Domain effects in Faraday effect
sensors based on iron garnets

M. N. Deeter

Domain-induced diffraction effects produced by two iron garnet thick films and two bulk crystals are
compared. The thick films, characterized by a serpentine magnetic domain structure, produced
nonlinear response functions; this is in qualitative agreement with a one-dimensional diffraction
model. Bulk iron garnet crystals, which exhibited a complex three-dimensional domain structure,
produced qualitatively similar effects that diminished with increasing crystal length. Differential signal
processing resulted in a linear signal for the thick films and a primarily sinusoidal response for the bulk

crystals.

i. Background

The sensitivity of Faraday effect sensors based on
iron garnet bulk crystals'-® and epitaxial films®*7 is
much greater than the sensitivity of Faraday effect
sensors based on diamagnetic and paramagnetic ma-
terials. However, because of the action of domain
walls, iron garnets can exhibit hysteresis and nonlin-
ear behavior. Such effects are completely eliminated
only when the material is magnetically saturated as
the result of a bias field.2 This technique typically
requires a permanent magnet, which adds to the size
and weight of the sensor and may perturb the field to
be measured. More simply, these domain effects can
nearly be eliminated in uniaxial iron garnet films
exploited in an optical waveguide geometry.® This
geometry favors domain rotation over domain wall
motion as the primary response to in-plane magnetic
fields. Hysteresis is negligible in this arrangement
because domain rotation, unlike domain wall motion,
is generally reversible. Alternatively, the perpendicu-
lar film geometry considered here is simpler and
exhibits potentially advantageous effects that are not
possible in the waveguide geometry.

To a large degree, domain effects in bulk iron
garnet crystals are minimized when the lateral dimen-
sions of the probing light beam are much greater than
the average domain size.? The success of this tech-
nique is apparently due to the three-dimensional
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spatial averaging that occurs when the probing light
beam samples a statistically large number of domains.
Domain effects play a much larger role in iron garnet
films, specifically in thin films with perpendicular
(uniaxial) magnetic anisotropy. Such films typically
exhibit two-dimensional domains that are alternately
magnetized up and down with respect to the surface.
In the demagnetized state, these two types of do-
mains are often interwoven in a complex serpentine
pattern in which each type of domain covers an equal
area. When an external magnetic field is applied
perpendicular to the film, the domains for which the
magnetization is paraliel to the applied field grow (by
domain wall motion) at the expense of the other
domains, which contract.

Optically, these films behave as two-dimensional
binary phase gratings.™® For the simplest case of
parallel stripe domains, the far-field diffraction pat-
tern consists of an undeviated zeroth-order beam and
a set of symmetrically positioned higher-order beams
dispersed in a plane perpendicular to that of the
stripe domains. Both the polarization states and the
relative intensities of the various diffracted orders
vary with the saturation Faraday rotation, 6z 4, and
the net magnetization, M/M,,. For optical fiber
sensors, the behavior of the zeroth-order diffracted
beam is most relevant, as the deflected higher-order
beams will tend to be spatially filtered when the light
is coupled into the fiber or fibers that return the light
to the detection system.

2. Experimental

A conventional polarimetric differential detection sys-
tem was employed to investigate domain effects (see
Fig. 1). The individual outputs of the differential
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Fig.1. Experimental system.

detection system were recorded separately so that
both the zeroth-order intensity and polarization state
could be monitored simultaneously. The source was
a diode-pumped Nd:YAG laser operating at 1.3 pm.
Its output was collimated (beam diameter ¢ = 3 mm),
polarized, and modulated with a chopper. The beam
then passed through the garnet sample, which was
placed in an electromagnet.

After leaving the sample, the zeroth-order beam
propagated approximately 46 c¢cm before reaching a
polarizing beam splitter. The polarization axes of
the beam splitter were oriented at +45° with respect
to the incident linear polarization state. Each of the
resulting orthogonally polarized beams were then
focused onto small InGaAs detectors (¢p = 80 pm).
The small size of the detectors excluded all the
higher-order diffracted light except that for which the
diffraction angle was less than ~0.08°. Two lock-in
amplifiers (referenced to the chopper frequency) re-
corded the outputs of the detectors as the applied
magnetic field was swept through one complex cycle.

Through the use of Jones matrices to trace the
polarization state of the zeroth-order beam, the inten-
sities at each detector were calculated according to
the domain diffraction model.8 The predicted inten-
sities are
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where J, is the total transmitted intensity in all orders
and the plus or minus sign varies for the two detectors.

The sum and difference signals are then
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In contrast, the same signals for homogeneous
(nondiffracting) materials are

I
I = 5‘(1 + sin 265), (4)
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where 6y (rather than M/M,,) is the independent
variable. These equations represent two extreme
models against which we may test experimental data
for the presence of domain diffraction effects. Com-
paring Egs. (2) and (5), we see that domain effects
produce a quadratic dependence of the sum signal on
the applied field (assuming M /M, to be proportional
to the applied field), whereas the sum signal of a
homogeneous material is independent of the applied
field. Equations(3)and (6)show that domain diffrac-
tion produces a differential signal that is linear with
the applied field, whereas homogeneous materials
produce a sinusoidal differential signal.

