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Abstract

This thesis deals with the subject of fibre optic magnetic field sensors
utilizing iron garnet materials. Such materials exhibit a large Faraday
rotation which make them advantageous for application in compact mag-
netic field sensors.

After an introduction, in which fibre optic sensors and optical methods to
measure electric current are reviewed, the original research work is
summarized.

A system for the measurement of the magneto-optic properties of trans-
parent materials is described. Measurement results, showing the influence
of temperature, magnetic field direction and sample treatment on the
magneto-optical properties of YIG-crystals, are presented. The properties of
thin magneto-optical waveguiding films have also been studied using
different light coupling methods. Measurement results obtained for holo-
graphic grating, prism and edge (end-fire) light coupling to different
substituted YIG films are presented. It is shown that the launching method
may affect the properties to be measured.

The design and performance of several versions of extrinsic guided wave
fibre optic magnetic field sensors are then reported. The sensors employ
substituted YIG (Yttrium Iron Garnet, Y3zFesO12) thin film waveguides as
sensing elements. Polarization maintaining fibres were used as feed and
return to provide two signal channels. The signals were combined in a
balanced measurement system, providing insensitivity to both fluctuations
in optical power and loss. Sensors have been made both with separate fibres
to guide the light to and from the sensing element and with a single fibre for
both functions. The two fibre version, although less "elegant”, is found to
have a better performance. This version also makes it possible to determine
both the magnitude and sign of the magnetic field. Measurement results
indicate a usable measurement range of at least several mT with a noise

equivalent magnetic field level of less than 8 nT/A/Hz.

The design and performance of multimode fibre optic magnetic field
sensors utilizing the Faraday effect in an epitaxially grown thick
(YbTbBI)IG film is also described. This type of sensor is found to be linear
over a range from 27 mT to less than 270 nT. Sensor prototypes suitable for
current monitoring in high voltage transmission lines have also been
developed.

Descriptors

YIG, iron garnets, rare earth garnets, magneto-optics, optical waveguide,
fibre optic sensors, magnetic field measurement, current measurement.
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Fibre Optic Magnetic Field Sensors Utilizing Iron Garnet Materials

1. The aim and organization of the thesis

The industrial development has created a growing demand for new types of
measurement and therefore new types of sensors, to enhance the quality of
different processes. The physical environment for the sensors has, at the
same time, become tougher and more electromagnetically polluted.

To overcome the electromagnetic pollution and also to achieve other
advantages, there has, starting in the mid seventies, been a steadily
growing interest in fibre optic sensors. Optical methods have long been used
for measurement purposes, but the technological base developed for fibre
optic communication applications has widened the scope considerably. Fibre
optic remote sensing systems, providing immunity to electromagnetic inter-
ference, electrical isolation and a number of other advantages, could now be
developed.

The measurement of magnetic field or current in electrical power systems
are applications in which these advantages are very significant.

This thesis is to a large extent based on work made as part of the "Single
Mode Sensor Project” that was started in 1981 as a co-operative effort by the
Instrumentation Laboratory of the Royal Institute of Technology, the
Institute of Microelectronics (IM) and the Institute of Optical Research (10F).
The project was financed by the National Swedish Board for Technical
Development (STU).

The aim of the project was to study the applicability of single mode
optical fibre technology for sensor use. ASEA AB (now ABB), one of the
proponents of the project, had at that time developed a number of
multimode fibre optic sensors. Partly because of their interest the develop-
ment of a magnetic field or electric current sensor was chosen as the
working goal.

Most of the electric current sensors developed at that time utilized the
Faraday effect in long lengths of fibre, coiled around the conductor. The
difficulties encountered with such sensors led us to study sensors based on
localized sensing elements made from materials having a large Faraday
rotation, e. g. YIG (Y3Fe5012).

During the early stages of the project work, polarization maintaining
fibres became available. We then recognized the possibility of a system in
which polarisation maintaining fibres were used to carry the light to and
from a sensing element in the form of a YIG waveguide.

Studies of multimode sensors using bulk YIG or thick films of substituted
YIG , were also carried out. A number of such sensors were developed for
different applications.

The aim of this thesis is to study the feasibility of magnetic field sensors
based on iron garnet materials. As both single-mode and multimode sensors
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Fig. 1. A magnetic field sensor in the form of a waveguiding "chip” — the idea
as envisioned during the initial stages of the project.

are treated, the thesis can also be said to form a comparison of the two
types.

Measurement technology is an application oriented research area, and
the stress in this thesis is on the sensor development and the material
characterization. The papers on which the thesis is based describe different
aspects of the sensor development work, from the initial ideas to working
sensor prototypes. In this summary | will primarily motivate and discuss
the work in order to give a context to the different papers. For this purpose
the summary includes an introduction in which the theory is outlined and
also some illustrative results, that were omitted in the papers due to the
limitations of the conference contribution format. The introduction also
contains an overview of fibre optic sensors and current measurement in
general. In section 3, | then outline the sensor development and the role of
the material characterization. The summary of my work is given in sections
4 and 5. At the end of each of these two sections references are given to the
different papers. Finally, in the conclusion, I summarize and speculate
somewhat about the implications of the results.
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2. Introduction

Fibre optic sensors

Definitions

A fibre optic sensor consists of an optical sensing element which under the
influence of the quantity to be measured modulates light, and optical fibres
to guide the light to and from the sensing element. When also the sensing
element consists of optical fibres, the sensor is intrinsic, and when the fibres
are only utilized to guide the light to and from the sensing element, which is
itself external to the fibre, the sensor is extrinsic. In literature, the term
fibre optic sensor is sometimes reserved for the intrinsic sensors only.

This definition does not include pyrometers that use an optical fibre
between the collecting optics and the detector. Formally it also excludes the
pyrometric devices that measure the temperature of a metallic film on the
fibre end and similar devices where the sensing element “emits light”,
although they are often considered to be fibre optic sensors.

Another class of sensors that should be mentioned in this context are the
optically powered electronic sensors or hybrid sensors. As all their connec-
tions with the outside world are optical, they share many of the advantages
of the fibre optic sensors, while at the same time they allow the use of estab-
lished electronic sensing principles. They may also provide a way for
conventional sensors to be integrated into optical sensor networks.

Historical notes

Optical measurement methods have long been used: optical telephone
transmission was patented in 1880, and patents from 1927 (Marconi Co.)
and 1934 (American Telephone & Telegraph Co.) 1 show the principles of
optical fibres, wavelength multiplexing, etc. Without usable optical fibres
and laser light sources, however, little progress was made. In the 1960's the
laser was invented and optical fibres became available, figure 2. The rapid
development in the optical communications field has since then made
optical and electro-optical components available at reasonable prices also for
measurement applications.

In the first fibre optic sensors that were developed, bundles of optical
fibres were used 2, but similar sensors with single fibres soon appeared 3.
During the early 70’s many of the commonly used sensing principles where
developed 456,78, Since then, the technological advances of the fibre optic
communications research and development have immediately been taken
advantage of in the sensor community.
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Fig. 2. The minimum losses of fibres developed for optical communications.

The truly unique features of the fibre optic sensors, their immunity to
electromagnetic interference and their electrical isolation, were recognized
from the very start, and scenarios from the seventies indicated a complete
switch to optical measurement technologies. What was not, however,
thoroughly recognized was that industry really needed reliable standardized
equipment with proven performance, not laboratory prototypes. After a
general disappointment at the end of the 80’s, there is now in the 90's a
renewed optimism, though on a more realistic scale, as the first industrial
prototypes of fibre optic sensors are being introduced. One of the leading
application areas for this is the electrical power industry, one of the areas
where the original interest first stirred, indicating the important role of
time and a pioneering application in the acceptance of new technologies.

Principles

Just as with the conventional electric sensors the number of combinations of
measurement quantity, sensing principle and output parameter is large.
The output parameter, the type of modulation that carries the information
from the sensing element is a possible principle of classification.

The optical power or the intensity of the returned light is a fundamental
parameter. In fact, intensity is the only quantity we can measure. All other
guantities must in some way be converted to intensities at one or more
detectors and possibly with a variation with time.

The use of the term intensity here is somewhat unclear. Intensity or
radiant intensity is, according to international standards, defined as power
per solid angle. Although this quantity is modulated when the total power is
modulated, it would in principle be more correct to speak of optical power
and power modulation. The use of the term intensity as a relative measure
of power is, however, established in literature and will also be followed in
this text.
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In an extrinsic intensity sensor the modulation can take place in an
optical system with moving parts 9, a piece of material with an environ-
mentally dependent optical loss 19, etc. In an intrinsic sensor the modula-
tion is caused by a variation in the optical properties of the fibre itself.
Several loss mechanisms can be exploited, microbending 11.12] reflections
from gratings in the fibre 13, temperature dependent scattering in the
fibre 14, losses caused by dopants in the fibre and light decoupling from the
fibre 15 are some examples.

Several of these are loss mechanisms that are always present in a fibre
optic system. This indicates a major weakness of an intensity based sensor:
there is in principle always a loss variation in the optical system and this
could not directly be discriminated from variations in the measurand. Often
however, some known properties of the measurand signal can be used to
separate it from the loss variation.

To completely remove the uncertainty that is created by the loss varia-
tion, a system with a reference channel can be used. In such a system two
light intensities are measured. If the relation between the influence of the
loss and the influence of the measurand is different for the two channels,
the influence of the loss can be removed. One realization of this is the
balanced system in which the sum of the two detected intensities is affected
by the system loss and the distribution between them only by the
measurand. A similar approach is to use the intensity variations with time
to achieve a system that is independent of the absolute intensity. The use of
fluorescence decay for temperature sensing has been studied 16,

The wavelength of the light can be used to carry information in several
ways. The sensing element can cause a wavelength dependent loss and
transmit only certain wavelengths of those emitted from a broadband light
source 17. The sensing element can also receive light with one wavelength
and emit light with another. The information can then lie in the spectral
content of the emitted light 18, in which case it is a true wavelength modu-
lation, or in the intensity of the converted light, in which case it is better
described as an intensity based system, perhaps with a reference channel.

The phase of the light is used in the very sensitive interferometric
sensors 19, In such a sensor the free-path arms of a conventional inter-
ferometer are replaced by optical fibres that make the interferometer much
more rugged and at the same time very sensitive to any change in the
effective refractive indices or lengths of the fibres. The changes can for
example be caused by an absolute rotation, making the device a rotation
sensor; the environmental pressure, making it a very sensitive hydrophone
or a magnetostrictive perturbation, making it a very sensitive magneto-
meter.

The polarization state of the light can also be utilized in the sensing
element. The most usual examples of this are sensors using the Faraday
effect, as will be further discussed below, but extrinsic electro-optic electric
field sensors 20 and pressure sensors based on photoelastic effects in extrin-
sic sensors 21 or in fibres 22,23 can also be found in literature. The
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polarization state can, however, not be used as the information carrying
parameter in the fibre.

Most of the sensors that use polarization modulation in the sensing
element internally convert it to an intensity modulation. Alternatively, it
could be converted to two different intensities creating a balanced system,
cf. above. The use of a polarization maintaining optical fibre makes it
possible to transmit these two channels in one fibre core.

Single-mode or multimode

Out of the above mentioned parameters, only the wavelength and the inten-
sity can be maintained when the light propagates along a multimode fibre.
The optical loss variation always present in a practical system, however,
limits the applicability of intensity as the information carrier. The many
different propagation modes allowed in the multimode fibre, give rise to a
dispersion that destroys the phase information and causes a bandwidth
limitation for the intensity information.

The core of a single-mode fibre is so thin, normally 5-10 um, that only
one mode is allowed. For monochromatic light it has no dispersion. The
small dispersion associated with the spectral width of the light can, in many
instances, be ignored. The phase information is retained in the single-mode
fibre. The phase drift associated with changes of the optical length of the
fibre must, however, be taken into account. The polarisation state cannot be
maintained for any longer lengths of fibre because the almost perfect
circular symmetry of the fibre makes the two orthogonal polarization modes
degenerate, allowing the polarization state to change under the influence of
the fibre birefringence.

The polarization maintaining (p. preserving) fibre is a special type of
single-mode fibre with a core that is elliptical or has an anisotropic index of
refraction. This removes the degeneracy of the fibre polarization modes,
allowing them to exist independently of each other. Polarized light coupled
into the fibre will, thus, be distributed into the two polarization modes and
will then travel along the fibre without mode coupling. The polarization
state is in fact not generally maintained as the phase relation between the
two orthogonal components present at the input is lost due to the difference
in propagation constant for the two modes. The intensity ratio between the
light in the two modes is however maintained. Only for the special case
where only one polarization mode is excited the fibre is really polarization
maintaining.

Planar waveguides

Just as light can be guided in an optical fibre which is a circular waveguide,
it can be guided in a planar waveguide. The simplest structure is the planar
slab guide, figure 3, where a planar film of refractive index n¢ is sandwiched
between a substrate and a cover material with lower refractive indices
(nf>ns, n¢). Often the cover material is air (nc=1). In the slab guide there is
no confinement of the light in the plane of the film.
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Fig. 3. The planar slab waveguide.

The light is guided in the same way as in an optical fibre, though con-
fined only in one dimension. Just as with the fibre, there are single-mode
and multimode guides. Some of the material combinations used for planar
guides have much larger index differences than normally used in fibres.
Because of this, waveguide thicknesses, h, of 1 um or less are often
necessary to achieve strict single-mode guiding.

In analyzing the guide one has to treat the case of TE (Electric field
transverse to the propagation direction) and TM (Magnetic field transverse to
the propagation direction) state of polarization separately. Due to the
different phase shifts on total reflection, the propagation constants will be
different for the two cases. For small index differences and with thick
guides, the difference in propagation constant between the TE and the TM
mode, A, is small,

AB = BTE-BT™M

In many practical cases however, the magnitude of A is noticeable.

Below, | will describe how the Faraday effect in a planar waveguide can
be treated as a coupling between the TE and TM modes of the same order.
This coupling cannot effectively take place if the two modes do not run in
synchronism, i. e. if AB is far from zero.

As in a slab waveguide there is no confinement of the light in the plane of
the waveguide, one must use the planar equivalent of conventional "bulk
optical” methods to control the light in the transverse direction. The
alternative is to confine the light in both dimensions with a channel
waveguide.

Magnetic field measurement

Before dealing with the optical magnetic field measurement methods, a
short description of magnetic field measurement in general is relevant.
Magnetic field measurements are not only made to measure the magnetic
field itself, but also to provide indirect information about other quantities.
Measurement of electric current, rotation speed measurement using a
permanent magnet and a pick-up coil, acoustic pressure sensing using
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Fig. 4. Magnetic field sensor comparison, adapted from 26. In addition to the
data taken from the reference, the magnetic field range for the sensors
demonstrated in this thesis is given.

dynamic microphones, and submarine detection using SQUID:s
(Superconducting Quantum Interference Device) to detect perturbations of
the earth’s magnetic field are some examples. In addition to the large
practical differences, the ranges of magnetic field encountered are very
different. The measurement of electric current may involve fields exceeding
1 T, while submarine detection demands a noise level around 10-11 T 24,25,
The required bandwidths range from about 1 Hz for submarine detection to
GHz for EMC measurements.

An overview of some different measurement technologies is given in
figure 4. The magnetic field range for the fibre optic sensors demonstrated
in this thesis is indicated in addition to the data from the reference.
Evidently, sensors utilizing magneto-optical effects cover a large field range.
Together with the "Fibre-Optic Magnetometer”, they cover the entire range
given in figure 4 except the very low fields that can only be detected by
SQUID Magnetometers.

Measurement of electric current has been the main application con-
sidered in this work. It is, therefore, appropriate to widen the view and also
have a brief look at current measurement in general.

Measurement of electric current

Current and perhaps voltage are the only quantities that can really be
measured with conventional electrical methods. All other quantities are
converted to a current or a voltage that can in turn be measured, e. g., by an
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indicating instrument. It may therefore seem somewhat surprising to find
that there is a considerable interest in unconventional methods to measure
current in high voltage power systems. A cause for this is that even though
the measurement is in principle a simple one, it is in practice complicated
for two reasons: the power dissipation in the measurement circuit and the
need to keep the display unit at ground potential.

The conventional way to solve this is to use a current transformer that
transforms the current down to a reasonable level and provides an isolation
barrier between the primary winding at line potential and the secondary
winding at ground potential. The size and cost of such a current trans-
former, however, increase with the line voltage. Also, current transformers
can only be used for AC measurements. For DC measurements, more
complex devices with Hall elements are often used.

The increasingly complex control systems used in the power transmission
networks also creates a need for more points of measurement and a wider
range of measurement situations. Current metering for billing purposes is
usually done with equipment having an accuracy in the order of 0.2% and
with a relatively low bandwidth, typically less than 1 kHz. For control and
protection purposes, however, errors of 1% or even more are usually
accepted. There is even a need for on/off devices that indicate the presence
of current over a certain level.

Current transformers with optical downlinks as well as systems using
the Faraday effect at microwave frequencies have been investigated 27 . In
recent years the interest has, however, been focused on fibre optic systems.

Optical methods for magnetic field and
electric current measurement

Two main methods

Most of the work that has been published on optical methods to measure
magnetic fields concern either the Faraday effect or magnetostrictive
perturbation of optical fibres. The Faraday effect, which is a change of the
polarization state of propagating light under the influence of a magnetic
field, is the phenomenon utilized in this work.

Before we further describe the Faraday effect, a short description of the
other principle is appropriate. In contrast to the Faraday effect, which can
be utilized in both bulk optical elements, planar waveguides and in fibres,
the magnetostrictive principle requires the use of fibres. The magnetostric-
tive principle was first suggested in 1980 28, It uses a magnetostrictive
material which is mechanically linked to the fibre, for example in the form
of a magnetostrictive jacket on the fibre or a bulk magnetostrictive element
onto which the fibre is wound. When subjected to a magnetic field the
magnetostrictive element will change its form, thereby causing a strain and
a change of the length of the fibre. This change of the optical length can be
detected if the fibre is placed in one arm of a Mach-Zehnder interferometer.
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The fibre can be long and as the phase sensitivity of the interferometer is
high, this device can potentially be very sensitive 29. However, it is unfortu-
nately also sensitive to all other parameters that influence the optical
length of the fibre, e. g. temperature 30. Although the measurement of
electric current was mentioned as a possible application 31, the driving force
of the development was the potential possibility of detecting the small
changes in the earth’s magnetic field caused by passing submarines. At first
nickel was used for the magnetostrictive element, and later metallic
glasses 32:33, Different biasing 34 and feedback 3°:36 arrangements have been
investigated.

Many of the problems with temperature and vibration sensitivity have
been overcome with proper jacketing of the fibre and with the use of all fibre
optical systems. This type of sensor offers extremely high sensitivity, with

noise levels down to 10-15 TA/Hz 37, but it is not suited for electric current
measurement and other large-signal applications.

Other sensing principles that have been studied are: interferometric
detection of the movement of a metal coated fibre in a magnetic field when a
current is sent through the coating 38.39.40, surface plasmon resonance 41,
liquid crystals 42 and resistor heating 43. The use of a current transformer
that is in turn interrogated by a fibre optic interferometer has also been
tried 44,

In this context, the possibilities to use conventional current transformers
together with an optical data link for current measurements in high voltage
systems should be mentioned. The equipment at high potential could then
be powered by pick-off from the power line 45, or be a hybrid sensor,
optically powered through the fibre 46.

The Faraday effect

When a material exhibiting the Faraday effect is placed in a magnetic field
and a beam of linearly polarized light is sent through it in the direction of
the field, a rotation of the plane of polarization of the light will occur,
figure 5.

The phenomenon was discovered in 1845 by Michael Faraday. Other
names for the same effect are the magneto-optical rotation (MOR), magnetic
circular birefringence (MCB) or the magneto-optical effect. The last term is,
however, more general and may also include other effects.

The effect is non-reciprocal in nature. This means that when the direc-
tion of light propagation is reversed, the direction of rotation as seen from a
fixed reference system, is not reversed. A light beam that passes twice
through the medium in opposite directions will thus acquire a net rotation
which is twice that of a single pass.

The Faraday rotation is proportional to the magnetization of the
material,

0= [km-dl
LJ'M

10
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Fig. 5. The Faraday effect

where 6 is the polarization rotation, M is the magnetization, L is the light
path and k is a constant that is dependent on the material in question, the
wavelength and the temperature. (Bold letters denote vector quantities.)

In paramagnetic and diamagnetic materials the magnetization and, thus,
also the polarization rotation is practically proportional to the magnetic
field strength, H. One can then describe the rotation in terms of the Verdet
constant, V,

0= IV-H-dI :{according to the geometry of figure 5} = V-H I
-

where H is the component of the magnetic field strength parallel to the light
propagation direction. (The Verdet constant is sometimes expressed in
terms of the magnetic flux density, B, which for these materials is linearly
related to the magnetic field strength, B=puH.)

In ferri- and ferro-magnetic materials the magnetization is not linearly
related to the magnetic field strength, and a Verdet constant cannot be
used.

In addition to the magnetic circular birefringence, a linear birefringence
can be induced by a magnetization perpendicular to the light propagation
direction. This is called MLB (magnetic linear birefringence), Voigt or
Cotton-Mouton effect, though the last name originally denoted a similar
effect in fluids due to molecule orientation in the magnetic field. There may
also be a magnetic field dependent difference in optical absorption between
the linear or the circular polarization states, MLD (magnetic linear dichro-
ism) and MCD (magnetic circular dichroism) 47:48, One should, however,
keep in mind that there seems to be a considerable confusion concerning the
names for these effects in literature.

Besides magnetic field sensing, the main application of the Faraday effect
is in isolators and circulators for microwave or optical frequencies though in
these applications, the effect is used in a static rather than dynamic
manner.

The isolator is a device that allows power to flow in one direction, while
the other direction is blocked. The basic design consists of a polarizer
followed by a 45° Faraday rotator and a second polarizer with its polariza-
tion direction 45° from that of the first one. The 45° angle, however, makes

11
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the basic isolator design unsuitable for optical waveguide implementation,
and a number of variations of the principle have been tried 49.

A circulator is a similar device but with three ports, in which power
incident on one port will emerge at the next port.

The origin of the Faraday effect

The Faraday effect arises from the interaction of the electron orbit and spin
with a magnetic field. The electron orbit forms a magnetic dipole that tends
to align in an applied constant field. As it, from a classical viewpoint, is a
spinning particle, it will react to a perturbing momentum at right angles to
the spin axis by precessing about the original spin axis, just as a spinning
top would do. The electron spin behaves similarly, though this is not obvious
from a classical viewpoint. The perturbing momentum can be caused by an
electromagnetic wave of "optical” or microwave frequency. The closer this
frequency is to the precessional frequency the more marked is the
interaction. If they coincide there is a resonance, called paramagnetic
resonance or ferromagnetic resonance, depending on the actual material
properties.

