in the films. The presence of inhomogeneities was confirmed by measured
variations in absolute FMR resonance field across the wafer. However, if, as
postulated, the MSW-optical interaction occurs close to the MSW launching antennas,

the high insertion loss will not seriously degrade MSW-optical conversion efficiency.
By incorporating NacO in the melt, it was shown to be possible to allow an adjustment

of uniaxial anisotropy with subsequent annealing. Uniaxial anisotropy is an important

parameter for the MSW-optical interaction.

These improvements coupled with future refinements of the growth techniques to
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ensure homogeneity of the film composition suggest the potential for this material's
applicability to magnetooptic signal processing devices based on the magnetostatic

wave-optical mode interaction.



1. Introduction

Single crystal garnet thin films have been shown to be a good material for optical
waveguides and devices [1]. Under certain conditions, microwave frequency
magnetostatic waves can interact with the optical guided mode in these films, allowing
optical modulation at microwave frequencies to be possible [2-5]. This modulation can
be used to realize communications and signal processing devices, and with better
properties than acousto-optic or electrooptic modulators in some cases [6].

Applications for the MSW-optical mode interaction exploit this modulation of the
optical mode at the high microwave frequencies of the magnetostatic wave. Both
optical and microwave device possibilities can be envisioned. In the optical domain,
the primary application would be modulation of the optical signal through the
waveguide at microwave frequencies, encoding microwave frequency density
information on an optical carrier [2,3]. This could be extended to the digital regime,
using the interaction as a switch, capable of up to gigahertz range speeds. The optical
mode itself can also be shifted in frequency, allowing fine tuning of the light wave [7].
Filtering would be another area of application for this technology, as the band of the
filter could be easily and quickly tunable by the administration of the magnetostatic
wave [8].

The microwave domain would benefit from maturation of this technology also, as
specific optical modes could be used to analyze the spectrum of a conglomerate

microwave signal [9]. Filtering could also be done.



The basic component upon which these applications are based is the optical
mode converter. This device may also be used to measure the efficiency of the
interaction [4,5,10]. In the absence of the magnetostatic wave, the k-vectors of the two
orthogonally-polarized optical modes are sufficiently different to prevent efficient mode
conversion. The interaction of the magnetostatic wave and the incident optical mode
results in the algebraic addition of the k-vector of the magnetostatic wave to that of the
optical mode. The k-vector addition is sufficient to bridge the small k-vector gap
between the two polarizations. This results in the input polarization of the optical
mode being converted to the other polarization at the output.

These devices require the garnet film material to exhibit properties suitable for
the propagation of both microwave-frequency MSW's as well as optical laser modes.
The optimal parameters for the two regimes may be quite different, as with film
thickness, or difficult to obtain together, as with high Faraday rotation and low optical
absorption. This requires compromise in the grown film which degrades efficiency of
the interaction. Future studies might incorporate a multi-layer format, with one layer
optimized for microwave-MSW properties and another for optical waveguiding. It has
been shown theoretically that the MSW-optical mode interaction could take place with
maximum efficiency in such a heterostructure format [6].

The garnet material system is also promising for other device applications
exploiting the magnetooptic effect. The possibility for other devices has been
demonstrated, including a temperature-independent optical isolator, useful for

eliminating feedback from laser optical systems. This device was realized from a



bismuth-lutetium-gadolinium: bismuth-gadolinium iron garnet composite film [11]. A
novel magneto-optical wheel rotation rate sensor was fabricated from a
bismuth-doped, multi-rare earth, silicon-doped iron garnet [12]. The magnetooptic
propetties also can lend themselves to the realization of printing or display devices,
with small pixels of the material at different polarizations, changeable with laser light
[13,14].

The first garnet studied with regard to the MSW-optical mode interaction was

yttrium iron garnet, YaFeg012, also called YIG [2]. Certain problems arise in the use

of pure YIG with the interaction. The fairly low magnetooptic effect, for example, in the
form of Faraday rotation, degrades the efficiency of the interaction. Luckily the garnet
system is well suited to fine tuning properties by way of varying composition [15]. The
rare earth elements prove to be ideal for substitution into the crystal sites usually
occupied by the yttrium. Bismuth can also substitute into these sites [16]. Bismuth is
used to drastically increase the Faraday effect, and lutetium, with its smaller atomic
size, can balance out the lattice mismatch that occurs with simple bismuth doped YIG
[17].