We compared the behaviors of two iron garnet thick
films® and two bulk crystals. Their magnetic and
physical properties are summarized in Table 1. The
films are different in several respects compared with
iron garnet films used in previous diffraction stud-
ies.”® First, as shown and described in Ref. 5, the
stripe domains in these films were not linear but
rather arranged themselves in an irregular serpen-
tine pattern. Second, the ratio of film thickness to
domain stripe width (~6.4 for film 1 and ~8.6 for
film 2) was considerably greater than that of previ-
ously studied films. As a result, the domains of both
films exhibited a three-dimensional structure.> For
example, cone-shaped domains of reverse magnetiza-
tion were observed near both surfaces of film F1.
Both the serpentine stripe pattern and the three-
dimensional domain structure present in these films
pose conditions that could limit the applicability of
the diffraction model described above.

Table 1. Summary of Iron Garnet Samples

Sample
Parameter F1 F2 B1 B2
Composition (BiTb)3(FeGa)50,2 (BiY)3Fe50,2 Y;3Fe;0,2 Y;Fes0,,
Mae (kA/m) 28 143 143 143
OF.eat (°) -45 -13.5 20 61
Thickness/length (mm) 0.32 0.06 1.0 3.0
Domain stripe width (nm) 50 7 —_ —
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Fig. 2. Comparison of normalized polarimetric signal data (solid
curve) for sample F1 with diffraction and homogeneous models.

As observed by infrared microscopy, the domain
structure of the bulk samples was much more com-
plex than that of the films. Samples B1 and B2 were
cut with their cylindrical axes parallel to the (111)
and (100) crystallographic axes, respectively. Both
cylinders were 5.0 mm in diameter.

3. Resuits and Discussion

Individual polarimetric signals I, and I, recorded for
sample F1 are compared in Fig. 2 with theoretical
signals calculated for both the zeroth-order diffrac-
tive model [Eq. (1)] and the homogeneous model [Eq.
(4)]. Model calculations were based on values of 27
mT for woH,, and 45° for 6 ., and assumed a linear
relationship between M and H. The data clearly
match the zeroth-order diffraction model better than
the homogeneous model. The lack of even better
agreement is probably due to the three-dimensional
domain structure described above.

The sum and difference signals recorded for all four
samples are shown in Figs. 3 and 4, respectively.
With respect to the sum data, sample F1 exhibits a
quadratic dependence with a minimum sum signal of
=63%, which is reasonably close to the value pre-
dicted by Eq. (2) of 50%. (The apparent hysteresis
shown by the F1 data was observed only after a
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Fig. 3. Normalized sum signal data plotted versus applied mag-
netic field.
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Fig. 4. Normalized difference signal data plotted versus applied
magnetic field.
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saturating field was applied to the sample.) Thesum
minimum of sample F2 is =96.5%, in comparison
with a theortical value of 94.5%. The bulk speci-
mens exhibit sum minima of =94.2% (B1) and
=97.5% (B2). These data indicate that a regular
domain structure is not a prerequisite to the observa-
tion of diffractive effects. The longer sample (B2)
exhibits a shallower minimum than the shorter
sample. This might be because the greater number
of domains in the longer specimen produce more
spatial averaging and thus cause it to behave more
like a homogeneous material. An analysis of the
difference data is complicated because both models
predict linear behavior for small values of 8z ,,.
Thus only the difference signal data for samples F1
(Bt = —45°) and B2 (8p,, = 61°) are significant.
In agreement with the diffraction model, sample F1
exhibits a linear difference signal within the limits of
saturation. Specimen B2, however, shows a sinusoi-
dal dependence (before the onset of saturation), which
is in agreement with the homogeneous model. (The
opposite signs of the slopes of the differential signals
of the films and bulk crystals are the result of
opposite signs of 8 .)

4. Conclusion

Domain-induced diffraction effects were compared for
iron garnet thick films and bulk crystals. Thick
films exhibiting serpentine magnetic domains pro-
duced nonlinear response functions; this is in qualita-
tive agreement with a one-dimensional diffraction
model. Bulk iron garnet crystals, which exhibited
an even more complex three-dimensional domain
structure, produced qualitatively similar effects that
diminished with increasing crystal length. Differen-
tial signal processing resulted in a linear signal for the
thick films and a sinusoidal response for the bulk
crystals. These diffractive effects should be consid-
ered in the design of iron-garnet-based, fiber-optic
magnetic field sensors in which coupling light from
the film to the fiber could spatially filter all but the
zeroth-order diffracted beam.
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