Macroscopically, the precession has the effect of creating a magnetization
at right angles to both the applied constant magnetic field and to the pertur-
bation, cf. figure 6.

The magnetic susceptibility of the material will, under the influence of
the steady magnetic field (in the z-direction), become a tensor with off-
diagonal components of the form,

Steady magnetic field

my

- Precession

—_——<—

—_—

High-frequency field h,

Fig. 6. Electron precession: The high-frequency field hy creates magnetiza-
tion both in the x- and the y-direction. After 0.
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where w is the angular frequency of the applied high-frequency field, wg is
the precession angular frequency and wy is a factor that depends on the
material and the magnetization. The expressions become somewhat simpler
if we consider instead the magnetic susceptibility for a left or right circu-
larly polarized perturbing high frequency field,

Xyx = — 1

_ v
XR = w000
__Wwm
&
HR = HO + (")
&
HL = uo@l + (,Oo‘ll\‘/l(x)

In these expressions we recognize the resonances discussed above. If loss
terms are included, the resonances will be damped and the permeabilities
will have imaginary parts, causing loss and dichroism.

The strong interaction between neighbouring atoms in ferri- and ferro-
magnetic materials causes these materials to have several resonances at
different frequencies and with different strengths, creating rather compli-
cated frequency (wavelength) dependencies for both the real and the imagi-
nary terms.

Light propagation in magneto-optical materials
To understand how the Faraday effect influences the light propagation, the

wave equation is a suitable starting point. For an infinite medium with no
external electrical polarization, the wave equation can be written,

2E(r, t)

2 =
O<E(r, t) = pe t2

The solution to this is a plane wave with the phase velocity given by,

Waves with different circular polarization states will have different pu:s,
and thus travel with different speeds.

A linearly polarized wave can be seen as the sum of two circularly
polarized waves with equal amplitude but opposite directions of rotation. As
these two waves propagate with different speeds, they will acquire a phase
difference proportional to the travelled distance. In terms of their sum, the
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phase difference has the effect of rotating the linear state of polarization by
an angle which is equal to half the phase change.

If we want to study the influence of the Faraday effect on the light
propagation in a waveguide with different propagation constants for the TE
and TM modes, this simple reasoning is not applicable. Instead one can use
the coupled-mode formalism 51. In this formalism one studies how a small
perturbation causes a coupling between the orthogonal eigenmodes of the
unperturbed medium. In the literature this perturbation is normally in the
electrical permittivity €, causing an electric polarization P. As only the
product of p and € appear in the wave equation, the Faraday effect can be
treated as a perturbation in € of the following form,

H0 -id 0
Ae= [0 0 0 ¢
Ho 0 O0H
_ oum
0= 2 2
0)0—00

With this approach, one finds for the case with only one of the modes
exited, that the power in the other mode can be represented by,

F:gué%@agsmz EVGZ_*@*B@Z E

where AP is the difference between the propagation constants of the two
modes, 6 is the polarization rotation per unit length in a homogeneous
medium, and z is the distance along the propagation direction. If AB=0 this
simplifies to,

F =sin2 (8-2)

From the above, it is evident that AP should be smaller than 6 if any
appreciable amount of power is to be coupled between the modes.

Electric current sensing using the Faraday effect

Glass sensing elements

The first optical current transducers utilizing the Faraday effect used bulk

optical glass elements interrogated by an open path light beam, figure 7.
Using two detectors, and a polarization separating prism, a system which

is not affected by variations in the optical loss, can be achieved, figure 8 52
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Polarizer

P=P, cos2(6-114)

Fig. 7. The simplest form of an optical current sensor utilizing the Faraday

effect.
(o)
Polarizer |
s

7
'A Polarization
splitter
Fig. 8. A bulk optic current measurement system with polarization state
detection. As the Faraday effect is non-reciprocal the two-way pass through
the sensing element effectively doubles the rotation.

The sensor is sensitive to the total magnetic field, thus, also to the
contributions from other conductors nearby. Also, the distance between the
conductor and the sensing element will influence the scale factor. With two
sensing elements, one on each side of the conductor, a differential system is
achieved, reducing the influence from conductors at large distances. 23

An iron core reduces the position dependence and the influence of exter-
nal fields, but as the iron core must have a relatively large gap to accommo-
date the glass sensing element, some sensitivity to the conductor position
and to external fields will remain.

A more fundamental approach is to use a basic property of the magnetic
field encircling the conductor,

§5H-d| =gi-ds=l

where 1 is the current density through the surface S, with the contour L,
and | is the total current through S.

This means that if the sensing light path completely encircles the con-
ductor, fig 9, the sensor becomes insensitive to external fields and indepen-
dent of the conductor position in the sensing element. This can be approxi-
mated with a bulk sensing element with a central hole for the conductor or
sensing element assembled from several pieces of glass. The reflections at
the corners must be suitably arranged not to influence the polarization state
of the light. 54
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Fig. 9. A glass sensing element that encircles the conductor, after >°

The early experiments were made with glass sensing elements having
relatively small Verdet constants, typically about 10-° rad/A, requiring long
sensing elements for good sensitivity. Although YIG (Y3Fe5012) and other
materials with much larger polarization rotation were studied °6, no trans-
ducers using such materials were presented. Multiple reflections were,
however, tried to reduce the physical size of the sensing element without
sacrificing optical path length 57,58,

Devices to measure both the current and the voltage simultaneously were
also presented. 59,60

With optical fibres many of the problems associated with the open optical
path could be eliminated 1. The possibilities with optical fibres, however, go
further than that. The sensing element can be made from an optical fibre.
Although the Verdet constant of the fibre material is not high, about
4-106 rad/A, a measurable rotation can be achieved with a long fibre, and
with the fibre wound round the conductor, a good approximation of the
closed line integral of the field is achieved.

There was a considerable interest in this type of device at the end of the
70’s and the results were promising 62. The bending of the fibre in the coil,
however, causes a temperature dependent linear birefringence that
guenches the circular birefringence caused by the Faraday effect. Several
methods have been tried to overcome this problem.

If the fibre is twisted, a circular birefringence "bias” is introduced, which
is magnetic field independent and large enough to quench the linear bire-
fringence. This bias birefringence is, however, temperature dependent 63,
With the sensing fibre divided into sections with opposite twists, the bias
rotation and the temperature dependence can be cancelled and with the use
of polarization maintaining fibre for the downlead, the vibration sensitivity
is reduced 4. A similar approach is to use a fibre with a strong birefringence
which is almost circular 65. This circular birefringence is strongly
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temperature dependent. Techniques to compensate for this have, however,
been studied ©6.

The fibre can be wound into a coil in such a way that the beat length (the
fibre length that causes a phase difference of 21t between the two orthogonal
linear polarization modes) is equal to the circumference of the fibre coil.
When an external field is then applied to the fibre coil, the periodic mag-
netic field that is in this way applied to the fibre will cause a net polariza-
tion rotation. 67,68,69 A principally similar scheme is to use a polarization
maintaining fibre with a very short beat length and arrange a periodic
magnetic field with the same period 70.

A more fundamental approach is to anneal the coiled fibre to remove the
temperature dependent linear birefringence 71,

Also, the Faraday effect is temperature dependent. The use of a tempera-
ture dependent linearly birefringent optical element has been suggested as
a way to introduce a temperature dependent partial quenching of the
Faraday effect, thereby reducing the effective temperature dependence 72.

In addition to the simple polarization detection system described above, a
number of interferometric systems to detect the polarization rotation has
been presented 73. Closed-loop systems 74 and heterodyne detection
systems 75 have been studied. A system for simultaneous measurement of
two currents has also been presented 76. To eliminate the influence of
reciprocal effects in the fibre, some of these systems utilize Sagnac inter-
ferometers 77,78, The non-reciprocity of the Faraday effect also makes it
possible to use a Fabry-Perot resonator to increase the effective polarization
rotation 7°.

Experiments with techniques to make the sensor output independent of
variations in the Verdet constant 80, or to convert the polarization rotation
to a spectral modulation 81, have been made.

The measurement bandwidth of Faraday sensors with bulk glass or fibre
coil sensing elements is limited by the transit time of the light in the
sensing element 82,

where c/n is the speed of light in the fibre, N the number of turns in the
fibre coil and r is the radius of the fibre coil. With N=100, r=0.1 and n=1.5 a
bandwidth of 1.4 MHz is achieved. Obviously, there is a trade-off between
sensitivity and bandwidth. With high pulsed currents the sensing element
can be made short, giving very large bandwidths. A number of systems with
bulk glass 83 or fibre sensing elements 8485 for measurement of transient
currents in the 106 A range have been presented. Other specialized
applications such as aerospace 86 current measuring and space plasma
current measurements 87 have been studied. There is also a potential for
distributed magnetic field sensing 88.

Although the use of an optical fibre coil for current measurements may in
principle seem straightforward, the practical application of the technology
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is, however, complicated by the linear birefringence of the fibre and many
optical current metering devices that are installed in the high voltage power
lines are of the bulk optical type 89.90,

Other materials

Optical fibres with high Verdet constants may increase the applicability of
current sensing using fibre sensing elements. Terbium doped silica fibre 91,
with a Verdet constant of 1.2-10-° rad/A, and doped plastic fibre 92, with a
Verdet constant of 2-:10~° rad/A, have been developed.

The alternative solution is to use a compact sensing element made from a
material with a Faraday rotation larger than that of the glasses. A small
sensor head is an advantage in many applications, including current
measurement using an iron core.

BGO (Bi12GeOyq) 93, BSO (Bi12SiO2g) 9495 and ZnSe 96 offer Verdet
constants of about 7-10-° rad/A, which is about an order of magnitude
higher than that of the silica fibre material. Certain glasses also have
Verdet constants that are almost as high. A considerably higher Verdet con-
stant, about 2-10-3 rad/A, is achieved with Cd;_xMnyTe 97,98,99,100,101,102

YIG and substituted YIG offer polarization rotations which, for many
applications, is larger than that of Cdi_yMnxTe by about an order of
magnitude. As YIG is a ferrimagnetic material, it can, however, not be
directly compared to the paramagnetic and diamagnetic materials
mentioned. Since YIG is the material chosen in this work, it will be further
described below.

YIG

YIG, Yttrium iron garnet is a ferrimagnetic garnet crystal with the composi-
tion Y3zFes012. It is transparent for light with a wavelength longer than
about 1.1 um. At 1.3 um and 1.5 um, wavelengths at which reliable light
sources and detectors are readily available, the optical loss is very low. YIG
has a substantial Faraday rotation in large parts of the optical and
microwave spectrum. Crystals of optical quality can be grown from flux
melts or grown epitaxially on substrates. Epitaxially grown films can be
used as high quality optical waveguides exhibiting the Faraday effect 103,
YIG crystal material, often in the form of polished spheres, are used in
microwave components.

The crystal lattice of YIG is rhombohedral, almost cubic, with the iron

atoms occupying two different kinds of sites in the lattice, figure 10. For this

. . . 3+ _ 3+ _ 3+ _2-
reason the formula is sometimes written Y3 Fe2 Fe3 O12 )

The magnetic properties of the crystal are mainly determined by the iron
atoms. The iron atoms in the two kinds of sites interact antiferromagneti-
cally with each other, giving a net magnetic moment equal to that of one
atom. The Yttrium is magnetically polarized by the field from the iron
atoms, but it has little influence on the strength of the magnetic interaction.

18



Fibre Optic Magnetic Field Sensors Utilizing Iron Garnet Materials

Fig. 10. The different kinds of atomic sites in YIG, after 106,

This is evident from the fact that all rare-earth iron garnets (RIG, R3zFe5012
where R is a rare earth) have a Curie temperature of about 550 K 104, The
Curie temperature is the temperature at which the thermal agitation
breaks down the magnetic ordering of the atoms and the material ceases to
be ferromagnetic. The Curie temperature can therefore be used as a
measure of the strength of the magnetic interaction. The Curie temperature
for pure YIG is 559 K 105, The net magnetic moment for the rare earth
garnets is, however, influenced by the rare earth, in several cases giving
compensation points, where the temperature dependent magnetic moments
of the different kinds of atoms cancel each other at a specific temperature,
figure 11. YIG, however, does not have any compensation point.

It is possible to substitute part of the yttrium with other rare earths,
giving mixed rare earth garnets. Also, other substitutions can be made, but
this normally has little effect on the magnetic interaction. Bismuth substi-
tution is an exception as it increases the strength of the magnetic inter-
action, thereby increasing the Curie temperature.

If the iron is substituted, the magnetic interaction is weakened, giving a
lower Curie temperature.

MAGNETIZATION

Fig. 11. Qualitative behaviour of the different contributions to the net
magnetization of rare earth garnets having a compensation point. From 107,
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The lattice constant of pure YIG is such that it can be epitaxially grown
on substrates of GGG, Gadolinium gallium garnet (GdzGas0O12). Such
substrates of high quality are readily available. For substituted films, the
substitutions of the film and substrate must be combined to give the proper
lattice constants.

The magnetic anisotropy in pure YIG is mainly cubic and not so strong.
Strain, however, strongly affects the magnetic anisotropy 108, Epitaxially
grown YIG films can, therefore, have easy directions of magnetization in the
plane of the film, or perpendicularly to it, depending on the film strain
caused by the lattice mismatch. In addition to the strain anisotropy, there
can also be a growth-induced anisotropy, arising from a certain ordering of
the magnetic ions in the growth process.

Because of the ferrimagnetic properties of the material, volumes of equal
direction of magnetization, so called magnetic domains will form. The
domains are separated by thin Bloch walls where the magnetization
direction is changed. The domain size is determined by a magnetostatic
energy balance that depends on the material properties and the sample
geometry.

With thin bulk samples and epitaxially grown films with suitable
anisotropy, the domains can form two-dimensional patterns extending
through the entire thickness of the film, figure 12. Under certain conditions
this pattern degenerates to small circular domains, bubbles. These bubbles
can be moved around in the film, created and annihilated by small pertur-
bations in the field. This is the phenomenon that was used in the bubble
memories, in which more than 1 Mbit of information could be stored in the
form of a bubble pattern in 1 cm? of iron garnet film 109,

For a large sample with many domains, the actual form of the individual
domains and their movement when an external field is applied seems to be
stochastic. For the entire sample or a large part of the sample the behaviour
of the domains, however, averages out and the net magnetization reflects
the variations in the applied magnetic field. There is however a tendency for
the domain walls to stick to imperfections in the material, such as lattice
dislocations, causing discontinuities in the magnetization change.

The direction of magnetization of the individual domains will also change

NLTILT

Fig. 12. Two-dimensional domain pattern in thin sample with an out of
plane anisotropy.
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under the influence of an applied field. The magnetic anisotropy will,
however, keep the magnetization approximately along the easy directions.
When the net magnetization of the sample cannot be adjusted to the
external field through redistribution of the domains between the easy
directions only, a rotation of the magnetization direction within the domains
will occur. For a very strong applied field, the magnetization will be
completely aligned with the field.

The rapidity with which the magnetization of the material can be
changed is limited by the dynamic properties of the domain wall move-
ments. This gives an upper frequency limit somewhere in the 10 MHz to
GHz range 110, Very little work has however been done in measuring the
frequency response of YIG material based devices 111,

The contribution to the magneto-optical rotation per unit length from the
different atoms can be described by a formula from 112,

t
0 = (Am+Ae)Mpe+(Bm+Be)Me+HCm+Ce)My

The indices "m” and “e” indicate contributions from different kinds of
resonances and the superscripts ”0” and "t” indicate octahedric and
tetrahedric positions for the iron atoms. Apparently, the contributions from
the iron atoms in the two kinds of sites are different. In the reference,
Ae/Be=1.72 is given.

The magneto-optical rotation increases with decreasing wavelength from
3 um to 0.5 um 113, At 1.15 um, the saturation rotation is about 200°/cm
(38.5-102 rad/m) for pure YIG. Bismuth substitution can increase this value
by a factor of more than 10 depending on the composition; 7400°/cm
(13-103 rad/m) has been reported at 1.15 um 114, The magneto-optical
rotation is temperature dependent, but it has been shown that substitutions
can reduce this dependence substantially 115116,

It is important to remember that the magneto-optical rotation of ferri-
magnetic materials, just as the magnetization, microscopically always has
the saturation value. When measurements show other values, it is either
because the magnetization is not parallel to the measuring light beam or
because the light path goes through several domains with different
magnetization directions.

The rare earth garnets also possess a magnetic linear birefringence in the
order of 100°/cm (1.7-102 rad/m) 117.118  For bismuth substituted YIG,
literature data also indicate a magnitude which is about half that of the
magneto-optical rotation 119,

The index of refraction for pure YIG is 2.15. As the index for GGG is 1.95,
a YIG film on a GGG substrate can form a high quality optical waveguide.

Using ion beam etching, or wet etching and multilayer growth, it is
possible to make strip or channel waveguides in YIG film 120, The technolo-
gies used to define the channel are, however, not so well developed. Fur-
thermore, all changes made in the magneto-optical film will change not only
the optical properties, but also the magnetic properties such as the
anisotropy, etc.
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3. Starting points for the sensor development work

A conclusion from the above description of YIG and other rare earth garnets
is that they, compared to other magneto-optical materials, have many
favourable features such as a large magneto-optic rotation, well-defined
magnetic properties and good optical quality in the near IR. Furthermore,
particularly with the epitaxially grown films, many of these properties can
be altered at will through a number of substitutions. Unfortunately
however, some of the properties are interlinked, mainly through the
mechanical strain, in such a way that they cannot easily be independently
optimized. We have, therefore, not considered it fruitful to design any
devices based on a "perfect” magneto-optical material that has not yet been
developed. Instead, our approach has been to find device structures that are
useful for a demonstration with existing materials or with relatively simple
modifications of known compositions. For similar reasons, no experiments
have specifically been made to measure the bandwidths of the experimental
sensors. No evidence of bandwidth limitations has, however, been found in
measurements of magnetic fields at frequencies up to about 1 MHz.

The most striking feature of this type of material for sensors, is the large
Faraday rotation. To achieve a polarization rotation of 90° (or a complete TE
to TM conversion in the waveguide case) at 1.3 um, from less than 1 mm to
about 6 mm of optical path length is needed, depending on the material in
guestion. The volume of the sensing element can, thus, be made very small,
in the order of 1 mm3. With a sensing volume of this size, the spatial
variations of the magnetic field can be resolved. This is in contrast to the
sensors using glass sensing elements. They often require a large sensing
element and/or a closed measurement path.

In the design of a measurement system that utilizes a YIG or substituted
YIG sensing element either in the form of a bulk crystal or a waveguide,
there are a number of system design options. To be able to choose between
these, we had to acquire a thorough knowledge of the properties of the
material. As the available literature data, relevant for this application, were
insufficient, this knowledge had to be gained through measurements.

For the single mode sensors we have, in order to avoid alignment
problems, decided to work with waveguiding sensing elements only. The
relatively large index difference between GGG and YIG, however, poses
some problems. Guides that are single mode in the near infrared region are
very thin, less than 1 um. A slab guide of this kind will have a large linear
birefringence that prevents the TM-TE conversion.

A number of techniques have been used to solve this problem. Multilayer
structures with a layer between the GGG and the iron garnet film have
been investigated 121. A magnetic field that shifts its direction with a period
that is equal to the beat length between the TE and TM modes can also be

22



Fibre Optic Magnetic Field Sensors Utilizing Iron Garnet Materials

used. In this way, a net conversion can be obtained even with a relatively
large AR 122,

At an early stage of our project a periodic cover structure in GGG on top
of the YIG waveguide was suggested as a means to achieve a net conversion
with a single mode Y1G waveguide 123,

We have, however, used another approach. Because of the high optical
quality of the YIG waveguides, the coupling between the different modes in
a multimode guide is negligible for the propagation distances in question.
As it is also possible to achieve a fibre to waveguide coupling that only
excites the fundamental mode of the waveguide, a relatively thick guide can
effectively be used for single mode use 124, For the fundamental mode, this
kind of guide has a relatively small AP that can be cancelled by a moderate
strain-induced AR introduced during the film growth 125, The magnetic
properties of the film are also influenced by the strain necessary to achieve
a small net AP but it is possible to achieve a usable device with this
approach.

Some of the critical design decisions then were:

e To use or not to use a magnetic bias field.

= One fibre for sending light to the sensing element and for receiving the
signal, or separate fibres for the two functions.

= The selection of a suitable optical configuration that allows a measurable
polarization modulation and an acceptable optical loss. A channel
waveguide structure or a slab guide combined with some other means of
controlling the light propagation are two of the options for this purpose.

The available selection of film types for waveguiding sensors was quite
small. The YIG films were originally developed for bubble memory use and
have later been modified for use in display units, printers 126,127 wave-
guiding optical isolators 128 and sensors.

For the multimode sensors, which are of a more immediate interest from
the application point of view, a design which is suitable for production must
be selected.

In the multimode case a larger selection of useful materials was
available. The bulk YIG material that we initially used for the multimode
sensors was originally produced for microwave applications and had to be
cut and polished to optical quality. Later when the thick (=100 pum) epitaxi-
ally grown films with large magneto-optical rotation were developed, mainly
for optical isolator use, we could use this type of material for the multimode
Sensors.

As the material characterization measurements went on, we were gradu-
ally able to transform the original sensor ideas envisioned at the start of the
project, into practical sensor designs. In reality, of course, the influence also
went the other way: The sensor design ideas made further measurements
necessary. Below, however, the material characterization measurements
and the sensor prototype experiments are presented in separate sections.
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4. Material characterization measurements

Bulk materials

Measurement options

The magnetic and magneto-optical measurements that can be made on bulk
YIG crystals can be divided into two categories, those made on homoge-
neously magnetically saturated samples and those made on non-saturated
samples. Microscopically, the saturated state is the only one that exists and
macroscopically, it is the only well-defined state. Examples of phenomena
that are studied are the influence of material composition, temperature,
wavelength, etc. on the saturation rotation. Such measurements are of
interest not only from an application point of view, but also for material
science, as they provide information about the nature of the magnetic inter-
actions. Results from these types of measurements are, however, relatively
well covered in literature, and will not be further described here.

For sensor applications, the properties of YIG also at low applied fields
are of interest. These include the domain structure and how it is influenced
by the crystal orientation, sample geometry, sample treatment and
temperature.

Some measurements such as the measurement of the net magnetization
of the sample and its dependence on external factors, can be made using
magnetic methods 129, Most of these results can, however, also be indirectly
obtained from magneto-optical measurements and as our main interest is in
the magneto-optical properties, this is the approach we have taken. The
optical methods also facilitate changes of the measurement volume, which is
a key measurement parameter.

If the sample is thin and the domains are large enough, a focused light
beam, figure 13 a, allows the behaviour of a single domain or domain wall to
be studied. Ideally, with a beam passing through only one domain, one
should obtain the same results as those obtained for a homogeneously
saturated material. One can then study changes in the domain magneti-
zation direction and the effect on the magnetization and magneto-optical
rotation caused by, for example, temperature.

