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Fast, Sensitive Magnetic-Field Sensors Based on the 
Faraday Effect in YIG 

M. N. DEETER, A. H. ROSE, AND G. W. DAY 

Abstract-We characterize magnetic-field sensors based on the Far
aday effect in ferrimagnetic iron garnets in terms of their sensitivity, 
speed, and directionality. Signal-to-noise measurements at 80 Hz on 
small (typically 5 mm diameter x 3 mm long) samples of yttrium iron 
garnet (YIG) yield noise equivalent magnetic fields of 10 nT /.JHz. Fre
quen~y response measurements exhibit virtually flat response to ap-
proximately 700 MHz. ,_ .. 

I. INTRODUCTION 

APPLICATIONS of the Faraday effect to magnetic
field sensing are growing rapidly, particularly in sit

uations where size, weight, speed, and immunity to elec
tromagnetic interference are important considerations [ 1]. 
Most of these applications have used diamagnetic mate
rials. However, other classes of magnetic materiais offer 
the possibility of greater sensitivity, though perhaps at 
some cost in stability, speed, or other properties. One par
ticularly interesting class of materials is the ferrimagnetic 
iron garnets. Although the unique magneto-optical prop
erties of these materials have been employed in several 
applications, including magnetic-field sensing [2]-[6], 
little information on the performance limitations of such 
sensors is available. 

In this paper, we report the results of an investigation 
of some of the properties and limitations of magnetic-field 
sensors based on yttrium iron garnet (YIG), one of the 
most readily available ferrimagnetic iron garnets. 

II. FERRIMAGNETIC FARADAY-EFFECT SENSORS 

In ferrimagnetic materials, an applied magnetic field 
tends to align the magnetic dipoles of the individual do
mains which make up the material. The Faraday rotation 
angle 8't- is proportional to the magnetization component 
parallel to the direction of propagation of the electromag
netic wave. At saturation, the domains are completely 
aligned, and the Faraday rotation angle e~t is given by 
the product of the specific Faraday rotation F (which is 
constant for a particular material at a specified wave
length), and the sample length L. 

In SI units, the magnetic field Hsat at which ferrimag
netic materials saturate, is given by the relation 

(1) 
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where Msat is the material's saturation magnetization, and 
N0 is the demagnetization factor, which depends only on 
the sample's shape and orientation. The demagnetization 
factor accounts for the difference between the applied field 
and the actual field within the sample, which is smaller. 
Ideally, the Faraday rotation in ferrimagnetic materials is 
linear with Hz, the component of the applied field parallel 
to the propagation direction. Thus, for Hz < Hsat 

eF = es;t(Hz/Hsat) (2) 

or 

(3) 

In terms of rotation per unit applied field (assuming the 
same interaction length), yttrium iron garnet (YIG) is two 
to three orders of magnitude more sensitive than typical 
diamagnetic materials, such as glasses [5]. Other iron gar
nets are potentially more sensitive [6]-[9]. Furthermore, 
because the saturation field Hsat depends directly on the 
geometrical demagnetization factor, the sensitivity can be 
tailored to meet specific requirements. 

One problem with ferrimagnetic materials, however, is 
the inherent nonlinear and hysteretic response of the in
dividual ferrimagnetic domains. In one of the first papers 
to consider the use of iron garnets as magnetic-field sen
sors, Massey et al. [2] found it necessary to apply a trans
verse saturating bias field to a YIG sensor in order to align 
the domains within the sample. While this technique for 
eliminating problems caused by domains is effective, it is 
not practical for many applications in which the sensor 
should be passive and should not itself be a source of 
magnetic fields. Later, Holm et al. [4] showed that, using 
a differential detection system similar to that shown in 
Fig. 1, the effects of individual domains were apparent 
only when the probing beam was significantly smaller than 
the sensing element. When the light beam was collimated 
and uniformly sampled the entire YIG element, the signal 
response became quite well behaved. 