The single crystal garnet thin films are grown by liquid phase epitaxy (LPE) [18].
A transparent, paramagnetic garnet substrate, gadolinium gallium garnet, is used as it
has a very good lattice match to the rest of the system [19]. The substrate is dipped
into the heated, though supersaturated, solution of the garnet component oxides in a
flux, and the film grows [20]. YIG is usually grown from a lead oxide-based flux, but

problems such as increased optical absorption arise from lead substitution into the



films [21]. Experimental work has been done by other researchers with a bismuth
oxide-only flux to eliminate some of the lead substitution problems [5, 22]. Difficulties
with this system include high melt viscosity [23]. Sodium addition is suggested to
eliminate the problem [24]. However, in earlier work at CMU, lingering viscosity
difficulties degrading the surface, prohibitively high optical attenuation in the films
grown, and a greater dependence on temperature accuracies for the bismuth oxide
flux pointed back to the original PbO-based flux system.

Magnesium oxide (MgO) was used by Tamada, et. al. as a dopant of the
bismuth-only melt to improve both optical and magnetostatic wave attenuation in the
waveguide [5]. Also, Nelson and Harvey have shown that magnesium can reduce the
optical transmission attenuation of BiLu iron garnets grown from PbO-based melts
perpendicular to the film [25], but the MSW-optical interaction requires examination of
attenuation in the film as a waveguide.

In this study it is shown that the FMR linewidth reduction from MgO can be

achieved in the PbO-based melt, without significant increase in optical absorption.



2. Thin Film Garnets

2.1. Garnet Material System

The base crystal system for the single crystal garnet technology is yttrium iron
garnet, or YIG [15]. The garnet is characterized by a complex, but basically cubic,
crystal structure with three main lattice site categories plus oxygen atoms (See Figure
1). In the YIG system, the dodecahedral sites, or c-sites, are occupied by the yttrium ion
with a valence of +3. For more complex garnets it is these sites that contain the rare
earth or bismuth ions. There are three dodecahedral sites per formula unit, and each
site is surrounded by eight oxygen atoms. The octahedral and tetrahedral sites are
both occupied by iron ions, also with +3 valence. There are 2 octahedral sites,
surrounded by 6 oxygen atoms, and 3 tetrahedral sites, surrounded by 4 oxygen atoms,
resulting in a total of 5 iron sites per formula unit. Nonmagnetic ions such as Ga3+ can
also be substituted into these sites to dilute the saturation magnetization. This is
undesirable in the application to the MSW-optical interaction, and so only iron atoms
are required here.

The yttrium ion is nonmagnetic, as is lutetium, due to filled outer electron shells.
Bismuth is also nonmagnetic [16]. This results in the iron ions being the only
contributor to the magnetization of these films. The two iron sublattices, the 2

octahedral and 3 tetrahedral sites, oppose each other in magnetization due to
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Figure 1. Diagram of lattice sites in garnet crystal structure. (From

Eschenfelder [7].)
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magnetic interaction, so the net result is the magnetization of one iron ion. The
substrate used in these experiments is the paramagnet gadolinium gallium garnet
(GGG), Gd3Gas012, which has gallium completely replacing the iron.

Lattice spacing is important in the growth of garnet thin films, as improper
matching of film to substrate can result in cracking as well as other effects. The lattice
constant for the GGG substrate is 12.383 A. Pure YIG is very close to this, and so
results in a good lattice match. The substitution of bismuth into the dodecahedral site
changes this, however. The bismuth ion is much larger than the yttrium. If the bismuth
were to completely substitute for the yttrium, the resulting lattice constant would be
12.621 A. ltis for this reason that the rare earth lutetium is used [17]. Pure LulG has a
lattice constant of 12.283 A. Interpolation does not result in significant error, and so the
correct ratio of bismuth to lutetium can be found for lattice match. In the following

expression for lattice mismatch,

Aa 12.383-[(12.621-12.283)x +12.283]
a - 12.383 ’

setting the mismatch Aa/a equal to zero yields a Bi/Lu ratio of .295. This value
multiplied by the 3 dodecahedral sites per formula unit yields a final stoichiometric
representation of BiLulG as Big_ggl.uo 11Fe5012. for lattice match [13].