With a large diameter beam, figure 13 b, the contributions from the
different domains will be averaged. The exact nature of the averaging
process is rather complicated as the pattern of the domains will act as a
phase grating. For a thin sample with a two-dimensional domain pattern as
in figure 13, the resulting polarization rotation can often be approximated
using the area ratio between the two kinds of domains.
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Fig. 13 b. Large measurement volume.

Measurement set-up

To study the magneto-optical properties of bulk materials, a measurement
system according to the principle shown in figure 14 has been used.
Linearly polarized light is sent through the measurement object. The beam
transmitted by the measurement object has its plane of polarisation rotated
by an angle 6. In a polarization splitting Wollaston prism, the beam is split
into two orthogonal polarization components with the intensities 11 and I».
From these two values, and the input intensity g, the polarization rotation
and the optical loss of the material can be calculated.

Other polarization detection principles such as the use of polarization
modulation or rotating analysers are also possible 130, The simple two-
detector system was chosen mainly because it was also adaptable for
evaluation of sensor prototypes.

The holder for the measurement object was temperature controlled and
surrounded by coils allowing a magnetic field of arbitrary direction to be

E Measurement object

1 i
‘ B \Liocosz ]

=1.sin2
1,=1gsin“ 6

Fig. 14. Measurement system principle.
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Fig. 15. Domain visualizing set-up.

generated. To allow automatic calibration and measurement routines, the
system was designed with computerized control and data acquisition.

For a qualitative display of domain patterns, a set-up according to
figure 15 was used.

Measurement results

Large measurement volume

Our first measurements of the magneto-optical rotation versus the applied
field were made with a 200 um diameter light beam through a cube
2x2x2 mm of YIG, figure 16. This rather discouraging result was, however
soon supplemented with other results indicating that a larger light beam
diameter and sample annealing improved the results, cf. the prototype
sensor results below.
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Fig. 16. Magneto-optical rotation versus the applied magnetic field for a
2x2x2 mm YIG cube as measured with a 200 um diameter light beam with
A=1.15 um.
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We also found that a thinner sample with a two-dimensional domain
structure gave a more reproducible result, though at the cost of a lower
rotation, about 5° for a single pass through a 0.3 mm YIG slice.

Later, however, epitaxially grown Bi-substituted thick YIG films giving
22.5° rotation in a 0.13 mm film became available. The domains in this type
of film are also smaller, giving a more efficient averaging effect. The well-
controlled growth conditions for these films should also give a smaller
number of defects which should allow the domain walls to move more freely.

Small measurement volume

When a 0.13 mm thick (YbTbBIi)IG film on a GGG substrate is observed in
the IR through suitably arranged polarizers in a set-up according to
figure 15, a two-dimensional domain pattern is observed. The average
domain width is in the order of 12 um. The application of an external
magnetic field changes the area ratio between the two kinds of domains,
figure 17a,b. At high field levels, close to saturation, the majority of the
small domains disappear, leaving a pattern with a lower spatial periodicity,
figure 17c. For this specific material, the remaining domains shrink to
bubble-like form just before saturation, figure 17d.

When measurements on materials of this kind are to be interpreted, one
should remember that the periodic domain structure will work as a phase
grating for the light component with a polarization state that is perpendicu-
lar to that of the input beam. Fig 17e,f,g show examples of diffraction
patterns obtained with the (YbTbBIi)IG film for similar conditions as those
used for 17a,c,d. The diffraction patterns have been recorded with a set-up
similar to the one in figure 15, though with the camera focused on infinity,
i.e. the light source. The second polarizer is set to block the central beam
when no field is applied. The central beam is, however, not completely
extinguished in 17e. With field applied, the central beam will have its
polarisation rotated, and it will thus pass the second polarizer and saturate
the CCD array. The polarization of the diffracted light is always perpendic-
ular to that of the input beam.

Fig. 17a. Domains in 0.13 mm Fig. 17e. Diffraction from a domain
(YbTbBI)IG film with no external pattern like the one in 17a. The
field applied. Picture height diffraction angle is approximately
corresponds to 0.54 mm. 2.6° corresponding to a domain

width of 12 um.

27



Hans Sohlstrém

AN

Fig. 17b. Domains in 0.13 mm
(YbTbBI)IG film with 50 mT applied
perpendicularly to the film. The do-
main pattern is nearly unchanged.
Only the width ratio has changed.

Fig. 17c. Domains in 0.13 mm Fig. 17f. Diffraction from domain
(YbTbBI)IG film with slightly less pattern similar to the one in 17c.
than 100 mT applied perpendicu- First order diffraction at 1.6°,

larly to the film. Some of the do- indicating a domain width of 20 um.
mains from a and b are still visible. Second order diffraction just visible.

Fig. 17d. Domains in 0.13 mm Fig. 17g. No diffraction is observed
(YbTbBI)IG film with about 100 mT when all domains have disappeared.
applied perpendicularly to the film.
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_ B
Fig. 18. Domain patterns in 0.3 mm slice of pure YIG.

a) with no external field applied.
b) with a magnetic field applied perpendicularly to the plane of the sample.

Similar results obtained with a 0.3 mm YIG slice are shown in figure 18.
The average domain width is, in this case, in the order of 0.1 mm.

To get more quantitative results we used the above mentioned measure-
ment system with the beam focused down to a diameter smaller than the
domain width. Results as the one in figure 19 were then obtained.

In this figure, the domain structure at two different temperatures is
shown. It can be seen that both the rotation within the domains and the
domain pattern differ. The polarization rotation in each domain is smaller
at the higher temperature. Our measurements of polarization rotation
versus magnetic field over a larger volume, however, show an increase in
the sensitivity (dg¢/dB) with temperature. This can be explained by a satu-
ration field Hs that decreases with increasing temperature. These results,
that are both in agreement with work published by others, indicate a way to
reduce the temperature dependence of sensors made from YIG and
substituted YIG material 131,

[\n)
wa

i
[sS]
[8)]

—
T T T T T T T T T T T T

POLARIZATION ROTRTION [RADI
®

Fig. 19. Polarization rotation as measured with a 30 yum diameter beam
scanned across a 0.3 mm thick YIG sample. Applied field perpendicular to
slice plane 33 mT. Measured at 20°C and 100°C.
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Sensor design considerations

From the measurement results, we were able to draw some conclusions
concerning how to design sensors based on bulk YIG crystals:

= A thin crystal with a one-layered domain pattern , simplified the analysis
and gave good results, though at the cost of a reduced rotation.

= A probing light beam much wider than the domain size, and preferably
covering a large part of the crystal surface, reduced the effect of single
domain behaviour.

= Annealing the crystal after sawing and polishing improved the results.

Waveguides

Measurement options

Most of the magneto-optical measurements on waveguiding samples are,
principally, similar to those made on bulk samples. The situation is,
however, complicated by the role of the linear birefringence. Furthermore,
the cases differ in the means by which the light is coupled into and out of
the material. For the waveguide characterization measurements, methods
based on holographic grating, prism and end-fire light coupling, have been
used.

The grating based method was used to determine accurately the linear
birefringence and the saturation value of the magneto-optical rotation. In
these measurements a grating, which is formed in photoresist on top of the
waveguide, works as a distributed light coupler. A sketch of the measure-
ment set-up is shown in figure 20.

The sample is turned to the coupling angle corresponding to the mode to
be studied. As the coupling angle is, within the divergence of the laser
beam, the same for the TE and TM modes of the same order, a polarizer and
a retarder can be used to excite an arbitrary state of polarization at the
input point. As the light propagates along the guide, a small fraction will
continuously be coupled out, allowing the evolution of the intensity and the
polarization state to be studied.

To determine the linear birefringence and the magneto-optical rotation,

<, Polarizer CCD array

e
—
-, /\/\/W
|
Laser . »l Monitor or
1152 nm | L/ '| computer

Polarizer Sample

Fig. 20. Experimental set-up for the grating based measurements
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TE
™ Rutile
prisms ™
i i

Fig. 21. Prism coupling method.

the spatial distributions of the outcoupled light under different magnetic
field and input polarization conditions is recorded 132,

Even though the grating method can be used to measure the polarization
rotation under different magnetic field conditions, it is more convenient to
use the prism coupling method to study the variations in the rotation once
the saturation value is determined.

A prism with an index of refraction equal to or higher than that of the
guide is brought into contact with the guide by mechanical pressure,
figure 21. Light impinging on the prism—guide interface with a suitable
angle can then couple to a waveguide mode. Similarly, light can be coupled
out through a second prism. For YIG waveguides, rutile is a suitable prism
material. As rutile is birefringent, the TE and TM modes will have different
coupling angles. With only one of the polarization modes excited at the
input, the fraction of light converted can easily be monitored under different
magnetic field conditions. Just as in the bulk measurement case, we have
used a computer controlled measurement set-up to provide relevant
magnetic field variations.

A number of experiments were also made with the fibre end coupled
directly to the waveguide edge (butt-coupled). This method, in contrast to
the prism method, does not involve any mechanical perturbation of the
sample during the measurement. On the other hand, the samples must be
specially prepared with polished edges.

Results of the waveguide measurements

The grating based method was used in an early stage of the project to select
samples with sufficiently small linear birefringence to allow a large TE-TM
mode conversion in the fundamental mode. Most of the samples we have
used allowed a conversion of 90% or more. The results shown in this
summary, except where is otherwise indicated, are obtained with 6.4 um
thick samples of Gd,Ga substituted YIG film on GGG substrate with a
saturation polarization rotation of 150°/cm (2.6-:102 rad/m) at A=1.15 pum.
This material was known to be "easy in plane”, i. e. the magnetization of the
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FRACTION OF POWER CONVERTED

Fig. 22. TM to TE mode conversion versus a magnetic field applied in the
plane of the film and parallel to the light propagation direction. The
Interaction length was 4 mm.

film could move relatively easily in the plane of the film but could not easily
be turned from the plane of the film 133,134,

Our first results with prism coupling seemed, just as in the bulk
measurement case, somewhat discouraging, figure 22. With a 50 pT field
applied parallel or anti-parallel to the light propagation direction, the
conversion is rather high and between those two extremes, the conversion
goes down. There is, however, a large hysteresis, and the magnetization
apparently changes in steps.

We found that the mechanical waveguide strain induced by the pressure
applied to the prisms was responsible for part of the hysteresis. This is

Y
\ ‘I i 0%
|

FRACTION OF FPOWER CONVERTED

-2 -1 [ 1 2

APPLIED FIELD [mT]
Fig. 23. TM to TE conversion, measured through a butt-couple fibre, versus
the magnetic field applied in the plane of the film and parallel to the light
propagation direction. The parameter is the pressure applied to the coupling
prism.
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demonstrated by the results shown in figure 23. Here, the conversion is
measured through a fibre, butt-coupled to the edge of the waveguide
sample. A coupling prism was also applied to the sample using different
amounts of pressure. Evidently the pressure applied to the prism influenced
the magnetic behaviour.

With the material used a "bias” field, in the plane of the film and perpen-
dicular to the field to be measured, was found to be necessary to obtain an
unambiguous and smooth result even with the prism removed. To select an
appropriate magnitude for this bias field, we applied a field of constant
amplitude but with variable angle in the plane of the guide. The conversion
was then plotted versus the angle of the applied field. One could then
observe the variation in conversion and, thus, also how the magnetization
followed the direction of the applied field. Starting with a very weak field,
figure 24a, we noticed that even though the magnetization followed the
applied field there was a strong anisotropy. With higher field magnitude,

Signal
1.1

0.87
0.61
0.47
0.27

Field angle

Signal
1.1

0.87
0.61
0.4
0.27

Field angle

Signal

Field angle

1. 2. 3. 4. 5.

Fig. 24. The conversion versus the direction [rad] of an applied field for a

two-way light pass in a 7.6 mm long sample. a) 100 uT field magnitude, b)
1 mT field magnitude ¢) 5 mT field magnitude (thick line) and theoretical

calculation (thin line)
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figure 24b, we could observe how the magnetization direction more and
more closely followed the direction of the field. In figure 24c, with a 5 mT
field, the magnetization almost completely follows the direction of the
applied field. Although there are some deviations from the theoretical curve,
the measured curve is smooth and free from hysteresis. This indicates that
the 5 mT field was strong enough to create a single domain with a
magnetization which could then be rotated by the field to be measured.

In order to study the magnetic behaviour of a channel structure in the
film, experiments were made with strip waveguides delimited by parallel
slits sawn through the waveguiding film. The hysteresis problems were,
however, found to increase. A probable explanation is that the "channel
structure”, and the rough sawn edges, affected the domain structure. Some
experiments with etching of YIG were also made 135,

Sensor design considerations

From measurements such as those described above, we drew the conclusion
that with this type of material, which was known to have a relatively small
anisotropy, a bias field of about 5 mT was needed to achieve a reproducible
sensor behaviour.

The use of a bias field, however, limits the applicability of the sensor in
several ways. The bias field may disturb the measurement situation in an
unacceptable way. If the bias field is to be supplied by a permanent magnet,
the effects of strong overload fields on this magnet must be considered. It
may also prove difficult to find a magnet material that maintains the bias
field constant over the temperature range required. On the other hand,
there is in principle also a possibility to use a temperature dependent bias
field to partly compensate the temperature dependence of the sensor
material.

An alternative approach is, as will be shown below, to use a material
with a strong anisotropy.

Partly because of the results that were obtained in the channel wave-
guide experiments, and partly because of the extent of process development
work necessary to make channel waveguide structures, we also decided to
use slab guides only.

Paper reference

The design and performance of the measurement system for bulk samples are
discussed in paper A. In this paper, some examples of results are also given.
The results are more fully described in paper C, and the sensor design rules
are given in paper B.
The different waveguide characterization methods and the role played by the
pressure applied to the prisms are covered in paper E.

The use of a variable in-plane field to select a suitable bias field, is
described in paper G.
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5. Sensors.

Single-mode systems

The sensing element of a measurement system with polarization maintain-
ing single-mode fibres could, in principle, be either waveguiding or bulk
optical. To avoid alignment problems, we have decided to work only with
waveguiding sensing elements in our single mode systems. With a thickness
of 5-10 um, the sensing elements have been capable of carrying several
modes, but we have shown that it is possible to use them effectively as
single mode guides, butt-coupled to fibres.

The other two coupling methods that we have used in the characteriza-
tion work can also be used in sensor configurations. The prism coupling
method, however, lacks the ruggedness and potentially low cost that the
butt-coupling and grating methods have. While we have preferred the
simple butt-coupling in our sensors, grating coupling is a good alternative,
particularly for thinner guides which cannot be effectively butt-coupled to
fibres.

The basic principle of a waveguiding sensing element in combination
with polarization preserving fibres is demonstrated in figure 25. One of the
polarization modes of the fibre is used to carry linearly polarized light
(white arrow) to the sensing element, where it is launched into the funda-
mental TE mode of the planar waveguide. In the waveguide, part of the
optical power is converted to the TM mode (graded arrows). The light is
then coupled into the return fibre, which is oriented in such a way that each
of the modes of the planar guide matches one of the fibre polarization
modes. At the output end of the fibre, the light from the two fibre modes is
separated and detected. The detector outputs are then combined to give an
intensity independent signal that is a measure of the magnetic field.

With this configuration it is not possible to detect the sign of the

Fig. 25. Basic sensing principle
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magnetic field. Fields that are parallel to, or anti-parallel to the light propa-
gation direction, cause TE to TM coupling factors that are equal in magni-
tude and, consequently, they cause equal amounts of light to be coupled into
the TM mode. However, if the return fibre is mounted with its birefringence
axes at +45° to those of the waveguide, the amplitude in each of the fibre
modes will be a linear combination of the amplitudes of the TE and TM
waveguide mode fields leaving the waveguide, giving a suitable anti-
symmetric sensor behaviour. This is in analogy with a conventional bulk
optic polarization rotation measurement set-up with the analyzer rotated
45° or —45° from the input polarizer orientation.

The absence of a lateral light confinement leads to a severe light loss
when a configuration as the one in figure 25 is used. The loss can be of
acceptable size only if the sensor is very short. Consequently, there is then a
trade-off between polarization rotation and loss, but with materials having
a very large Faraday rotation, it is possible to find a useful compromise.
This is demonstrated by the results obtained with a sensor using a short
bismuth-substituted YIG waveguide having a saturation magneto-optic
rotation of about 1000°/cm (1.7-103 rad/m) at 1.15 um, figure 26. This
waveguide had a strong out-of-plane anisotropy.

The idea was that this anisotropy should replace the bias field necessary
with the other waveguiding sensors. The sensor output versus the applied
field is shown in figure 27. A hysteresis effect appears for field magnitudes
less than 1 mT. For such field levels, the magnetization direction is almost
perpendicular to the film plane. For larger field levels, the performance is as
expected, i.e. a smooth field versus conversion relationship. It is also evident
from the non-symmetry of the curve that the return fibre was not correctly
mounted, but was rotated slightly off the intended angular position with its
birefringence axes at 45° from those of the input fibre. The imperfections of
this experimental prototype should, however, not conceal the fact that the
design principle is working. With another material having a stronger
anisotropy it may be a viable concept.
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Fig. 26. Two-fibre sensor with 3.7 um Bi-substituted waveguide.
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Fig. 27. Sensor output versus the applied field for a sensor according to
figure 26.

An approach that in addition to solving the loss problems also allows the
input and output fibres to be mounted side by side instead of in line on
opposite edges of the waveguide, is to make a focusing reflector on the
waveguide, figure 28a. In the experimental sensors, this reflector was made
by polishing the rear edge into a semicircular form. A thin gold coating was
then applied. Etched waveguide mirrors or grating reflectors are alter-
natives that could be taken into consideration. An experimental prototype is
shown in figure 29.

As the Faraday effect is nonreciprocal in nature, the mode conversion of
the forward and backward trip will add, making the effective interaction
length twice the sensing element length.

This is the single-mode sensor design for which we have recorded the
largest amount of test data. Results obtained with a sensor prototype with a
7.6 mm long Gd,Ga substituted YIG waveguide of the kind previously
mentioned, are shown in figure 29. A bias field of 5 mT was used according
to the sensor design considerations in the previous section of the summary.

:\@\

Polarization YIG waveguide ~ Mirrored Polarization YIG waveguide ~ Mirrored
maintaining fibres edge maintaining fibre edge

Fig. 28. Configurations for waveguiding sensors with focusing reflectors.
a) With two fibres. b) With one fibre.
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_

Fig. 29. Experimental sensor according to fig 28a.

The results show the expected sensor function with a central smooth
sensing range and a slope reversal at approximately +2 mT, figure 30. This
indicates that the optical power couples back into the mode which it was
originally launched into, equivalent to a polarization rotation of more than
45°. A sensor with a shorter interaction length would give a monotonous
relationship.

Tests made with a spectrum analyzer, confirm the good signal quality
and indicate a detector and amplifier noise level equivalent to about 8 nT in
a 1 Hz bandwidth with a 5 mT bias field. The detection limit of the sensing

SIGNAL

Ogis T el T @es @ .Bas @1 .BlS
APPLIED FIELD [T1

Fig. 30. Sensor output versus the applied field for the folded two-fibre
design. Bias field 5 mT perpendicular to the axis of the sensing element.
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element is, thus, lower than this value. By increasing the bias field, the
measurement range can, of course, also be scaled to higher values.

We have also made a sensor where the same polarization maintaining
fibre is used to guide the light both to and from the sensing element, figures
28b and 31. In such a configuration, the 45° displacement of the return fibre
needed to achieve directional discrimination, is obviously not possible. For
systems covering large distances, it is an advantage with only one fibre.
Typically, however, such systems will include discontinuities in the fibre,
e.g. removable connectors without index matching. Reflections from such
discontinuities will be a problem in a one-fibre system. The reflected power
will interfere with the light returning from the sensing element. As the
phase angle between the unwanted reflection and the signal is determined
by the length of the optical path to the sensing element, which will vary
with the environment, rapid amplitude variations will take place. Although
only one of the channels is affected, the performance of the balanced sensing
system can be severely degraded.

The optoelectronic unit needed in a one-fibre system is also much more
complex than the one in a two-fibre system. In addition to the polarization
splitter, an extra beamsplitter, to couple the laser light into the fibre, is
needed, figure 32. As the light has to pass this extra beamsplitter twice, the
loss introduced is large. Furthermore, the risk of stray light from the laser
falling on the detectors is substantial.

B ot | : .
Fig. 31. Experimental one-fibre sensor according to figure 28b.
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Fig. 32. Optoelectronic unit for one-fibre sensing system.

Using a 1.3 um laser with short coherence length we have, however,
obtained good results with a one fibre system with no removable connectors
and with the fibre ends obliquely cut to avoid reflections, figure 33. The
sensing element is similar to the one used in the two-fibre sensor. The non-
symmetry of the curve is, at least partly, due to the non-symmetry of the
sensing element caused by the oblique mounting of the fibre.

The systems described here are balanced, i.e., the sum of the optical
power from the two channels is independent of the measurand and only
dependent on the system loss, while the distribution of power between the
two channels is ideally only dependent on the measurand. This is
completely true for the light path to the sensing element but only
approximately so for the path from the sensing element to the detectors.
Loss mechanisms that unequally affect the two fibre polarization modes in
the return fibre, will influence the output signal.

SIGNAL

- L
APPLIED FIELD [mT]

Fig. 33. Output signal from one-fibre sensor according to figure 28 b with an
optoelectronic unit according to figure 32. A bias field of 3 mT in the plane of
the waveguide is used.
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Multimode systems

Iron garnet materials can also be utilized in multimode fibre optic magnetic
field sensors. Such sensors provide a technologically simpler approach that
may be more appropriate for many applications. Figure 34 shows the basic
principle. Light is launched into and returns from the sensing element
through multimode optical fibres. Polarizers are placed on both sides of the
crystal. The intensity of the light transmitted through the second polarizer
depends on the polarization rotation in the crystal.

mu/g polarizer  YIG polarizer
“20de fibre N | | N multimodzM
Vol AV

Fig. 34. Basic principle for the intensity based multimode sensors.

Different relative orientations of the transmission axes of the two sensor
polarizers will produce very different sensor characteristics. To achieve a
sensitivity to the direction of the applied magnetic field, a maximum unam-
biguous range and a maximum sensitivity to small fields, an angle of 45°
between the polarizer axes can be chosen. In this case, the polarization
rotation in the sensing element should not exceed 45°. For certain applica-
tions, other polarizer orientations are more favourable.

In most applications, it is unpractical to have the fibres on opposite sides
of the sensing element. Thanks to the non-reciprocity of the Faraday effect
it is, just as in the single-mode case, possible to use a folded design,
figure 35. In this illustration, | have also indicated the use of a thick YIG
film rather than a bulk crystal.