Ill. SENSOR RESPONSIVITY 

To verify Holm's results and (3), we determined the 
response of three samples I of single-crystal YIG 
(Y3Fes012) at a wavelength of 1.3 µm. This wavelength 

1YIG samples were obtained from Deltronic Crystal lndustnc,. lnrnr
porated, Dover, NJ. This does not constitute a recommendation or endorse
ment. Samples from other suppliers may perform as well or hctic'r 
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Fig. I. Experimental system for measuring YIG sensitivity. The Wollas
ton prism, dual InGaAs detectots, and differential amplifier constitute a 
differential detection system which produces a linear signal for small 
Faraday rotation angles. 
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Fig. 2. Faraday rotation versus applied field for 3-mm-long sample. Note 
the lack of hysteresis and the linearity which is maintained until very 
near saturation. 

lies well beyond the YIG absorption edge near 1 µm [10], 
yet still in a region where the specific Faraday rotation is 
quite high [11]. All the samples were 5-mm-diameter cyl
inders; the lengths were 1, 3, and 5.6 mm. In order to 
minimize domain effects, we made the beam diameter ap
proximatcly equal to the crystal diameter. The Faraday 
rotation data shown in Fig. 2 for the 3-mm-long YIG sam
ple were obtained by sweeping the applied field from O to 
approximately 255 kA/m (corresponding to a free-space 
flux density of 320 mT) and back to 0. In order to produce 
a graph of eF rather than sin ( 29 F), which corresponds 
to the actual output of the detection system, the data were 
mathematically inverted. 

In agreement with [4], the data in Fig. 2 exhibit lin
earity (for µ 0 H ::5 60 mT) and no hysteresis. The results 
on all three samples, in terms of sensor response ( the ratio 
of the Faraday rotation to free-space flux density 
e d µ0 H) versus crystal length are plotted in Fig. 3. The 
solid line is a theoretical curve based on values of N0 cal
culated using the equivalent ellipsoid approximation (see 
for example [12]). The specific Faraday rotation for YIG 
at 1.3 µm was taken as 220° /cm [13]. Despite the de-
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Fig. 3. Geometrical dependence of YIG sensor response. YIG samples 

were all 5 mm in diameter. The solid theoretical curve was calculated 
using demagnetization factors of ellipsoidal samples with the same length 
to width ratio as cylindrical samples (see (12]). 
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Fig. 4. YIG sensor directionality. The YIG sample was 5 mm in diameter 
and 5.6 mm long. The modulus of the applied magnetic field was 800 
A/m (µ.0 H = 1.0 mT). 

parture of the data from the theoretical curve, the overall 
trend of the data follows the theory well. 

IV. DIRECTIONALITY 

Sensor directionality is an important issue for any ap
plication in which the direction of the applied field might 
not necessarily coincide with the propagation direction of 
the optical beam. In ferrimagnetic materials, unlike dia
magnetic materials, the longitudinal magnetization com
ponent, and thus the Faraday rotation, are sensitive to both 
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Fig. 5. Typical noise spectra for applied field of µ,,H = 1.0 mT (rms) taken with a noise bandwidth of O. l87 Hz. The low-frequency (0-40 Hz) noise 
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Fig. 6. DC output of YIG sensor obtained by intensity modulation and lock-in detection. A rr:agnetic field of µ,,H = 2 µTwas switched on and off at 
intervals of approximately I min. The minimum detectable field in this case appears to be on the order of 100 nT /.../Hz . 

the longitudinal and transverse-field components. The or
igin of this effect lies with the Zeeman energy term which 
couples the magnetization vector to transverse as well as 
longitudinal applied fields. As a function of applied-field 
angle, this effect should manifest itl)elf as a distortion of 
the ideal cosine response function. On the other hand, 
preliminary calculations predict that the magnitude of this 
dist~rtion should be small when the modulus of the ap
plied field is much less than the saturation field Hsat. These 
calculations will be published elsewhere. 