The resultant increase in Faraday rotation with increasing bismuth content may
be explained by a diamagnetic transition. This transition is an electron transition
between energy levels. The upper energy level exhibits a degeneracy into three
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separate levels. The two different possible incident polarizations of light result in
excitation from the ground state to two different energy levels of the degeneracy. The
difference manifests in a large changing response of two elements of the permittivity
tensor, at a certain frequency corresponding to the energy gap of the transition.
However, the increase in magnetooptic effect may not be fully accounted for by
the intrinsic bismuth transitions. It has been found that the bismuth ion also affects the
trivalent iron transitions, on both the octahedral and tetrahedral sublattices. Bismuth
increases the intensity of these paired transitions through the superexchange between
the iron ions on the opposite sublattices, and also results in a split excited state, adding
to the magnetooptic response. These two mechanisms account for most of the noted

increase in the magnetooptic effect, but there are also additional smaller contributors

[16].
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2.2, Growth

The standard growth technique for thin films of garnet is liquid phase epitaxy
(LPE). This technique allows the growth of single crystal thin films with a wide
variation of properties [18]. The basic method employed is horizontal dipping [19], with
other orientations also possible [20]. The substrate is immersed in a high-temperature
supersaturated melt of the garnet components in a flux. The substrate acts as a Seed
crystal, and the garnet constituents crystallize on the wafer surface.

The substrate is a paramagnetic, transparent, GdgGasO12 single crystal, grown
by the Czochralski method of pulling and rotating a seed crystal from a melt of the
crystal components, resulting in long round boules. Wafers are then cut from the

boules and highly polished.

The dipping technique involves the substrate wafer being suspended from a
platinum three-pronged holder horizontally. The holder is attached to a vertical
alumina (AloO3) rod which is inserted into the tube of the furnace. The furnace
consists of a platinum-rhodium wire wrapped around an alumina core cylinder. The
wire winding is divided into three zones, with the current into each zone controlled by
a separate temperature controller, monitored by a separate, platinum:10%
rhodium-platinum thermocouple. Inside the cylinder is another smaller cylindrical
pedestal upon which rests the platinum crucible containing the melt component
oxides. There is another thermocouple under the pedestal to measure the

temperature right at the melt crucible. The powder oxides are measured into the
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crucible and then placed inside the furnace and heated past the saturation
temperature of the garnet component oxides in solution in the flux.

The standard flux for the YIG system is a lead oxide-boron trioxide (PbO-B2O3)
mixture. These oxides melt at a reachable temperature, as low as 700°C depending
on composition, and the other garnet components dissolve in the melted flux.
Conventionally, the flux composition is described by R-ratios which correspond to
different ratios of important components. These have been experimentally determined
to be important by Blank and Nielsen [20]. For the PbO-based flux used here, the

important ratios are

R Fe03

1= LU203
R, __ 2P0

37 ByO3 + NapOs
R F6203 + LU203

4 =

Lu,Oy + Fe,0q + B,0s + Nay00g + %Pbo +BisOy

R. - MO

6~ 2Fe,05 + MO -

In addition, the ratio of PbO to BioOg3 is important.

For this study, the following R-ratios were suggested by Dr. D. Gualtieri at Allied
Signal: R1=20, R3=14.4, R4=0.17, Rg=0, and Pb/Bi=1.5. One film was grown from this
melt composition at Allied Signal and sent to CMU for analysis [26]. Films were then
grown at CMU with Rg varying from 1% to 3%.

Experimental work has been done with a different flux system using BioO3 only

as the primary flux [5,23]. Films grown at CMU, following a previously reported
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lead-free flux, have been unsuccessful due to extremely high viscosity of the melt at
the low temperatures required to obtain sufficient bismuth incorporation for lattice
match. The viscous flux would adhere to the film upon removal from the melt, and

cause further growth at the locations of the adhered droplets. The addition of sodium
carbonate to the flux, a precursor of sodium oxide, NasO, was attempted in order to

reduce the flux viscosity and the subsequent flux adhesion to the newly grown film.
The sodium reduced the viscosity somewhat, but small crystallites and other impurities
remained in the films. This caused problems for optical waveguiding, contributing to
difficulty of prism coupling as well as high optical absorption. A study of the effects of
the sodium incorporation into the films on the magnetic and magnetooptic properties
was performed as a result of this, and showed no adverse effects [27], so sodium was
used in the lead oxide-based meit to help lower the viscosity in that system at low
growth temperatures.

The flux oxides were measured to produce a 300 gram melt, which
approximately fills the platinum crucible one third of the way to the top when melted.
The oxides are originally in powder form, however, and therefore must be compressed
in some way. Other studies have used several melting times; heating up and cooling
down the crucible with a fraction of the total oxides added to the crucible each time.
However, the repeated heating and cooling can cause inhomogeneities in the melt,
and so in this study all of the oxide was placed in the crucible at the same time, using a

mortar to press in the components. The melt was scaled down to allow all the oxide to

fitin at once.
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