The DC field characteristics of such a sensor is shown in figure 36. The
sensor was realized with an epitaxially grown 0.13 mm thick (YbTbBIi)IG
layer on a GGG substrate. The thickness of the layer was chosen to give a
single pass maximum rotation of 22.5° at 1.3 um.

The saturation points fall at approximately £100 mT. Using a spectrum
analyzer the output signal was measured for different levels of applied
1 kHz field from 27 mT (1% distortion) down to 270 nT.

The measurement results are summarized in figure 37, where the signal
amplitude is plotted versus the applied 1 kHz field amplitude. Apparently
the sensor is, within the experimental accuracy, linear over a range of at
least 100 dB. The experimental data show a 1 Hz noise equivalent magnetic
field of 1 uT. By decreasing the optical loss of the sensor and by improving

mulg, polarizers  YIG  mirror

ode fibres
O

Fig. 35. Folded multimode sensor design
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the amplifier, a reduction of this value to 100 nT should be within reach.

The accuracy of this type of sensor is, in most cases, limited by the loss
variations in the system and by the temperature dependence of the sensor
material. In some applications, e.g. AC measurement, the average value of
the mesurand is known. One can then compensate for the slow loss
variation. By optimizing the sensor material composition and thickness the
temperature dependence of the material can be reduced considerably, less
than 1% between —20°C and 80°C has been reported 136,

A recent prototype version of the multimode sensor is shown in fig 38.
Other versions are shown in fig 39.

RELATIVE TRANSMISSION

1 1 | 1 1
1% -40 (% 40 80
MAGNETIC FIELD [mTJ

Fig. 36. The magnetic field characteristics of a multimode sensor with an
epitaxially grown 0.13 mm thick (YbTbBIi)IG layer on a GGG substrate.
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Fig. 37. The signal amplitude versus the applied field.
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Fig 38. Prototype sensor developed for a field trial in co-operation with ABB
Power Systems, with protective cover removed, lying on a piece of paper with
mm rulings. a: YIG/GGG sensing element with gold coating, b: gradient
index lens, c: polarizers, d: fibre holder made from a piece of glass tube.

Fig 39. Three versions of multimode sensors with folded design

Paper reference

The waveguiding sensors are first introduced in paper D. Results from an
experiment with a two-fibre unfolded system are shown, but the paper is
mainly about the one-fibre folded design according to figure 27b in this
summary. Different techniques to avoid interference effects are also
described.

In paper F, a similar folded sensor is used but with an 1.3 ym semicon-
ductor laser diode light source to reduce the interference problems. A sensor
utilizing a very short piece of highly magnetically anisotropic Bi-YIG wave-
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guide is also described. In the same paper there is also a description of a
number of multimode sensors.

The two-fibre folded design sensor and its performance is treated in
paper G.

The performance of the folded multimode sensor is treated in paper H.
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6. Conclusions

Fibre optic magnetic field sensors based on iron garnet material have a
number of favourable features. They can be made very compact, have large
measurement ranges and resolutions in the nT region. The small size is an
advantage not only for the point sensing of magnetic fields, but also for
current measurement together with an iron core.

Both single-mode and multimode systems are demonstrated in this
thesis. The two types of systems differ both in their measurement possibili-
ties and in more practical handling aspects.

Using polarization maintaining single-mode fibre and sensing elements
made from few-mode YIG waveguide, several versions of balanced mea-
surement system have been built. The output signal from such a system is
approximately independent of the system loss. Sensors have been made both
with separate fibres to guide the light to and from the sensing element and
with a single fibre for both functions. The two fibre version is, however, less
complicated and has a better performance.

While the waveguiding single-mode sensors have some attractive
features and perhaps potentially the best performance, the multimode
sensors are less complicated to manufacture. As they can be produced at a
low cost, they could replace Hall elements, not only in magnetic field
sensors, but also for rotation speed sensing, etc. Also for electric current
measurement they are a viable alternative. While an accuracy equal to that
of precision current transformers has not yet been demonstrated, sensor
prototypes suitable for other current monitoring applications in the electric
power grid have been developed.

The temperature dependence of the Faraday rotation which at present
limits the accuracy of the sensors can be substantially reduced with new
sensor material compositions.

The renewed interest in magneto-optical materials may make suitable
sensor materials more readily available in the near future.
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Comments on the authorship of the papers

The papers upon which this thesis is based, are written by myself and one
or more co-authors from the fibre optic sensor group at the Instrumentation
Laboratory. Torgny Brogardh and Kjell Svantesson have been my super-
visors, and their contributions have primarily been to provide good ideas
and guidance. Also, their help in the actual writing of the text has been
important. It is, however, difficult to quantify these contributions.

Most of the actual research work has been carried out by Ulf Holm and
myself. Below | will indicate our different contributions to the papers. In the
cases where Kjell Svantesson has made more active contributions to the
work, this will also be indicated.

Paper A

UIf Holm and | have taken equal parts in the development of the measure-
ment system. The mathematical analysis of the performance was however
made by UIf Holm alone.

Papers B and C
UIf Holm and | have made equal contributions to this work.
Paper D

I have done a major part of this work. The use of a few-mode waveguide
with selective excitation was, however, originally suggested by Kjell
Svantesson and the basic concepts behind the sensor design were jointly
devised by the project group. UIf Holm’s main contribution is in the
application of phase modulation to reduce the influence of the reflected
light.

Paper E

This paper gives an overview of different methods applied in our characteri-
zation measurements. The grating method was devised by Kjell Svantesson
and the results shown in the paper were obtained by him and Ulf Holm. The
work on prism coupling and edge coupling was mainly done by myself.

Paper F

This paper gives a summary of our sensor work up to that time. Most of the
work on multimode sensors was done by Ulf Holm and the work on single-
mode systems was done by myself.

Paper G

This is primarily my work. Although he is not mentioned as a co-author, Ulf
Holm has assisted in developing the model used in fig 6¢, 7 and 8.

Paper H
This is primarily my work.
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Paper abstracts

A: Measurement system for magneto-optic sensor materials

U Holm, H Sohlstrém and T Brogardh

A system for the measurement of magneto-optic properties of IR-trans-
parent materials is described. The system is designed for the characteriza-
tion of fibre optic magnetic field sensor materials. Measurement results on
YI1G-crystals are presented. The accuracy of Faraday rotation and light
transmission measurements are 2 mrad and 2% respectively. Important
features for the sensor characterization are light beam scanning, tempera-
ture control and flexible magnetic field generation. A desktop computer is
used for system control and data acquisition. The system is expected to be of
great importance for future sensor development.

B: YIG-sensor design for fibre optical magnetic field measurement

U. Holm, H. Sohlstrém and T. Brogardh,

Aiming at the design of a magnetic field sensor utilizing the Faraday
effect, we give in this paper a description of measurements of magneto-
optical properties of YIG. We also give sensor design rules based upon these
measurements.

C: Measurement of YIG crystal characteristics for the design of
optical magnetic field sensors

U. Holm and H. Sohlstrom

Measurements of the magneto-optic properties of YIG crystals, aiming at
the design of fiber optic magnetic field sensors are presented. The Faraday
polarization in YIG samples of different shapes, in applied fields -60 mT to
+60 mT is given. The effects of temperature, perpendicular fields and
sample treatment is studied. With thin, 0.3 mm samples, the linearity of the
relationship between applied field and polarization rotation is found to be
good with deviations from linearity of less than 1%.

D: A Polarization Based Fibre Optical Sensor System Using a YIG
Optical Waveguide for Magnetic Field Sensing

Hans Sohlstrom, UIf Holm and Kjell Svantesson

A sensor system utilizing a polarization maintaining fibre for the optical
signal transmission and a planar optical waveguide for magnetic field
measurements is presented. The system is based on polarization modulation
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originating from the TE to TM mode conversion in a magneto-optical thin
film of Gd,Ga substituted YIG (Yttrium Iron Garnet).

E: Characterization of Magneto-optical Thin Films for Sensor Use

Hans Sohlstrom, Ulf Holm and Kjell G. Svantesson

As a part of a fibre optical sensor development project we have made an
evaluation of different optical waveguiding techniques to study the proper-
ties of thin magneto-optical films. Because of the application the methods
are focused on the determination of the Faraday rotation, the linear bire-
fringence and the dynamics and anisotropy of the magnetic properties of the
samples. Measurements using holographic grating, prism and edge (end-
fire) light coupling to different substituted YIG films are presented. The
advantages of the different methods are discussed and it is shown that the
launching technique may affect the properties to be measured. Film stress
caused by the prism coupling method is found to influence the magnetic
anisotropy.

F: Magneto-Optical Garnet Materials in Fibre Optic Sensor Systems
for Magnetic Field Sensing

Kjell Svantesson, Hans Sohlstrom and UIlf Holm

Magneto-optical garnet materials such as YIG, undoped as well as
substituted, exhibit a large Faraday rotation. This fact makes them poten-
tially suitable as sensing elements in fibre optic magnetic field sensor
systems.

We describe both an intensity based multimode system using bulk mate-
rials and a singlemode polarization based system using waveguiding films.
A number of different material compositions, such as undoped YIG, (Gd,Ga)-
and different Bi- substituted YIG have been used for the sensor elements.
Measurement results are presented and discussed. A detection limit in the
uT range and a measurement range exceeding 104 have been achieved.

G: A waveguide based fibre optic magnetic field sensor with
directional sensitivity.

Hans Sohlstrém, Kjell Svantesson

In this paper we report on the design and performance of an extrinsic
guided wave fibre optic magnetic field sensor. The sensor utilizes a substi-
tuted YIG (Yttrium Iron Garnet, Y3Fe5012) thin film as the waveguiding
sensing element. A polarization maintaining fibre downlead was used to
provide insensitivity to both power and loss fluctuations. The design makes
it possible to determine both the magnitude and the sign of the magnetic
field.
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Measurement results indicate a usable measurement range of at least
several mT with a noise equivalent magnetic field level of less than
8 nT/VHz.

H: The performance of a fibre optic magnetic field sensor
utilizing a magneto-optical garnet
Hans Sohlstrom, Kjell Svantesson

The design and performance of a multimode fibre optic magnetic field
sensor utilizing the Faraday effect in an epitaxially grown thick (YbTbBi)IG
film is reported. The sensor is found to be linear over a range of more than
100 dB.
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Paper A

U Holm, H Sohlstrém and T Brogardh
"Measurement system for magneto-optic sensor materials”
J. Phys. E: Sci. Instrum., vol. 17, p. 885-889, 1984.
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Abstract. A system for the measurements of magneto-optic
properties of IR-transparent materials is described. The system is
designed for the characterisation of fibre optic magnetic field
sensor materials. Measurement results on YIG-crystals are
presented. The accuracy of Faraday rotation and light
transmission measurements are +2 m rad and +2%
respectively. Important features for the sensor characterisation
are light beam scanning, temperature control and flexible
magnetic field generation. A desktop computer is used for
system control and data acquisition. The system is expected to be
of great importance for future sensor developments.

1. Introduction

This paper describes a system adapted to the measurements of
magneto-optic properties of IR-transparent materials. Since we
are primarily interested in materials exhibiting a large Faraday
rotation, e.g. ferrimagnetic materials, the system has not been
designed to measure extremely small values of rotation of
polarised light. Instead the system was designed to make
accurate measurements of unique phenomena in ferrimagnetic
materials, such as nonlinearities, hyster'esis and magnetic
domain formation. These phenomena are very important for e.g.
fibre optic magnetic field sensors and the main applications of
the system will be characterisation of candidate sensors
materials.

YIG (yttrium iron garnet) is a ferrimagnetic material suitable
for magneto-optic sensors because of its significant Faraday
rotation (Wettling 1975, Massey et al 1975, Holm and
Sohlstrém 1982). However, this material has not been useful for
fibre optic sensor applications until recently since no reliable
optoelectronic components have earlier been available in the
wavelength region where YIG is transparent. Now the long wave
fibre optic systems (1.2—1.6 um) for long distance and high

speed communication have changed the prerequisites. YIG and
other garnets are therefore expected to grow in importance for
optical sensing as well as for optical isolation. For sensing
purposes the relation between applied magnetic field and
polarisation rotation is of fundamental interest, rather than the
properties of a uniformly saturated material which has been the
subject of most reports published (Pisarev et al 1977, Toda and
Nahagawa 1980, Berdennikova and Pisarev 1976). Evidently,
there is now a need for measurements of different magneto-optic
properties in nonsaturated YIG in relation to crystal composition,
crystal growth methods, crystal defects, sample geometry,
sample temperature etc. Later on we will describe this
characterisation work in connection with a presentation of our
sensor developments.

In the measurement system, a linearly polarised light beam is
passed through the sample and the change of the state of
polarisation caused by the sample is measured using a
Wollaston prism and two photodetectors. This basic method
was adopted instead of one using polarisation modulation, e.g.
by means of a rotating analyser or retarder or a photoelastic
modulator (Hague 1977). The main reason for our choice was
that the same principle could be used in fibre optic sensors. Also
the system is relatively inexpensive and adaptable to wide
bandwidth measurements.

The polarisation rotation and transmission of the sample can
be measured as functions of magnetic field parallel with and
perpendicular to the light beam, position on the sample and
temperature.

A desktop computer is used for automatic control, data
acquisition and data processing, including auto-calibration
routine giving increased accuracy.

First the basic measurement principle is outlined, then the
measurement system is described. After that the measurement
features are summarised and the performance of the system is
analysed. Finally, we will discuss experimental results.

2. Measurement principle

In the measurement system, a linearly polarised light beam is
incident on a measurement object, e.g. a YIG crystal. The
polarisation plane of the incident beam is carefully fixed at an
angle 6, with reference to the horizontal plane, figure 1. The
beam transmitted by the measurement object has its plane of
polarisation rotated an angle A#. This rotation is due to the
Faraday effect and thus dependent on the surrounding magnetic
field. The transmitted beam is split into two orthogonal
polarisation components /; and I, at 0° and 90° respectively,
with reference to the horizontal plane. /; and I, denote the
intensity values. If the input beam is at 45°, we can write:

OQ=(I, — L)/, + I,)=—sin (2AH).

) Measurement
pl) object

'\60 +A0 )
Wollaston prism

=

2
Figure 1. Principle for polarisation rotation detection.
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Thus Q gives a measure of the rotation of polarisation
independent of the intensity /, of the incident beam.

To achieve a simultaneous measure of the transmittance of
the measurement object, the sum of the signals /; and I is
divided by a signal from a reference channel.

3. Measurement system

Laser light (Spectra-Physics Stabilite model 120) of 1152 nm is
used. To eliminate errors from beam position drift, a pinhole
(0.3 mm dia) is mounted 250 mm from the laser output window.
The pinhole gives the beam a divergence of about 5 mrad.

To achieve a reference beam a beam splitter with a
transmittance of 90% is introduced. The reflected part (¢ - Io) is
focused onto a photodetector. All detectors used in the system
are germanium photodetectors (Judson J-16-5, 2 mm), operating
without bias.

The laser is oriented to have its plane of polarisation in an
approximately correct direction (6,). To be able to control the
polarisation more carefully, and to increase the degree of
polarisation, a polarising prism is used. It is a calcite
Glan—Focault prism (Oriel) with an extinction ratio < 107°.

To be able to make measurements with a small diameter
beam at the measurement object, a convex lens with 200 mm
focal length is used. At the surface of the measurement object
this gives a beam diameter of 200 um. A similar lens behind the
crystal focuses the light on the detectors.

A Wollaston prism then splits the outcoming beam into two
orthogonal directions of polarisation. The previously mentioned
polarising prism is set to give incident polarisation at 45° with
respect to the axes of the Wollaston prism when the
measurement object is not present.

The measurement object is mounted in a holder consisting of
a quartz block with a channel in which the object is placed,
figure 3. The temperature is measured by a thermocouple
moulded into the block. By means of micrometer controlled
translation stages the block is accurately moveable in the plane
perpendicular to the light beam. ’

Surrounding the quartz holder are two sets of electro-
magnets. One set is a pair of air coils to create a field (—60 mT,
60 mT) parallel to the light beam and the other set consists of

Channel

Figure 3. Measurement object holder.

two coils with an iron core, creating a transverse field (—50 mT,
50T). Also surrounding the holder is a resistance wire for the
heating of the measurement object. The maximum attainable
temperature is at present 100°C limited by the maximum
operating temperature of the electromagnet coils.

The measurements are controlled and logged by a HP 9826,
which is a 16-bit desktop computer, with 320 kbyte primary
memory and a floppy-disc mass storage. It is connected to
peripheral units by the IEEE 488/IEC 625 bus.

The photodetector currents are transformed to convenient
voltage levels by transimpedance coupled operational amplifiers
(LF 356) and measured by digital voltmeters (Philips PM 2443).

The current producing the magnetic field parallel to the light
beam is generated by a bus controlled pc power supply, (HP
6002 A) giving max. 200 W (max. voltage 50V at 4 A and

Polarisor
/ Lens

Mirror

Beam-

Filter splitter

Coits?” D

H

Amplifiers

Holder for
measurement
object

Wollaston

prism Detectors

Lens

Heater
J wer supply

—

Desktop
computer

Magnetic field
generation
power supplies

Figure 2. Measurement system.
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max., current 10 A at 20 V). The direction of the current is
altered by a bus controlled relay box. The transverse magnetic
field is generated by a current supplied by a pc power supply,
(Oltronix 62820 R) giving max. 20 A at 30 V.

The computer controls the temperature by switching the
current in the resistance wire on and off. The heating current is
always off during sampling of the photodetectors.

4. Measurement features

At each measurement the following data are recorded:

(i) rotation of the plane of polarisation

(ii) transmission of the measurement object

(iii) current producing the magnetic field parallel to the light
beam

(iv) temperature of the measurement object

(v) position of the measurement object relative to the light beam
(vi) time

Series of up to 400 measurements are made, though this number
may easily be increased. Each recorded data is the mean value
of a chosen number of readings (usually 10).

For the reliability and accuracy, a computerised calibration
routine is included. By measuring detector outputs with the
measurement object removed from the light path, and then with
the light beam blocked, unequal detector sensitivities and offset
signals are determined.

The current in the coils generating a magnetic field parallel
to the light beam is set to a predetermined value by the computer
at each measurement. The current is usually stepped from a
negative value to an equal positive one and back.

The temperature can either automatically be held constant
to +1°C or be swept up or down or be set to an arbitrary value
at each measurement.

The system features obtained match the requirements of our
present sensor development work. To meet future demands
several changes will probably be made, as for example
installation of a high frequency data collection system,
motorised computer controlled micrometers for light beam
scanning, monochromator light source together with phase
locked amplifiers for spectral studies, coils for larger magnetic
fields and optics for measurements on wave guiding structures.

5. Performance
The recorded data of the rotation of polarisation can be shown
to be (Holm et al 1983)

M, =0.5 sin"'[(1 =AU, — AU,) sin 2A8 + (A, — A,) sin® 2A6
+2a(1 — cos 2A0—sin® 2A0) + Ay — A, + AU, Y AU,

Af=rotation caused by the Faraday effect in the crystal
a=deviation of incident direction of polarisation from correct
value (45° to Wollaston prism axes)

An;  AF;
A=13 5]i+—Z+—O) i=1,2

ni F;

(i=1, 2 corresponds to the two detector channels separated by

the Wollaston prism)

AU =3AUe/10.6 FIiTCIL]  i=1,2

F;=electrical amplification of detector output signal
U, omset = DC 0ffset, electrical and due to stray light
n; = detector responsivity
Oy, =relative change in detector signal due to redistribution of
energy within the beam
T =crystal transmittance
1 = power of the light passing through the pinhole.
Superscript 0 denotes the values at time of calibration and prefix
A denote the change since calibration (drift).

The transmission data is (Holm et a/ 1983)

Migans =] 1 -ia(l + sin 2A0) + 1(1 + sin 2A6)
+A2(l‘$in 2A6)—A3 +AU1 +AU27AU3]
15

AU; =AU, ——
3 3 offset T]gF:?]{_

(index 3 corresponds to the reference channel).

To estimate the maximum error in the measurement we
assume that the errors are independent and all add. The errors in
the detector channels (1 and 2) can also be assumed to be of
equal magnitude, since the channels are equivalent. This gives:

M, =0.5 sin~'[sin 2A8 + 2a(1 — cos 2A8— sin” 2A6)
+2A(1 —sin? 2A0) + 2AU .
Mans = Tc[1 + 2a(1 + sin 2A68) + 3A + 2AU + AU']
where
A=} (61 + % + —LI};?)
AU= 2o/ (0-6F 1 Te 1)
AU = 15 AU /(F°1°IL).
The different contributions to A are also assumed to be
independent giving:
Al 1AF]|

1
Amax=2 Iéll+ ]10 + Fo

0, is estimated to be less than 0.1%, which is based upon
measurements of the-sensitivity variations on the detector area,
beam irradiance distribution at the pinhole and beam directional
variation.

An is mainly due to temperature dependence. The
temperature coefficient of the detectivity of Judson J-16
detectors is given by Stock and M&stl (1982) as 0.3% K '
Since the temperature change during a measurement is < 1 °C

An/n<0.3%

AF consists of three parts. (1) Thermal drift in amplifier
resistances <5 x 107% (2) Relative error in the voltmeter
reading specified as <2 x 107*. (3) Error caused by a random
trigger delay of max. 100 ms in the voltmeters. The fastest
relative variations in laser intensity is measured to be
8 x 1073 s ™! (two hours after start). Resulting error <8 x 107*,
Adding these contributions gives a maximum error of:

Amax <HA x 107343 %1073 +5x107*
+2x107*+8x 10793 x107°

AU e consists of amplifier offset drift AU,y <5 X 1073V and
the error due to stray light, which is estimated to < 107* V.
The absolute error of the voltmeter is < 10~* V and thus

AU <6x 1072V
AU = 3AUr00. /(0.6 FOR"Ted1) < 2.5 x 107/ T¢
AU 5% 1078

where
Fo=4x10°VA™'
’’=05AW!
t=1x10""W.

The polariser is set at equal angular distance from a minimum
value in each detector channel. The error a is then minimised by
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minimising the influence of rotation Af on the transmission
measurement. This calibration method is estimated to give
-3
aLl107".
Introducing these values into the expressions for M, and
thns gives

M, =0.5 sin~'[sin 2A8 £ 2 x 107(1 —cos A8)
+6x 1071 —sin® 2A8) + 5 x 107*/T¢]
Mygans =Tec[1 £ 2 x 1073(1 — cos 2A8)
+9x10734+5%x 10 %/Tc £5x107%].