Signal directionality measurements were performed 
with two orthogonal pairs of Helmholtz coils arranged to 
independently produce longitudinal and transverse field 
components. The applied-field angle was controlled by 
calculating and applying the proper amount of current for 
each pair of calibrated Helmholtz coils for the given field 
angle and fields modulus. Directionality data for the 5.6-
mm-long sample and an applied field of 800 A/ m ( µ0 H 
= 1.0 mT) are shown in Fig. 4, along with an ideal co
sine response curve. At this field strength, the measured 
response closely follows the ideal cosine response curve. 

V. NOISE-EQUIVALENT FIELD 

To determine the minimum detectable magnetic field, 
noise spectral data were taken with the 3-mm-long YIG 

.. 
sample using the system shown in Fig. 1. The source was 
a pigtailed 1.3-µm laser diode with approximately 0.3-
mW optical power. For calibration, ac current oscillating 
at 80 Hz was applied to a pair of Helmholtz coils produc
ing a magnetic field of 80 A/m (µ0 H = 0.10 mT) am
plitude (rms) along the axis of the sample. Typical spectra 
are shown in Fig. 5. The noise bandwidth was 0.187 Hz. 
The signal-to-noise ratio at 80 Hz is approximately 87 dB, 
corresponding to a noise floor of approximately 1 O 
nT / ..JHz. This is about a factor of 6 above the shot-noise 
limit for our experimental parameters. We think this dif
ference is due primarily to laser noise and excess ampli
fier noise. 

Below 40 Hz, the rise of the noise floor probably has at 
least two components. The first, ambient magnetic noise, 
arises because of insufficient magnetic shielding around 
the experiment. The remaining component, associated 
with the detection system, is more significant. If this noise 
source were additive, it would be possible to extend the 
noise performance obtained at 80 Hz to lower frequencies 
by modulating the source and measuring the signal at the 
modulation frequency. 

To investigate this possibility, de data were taken by 
chopping the source at 100 Hz, while switching a de field 
of approximately 1.6 A/m (µ 0 H = 2.0 µT) on and off at 
about 1-min intervals. A lock-in amplifier with a noise 
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Fig. 7. Frequency response of the YIG sensor for applied magnetic field of µ,,H == 0.5 µT. The -3-dB rolloff frequency is approximately 700 MHz. 

The approximate measurement uncertainty is shown by the error bar. 

bandwidth of 2 Hz and a chart recorder were used to re
cord the data. The results are shown in Fig. 6. Although 
there is no evidence of long-tenn signal drift, the mini
mum detectable de field is of the order of 0.08 
(A/m) /-JHz ( or 100 nT /-JHz) which is about a factor 
of 10 greater than for the ac case. Since ambient mag
netic-field fluctuations are not generally of this order of 
magnitude [14], we think that the increased noise at low 
frequencies is due primarily to some type of multiplica
tive noise, such as detector responsivity drift caused by 
small temperature variations. 

This explanation was first proposed by Holm et al. [ 15). 
Small, time-varying differences in the temperature of the 
detectors are difficult to avoid, even if, as in our case, the 
detectors are mounted closely together on a thennally 
conducting substrate. For certain Ge detectors, a relative 
temperature drift of 1 °C will change the relative response 
by 0.3 % . This amount of drift is sufficient to overwhelm 
very small differential signals for which the intensities at 
the two detectors are nearly equal. On the other hand, this 
type of noise is apparently not a problem for ac measure
ments abov~ about 40 Hz. ,. 