The magnitudes of the calculated worst case rotation and
transmission error are shown in figures 4 and 5. Except for large
angles of rotation, the calculated maximum rotation error with a
typical 2 mm YIG sample is about 4 mrad. The calculated
transmission error is in the same case 2%. These error values
should be compared with the maximum observed system drift
during long-time system tests, 0.5 m rad and 1% respectively.
The main reason for this discrepancy is that the temperature
drift errors of the three channels are not uncorrelated, which was
assumed. In fact, there is a strong correlation between the
temperatures of the detectors and detector amplifiers. It is
reasonable to believe that the difference in temperature drift
between the channels is about 10% of the total drift in one
channel. This would bring the calculated system rotation error
down to <2 mrad.
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Figure 4. Calculated maximum rotation error. The parameter is
the transmission of the measurement object.
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Figure 5. Calculated maximum relative transmission error.

6. Application examples

Figures 6-8 give some examples of how the measurement
system can be used to study the magneto-optic properties of a
YIG crystal. The crystal with the dimensions 2.x 2 X 2 mm was
inserted into the quartz holder depicted in figure 3 and a 200 um
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peli=
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Pol. rotation ( rad )

BIA=
0

Pot. rotation ( rad )

0 0.5

1.0
Position { mm)
(b)

Figure 6. Line scan of rotation in 2 mm x 2 mm X 2 mm YIG
cube. The parameter is the applied field which is varied from
—50 mT to +50 mT in 20 steps. (a) and (b) are perpendicular
scans on the same crystal side. Intersection point is at 1.15 mm
in (@) and at 1.4 mm in (b). Polarisation fall off at end of scan is
due to stray light not going through measurement object.

n/lh T

(=)

Pol. rotation { rad )

-T/b .—_—/ \

-50 0 50
Applied field (mT)

Figure 7. Rotation as function of applied field. Crystal as in
figure 6.

diameter light beam is used to measure the Faraday rotation. In
figures 6(a) and (b) the light beam makes line scans over one of
the surfaces of the crystal. In figure 6(b) the scan direction is
perpendicular to that in 6(a). Each curve in the two figures is the
measured rotation of the polarisation plane (A#) as a function of
the light beam position, with 5 mT difference in applied
magnetic field between adjacent curves.

From curves like those in figures 6(a) and (b) together with
light transmission measurements and optical inspection the
influence of inclusions, surface defects and edge effects on the
magneto-optic behaviour can easily be found. For a more close
study, curves describing the Faraday rotation as a function of
the magnetic field can be plotted as in figure 7. Then hysteresis
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Figure 8. Transmission of YIG crystal in 17 mT applied field.
Temperature ramp 30 °C — 100 °C - 50 °C. Crystal 2 mm x
2 mm x 2 mm.

effects and nonlinearities are easily identified. With the sample
used in the examples, the maximum rotation unfortunately is
near /4, where the angle measurement error is great. Normally
we are concerned with smaller rotations.

Finally, figure 8 shows the result of a light transmission
measurement in one point when the crystal temperature is
continuously increased from 30 °C to 100 °C. The decrease in
transmission depends on the temperature shift of the absorption
edge.

A more detailed description of the magneto-optic behaviour
of v1G-crystals will be given in a later work on sensor material
characterisation.
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YIG-SENSOR DESIGN FOR FIBRE OPTICAL MAGNETIC FIELD MEASURE-
MENTS

Ulf Holm
Hans Sohlstrom
Torgny Brogardh

Instrumentation Laboratory
Royal Institute of Technology, Stockholm

Abstract

Aiming at the design of a magnetic field sensor utilizing the
Faraday effect, we give in this paper a description of measu-
rements of magneto-optical properties of YIG. We also give
sensor design rules based upon these measurements.

Introduction

Fiber optic sensors utilizing the Faraday effect for measuring
current in high-voltage applications have been discussed for
guite a long time [1,2]. One of many considerations is whether
to use a sensor material which is magnetically linear but with
low sensitivity, or a material with higher sensitivity but non-
linear characteristics. As we are working towards a compact
single-mode sensor system, with polarization-preserving optical
fibers, and an integrated optic sensor element, we have chosen
the latter alterrative, with YIG (Y3Fe5012) as the sensor mate-
rial.

To aquire knowledge of the influence of different parameters
on the magneto-optical properties of YIG, and to optimize the
_sensor design, we have developed an equipment for measuring
light polarization rotation and transmission as a function of
magnetic field in two perpendicular directions and temperatu-
re under different conditions [3]. This paper gives a short
description of this measurement system and a presentation of
some of the most important experimental results, such as the
influence of sensor dimensions, measuring beam size, sensor
material treatment etc.

Measurement system

Polarized He-Ne laser light (1152 nm) is sent through a sample
and is then split into two orthogonal polarization directions
and focused onto two germanium photodetectors. The absolute
accuracy in polarization angle determination is better than 0.5
mrad. Surrounding the sample are two sets of electromagnet
coils and equipment to vary sample temperature. The sample is
accurately moveable in the plane perpendicular to the laser
beam. By varying the beam diameter, either the entire sample or
selected spots down to 30 um can be measured. All the instru-
ments and actuators are connected to a desktop computer, which
is controlling and logging the experiments.

Measurement results

YIG crystals g;own by BTRL in England were used for all the
experiments. Figure shows the relationship between applied
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field along the light beam and polarization rotation in a 2 mm
x 2 mm Xx 2 mm YIG cube as measured with a 0.2 mm diameter light
beam. The measurement was made on a cube cut from an inclusion
free part of the YIG crystal. Measurements made at different
locations on the sample and on other samples give similar
results, although the exact nature of the non-lineareties and
hysteresis differ. The measurement in fig 1 was made along the
(1,1,1) direction but no significant differences where found
between different crystal directions.

In order to release internal mechanical stress and to cure
lattice defects introduced by the sawing and polishing of the
sample it was annealed for 35 min at 1000°C with a slow coo-
ling (~ 5 hours). This treatment had a significant effect.
Although there were still regions with large non-linearetics,
there were also areas of the crystal with much improved line-
arity, fig 2.

A completely linear behaviour was achieved with a bias field
perpendicular to the light beam. This can be explained by the
alignment of the magnetization of the entire sample to a common
direction from which it is then rotated linearly by the longi-
tudinal field. This method of linearization was not further
investigated since it was considered to give a complex sensor
construction. To gain better understanding of the magnetic
behaviour and possibly achieve a better linearity, without
using a bias field, YIG slices (1.4 mm x 1.4 mm x 0.3 mm) were
used for further experiments. Measurements were made along the
(1,1,1) crystal direction, perpendicular to the slice surface.
When the polarization rotation was measured with a 0.2 mm beam
diameter, the result was as in fig 3.

The reason for the better linearity in the measurements with
the thin sample in fig 3 than in those with the cubic sample
can be found in the magnetic domain behaviour. With the cubic
crystal domains are formed in a 3 D structure but with the

thin sample a more well defined 2 D structure with all domains
extending all the way through the sample is achieved. This can
be seen in fig 4 were a measuring light beam, narrow enough (30
wm) to resolve the individual domains, is scanned over the
sample.

With an external magnetic field the area balance between the
domains in the two directions is changed causing the average
rotation as measured with a larger beam diameter to change.
Thus, the size of the measurement area is important. Fig 5
shows the deviation from linearity as measured with 0.2 mm
and 2 mm beam diameters.

Besides the linearity we have investigated the temperature
dependence of the rotation and the sensitivity to fields per-
pendicular to the measured field. According to our measurements
the polarization rotation has a temperature coefficient of +

+ 0.1 $/°C in the range [20°C, 120°C]. Perpendicular fields, up
to 10 mT, influences the relationship between applied longitu-
dinal field and polarization rotation only to a small extent

(< 1% deviation from linearity). Fields above 10 mT causes much
larger deviations with non-linearities of 10% or more.
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Sensor design considerations

The primary demand on a useful sensor is of course to give a
reproducible and unambigous relationship between polarization
rotation and applied field. Linearity is also desireable,
though not necessary. From our measurments the following design
rules can be concluded.

. The measuring light beam should be expanded to cover the
entire crystal surface, to minimize the effects of single
domain behaviour.

. The crystal should be annealed after cutting and polishing,
to cure and release the mechanically induced lattice
defects and tensions. It should be noted that the domain
wall movements are obstructed by lattice defects as well as
surface defects and both the crystal growth and the polish-
ing should be done with care, to avoid such defects.

. The crystal geometry should be optimized considering the
demands on high sensitivity (thicker crystal) and well-
defined domain structure (thinner crystal). A way to com-
bine these demands is a multilayer structure, or a light
beam configuration utilizing multiple reflections. Other
ways to increase sensitivity might be to change garnet
composition and/or use light of shorter wavelength.

. The temperature dependence of the rotation can be electro-
nically compensated for, using simultaneously measured
temperature values. An alternative is to use another garnet
composition [4

. To reduce the influence of magnetic fields perpendicular
to the measuring direction a magnetic circuit surrounding
the sensor crystal can be used. It is of course also pos-
sible to measure and compensate for the perpendicular
field. '
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ABSTRACT

Measurements of the magneto-optic properties of YI G crystals,
aimng at the design of fiber optic magnetic field sensors
are presented. The Faraday polarization in Yl G sanpl es of
different shapes, in applied fields -60 ml' to +60 ni is

gi ven. Both neasurenments with sufficient spatial resolution
to study single domains and averagi ng nmeasurenents are

i ncl uded. The effects of tenperature, perpendicular fields
and sanple treatnent is studied. Wth thin, 0.3 mm sanpl es,
the linearity of the relationship between applied field and
pol ari zation rotation is found to be good with deviations
fromlinearity of less than 1%
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1. | NTRODUCTI ON

1.1 Fi ber optic current neasurenent using the Faraday
ef f ect

Fi ber optical sensors to neasure various physical parameters
have been devel oped [1]. The notives for this devel opnent are
the high sensitivity attainable with sone sensor types and
the inherent insulating properties and immunity to el ectro-
maghetic interference.

Fi ber optic nmeasurenent of current is of interest in high
vol t age power transm ssion applications. It is acconplished

t hrough nmeasurenent of the nagnetic field surrounding the
conductor. Two different phenonmena can be utilized for fiber
optic magnetic field sensing [2], nagnetostriction and the
Faraday effect. Sensors based on magnetostriction are limted
to very low field applications. For power |ine current sens-

i ng purposes the Faraday effect is used.

The Faraday effect is the fact that, when a linearly pol a-
rized light wave passes through a dielectric nedi um subjected
to a longitudinal magnetic field, its plane of polarization
is rotated. In dia- and paranagnetic materials, which are
magnetically linear, the relation between applied field and
rotation can be described by the Verdet constant.

Ap = V- H |

Ap = polarization rotation

V = Verdet constant

H = magnetic field strength

| = interaction length

The Verdet constant is small, typically Less than 10-° rad/ A

Larger polarization rotations can be achieved with ferri- or
ferromagnetic materials, as will be discussed bel ow. These
materials are, however, not nagnetically linear and cannot be
descri bed using the Verdet constant.



Wth a known input polarization plane, the anmount of polari-
zation rotation can be detected using a polarization
splitting Wl laston prismand two photodetectors.

The first optical current neasurenent systens were devel oped
as early as in the md sixties [3]. In these flint glass rods
were used as sensing devices. The free air transm ssion of

| aser beams used in these systens made them sensitive to,
anong ot her things, vibrations and weat her conditions.

The devel opnent of usabl e optical fibers gave new possibili -
ties. Mononode optical fibers can, to a limted extent,
transmt linearly polarized |light w thout depolarization
Furthernore, silica fibers exhibit Faraday effect. The fiber
itself can therefore be used not only to transmt the |ight
to the sensor but al so as sensing device. As the Verdet
constant is small in the fibers, typically 4-10° Alm the
interaction | ength between nmagnetic field and |ight nust be
long in order to give a significant rotation [4].

An alternative approach is to use a sensor material with

| arge Faraday rotation. Then the sensor can be small, adapt-
abl e for a nunmber of applications, not only current neasure-
ment .

1.2 YIG

YIG Yttriumlron Garnet (YszFesO5), is a ferrimagnetic syn-
thetic garnet with a significant Faraday effect. However, it
has not been useful for fiber optic sensor applications until
recently, since no reliable optoel ectronic components have
earlier been available in the wavel ength range where YIGis
transparent, above 1.1 uym However, because of the interest
inthe 1.2 ym- 1.6 umregion for communi cations use, such
conmponents are now beconi ng avail abl e.

In YIG just as in iron, nagnetic domains are formed. In each
domain, the magnetization is aligned in one direction and
saturated. The size and form of the domains are determ ned by



energy rel ati ons between the nmagnetic energy and the energy
needed to formthe domain walls.

The maj or applications for YIG are m crowave conponents and
bubbl e nenories. In bubble nenories epitaxially growmn YI G
films are used. Recently there has been an interest in the
use of YIGand YIGfilnms in optical isolators and sw tches

[5].

Optical wavegui des can be forned in YIGTfilnms. The concept of
a magnetic field sensor in the formof a single node YIG
wavegui de is interesting. Such a sensor can, conbined with
pol ari zati on preserving nononode fibers, forma polarization
nodul ati ng nmeasurenent systemw th interesting properties.

1.3 A project to study YIG and YI G wavegui des

Yl G wavegui de sensors and nore conventional bulk Yl G sensors
are studied in a joint research project at the Instrunenta-
tion Laboratory of the Royal Institute of Technol ogy, the
Institute of Optical Research and the M crowave Institute,
all in Stockholm The project is supported by the National
Swedi sh Board for Techni cal Devel oprent.

For sensor use, the properties of YIGin |low applied fields
are of interest, rather than those of YIG wuniformy satura-
ted by large applied fields, which has been the subject of
nost reports published [1]. The detail ed know edge of the
behaviour of YIGin |low applied fields, needed to eval uate
the idea of, and to design a YIG sensor, nade extensive
nmeasur enents necessary. The effect of crystal orientation,
sanpl e geonetry, sanple treatnment, tenperature and magnetic
fields perpendicular to the neasuring direction had to be
investigated. Fromthe first prelimnary neasurenents, nade
in cooperation with the Institute of Optical research, it was
clear that the magnetic domain structure of the material was
a key paraneter



A maj or problemin our studies has been shortage of YIG

sanpl es. Long delivery times have caused consi derabl e del ay.
Qur measurenents have been nade on sanples cut froma very
limted nunber of crystals but, as the characteristics of al
our sanples have been simlar, we believe that they are typi-
cal. The report describes the studies of the characteristics
of YIGcrystals, aimng at sensor devel opnent, made at the

I nstrunmentation Laboratory of the Royal Institute of Techno-
| ogy. Sone sensor designh suggestions based on the neasure-
ment results are al so given.

2. MEASUREMENTS

2.1 Measur enment equi prent

A neasurenent system for nmagneto-optical sensor characteriza-

—

i on has been devel oped [6]. The features of the system are:

e Arrangenent for the determ nation of the rotation of |ight
polarization in a sanple as a function of applied field
[-60 ml, 60 mI] and tenperature [20°C, 120°C]. Accuracy is
better than 0.5 nrad.

e Arrangenent for the determ nation of sample transm ssion
Accuracy better than 2%

e Variable nmeasuring |ight beam di aneter and precision
sanpl e position control. This nakes it possible both to
scan the Iight beam over the sanple and to integrate the
measurenments over a desired area.

e Conputer logging and controlling of nmeasurenents. This
gi ves both increased nunber of neasurenent and increased
accuracy due to automatic calibration routines.

In the system polarised 1152 nm He-Ne | aser |light is sent
through the sanple and is split into two orthogonal direc-
tions of polarization (x45° to the polarization incident on



the sanple.) These two |light beans are detected by gernmani um
phot odi odes. The signals are transferred to the conputer
where the polarization rotation is calculated. For the
transni ssion neasurenents, a small fraction of the light is
defl ected before the sanple, to give a reference | evel of
incident light intensity.

1.2 Measur enent s

All of the presented nmeasurenents were nade upon sanpl es cut
froma YIG crystal that was supplied by Dr E. A D. Wite at
the British Tel ecom Research Lab. in England. Conparative
neasurenments on cubic crystals fromother suppliers give
simlar results. The results of the foll ow ng neasurenents
wi Il be discussed.

a) Polarization rotation as function of applied magnetic
field parallel to the light beamin a 2 nmx 2 nmx 2 mm

sanpl e. Beam di aneter 200 pm

b) Same as a) but with the sanple saturated by a magnetic
field perpendicular to the |ight beam

c) Same as a) after annealing of the sanple.

d) Polarization rotation on different |ocations of a sanple
with the dinensions 0.3 mMmx 1.4 mmx 1.4 mm Beam di a-
meter 30 um Light beam perpendicular to the slice.

e) Sane as d) at different tenperatures.

f) Sane as d) at different perpendicul ar magnetic fields.

g) Polarisation rotation as function of applied magnetic

field parallel to the light beam wth different beam
di anmeters. Sanme sanple and orientation as in d).



3. MEASUREMENT RESULTS AND | NTERPRETATI ONS

3.1 Sanpl e preparation

Fromthe raw crystal, approximately 1 cmin diameter, grown
by sl ow cooling technique, a 2 nmthick slice was cut, normal
to the (1,1,1) crystal direction. This slice was visually

i nspected by neans of a TV-system (fig. 1).

Fig 1 2 MYl Gslice cut fromcrystal. Dark area at the
edge is the unpolished outside of the crystal. Dark
spots inside the area illumnated fromthe rear are
i ncl usi ons.

Several large inclusions and surface defects can be seen. 2 x
2 x 2 mmsanples were then cut fromthe inclusion-free parts
and polished to optical quality. Sone of these cubes were
later cut into 0.35 x 2 x 2 mmand again polished. In the
same way 0.3 x 1.4 x 1.4 nmm sanpl es were prepar ed.



3.2 Measurenents on 2 x 2 x 2 mm Yl G cues

3.2.1 Polarization rotation in cut and polished sanples

Qur first neasurenents were nade on the YI G cubes with a
nmeasuring beam di aneter of 200 um (fig. 2).

POLARIZATION ROTATION [RAD]

A1

1 1 1 1 | L 1
-3586 -40 -38 -20 -18 %) 18 20 30 49 50

APPLIED FIELD [mT]

Fig. 2 Pol ari zation rotation as function of applied field in
2 X 2 x 2 mmcube. Measured parallel with (1.1.1)
direction. Measurenent area di aneter 200 pm

Al'l nmeasurenents on cubic sanples with this beam di anet er
give simlar results, even though the exact shape of the
non-linearities and hysteresis differ quite a lot. The shape
of the curves are also quite different when nmeasured on
points close to each other on the sanme sanple. We attribute
these results to the existence of a conplicated 3-D magnetic
domain structure. The applied field causes the domain walls
to nove, but this novenent is sonewhat obstructed by defects
and irregularities in the crystal structure, and is thus not
honogeneous t hroughout the sanple. As the |light beamonly
covers a small fraction of the sanple, great non-linearities
will be detected.



3.2.2 Effects of a perpendicular magnetic field

One way to reduce the non-linearities should be to saturate
the sanple with a magnetic field perpendicular to the measur-
ing direction. This aligns all magnetic dipoles in one
direction and the domain structure vani shes. Wen the neasur-
ing field is applied, this causes just a small rotation of
the aligned dipoles, not a domain wall novenent, and this
rotation should be a linear function of the applied field.
Qur neasurenents indicate a conpletely linear relationshinp,
clearly confirmng theory. As we do not consider a nagnetic
bias field desirable in a magnetic field sensor, we tried
other ways to linearize the characteristics.

3.2.3 Effects of annealing

To verify the assunption that sone of the non-linearities
were caused by lattice defects, possibly introduced by the
cutting and polishing procedure, one crystal sanple was
annealed. That is, it was heated to 1000 C for 35 m nutes and
it was then cooled slowy. The effect of this treatnent was a
greatly inproved linearity and | ess hysteresis (fig. 3).

POLARIZATION ROTATION ([RAD]
©
T

1 | ! 1 1 1 1
-50 -48 -38 -20 -10 %] 18 20 30 40 59
APPLIED FIELD [mT]

1 . .

Fig 2 Pol ari zation rotation in 2 x 2 x 2 nmcube after
anneal i ng.



3.3 Measurements on 0.3 x 1.4 x 1.4 mmYIGslice

3.3.1 Effects of sanple size

To achieve a nore wel |l defined 2-D domain structure and
possibly increased linearity other sanple geonetries were
tried. By decreasing the size of the cubic sanples in one
di mensi on, we found that sanmples with a thickness of about
0.3 mmor |ess have domains that reaches through the whole
sanple with domain walls only perpendicular to the slice

surf ace.

Fig. 4 YIG slice viewed through crossed pol arizers

Fig. 4 shows a picture of such a sanple viewed through
crossed pol arizers. Wen a magnetic field is applied perpen-
dicular to this slice, we will get just a change in the area
rati o of dommins with nmagnetization parallel and antiparall el
to the applied field.

Thi s nmechani sm was expected to give a nore linear relation-
ship. The assunption is clearly confirmed by the curve in
fig. 5.



10

1 1 1 1 ¥ I I 1 T T '
o .04} :
@
it !
& .e2f ]
l._-
@ - ]
o
% BF 1
p
8 - 4
T -.02}
~N
—
m b
5
o -.84¢t 1
o
] 1 1 1 1 1 L 1 1 1 1
-50 -48 -38 -20 -18 @ 18 28 38 40 50
APPLIED FIELD CmT]
Fig. 5 Pol arization rotation in 0.3 x 1.4 x 1.4 mm YIG slice.

Measured parallel with (1.1.1) direction, perpendicu-
lar to slice with 300 um di aneter |ight beam

3.3.2 Measurenents of the domain structure

To get a quantitative neasure of the domain structure, the
beam was nmade as small as possible, 30 um di aneter. This beam
was then scanned along a straight line across a sanple then
giving the result showm in fig 6. No external field is
applied. The application of such a field will, as predicted,
cause a novenent of the domain walls, so as to increase the
area of the parallel domains and decrease the area of the
antiparallel ones (fig. 7).
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Si mul t aneously one can observe an apparent change of the
rotation within the donanins. This is however, we believe,
caused by the fact that not all of the power in the |ight
beamlies within 30 pm di aneter, but only 90% The rest of
the optical power reaches nuch further, even covers neigh-
bouri ng donmai ns. Thus a change of the domain width will
change al so the neasured rotation in the center of a domain.

3.3.3 Effects of tenperature changes on the domain structure
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Fig. 8 Domai n structure at 20°C and 100°C. Applied field
33 il

Fig. 8 shows the domain structure at two different tenpera-
tures. It can be seen that both the rotation within the
domai ns and the domain pattern differs. It is quite clear
that the rotation in each domain is snaller at the higher

t enperature. However, neasurenents of polarization versus

maghetic field shows that the sensitivity szmasg
H
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I ncreases by typically 0.1% °C at hi gher tenperatures when a
| arge beam di aneter is used, fig. 9. These seem ngly contra-
dictory results are in agreenment with other published work.
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Fig 9 Tenper at ure dependence of polarization rotation as

POLARIZATION ROTATION [RAD]

measured with a 3 mm beam Applied field 40 niT

In ref [7] the polarization rotation in a saturated sanple,
corresponding to the rotation in the domains, is shown to
decrease with increasing tenperature in the interval studied
here.

In ref [8] the neasured polarization rotation sensitivity to
magnetic field is shown to increase at higher tenperature.
(It is worth noting that his sensitivity in nany works are
referred to as "the Verdet constant”, which is correct only
in linear magnetic materials, and not in those in which
dormai ns are forned.)

We can at present not explain this increasing sensitivity at
increasing tenperature. It is worth further studies though
as there nust be two nmechani sns working in opposite direc-
tions, and there m ght be a way to nmake these of equal nmagni-
tude and in that way yet an internal tenperature conpen-
sation.
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3.3.4 Influence of a perpendicular magnetic field on the

domai n structure

When a perpendi cul ar magnetic field is applied, strong enough
to magnetically saturate the sanple, the domain structure
will vanish, as pointed out before. As can be seen in fig.

10, this aligning of the nmagnetic dipoles is a continuos,

t hough quite non-linear process, where both domain wall nove-
es in the domains occur.
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Fig. 10 Domain structure in YIG slice subjected to different
perpendi cular (in the plane of the slice) fields

Fig. 11 might be of help in clarifying the process. Here the
pol arization rotation is nmeasured in the plane of a slice
instead of perpendicular to the surface and the applied field
is also in this direction. A slightly bigger sanmple 0.35 x 2
X 2 mmis used. The non-linear alignnment is obvious, snal
fields cause very small deviations of the dipoles fromthe
direction perpendicular to the surface. Then at a certain

| evel of the field, about 10 ml, a very small increase in the
field causes all the dipoles to lay down in the plane.
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Fig. 11 Polarization rotation nmeasured in the slice plane
perpendi cular to the (1.1.1) direction. Slice dinen-
sions 0.35 x 2 x 2 nm

3.3.5 Polarization rotation versus nmagnetic field neasured
with different beam di aneters

It is quite obvious that also in the 2-D domain structure the
domai n wall novenents are influenced by defects in the sanple
structure. The area change of one domain in an arbitrary
point is therefore not a |inear function of the applied
field. Fig. 12 serves as an exanple. In that neasurenent a

30 pum di aneter beamis centered on a domain wall when no
field is applied. As can be seen, the domain wall novenent

in a single point exhibits simlar characteristics as those
measured with | arger beam di aneter in the cubic sanple. But
contrary to the cubic sanples, the slice gives a quite linear
relationship with beam di aneters as snmall as 200 pm

Fig. 13 shows deviations fromlinearity in measurenents with
0.2 mm and 2 nm beam di aneters.
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4. SENSCR DESI GN

4.1 Gener al

Qur quantitative and qualitative studies of YIGcrystals give
gui delines for the design of a fiber optic magnetic field
sensor. In the following we will thus discuss how to achieve

a Yl G sensor elenent with as good performance as possible
concerning hysteresis, linearity, tenperature, sensitivity and
stray field sensitivity.

Paranmeters as accuracy and bandwi dth are not dealt with since
these are closely related to the performance of the optoel ec-
troni c system connected to the Yl G sensor and not to the

4.2 Reproducibility and linearity

The hysteresis in the relation between applied nagnetic field
and rotation of polarization nust be mninmzed, as this sets
alimt on the mninmmdetectable field. Qur nmeasurenents
indicate the follow ng design rules for this purpose:

Use crystals grown by a technique that gives as few | at-
tice defects as possible.

e Performthe cutting and polishing of the crystals with
care, not to introduce unnecessary stress and defects.

e Anneal the crystals after the nmechanical treatnent.

e Cut the sensor crystal into a slice, not thicker than 300 pm
to get a two-dinensional domain pattern, which in our
measur enments gives | east hysteresis.

e Use a light beamfor nmeasuring the rotation of polariza-
tion that covers as nuch of the slice as possible and that
certainly not has a dianmeter |ess than 300 um

The linearity of the relation between polarization rotation
and applied magnetic field is limted in tw ways. First by
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the irregularities of the sane kind as those causi ng hystere-
sis as discussed above. These non-linearities are of course
di mni shed in the sane way as the hysteresis effects.
Secondly, the linearity is also limted by magnetic satura-
tion of the crystal. The value of the saturating magnetic
field depends on the geonetric shape of the crystal. The
slices used in our neasurenents will saturate when the
applied field is about 150 nT. If stronger fields are to be
neasured, the strength of the field of the crystal may be

| essened by a magnetic circuit.

4.3 Tenper at ure dependence

As pointed out previously the tenperature dependence seens to
consist of two counteracting parts. The rotation within the
domai ns decreases when the tenperature increases, which
shoul d gi ve a decreasing neasured rotation. However, the
neasured rotation increases when the tenperature increases.
Though we have not further investigated this yet, there m ght
be ways to change the relative nmagnitude of these two

ki ng them equal and thereby get a tenperature

i ndependent sensor.

However, as the tenperature dependence is quite snall,
0.1%°C in our neasurenents, it is also possible to make a
sensor equipped with a fiber-optic tenperature sensor and
nmake an el ectronic tenperature conpensation

4.3 Stray field sensitivity

We have shown that the sensitivity to perpendicular fields is
quite non-linear. Perpendicular fields smaller than 10 mrl
cause small errors <1% while fields extending 10 nT rapidly
cause errors of 10%and nore. If the sensor will be exposed
to perpendicular fields strong enough to give an unacceptabl e
error, there are two possible ways to handle this. One is to
use a nmagnetic circuit preventing the perpendicular fields
fromreaching the sensor. Another way is of course to nmeasure



the fields in three directions and el ectronically conpensate

for the influence of the stray fields.
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A Polarization-Based Fibre Optical Sensor System Using a
YIG Optical Waveguide for Magnetic Field Sensing
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P.O. Box 70013, S-10044 Stockholm, Sweden

2Swedish Institute of Microelectronics, P.O. Box 1084,
S-16421 Kista, Sweden

A sensor system utilizing a polarization maintaining fibre for the optical signal transmission
and a planar optical waveguide for magnetic field measurements is presented. The system is
based on polarization modulation originating from the TE to TM mode conversion in a
magneto-optical thin film of Gd,Ga substituted YIG (Yttrium Iron Garnet).

Introduction

In a fibre optical sensor system based upon amplitude modulation one generally wants a
separate reference channel. By using this reference one may in principle correct for signal
transmission perturbations, assuming that such influences are common to both the signal and
the reference channel.

In this paper we describe a measurement system where one polarization maintaining fibre
alone provides the two transmission channels. The two eigenmodes of the fibre propagate
practically independently of each other and are to a great extent equally affected by environ-
mental conditions. Furthermore the sum of the light intensities of the two modes serves as a
normalization quantity when evaluating the signal from the sensor element.

Sensing Principle

The magnetic field sensing is based upon the Faraday effect in a garnet thin film, YIG
(Yttrium Iron Garnet), epitaxially grown on a GGG (Gadolinium Gallium Garnet) substrate.
The waveguiding sensing element can, in contrast to the bulk YIG crystal sensors previously
described,! efficiently be coupled to a polarization maintaining fibre.

In a waveguide, the Faraday effect can be described as a circular birefringence that is
dependent on the magnetic field in the light propagation direction. This birefringence causes a
coupling between the TE and TM modes of the same order. The transfer of power follows the
expression

F= [1+(%g 2 T sin2{ [9%(%‘5)2 } : z} (1)

where F is the fraction of power in the mode not excited at the input, AB is the linear birefrin-
gence, 6 is the circular birefringence and z is the travelled distance.

If AB is zero the modes propagate synchronously and a complete transfer of power is possible.
This is in effect a rotation of the polarization direction just as in the bulk case.

Springer Proceedings in Physics, Vol. 44 Optical Fiber Sensors 273
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In the systems presented here, light is launched into one of the polarization modes of the
planar waveguide. During the propagation there is a transfer of power into the other mode due to
the Faraday effect. This gives a power distribution between the modes which is magnetic field
dependent. The light is then coupled into the return fibre, which is oriented in such a way that
each of the modes of the planar guide is coupled into one of the corresponding fibre polarization
modes. At the output end of the fibre, the light from the two fibre modes is separated and detected.
The detector outputs P1 and Pg are then combined to give the intensity independent signal S
which is a measure of the magnetic field:

P

S= P1+Po 2)

Below we present two sensor configurations, one transmissive and one reflective. In the
reflective configuration the same fibre is used to carry the light both to and from the sensing
element.

To be able to understand the behaviour of the sensor one has to consider the magnetic proper-
ties of the garnet materials used in this work. Ferrimagnetic materials such as YIG exhibit a
spontaneous magnetization in the form of a magnetic domain structure. In the absence of an
external field these domains are oriented in such a way that the total magnetization of the ma-
terial vanishes. If an external magnetic field is applied, the domains will change their distri-
bution, size and shape. The circular birefringence, which is proportional to the magnetization
parallel to the light propagation, will in general not have a useful relation to the applied field.

A sufficiently large external field will align all domains into a single domain. A varying
field together with such a bias field gives a uniform change in the orientation of the magneti-
zation and thus in the Faraday rotation. This is the approach used here2. A similar result can
be achieved without a bias field with materials that have a strong magnetic anisotropy.

System Realization

TRANSMISSIVE SENSOR
The transmissive sensor configuration is shown in fig 1. A polarization maintaining fibre
was used to send polarized light to the sensing element. Since the fibre core diameter and the
YIG film thickness were approximately the same it was possible to couple a large fraction of the
light from the fibre into the zero order TE mode of the film, which allowed 16 modes. For a
correctly positioned fibre we could observe less than 3 % of the total power in mode 2, less than
1 % in mode 4 and no significant amount in any other mode.

At the opposite edge of the film, the light from the TE and TM film modes was coupled into the
two polarization modes of a second polarization maintaining fibre. As the coupling between the

ﬁ

B
. meas .
Polarizer Bbias

Laser A
1152 nm

Polarization Polarization
maintaining fibre maintaining fibre

Wollaston Detectors

waveguide

Fig 1. The transmission sensor set-up. The waveguide is 4 mm long and 6.7 um thick.
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Fig 2. System output S versus Bmeas wWith a

sensor according to fig 1 and a bias field of
3mT.

] 19
APPLIED FIELD [mT]

modes in the fibre is negligible, their power ratio remaind practically unchanged throughout
the fibre length. The light from the two fibre modes was geometrically separated by a Wollaston
prism and detected by two germanium photodiodes.

As the light was not laterally confined in the waveguide, only a rather small fraction was
coupled into the second fibre. Results from measurements with the transmissive sensor are
shown in fig 2.

REFLECTIVE SENSOR
To be able to collect a large fraction of the light some kind of focusing optics had to be
introduced. Also, from a practical point of view, it would be advantageous if the fibres were
attached on the same side of the sensing element, or even better, if only one fibre could be used.
These objectives were met by the one-fibre system in fig 3. The same polarization main-
taining fibre was used to carry the light to and from the sensing element, which is shown in
greater detail in fig 4. The rear edge of the sensing element, which was polished into a semi-
circular shape and gold coated, focused the light back into the fibre. Due to the nonreciprocity of
the Faraday effect, the effective interaction distance will be twice the radius.
Power that is reflected from other points in the system than the rear edge of the waveguide
may cause interference problems. To reduce some of the critical reflections, the input end of the

Phase modulator

ﬁ
Bmeas
ca Bbias
Polarizer
Laser
1152 nm Polarization
maintaining fibre
Wollaston

prism Q Detectors

Fig 3. The reflective sensor set-up. For the results presented below, 2 m of Furukawa polarization
maintaining fibre for 1.3 pm was used. The use of phase modulation is described in the text.
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fibre, epoxied in position, then
polished tlush|with holder

waveguide )

r=3.7 mm

reflective gold
| coating 8

~4 -2 a 2
Fig 4. Experimental reflective sensor. Wave- APPLIED FIELD [mT3
guide as in fig 1.

Fig 5. System output when the applied field was
varied from -6 mT to +4 mT and back in two
cycles. A bias field of 3 mT was applied perpen-
dicular to the measured field. 1.15 um HeNe

laser light and no phase modulation.

fibre was polished with its surface normal 6° off the fibre axis and the fibre was attached to the
waveguide at an angle in the waveguide plane.

When the sensor was subjected to a magnetic field varying from -6 mT to +4 mT along the
sensor axis the system output S varied as shown in fig 5. A bias of 3 mT was applied perpen-
dicular to the measured field. The nonlinearity of the curve is due to the magnetic properties of
the material which strongly depend on the composition. The ripple of the curve is due to inter-
ference caused by residual reflections in the system.

We have also made experiments to investigate the sensitivity of the system both with respect
to power fluctuations and system loss variations. The results shown in fig 6 verify that the two-
channel system presented here is, as assumed, fairly insensitive to such perturbations. The
small differences between the curves visible in fig 6a are attributed to detector offsets that were
not compensated for in this preliminary experiment.

Although the reflections from the fibre ends were virtually eliminated, other reflections
caused disturbing interference in the P1 channel. Phase modulation was applied in order to
reduce the effect of these residual reflections. In this case the fibre was wound several turns
around two plexiglass halfcylinders, as schematically indicated in fig 3. A 50 Hz sinusodial
force was applied thereby causing the fibre length to be modulated. The modulation was set to
such a level that the optical phase difference between the unwanted reflection and the sensor
signal swept over more than ten interference fringes for each halfcycle of the modulation
signal. With this arrangement, the interference was averaged out to a negligible level with a
100 ms integration time, fig 7.

The reflected power only affects the Py quantity which appears in the denominator of (2). As
the sum P1+P9 is only used as a normalization quantity, a small amount of non-coherent
additive power may be tolerated.

Another way to reduce the interference disturbance is to use a light source with a much
shorter coherence length than that of the gas laser used in the above measurements. Experi-
ments with a conventional laser diode will be carried out later in order to verify this statement.
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Fig 6. a) System output S during a measurement sequence of -6 mT 1o + 4 mT and back 3 cycles with a
bias field of 3 mT. During the first cycle, the laser power was reduced. During the second cycle, the
system was undisturbed and during the last cycle the fibre was perturbed by winding it around a 10 mm
diameter rod.

b) P1+P2 (=returned power) during the measurement sequence.

~ . =5 . : . 5
APPLIED FIELD [mT1

Fig 7. Result from measurement similar to the one in fig 5, but with fibre length modulation.

Conclusions

We have presented a sensor system utilizing a polarization maintaining fibre and a planar
optical waveguide for magnetic field measurements. The system is based on polarization
modulation originating from the TE to TM conversion in a magneto-optical thin film of Gd,Ga
substituted YIG. Both a transmissive and a reflective sensor systems have been demonstrated.
We have shown that the use of the two polarization modes of a polarization maintaining fibre as
measurement and reference channel gives a system which is highly insensitive to power and
loss fluctuations. We have also demonstrated that phase modulation further reduces the noise
in the system.
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Characterization of Magnetooptical Thin Films for Sensor Use
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ABST: T

As a part of a fibre optical sensor development project we have made an evaluation of different optical waveguiding techniques
to study the properties of thin magnetooptical films. Because of the application the methods are focused on the determination
of the Faraday rotation, the linear birefringence and the dynamics and anisotropy of the magnetic properties of the samples.
Measurements using holographic grating, prism and edge (end-fire) light coupling to different substituted YIG films are
presented. The advantages of the different methods are discussed and it is shown that the launching technique may affect the
properties to be measured. Film stress caused by the prism coupling method is found to influence the magnetic anisotropy.

1. INTRODUCTI

Magnetic garnet films have found a number of applications, e.g. in memory devices, optical isolators, modulators and
sensors. In some cases, the magnetooptical properties are utilized, either using the film as an optical waveguide or with light
propagating perpendicular to the film. In some applications such as in bubble memories the magnetic properties are utilized.

Regardless of the ultimate application, optical waveguiding techniques can be used in the characterization of magnetoopti-
cal thin films, particularly when spatial resolution is required. However, depending on the light coupling method the
different film parameters could either be affected or not directly determinable.

As a part of a project to develop a fibre optical magnetic field sensor we have studied the magnetic and magnetooptical
properties of a number of substituted YIG (Yttrium Iron Garnet) film samples. The sensor has a sensor element made from
YIG and the signal is carried by a polarization maintaining fibre. Because of the application it was natural to use optical
methods and to focus our interest on the sensor relevant properties of the films.

In this paper we discuss a number of optical waveguiding methods to study the different film properties. The methods
differ in the means by which the light is coupled into and out of the film. We report on measurements using holographic

grating, prism and end-fire light coupling. The grating method has been used to determine the linear birefringence, AB, and
the Faraday constant, 8, while the other two methods have been used to study the magnetic properties of the samples. We do

not present the results as such, but rather use them as a demonstration of the different measurement methods. This means
that we do not discuss the suitability of the the films as sensor materials.

The thicknesses of the films where in the range of 5-10 pm, allowing them to be butt-coupled to a polarization maintaining
fibre. The films typically supported 10 to 20 modes. The measurements have been made using a 1.152 um HeNe gas laser. In
the realization of the sensor system a 1.3 pm laser diode will be used. This work will be reported later.

2 T MODE CONVERSION IN A ET 1 AVEGUID

In a magnetooptical waveguide the magnetic field dependent circular birefringence, i. e. the Faraday effect, can cause a
nonreciprocal coupling of energy between the TE and TM modes. In the presence of linear birefringence however, the transfer
of power cannot be complete. The coupled fraction of power is described by the expression 1:

1 L
F= I:H(EA%JZ ] sin2{ [9%‘+(A2—BJ2 ] 2. z} = A sin%(a-z) §)]

where F is the fraction of power in the mode not excited at the input, Af is the linear birefringence, OF is the circular birefrin-
gence and z is the travelled distance along the guide.

MEA ALYSE I H TIL
1 hod fe

We have previously reported on the method of having a holographic grating as the light coupler on top of the waveguide to be
investigated 2. In this reference a formalism for a thorough analysis of the optical parameters is reported. Therefore, we only
discuss the determination of the quantities AB and 6r in this paper.

The grating method, in contrast to the standard prism method using rutile prisms, easily allows both the TE and TM mode
of the same order to be coherently excited. This fact makes it possible to study the mode interaction along the waveguide.

Therefore 0 and AB can be accurately determined according to the expression (1) without the critical prism positioning that is
necessary with the prism method.

SPIE Vol. 1126 Electro-Optic and Magneto-Optic Materials and Applications (1989) /77



3.2. Experimental configuration

The grating is made from Shipley AZ1450 positive photoresist spun on the sample and is formed by exposure of an argon laser
two beam interference pattern directly on the sample surface. The grating covers the whole sample and acts as a distributed
weak light coupler by which any part of the film can be studied. The grating will not mechanically disturb the sample, but, to
some extent, the grating will optically load the waveguide. This effect could be corrected for if necessary. However, in most
cases the effect is probably negligible.

<«——  Polarizer CCD array

Laser ' -~ D/ / , | Monitor or
1152 nm : L/ b computer
Polarizer Sample ' -

Figure 1. Experimental set-up for the grating measurements.

The measurement set-up is sketched in fig. 1. The point of coupling light into the waveguide is chosen by moving the
sample to the desired position. Once the point of light entrance is chosen the sample is turned to the angle corresponding to
the mode to be excited. To select the state of polarization of the entered light a polarizer and a retarder can be used. This is
possible due to the fact that the grating is isotropic with respect to the state of polarization and that the TE and TM modes of the
same order have practically the same coupling angle (within the laser beam divergence). When light of a wavelength in the
transparent region of the film is impingent upon the grating it will couple into the film if the condition

N= %+sin(¢) )

is met. N is the effective index of the guided mode, d is the grating period, A is the light wavelength and ¢ is the coupling angle.
In fact eq. (2) is a modified way of writing the ordinary grating formula.

Light will be coupled out at the same angle ¢ as above along the whole light path. This means that the light on both sides of
the sample propagate in co-linear directions and only the sample has to be turned to choose the different modes. Then, by
viewing the sample through a polarizer, the loci of equal states of polarization will easily be recognized in the periodic pattern
from the detector.

In the recordings a linear CCD array (Thomson TH7802A(Z)) was used in conjunction with a digital storage oscilloscope
(Tektronix 2430). With this equipment the spatial resolution on the film surface amounts to about 75 samples per mm.

Examples of measured signals are displayed in fig. 2. Figure 2a shows the pattern from the first order mode and fig. 2b
from the second order mode of a Bi substituted YIG sample 3. The signals are decreasing due to absorption in the film. They
are also affected by varying outcoupling efficiencies and other factors which will manifest themselves as signal noise.
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Figure 2a. Signal obtained using a holographic grating on a Bi Figure 2b. Signal obtained using a holographic grating on a Bi
substituted YIG sample. First order mode. substituted YIG sample. Second order mode.
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3.3. Signal evaluation

It has previously been demonstrated that the variations in the signal, apart from the sin?(az) dependence, cf, eq. (1), can be
corrected for 4. Briefly this can be described as follows: The signal for the chosen mode is recorded twice. In the second
recording the second polarizer is oriented orthogonally to the first one. Explicitly this implies that the first recording can be
written

S1=fz) B sinZ(cvz) 3

and the second recording

So=fz) [1-B sin%(cvz)] @

The amplitude B equals A of eq. (1) when only a TE or a TM mode is excited. B equals 1 if the modes are equally excited. By
summing these signals we get the unknown variation f(z) along the waveguide. A point by point division of eq. (3) or eq. (4) by
f(z) then gives the desired result, i. e.

81=51/(81+S2)=B sin2(cv-z) 5)

59=59/(S1+52)=1-B sinZ(cr-z) . )
Curve fits to these functions then give the parameter values.

In the following discussion we assume that only the circular birefringence 0 is magnetic field dependent whereas the

linear birefringence AP is not. This greatly simplifies the analysis. However, the case of a magnetic field dependent AB could
also be handled in a more thorough analysis 2.

In the determination of 6F and AB one can use either of the following two procedures.

The first procedure is similar in the evaluation to measurements when prism couplers are used. The sample is magneti-
cally saturated in a direction parallel to the light propagation. Either the TE or the TM mode is excited and recordings are
made with the second polarizer parallel and perpendicular to the excited direction respectively. The calculations are
performed according to the discussion above and the result corresponds to eq. (5) and eq. (6). From the modulation of these two

functions and their periodicity two equations are obtained from which 6F and AB can be calculated cf. eq. (1).

In the second procedure one takes advantage of the fact that the TE and the TM mode of the same order can be coherently
excited. Because of this there can be a conversion of energy between polarization states in the waveguide also without any
circular birefringence. In this case the analysis is performed as follows. Light is coupled to the waveguide in a 45° direction to
the TE and TM mode of the chosen order. A possible difference in the grating coupling efficiency for the modes can be
neglected. Recordings are then taken with the sample magnetically saturated in directions parallel and perpendicular to the
light direction respectively. Signal processing is performed according to egs. (5) and (6) and the periodicity, i. e. the spatial
frequency of the patterns are determined. In the parallel case the argument of the sin? function contains 6F and Ap. In the

perpendicular case the argument contains only AB. Thus also 8 can be calculated.