VI. FREQUENCY RESPONSE 

The frequency response of a magnetic-field sensor is of 
concern in many applications. Unfortunately, very little 
work has been done in measuring the frequeµcy response 
of bulk iron garnets. Moreover, much of the work that 
has been done has exploited the phenomenon of ferrimag
netic resonance, in which magnetic samples are simulta
neously subjected to orthogonal de and RF magnetic 
fields. Resonance in the amplitude of magnetization os
cillations at the RF frequency occurs at a frequency de
termined by the strength of the de field. Results from this 
configuration have little relevance to our situation, in 
which we are primarily interested in the response of the 
magnetization of an unsaturated sample to a pure RF field 
[16]. 

We detennined the response of a specimen to fields at 
frequencies from 1 MHz to 1 GHz. In this experiment, 
the applied RF magnetic field was produced by current 
passing through a copper strip about 15 mm wide and 4 
cm long, and mounted within a grounded aluminum box. 
The axis of the cylindrical YIG sample was positioned 
approximately 5 mm above the transversely mounted cop
per strip. The transmission line was well tenninated at 
each end to avoid reflections. Current was supplied to the 
strip at discrete frequencies by an RF synthesizer; the lon
gitudinal magnetic field was calculated to be about O .4 
A/m (or 0.5 µT), rms. The frequency response of the 
detection-system, which employed a Ge avalanche·pho
todiode, was independently measured to be flat within 
±2.5 dB to 1.2 GHz. The response of the 5.6-mm-long 
YIG specimen is shown in Fig. 7; the -3-dB point is 
approximately 700 MHz. The mechanism limiting the fre
quency response has not been investigated. 

VII. DISCUSSION 

Massey et al. [2] calculated that the noise-equivalent 
magnetic field for a YIG sensor 2 mm in diameter and 1 
cm long with a shot-noise limited optical system should 
be on the order of 100 pT /--./Hz. Such a sensor, for which 
µ 0 H,.1 :::::: 10 mT, would possess a dynamic range of 160 
dB (for a noise bandwidth of 1 Hz). Although our exper
imental noise-equivalent magnetic field (in the ac case) is 
about 100 times larger, it is certainly conceivable that, 
through the choice of optimum sensor design and mate
rial, Massey's figure may be reached or even surpassed. 

As suggested by (4), there are several ways to increase 
the sensitivity of magnetic-field sensors based on iron gar
nets. The most obvious way is by increasing the length L 
which, as seen in Fig. 2, increases the sensitivity super
linearly because of the dependence of the demagnetiza
tion factor on L. Another technique is to employ iron gar
nets with larger values of the ratio F / M,at· Of course, a 
decrease in either the demagnetization factor or saturation 



1842 

magnetization will also decrease Hsat and therefore limit 
the maximum measurable magnetic field. 

In general, both F and Msat strongly depend on iron gar
net composition and temperature, and F is also a strong 
function of wavelength. This suggests the possibility of 
tailoring the iron garnet composition to optimize specific 
sensor parameters, such as sensitivity or temperature sta
bility. For example, substitution of tetrahedral iron sites 
in YIG by certain diamagnetic ions, such as gallium, can 
be used to reduce Msat substantially. Although Fis also 
reduced somewhat by this method, a net increase in the 
ratio F / Msat is achieved [7]. An even greater enhance
ment is achieved in various bismuth-substituted iron gar
nets [8], [9], for which F can be as much as ten times 
greater than for the .. associated pure iron garnet. Finally, 
still another composition has been used to decrease the 
temperature dependence of the output of a magnetic-field 
sensor by matching the temperature dependences of F and 
Msat at a specific wavelength [3], [5]. 

VIII. CONCLUSION 

The data presented here suggest that sensors based on 
the Faraday effect in YIG can be very successful in many 
applications requiring measurements of low to moderate 
field strengths (10 nT < µ 0 H < 100 mT) over broad 
frequency ranges ( de-700 MHz). While they are not as 
sensitive as fiber magnetic-field sensors based on the 
magnetostrictive effect [17], they offer much wider band
width and higher spatial resolution, and are much sim
pler. Furthermore, it should be possible to extend their 
sensitivity substantially by using different sensing ele
ment geometries and other related materials. 
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