In samples where O is very high, as in the above illustrations of Bi substituted YIG, either of the two methods could be

chosen for a direct determination of O, preferably if a mode is chosen for which AB is minimum. This mode easily manifests
itself by being the one of lowest periodicity in the 45°-light — perpendicular-field situation.

In view of the spatial resolution capabilities of the measurement system very high 8p:s could be measured. Fig. 2b shows a

rotation of 2400°/cm (A included). A practical limit is judged to be in the vicinity of 15000%cm. The obtainable accuracy is high
because the outcoupled signal from several periods of the polarization state evolution can be used. The accuracy may also be
further increased by using results from several modes.

4. MEA E T ING PRI,
L E . ] id .

In this section we describe measurements where we have used the magnetooptical mode conversion to probe the magnetic
properties of the samples. For this purpose we have used the well known prism coupling method, fig. 3. It is easy to apply and
does not, in contrast to the other two methods, require any sample preparation. By using birefringent prisms, it is easy to
selectively excite and monitor the TE or TM mode of the desired order.

The high input and output coupling efficiencies make high resolution measurements of the conversion possible. The

prism method should therefore in principle be well suited for studies of magnetic hysteresis effects etc. However, as will be
shown below, it has serious limitations in this application.
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Figure 3. Measurement of TM to TE mode conversion using birefringent prisms.

We have used two ways of magnetic field variation in the prism coupling measurements. In section 4.2. we present results
with field variations along one axis only, with and without a supplementary constant perpendicular bias. This configuration
is chosen because it most closely resembles the sensor configuration we have had in mind.

In section 4.3. we present results where an applied field of a constant magnitude is rotated in the plane of the film. This
method was used in order to further study the anisotropy of the samples. In the measurements, the earth magnetic field of
about 50 pT has been compensated for.

2. Results with ope-di ional field variati

In this case we have monitored the TE to TM mode conversion versus an applied field. The composition of the film was
known to give an in-plane spontaneous magnetization with a low anisotropy 5. A similar composition has previously been
used in a sensor with a detection limit as low as 6.10-12 TA/Hz, 6. When a small field, varying from a negative to positive value
and back again, is applied parallel to the light path, the result looks according to fig. 4.

Close to zero field, there are domains with different directions of magnetization. If easy directions exist, the magnetization
directions will be distributed among them in such a way that the average direction is still determined by the direction of the
applied field. The averaged magnitude will, however, be less than the magnetization of the individual domains leading to a
reduced conversion. Whether the conversion goes to zero or not during any observable field interval depends on the behaviour
of the domains in the light path. That their behaviour depend on the magnetic history is evident from the hysteresis of about
20 uT as seen in fig. 4. We can also see that the conversion changes in steps revealing domain wall movements.

When the applied field is increased the domains will align in a direction determined by the applied field and the magnetic
anisotropy of the sample and eventually merge into one domain, which covers the whole sample. In the case shown in fig. 4,
the interaction length is slightly to short to give the maximum conversion obtainable with this sample.

A sufficiently strong constant bias field, in the plane of the film and perpendicular to the light propagation, will also create
a single domain. This domain will then rotate under the influence of the applied field. In general our experiments showed no
hysteresis for bias fields above 1 mT, fig. 5. In some cases, however, it remained even for fields of several mT and changed in
nature when the prisms were repositioned.
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Figure 4. TM to TE mode conversion versus an applied Figure 5. TM to TE mode conversion versus an applied
magnetic field in a 6.4 um thick sample of YIG:Gd,Ga. The magnetic field. An in plane bias field of 5.2 mT is applied
interaction length was 4 mm. perpendicular to the light propagation direction. Sample and

interaction length as in fig. 4.
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ments (0—2r—0). The same sample as used in fig. 4 and 5
with 5 mm interaction length. Field direction 0 is paraliel to the

[T10] direction.

The nonsymmetry of the curve in fig. 5 originates from
the magnetic anisotropy, causing the magnetization
direction to differ from the direction of the applied field. If
the bias field is further increased, the nonsymmetry is
reduced, indicating that the direction of magnetization more
closely follows that of the applied field.

4 1 -dimensional fiel riation;

In the above measurements, where the applied magnetic
field consist of a varying field parallel to the light propaga-
tion direction and a constant perpendicular bias field,
neither the magnitude nor the direction of the field is
constant. This complicates the interpretation of the results
with respect to the anisotropy of the sample. Instead, it is
more convenient to apply a rotating field with a constant
magnitude. Fig. 6 shows the results from such a measure-
ment.

For small fields there is a directional hysteresis, which
vanishes at about 1 mT, indicating that the many-domain
properties now have practically disappeared. The high level
of conversion for most directions of applied field indicate that
the magnetization remains close to parallel to the light path
even when the field is at rather large angles to it. Apparently
there is, in contradiction to what was assumed, a strong
anisotropy with an easy direction along the light path.
However, when the field is increased to 10 mT the anisotropy
almost vanishes.

In order to ascertain if the anisotropy was an intrinsic
property of the sample or if it was caused by the experimen-
tal technique, the sample was turned 45° in the holder. The
results were now very similar to the previous ones, which
again indicate an easy direction of magnetization along the
light path. This suggests that this anisotropy is not a funda-
mental property of the material, but is caused by the
experimental technique. The mechanical stress in the film,
caused by the pressure applied to the prisms seemed to be
the only plausible explanation.

E MENT: E P
5.1. Method features

Because of the indication that the prism coupling method
induces anisotropy in the sample we have introduced edge
coupling as the third method in our study. This technique
does not cause any additional film stress and is also the only
possible one for waveguides with dielectric covers. It can be
accomplished either with lens coupling or, for films of
suitable thicknesses, with single mode fibre coupling. The
main difficulty is then to excite only the mode of interest.
Fibre coupling has an advantage here, as the light distribu-
tion from the fibre is well defined.

5.2, Experiment
The experiment was set up in such a way that we could use
light coupled trough the edge of the sample to monitor the

conversion while we at the same time applied a prism to the
sample.

The same polarization maintaining optical fibre was
used to couple light to and from the sample. To make this
configuration possible, the sample was cut and polished in a
semicircular form (fig. 7). A reflective gold coating was also
deposited on the circular edge. The light from the polariza-
tion maintaining fibre was in this way coupled into the film,
reflected and focused back into the fibre with no need for any
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Figure 7. Experiment to show the influence of prism pressure.

external optics. The prism was initially used to monitor the excitation. When the correct excitation was achieved, the fibre was
epoxied in place. The coupling pressure, P in fig. 7, could then be adjusted as needed in the measurements.

Only one of the polarization modes of the fibre was excited and the fibre was oriented so that power was launched into the
TE mode of the waveguide. The power ratio between the two fibre polarization modes in the reflected light was in this way a
measure of the conversion. As the Faraday effect is non-reciprocal in nature, the conversion of the forward and return trip
will add, making the effective interaction length twice the radius of the semicircle.

Because of the low numerical aperture of the fibre and the high index of refraction of the film, the light beam propagating
in the film will be narrow and can be considered to have a common angle to the magnetization.

A small magnet provided a bias field of about 1 mT perpendicular to the light path in the sample.
5.3. Results

The conversion ratio is plotted versus the applied longitudinal field in fig. 8. As the pressure on the prism was reduced from
maximum (100%) to lower pressures (50% and 25% estimated) and finally removed (0%), the results changed. At maximum
prism pressure, the magnetization apparently stays parallel to the light path for all fields but those with a very small parallel
component, where the total applied field is practically perpendicular to the light path. As the pressure is decreased, the
magnetization follows the direction of the applied field more and more closely.

Results from the measurements with a rotating field and with the prism removed are shown in fig. 9. Although the
interaction length is slightly different from the one used in fig. 6, it is possible to observe a significant difference in the
behaviour. The previous anisotropy with an easy direction of magnetization along the light path has disappeared. The small
field directional hysteresis is also reduced.
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Figure 8. TM to TE mode conversion in experiment according to fig. 7, measured using the light reflected back through the fibre.
Prism pressure reduced from the normal (100%) coupling out less than 10% of the the light in the guide, to 50% and 25% and finally
removed (0%). The same sample as used in fig. 4-6.
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Figure 9. TM to TE mode conversion with rotating fields of
magnitudes 0.05 mT, 0.1 mT, 0.5 mT, 1 mT, 2mT and

10 mT respectively. Measured using the fibre setup in fig 7.
All curves show bidirectional measurements (0—2n—0). The
noise in the curves is mainly caused by interference due to
unwanted reflections in the optical system.

. DI ION

In this paper we have presented three complementary
optical waveguiding techniques to qualify magnetooptical
materials to be used in magnetic field sensor applications.
Both optical, magnetooptical and magnetic properties have
been investigated.

The grating method can provide accurate information
about the circular and linear birefringence, the waveguide
thickness and the index of refraction of the film. We have
used this method to select samples with sufficiently small
linear birefringence to allow for a large conversion. The
method provides results that are spatially resolved and gives
an opportunity to map the sample, for example in order to
study localized defects. Thus suitable parts of a wafer could
be chosen for further use. The grating method might also be
used for studies of magnetic properties. However, the
distributed nature of the grating coupler decreases the
amount of light available at each point. This fact may make
it difficult to achieve a high signal resolution.

The prism method provides a more convenient way to
study the magnetic properties as it is fast in application and
does not require any sample preparation such as edge
polishing or grating fabrication. The optical signal was also
high with this method, which simplified the signal
processing.

The results from the prism measurement show the
main drawback of this method; the influence of the pressure
applied to establish optical contact. The pressure inevitably
causes an additional stress in the waveguide material.
When two prisms are used, the stress will be distributed over
the sample, with an axis of symmetry between the contact
points of the prisms. The influence of this stress on the
magnetic behaviour, both with respect to anisotropy and
hysteresis, is evident from fig. 6 (prism coupling), fig. 8 (fibre
coupling and different prism pressures) and fig. 9 (fibre
coupling and rotating field). As observed in fig. 6 it causes a
strong anisotropy with an easy direction of magnetization
parallel to the light path.

The edge coupling method allows stress-free experiments
and was used both as a reference to check the applicability of
the prism method and to test a possible sensor configuration
(A report on the sensor work will be published later).
Because the method requires specially prepared samples
with one or two edges carefully polished it cannot be
considered as a general sample qualification method.

When regarding the results with the prism method the
following fact should be kept in mind. The measurements
were made on samples with a material composition which
give a small inherent in plane anisotropy. Therefore an
induced anisotropy is easily introduced by external forces
such as the prism pressures. It appears from fig. 8 that a
reduction of the prism pressure significantly reduces the
influence on the anisotropy behaviour of the sample. As a
lower pressure results in a smaller optical signal there is an
obvious trade-off here. The use of a liquid in the space
between the sample and the prism will enhance the coupling
efficiency. Up to now we have not made any measurements
down to the practical signal limit, but to our judgement the
prism method should work quite well in many cases.

Although this work has aimed at a special application it
is our belief that our experiences could be useful for material
investigations for other applications as well.
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ABSTRACT

Magneto-optical garnet materials such as YIG, undoped as well as substituted, exhibit a large Faraday rotation. This fact
makes them potentially suitable as sensing elements in fibre optic magnetic field sensor systems.

We describe both an intensity based multimode system using bulk materials and a singlemode polarization based system
using waveguiding films. A number of different material compositions, such as undoped YIG, (GdGa)- and different Bi-
substituted YIG have been used for the sensor elements. Measurement results are presented and discussed. A detection limit

in the uT range and a measurement range exceeding 10% have been achieved.

1. INTRODUCTION

Fibre optic based sensor systems offer certain advantages in many measurement applications. This is because of their
insensitivity to disturbing electromagnetic interference and the galvanic isolation between the sensing and recording areas
due to the use of nonconducting materials for the signal transmission. An application where these properties are
particularly advantageous is in the sensing of magnetic fields at high voltage levels, e.g. in the monitoring of the current in
high voltage transmission lines or for the measuring of current transients in high voltage distribution plants.

One measurement principle of a fibre optic magnetic field sensor utilizes the Faraday effect. In an all fibre design one then
uses a certain length of an optical fibre for the sensor element. However, this solution to the problem implies the
disadvantage that the fibre has to be wrapped around the conductor to be measured. Furthermore, the sensor element cannot
very easily be miniaturized. In this work we have investigated another approach to the design of the sensor element, viz. the
use of a magneto-optical gamet material. In such a sensor type a piece of garnet material is attached to the end of the signal
transmission fibre(s).

As a part of a fibre optic sensor project we have investigated a number of different magneto-optical garnet materials for the
sensing element in different sensor designs. The performances of these sensors depend on several factors. In our work we
have concentrated on the performance depending on the material properties and the geometrical shape of the sensor element.
Methods for the characterization of magneto-optical thin films have been reported previouslyl and in this paper we mainly
report on the sensor behaviour with respect to geometrical design factors. In many cases geometrical and material
composition factors of course cannot be separated.

From a geometrical point of view we distinguish between two principal outlines of the sensor system. One is composed of a
multimode optical fibre coupled to a bulk magneto-optical material and the other one is composed of a polarization
maintaining singlemode optical fibre coupled to a waveguiding magneto-optical material. We have not been able to perform
any optimization of the material properties but have rather had to chose from crystals that were optimized for other
purposes. We report on results for the following materials: for the bulk material sensor elements undoped YIG, and
Bi-substituted YIG were used, for the waveguiding material sensor element (GdGa)- and Bi-substituted YIG were used.
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2. BULK OPTIC SENSOR SYSTEM
2.1. Basic sensor principle and design considerations

The general outline of our multimode-bulkoptic sensor is shown in fig 1a. Light is launched into and returns from the
sensor clement through a multimode optical fibre. Polarizers are placed on both sides of the crystal. The intensity of the
light transmitted through the second polarizer depends on the polarization rotation in the crystal.

polarizer  YIG polarizer

multimode fibre

Fig. 1a. Principle outline of the transmission type magnetic field sensor

mulg, polarizers YIG mirror
; ode fibres

Fig. 1b. Principle outline of the reflection type magnetic field sensor

In most applications it is inconvenient to have the fibres on opposite sides of the sensor element. Thanks to the non-
reciprocity of the Faraday effect it is possible to make a sensor according to fig 1b. In this configuration the two fibres arc
placed on the same side of the crystal, with a reflector on the opposite side. As the optical path length in the crystal is
doubled in this case one gets twice the polarization rotation for a given crystal thickness.

The transmittance of a polarizer follows the Malus cos2 law. Therefore, different relative orientations of the transmission
axes of the two sensor polarizers in fig 1 will produce very different sensor characteristics. We chose the angle 45° between
the polarizer axes to achieve the following sensor performance:

« a sensitivity to the direction of the the polarization rotation, and thus to the direction of an applied magnetic field
» a maximum unambiguous range
= a maximum sensitivity to small fields

To get an unambiguous measurement range the polarization rotation in the crystal should not exceed 45°. For the reflection
type sensor this puts a limit of 22.5° for a single-pass transmission. The desired crystal thickness is then given by the
Faraday rotation per unit length of the material.

The rotation is closely related to the optical absorption which is wavelength dependent. Fortunately, in the wavelength
range of 1-1.5 um, where also suitable opto-electronic components are available, both the absorption is low and the rotation
is substantial. The light source used in all the bulk sensor examples was an 1.3 um LED.

Due to the ferrimagnetic properties of the garnet material, the picture of a pure magnetic field dependent rotation of
polarized light is too simplified. The crystals possess an internal magnetization leading to the formation of magnetic
domains. When an external magnetic field is applied the size and shape of the domains change, and the measured rotation of
polarization will depend on the actual domain distribution along the light path. In the general case this distribution is not
reproducible, and will thus not give reproducible measurement result. However, it is still possible to achieve a useful
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Fig. 2. Polarization versus applied magnetic field in a
undoped YIG crystal

Fig. 3. Sensor performance with a thinned undoped YIG
sensor element

sensor performance. By using a large light beam diameter the average rotation of many domains will be measured, making
the movement of the individual domain walls less significant.

The sensitivity of a specific sensor depends both on the Faraday rotation within the domains and on how an external field
changes the domain distribution. However, a sensor material that is sensitive to small field variations will saturate at low
fields. The optimum material characteristics therefore will depend on the requirements of the actual application.

2.2. Sensor performance
2.2.1. Flux-grown undoped YIG sensor element

In our first experiments we used samples from flux-grown single crystal YIG. The samples were cut and polished to the
desired shapes. The saturation Faraday rotation of the material was approximately 200°/cm at 1.15 um. For a 45° rotation in
a reflection sensor configuration, this would imply a crystal thickness of 1.1 mm.

In our preliminary measurements a 200 micron wide polarized light beam was passed through a YIG cube with sides of
approximately 2 mm. The rotation versus applied magnetic ficld typically looked like the curve fig 2.

A study of the domains in this crystal reveal a rather complicated three-dimensional structure. A thinning of the crystal in
a direction perpendicular to an easy direction of magnetization resulted in a two-dimensional domain structure, i. €., with
the domains reaching through the entire crystal. This occurred at a crystal thickness of approximately 300 pm. At this
thickness the average domain stripe width was about 100 pm, 2,

After this treatment, the crystal was placed in a sensor configuration according to fig 1b. The light beam width was now
1.5 mm. The performance is shown in fig 3.

As the total polarization rotation decreases when the crystal becomes thinner, one has to compromise between the
reproducibility and the sensitivity of the sensor element. The maximum rotation from a 600 um path length was
approximately 9°, which only gave a rather small change in relative transmission, as can be seen from fig 3. Another effect
of the thinning was that the demagnetization factor reduced the magnetization caused by the external ficld, leading to a
reduction of the sensitivity and an increase of the saturating field.
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2.2.2. Epitaxially grown Bi-YIG sensor elements
2.2.2.1. Material features

Due to the extensive development work that has been per-
formed on magneto-optical materials for optical isolators
during the last years a possibility of getting more suitable
materials also for sensors has arisen. These new materials
are fabricated by liquid phase epitaxy (LPE) on suitable
substrates. By incorporating various substituents that
modify the material properties they can be tailored to
match several key performances, for example high Faraday
rotation as well as low temperature and wavelength
dependence of the rotation3.

2.2.2.2. (YbTbBIi)-YIG sensor

This sensor utilized an epitaxially grown (YbTbBi)-YIG
crystal in a reflection configuration, fig 1b. The saturation
rotation was close to 22.5°, giving a relative transmission
range from O to 1, as shown in fig 4.

The symmetry of the curve indicates a correct orientation of the polarizers of the sensor, according to the criteria in
paragraph 2.1 above. The central part of the sensor characteristics is also very linear, fig 5.

From figs 4 and 6, the detection limit and the relative measurement range of this measurement system is estimated to be

10 uT and 107 respectively.
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2.2.2.3. (GdBi)-YIG sensor

The second epitaxially grown isolator material that we
used in the reflection sensor configuration, fig 1b, was of
the (GdBi)-YIG type. The saturation rotation of this
sensor element was similar to that of the previous one, but
the saturation field was lower. As expected this gave a
higher sensitivity, as is seen in fig 7.

The shape of the curve also shows the consequence of a
small deviation from the ideal polarizer orientation.

For a saturating field, this particular material exhibits the
effect shown in fig 8. The domains "lock” in the saturated
state and remains in this state even when the field is
lowered far below saturation. Such a locking was not
observed for any field variation below saturation.

The sensor performance at small fields is shown in fig 9. The hysteresis-like behaviour of the characteristics is not related
to a magnetic phenomenon, but is an effect of the DC-instability of the electronic system, which limits the small field
performance. The detection limit due to the magnetic effects was estimated to be below 1 uT.

The fact that the accuracy of the best sensors was not limited by the magnetic properties of the sensor element, but of the
DC-stability of the electronic system indicates a fundamental disadvantage with the light intensity as the information
carrier in optical measurement systems. Any change in the received signal will look like a change in the measurand.

3. WAVEGUIDING SENSORS

3.1. Design considerations

To overcome the fundamental disadvantage mentioned in the end of the previous section one can introduce a reference
channel. By this arrangement intensity fluctuations may be compensated for. Instead of introducing an extra fibre in the
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Fig. 10. Basic principle for the waveguiding sensors

systems of fig 1 one may use a singlemode polarization maintaining fibre. Such a fibre can carry two modes of orthogonal
polarization independently of each other.

The fibre core dimension of 5-10 pm suggests a wave guiding sensor element in the form of e.g. a YIG film on a GGG
substrate. The fibre can then be butt coupled directly to the sensor element. If the fibre is correctly oriented, the two fibre
polarization modes will couple to the TE and TM waveguide modes respectively.

In the waveguide, the Faraday effect causes a magnetization dependent circular birefringence that gives a coupling betwecn
the TE and TM waveguide modes. The transfer of power follows the expression

e- (8] sinZ{[eh(%B-)z]%-z} o

where F is the fraction of power in the mode not excited at the input, AP is the linear birefringence, 6 is the circular birefrin-
gence and z is the position along the waveguide. The maximum transfer of power is dependent on the ratio between the
circular and the linear birefringence, which is mode dependent.

Planar YIG waveguiding films of suitable thickness for butt coupling to the fibre, i. e. 5-10 pm, will support 10-20 modes.
We found that if the fibre end was correctly positioned, power could be coupled to the fundamental mode only. With a
suitable film composition it is possible to achieve a small AP for this mode. In such a waveguide the Faraday circular
birefringence can be considerably larger than the linear birefringence leading to a large magnetic field dependent coupling
between the fundamental TE and TM modes. Bi-subsituted YIG films with a very high Faraday rotation reduces the
necessity of a low linear birefringence.

In our experiments with waveguiding sensors we used planar waveguides without any lateral light confinement. The
absence of such a confinement will lead to light losses. Measures to reduce these losses are discussed below.

The common principle for the sensors described below is as follows, fig 10: Polarized light is coupled from one of the
polarization modes of the polarization maintaining fibre into the fundamental TE mode of the planar waveguide. In the
waveguide, part of the optical power is transferred to the TM mode. The light is then coupled into the return fibre, which is
oriented in such a way that each of the modes of the planar guide match the fibre polarization modes. The power in the two

modes, P1 and Pp, are then separately detected, giving an intensity independent signal S, which is a measure of the magnctic
field:

Py

S=P1+P2 @)

In the sensor configuration above, the direction of the magnetic field cannot be determined. As will be demonstrated in
section 3.4, the second fibre can be positioned in such a way that the sensor also becomes sensitive to the direction of the
magnetic field.
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Fig. 12. Output signal S versus Bpeas With a sensor according to fig 11 and a Bpjag of 3 mT.

As in the case of the bulk sensors it is possible to "fold" the optical path and attach the fibres to the same side of the sensor
element. Due to the two-channel measurement system it is also possible to use a single fibre to carry the light both to and
from the sensor element.

3.2. Transmitting sensor with easy in plane (GdGa)-YIG

The material used for this type of sensor was a 6.7 pm thick (GdGa)-YIG film epitaxially grown on a GGG substrate. The
film was known to give an in-plane spontancous magnetization with a low anisotropy?. The magnetization was therefore
expected to closely follow the in-plane component of the applied field. A similar composition has previously been used by

Doriath, Gaudry, and Hartemann in a magnetometer with a detection limit as low as 6-10-12 T/\Hz, 5. The Faraday rotation
of the film was 150°cm at 1.15 pm. A sensor element in the form of a 4mm long chip was cut and polished. The sensor was
assembled according to fig 11.

The bias field in the plane of the film, but perpendicular to the light propagation direction was used to align the domains to
a common direction from which they where then rotated by the field to be measured.

Results obtained with this sensor configuration are shown in fig 12.
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Fig. 14. Output signal S versus Byeas With a sensor according to fig 13 with a Bpjas of 3 mT.

3.3. Reflective sensor with easy in plane (GdGa)-YIG

To be able to collect a large fraction of the light some kind of focusing mechanism must be introduced. Also, from a
practical point of view, it would be advantageous to have the fibres attached to the same side of the sensor element, or even
better, if only one fibre could be used.

The same material as in the sensor of section 3.2 was used.in a sensor according to fig 13. One polarization maintaining fibre
was used to carry the light to and from the sensor element, the rear edge of which was polished into a semi-circular shape
and gold coated.

To reduce the unwanted reflections, the input end of the fibre was polished with its surface normal 6° off the fibre axis and
the fibre was attached to the waveguide at an angle in the waveguide plane. The short coherence length of the light from the

laser diode further reduced the influence of the unwanted reflections®.

With a bias of 3 mT the sensor gave a response according to fig 14. The nonsymmetry of the curve is attributed to the
magnetic anisotropy.
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waveguide film.

3.4. Transmission sensor with easy direction perpendicular to plane Bi-YIG

In order to avoid the need for an external bias field we tried a highly anisotropic material with an easy direction of
magnetization perpendicular to the film plane. The 3.7 um thick Bi-substituted film that we used possessed a high Faraday
rotation, 1000°/cm at 1.15 pum, 7. The sensor configuration was similar to the one of fig 11, but with the second fibre rotated
45°, In this way we could achieve a sensor output which was dependent on the direction of the magnetic field. A sensor
element in the form of a 0.4 mm long chip was cut and polished. The sensor geometry is shown in fig 15. The light source
was a 1.3 um laser diode.

The sensor output versus the applied field is shown in fig 16. A hysteresis effect appears for field magnitudes less than

1 mT. For such fields the magnetization direction is close to perpendicular to the film plane. For larger fields the
performance is as expected, i.e a smooth field versus conversion relationship. It is also evident from the nonsymmetry of the
curve that the second fibre was not correctly mounted, but was rotated slightly off the intended angular position.

4. SUMMARY

We have shown that magnetooptical garnet materials can successfully be implemented in fibre optic sensor systems for the
sensing of magnetic fields, both with respect to strength and direction. So far the bulk type sensors have given the best
performance. The sensor with thick epitaxially grown (YbTbBi)-YIG material had a reproducible measurement range
between <10- T and 10-1 T.

The thin film waveguide sensors need further development to be optimized, among other things they are much more

difficult to assemble. However, the preliminary results of this work indicates a potential for improvements to fully
utilize the two channel measurement technique and possibility of field direction sensitivity.
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A waveguide based fibre optic magnetic field sensor with directional sensitivity.
Hans Sohlstrom, Kjell Svantesson
Royal Institute of Technology, Instrumentation Laboratory, S-100 44 Stockholm, Sweden

ABSTRACT

In this paper we report on the design and performance of an extrinsic guided wave fibre optic magnetic field sensor. The
sensor utilizes a substituted YIG (Yttrium Iron Garnet, Y3Fe5012) thin film as the waveguiding sensing element. A
polarization maintaining fibre downlead was used to provide insensitivity to both power and loss fluctuations. The design
makes it possible to determine both the magnitude and the sign of the magnetic field.

Measurement results indicate a usable measurement range of at least several mT with a noise equivalent magnetic field level
of less than 8 nT/NHz.

1. INTRODUCTION

Fibre optic magnetic field sensors based on a number of different principles have been reported previously. A number of
them are based on the Faraday effect, i.e. the polarization rotation that is induced by a magnetic field parallel to the light
propagation direction in an optic material. Most of the Faraday effect sensors are of the intrinsic type where part of the fibre
itself is utilized for the sensing. Because of the small Faraday rotation in the fibre material one has to use a long length of
fibre to provide sufficient polarization rotation. This fact makes the intrinsic Faraday sensors unsuitable for applications
where one wants a point determination of the magnetic field.

To be able to design a compact all guided wave Faraday sensor for point detection we have instead used a thin film waveguide
sensing element made from Gd,Ga-substituted YIG (Yttrium Iron Garnet, Y3Fes019). This kind of material can be grown
epitaxially to form low loss optical waveguides that have a large polarization rotation in the transparent region. Further-
more, such a waveguide can be butt coupled with low insertion loss to a polarization maintaining fibre downlead. The two
orthogonal modes of the fibre can then be used as two independent transmission channels forming a balanced system that in
principle is insensitive to power and loss fluctuations.

2. SENSING PRINCIPLE

We first look at the sensing waveguide itself. Here, the Faraday rotation can be described as a circular birefringence that is
dependent on the magnetization parallel to the light propagation direction. This birefringence causes a coupling between the
TE and TM modes of the same order. The transfer of power follows the expression

F=|:1+(% ZT sin2{[62+(é2ﬁ)2]%'z} (1)

where F is the fraction of power in the mode not excited at the input, AB is the linear birefringence, 6 is the circular
birefringence and z is the travelled distance.

A planar waveguiding film of suitable thickness for butt coupling to the fibre, i. e. 5-10 pm, will support 10-20 modes due
to the large step in index of refraction and is by no means a single mode structure. However, we have found that if the fibre
end is correctly positioned it is possible to couple the optical power selectively into the fundamental mode of the
waveguide.] With a suitable film composition it is also possible to achieve a small AP for this mode. In such a waveguide the
Faraday circular birefringence can be considerably larger than the linear birefringence, giving a strong magnetic field
dependent coupling between the fundamental TE and TM modes.

A straight-forward way to utilize such a waveguide is illustrated in fig 1. In this case one of the polarization modes of a
polarization maintaining fibre is used to carry linearly polarized light to the sensor clement, where it is coupled into the
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Fig la. Basic sensing principle Fig 1 b. Sensing principle with directional sensitivity

fundamental TE mode of the planar waveguide. In the waveguide, part of the optical power is converted to the TM mode
according to (1). The light is then coupled into the return fibre, which is oriented in such a way that each of the modes of the
planar guide matches one of the fibre polarization modes. At the output end of the fibre, the light from the two fibre modes
is separated and detected. The detector outputs are then combined to give an intensity independent signal which is a measure
of the magnetic field.

With this configuration it is not possible to detect the sign of the magnetic field. Fields that are parallel to or antiparallel
to the light propagation cause TE to TM coupling factors that are equal in magnitude but with opposite signs and
consequently they cause equal amounts of light to be coupled into the TM mode. The phases are different for the two cases
but as the phase relation between the two fibre modes cannot be maintained in the fibre downlead, this information will be
lost.

However, if the return fibre is mounted with its birefringence axes at +45° to those of the waveguide, each of the planar
waveguide polarization modes will couple into both fibre polarisation modes, fig 1b. Each of the fibre modes will then be a
linear combination of the TE and TM waveguide mode fields which results in a suitable antisymmetric sensor behaviour.
This is in analogy with a conventional bulk optic polarization rotation measurement set-up with the analyzer rotated 45° or
—45° from the input polarizer orientation.

To fully understand the behaviour of the sensor one also has to consider the magnetic properties of the sensing element
garnet material. Ferrimagnetic materials such as YIG exhibit a spontaneous magnetization that generates a magnetic domain
structure. In the absence of an external field these domains are oriented in such a way that the total magnetization of the
sample vanishes. In an external magnetic field, the domains will change their distribution, size and shape. Owing to this fact,
the circular birefringence, which is proportional to the magnetization parallel to the light propagation, will in general not
have an unambiguous relation to the applied field.

A sufficiently large external field will, however, align all the domains to form a single domain. A varying field together
with such a bias field also gives a uniform change in the orientation of the magnetization and thus in the resulting Faraday
rotation.2 This is the approach used in this work. A similar result may be achieved without a bias field with a material that
possesses a strong magnetic anisotropy.

In our experiments we have used planar waveguides without any lateral light confinement. The absence of such a confine-
ment leads to a light loss when a configuration like the one in fig 1 is used. The loss can be of acceptable size only if the
sensor is very short. Consequently there is then a trade-off between polarization rotation and loss, but with materials
having a very large Faraday rotation it is possible to find a useful compromise.3

In this work we have used another approach that in addition to solving the loss problems also allows the input and output

fibres to be mounted side by side instead of in line on opposite edges of the waveguide. The waveguide was made semicircular
with the circular edge mirror coated. The fibres were mounted onto the straight edge and the circular edge acted as a focusing
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reflector, fig 2. As the Faraday effect is nonreciprocal in nature, the mode conversion of the forward and backward trip will
add, which makes the effective interaction length twice the sensing element radius.

We have previously reported on a sensor where only one polarization maintaining fibre was used to send the light both to
and from the sensor 4, but in such a configuration it is not possible to get the information about the direction of the field.

3. SYSTEM REALIZATION

The material that was used for the sensor element was a 6.7 um thick (Gd,Ga)-YIG film epitaxially grown on a GGG
substrate. The film was known to give an in-plane spontancous magnetization with a low anisotropy.5 The Faraday rotation
and linear birefringence for films of the same composition had previously been measured at 1.15 um to be 150°/cm and
<75°/cm respectively.

In order to polish the edges to a sufficient quality, two film samples with their film sides pressed against each other were
used in the polishing process. When the straight edge had been polished, they were epoxied with the straight edge inward in a
slot machined halfway into a 7.6 mm diameter circular steel rod. In this way the samples could be polished to optical
quality in a shape defined by the rod. The epoxy was then dissolved and the samples carefully separated. A thin gold film
was finally evaporated onto the circular edge of the samples.

The input and output fibres, both York HB 1250, were epoxied onto the flat surface of a halfcylinder plastic fibre holder and
with the long axis of the slightly elliptical fibre cores at 90° and 45° with respect to the surface. Another halfcylinder was
then epoxied on top of the assembly to protect the fibres, fig 3. When the front face of this fibre holder had been polished
flat, the waveguide was positioned for good signal quality in both fibre modes and epoxied in place.

The complete optical set-up is shown in fig 4. As the YIG film is transparent for wavelengths longer than 1.1 um, a 1.3 um
laser diode was a convenient light source. The detection unit separated and detected the light from the two fibre polarization
modes. To get a measurement result that was independent of fluctuations in the laser power and fibre loss we divided the
output from one of the detectors with the sum of the two detector outputs.
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To calculate the theoretical sensor output we have used the Poincaré sphere representation.” We then find that the pure TE
state from the input end of the waveguide as we go along the guide precesses round the total birefringence. From the angular
distance to the 45° state on the sphere equator we find the sensor output S to be:

272 214
S=%|:1+(%g ]2sin [92+(é2ﬁ) ]2'22 i 9=0maxMparallel (2)

Mparallel is the magnetization component along the light propagation direction.

4. EXPERIMENTAL RESULTS
4.1. Bias field selection

The bias field must be large enough to align the domains into a direction from which they can be rotated by the field to be
measured. If this is not the case, the domain wall movements will produce an erratic sensor output with jumps and
hysteresis. A large enough bias will also reduce the effect of magnetic anisotropy that may be present in the material.

In order to select an appropriate bias field we studied how well the magnetization direction in the sample followed the
direction of an external field. In this measurement the sensor output was used as a measure of the magnetization direction.
For a very large applied field, the direction of the magnetization should completely follow that of the field and the sensor
output versus the field direction would then look like the plot in fig 5. In this fig a calculated sensor output is plotted
versus the direction of the magnetization.

Signal
1]
0.8;
0.6 Fig 5. A calculated sensor output
’ signal versus the magnetization
0.41 direction. Oyax=130°cm,
AB=50%cm and z=7.6 mm.
0.2 Direction 0 is along the sensor axis,
Field angle parallel to the light path.
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However, for low magnetic field magnitudes, the magnetization does not completely follow the direction of the applied
field. Fig 6a shows the experimental result for a field of 100 uT. A field of this magnitude is apparently not large enough to
give a uniform magnetization.

When the field was increased to 1 mT the sensor response indicates that the magnetization more closely followed the field,
fig 6b, although some kinks remained. These kinks disappeared when the field magnitude was increased to 5 mT, as shown in
fig 6¢c. The measured curve for this case also more closely followed the calculated relationship, indicating that the
anisotropy was to a large extent overcome. The calculated function was obtained for z=7.6 mm, AB=50°cm and
Bmax=130°/cm in good agreement with the previously measured values. In accordance with these results a bias field of 5 mT
was selected for the performance measurements.

Signal
1.1
0.81
0.61
0.4 Fig 6. One of the two detector
: outputs, divided by their sum,
0.21 versus the direction (0 along axis as
. . ) . . . infig 5) of an applied field of
T3 3 456 redande auour
Signal
1.4
0.8
0.61
0.4;
0.21
. b)1mT
+ ‘ - ' + ~——Field angle
i 5 3 4 5 6 9

c) 5 mT. A theoretical curve similar
. to the one in fig 5 is also included in
E
Fieldangle 4. 6c (thin line).

146 / SPIE Vol. 1511 Fiber Optic Sensors: Engineering and Applications (1991)



4.2. Performance measurements

The output signal versus the measurement field, with a bias field of 5 mT, is shown in fig 7. The results show the expected
sensor function with a central usable sensing range and a slope reversal at approximately 2 mT indicating that the optical
power couples back into the mode it was originally launched into, equivalent to a polarization rotation of more than 45°. A
sensor with a shorter interaction length would give a monotonous relationship, according to fig 8.

A preliminary test made with a HP 3588A spectrum analyzer confirm the distortion free signal and indicate a detector and
amplifier noise level equivalent to about 8 nT in a 1 Hz bandwidth with a 5 mT bias field. The detection limit of the sensing
element is thus lower than this value. Although this is not the ultimate limit of our sensor, it compares favourably with
results obtained by others.8 By increasing the bias field the measurement range can of course also be scaled to higher values.
A more thorough analysis of the sensor behaviour will be reported later.

Signal

+ + + + + ~Field [T
0015 -0.01 -0.005 0005 0.1 ogisodll

Fig 7. The sensor output versus the field applied along the sensor axis with a 5 mT bias field applied perpendicular to this,
but in the film plane (thick line) and theoretical curve with sensor data according to the text (thin line).

Signal
1.1

0.81

— 7 4 + ' —Field [T
-0.015 -0.01 -0.005 0.005 0.01 0.015Ied[]

Fig 8. A calculated sensor output for a sensor as in fig 7 but with 2=3,3 mm, corresponding to a radius of curvature of
1.15 mm for the sensor reflective edge
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5. SUMMARY

We have designed an all guided wave magnetic field sensor that utilizes an extrinsic planar waveguide as the sensing element
and a polarization maintaining fibre for the downlead. This design allows the sign as well as the magnitude of the applied
field to be determined. The sensing element was made from a Gd,Ga-substituted YIG (Yttrium Iron Garnet, Y3Fe5012)
epitaxially grown thin film.

The two-channel signal transmission through the downlead makes the system insensitive to fluctuations in power and to a
great extent also to loss fluctuations. With a suitable bias field it is possible to achieve measurement ranges from about
1 mT and up with a noise equivalent magnetic field level of less than 8 nT/VHz.
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The Performance of a Fiber Optic Magnetic Field
Sensor Utilizing a Magneto-Optical Garnet

HANS SOHLSTROM
KJELL SVANTESSON

Instrumentation Laboratory
The Royal Institute of Technology
S-100 44 Stockholm, Sweden

Abstract The design and performance of a multimode fiber optic magnetic field
sensor utilizing the Faraday effect in an epitaxially grown thick (YbTbBi)IG film is
reported. The sensor is found to be linear over a range of more than 100 dB.

Introduction

Due to their intrinsically favorable behavior with respect to electromagnetic interference
and galvanic isolation, fiber optic sensors are good candidates for current and magnetic
field measurements in high-power electric transmission systems. Sensors utilizing the
magneto-optic Faraday effect have been investigated for a number of years. When look-
ing for a compact design, magneto-optical garnet materials such as YIG (yttrium-iron-
garnet, Y;Fe;O,,) or preferably substituted YIG have shown promising properties [1-4].
One common advantage of these materials is their large Faraday rotation, up to
2000 °/cm for Bi-substituted YIG.

The fabrication of pure YIG has a fairly long tradition due to its applications in
microwave systems. However, samples resulting from the growth of bulk crystals are
not suitable to prepare for optical applications because, among other reasons, they need
to be carefully polished. More recently, the liquid phase epitaxy (LPE) technique for
fabricating thick magneto-optical garnet layers, mainly for optical isolator applications
in optical communication systems, has been developed to a stage where several physical
parameters could be handled at will. Furthermore, the LPE technique can yield optical
quality wafers of several inches in diameter. To prepare a sensor element from such a
wafer only uncritical sawing is needed, which to a large extent facilitates the sensor
fabrication.

The sensor reported in this paper utilizes an epitaxially grown (YbTbBiI)IG
((YbTbBi);Fe;0;,) layer on a GGG substrate, with a composition optimized for optical
isolator applications, implying low temperature dependence.

Sensing Principle

To utilize the polarization rotation in an intensity-based multimode fiber sensor, polariz-
ers are placed before and after the sensing element. The intensity of the light transmitted
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through the second polarizer will then depend on the polarization rotation in the crystal.
Thanks to the nonreciprocity of the Faraday effect it is possible to utilize a folded design
according to Fig. 1. One then gets twice the polarization rotation for a given crystal
thickness. Due to the ferrimagnetic properties of the garnet material, the picture of a
homogeneous, magnetic field-dependent rotation of linearly polarized light is too simpli-
fied to be useful to predict the sensor behavior.

The internal magnetization of the crystal leads to the presence of magnetic domains
that will change their size and shape when an external magnetic field is applied. The
resulting polarization state of a narrow ray of light will then depend on the actual domain
distribution along its path. This will, in general, not yield reproducible conditions.
However, by using a sufficiently wide beam of light the net rotation of a large number of
individual domains will be measured, giving a useful sensor performance {5, 6].

In our case we assume that all domains reach through the entire thickness of the
Jayer, with a magnetization direction that is either parallel or antiparallel to the light
propagation. In the absence of an external magnetic field, the two types of domains will
occupy approximately equal volumes, and with the above assumption, equal areas.
However, when a magnetic field is applied, the domains of one kind will grow at the
expense of those of the other kind.

In addition to the magnetic properties of the material, the optical conditions will
affect the sensor performance. With a spatial coherence of the light, large enough to
create interference between light having passed different domains, the sample will act as
a phase grating. Sufficiently far behind the sample, the undiffracted light will then have
a state of polarization and intensity that depends on the applied field, while the light in
the first diffraction order will be polarized perpendicularly to the incident light.

The optical configuration used in our sensor, i.e., with the polarizer far from the
sensing element, yields a sensor output that is given by the transmitted intensity of the
undiffracted light after the second polarizer. The magnetic field dependence is, in fact,
very similar to the one achieved with a material with a homogeneous magnetization.

Our sensor was realized with an epitaxially grown 0.13-mm-thick (YbTbBi)IG layer
on a GGG substrate. The domain magnetization was perpendicular to the plane of the
layer. The thickness of the layer was chosen to give a single pass maximum rotation of
22.5° at 1.3 um. The components of the sensor head, i.e., the sensing element, a
gradient index lens, and two polarizers, were mounted in a plastic enclosure of 6 mm
length and 4 mm diameter. Core fibers of 100 um with a cladding diameter of 140 um
were used for the signal transmission.

Measurement Results

The dc magnetic field characteristics of the sensor are shown in Fig. 2. The saturation
points fall at approximately = 100 mT. The frequency spectra for different ac field levels
were also studied to further investigate the central part of the characteristics. Figure 3
shows the output spectrum for a 1-kHz, 27-mT (peak) applied field. Even with this

polarizers  YIG GGG
film  subst.

S5, S

B

InGaAs

detector mirror

Figure 1. Outline of the folded type magnetic field sensor.
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Figure 2. Magnetic field characteristics of the sensor.
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relatively large signal amplitude, the distortion was only about 1%. The signal-to-noise
ratio for 1-Hz bandwidth was 90 dB. A 20-dB reduction of the signal to 2.7 mT further
reduced the distortion to about 0.3% (Fig. 4). The signal was then reduced in steps of 20
dB down to 270 nT. At this signal level, the spectrum analyzer bandwidth was reduced
to 88 mHz to separate the signal from the sensor amplifier noise (Fig. 5).

The measurement results are summarized in Fig. 6, where the signal amplitude is
plotted versus the applied 1-kHz field amplitude. Apparently the sensor is, within the
experimental accuracy, linear over a range of at least 100 dB. In the experimental data
presented here, the lowest point is buried in the 1-Hz noise. This noise, however,
originates in the detector and its amplifier and is not an inherent property of the sensor
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Figure 3. Frequency spectrum (0-5 kHz) of the sensor output for a 27-mT (peak) exitation at 1

kHz. Sensor amplifier 3-dB bandwidth: 5 kHz; analyzer bandwidth: 1.1 Hz.
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Figure 4. Frequency spectrum (0-5 kHz) of the sensor output for a 2.7-mT (peak) exitation at 1
kHz. Sensor amplifier 3-dB bandwidth: 5 kHz; analyzer bandwidth: 1.1 Hz.

itself. By decreasing the optical loss of the sensor and by improving the amplifier, a 20-
dB increase in signal-to-noise ratio should be within reach.

Conclusions

The multimode fiber optic magnetic field sensor that we have reported here is found to
be linear over a range of more than 100 dB. The experimental data show a 1-Hz noise
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Figure 5. Narrow-band frequency spectrum of the sensor output for a 270-nT (peak) exitation at
1 kHz. Sensor amplifier 3-dB bandwidth: 5 kHz; analyzer bandwidth: 88 mHz.
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Figure 6. The signal amplitude (dB rel. signal at 27 mT) versus the applied field.

equivalent magnetic field of 1 uT. However, the sensor is linear even below this level.
With an optimized design we consider it possible to reduce the noise equivalent field by
a factor of 10.
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