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The Letter demonstrates that the sensitivity of magneto-optic 
magnetic field sensors employing iron garnets can be 
increased by approximately two orders of magnitude by 
applying flux concentration. A minimum detectable field of 
l ·4 pT/.J{Hz) was measured when a cylindrical gallium
substituted yttrium iron garnet crystal was combined with 
two conically tapered nickel-zinc ferrite cylinders. 

Faraday effect magnetic field sensors based on bulk iron 
garnets offer high sensitivity, high speed, small size, and sim
plicity. Earlier work has demonstrated minimum detectable 
fields as low as IOOpT/J(Hz) at 50GHz [I]. In this Letter, we 
demonstrate a technique for increasing the sensitivity of these 
sensors even further using the concept of flux concentration. 
Specifically, we combined a bulk iron garnet crystal with two 
conically tapered ferrite cylinders as shown in Fig. l. Holes in 
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Fig. I Exploded view of flux conce111racor magnero-opcic sensor 
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the ferrite cylinders allow light to pass through the iron garnet 
crystal. In addition, the holes permit the cylindrical iron 
garnet crystal to be partially inserted into the ferrite cylinders 
for efficient magnetic coupling. The gallium-substituted 
yttrium iron garnet crystal used in this study measured 
l ·O mm in diameter and 3·00 mm in length. The nickel-zinc 
ferrite concentrators each measured 25·4 mm in overall length 
and 12· 7 mm in outer diameter. The length of the tapered 
portion was 12·7 mm. The faces at the tapered end of the 
concentrators were 3·8 mm in diameter. 

The flux concentrators enhance the sensitivity of the high
permeability iron garnet through two separate mechanisms. 
The first effect is a modification of the iron garnet crystal's 
effective demagnetising factor. The sensitivity of bulk iron 
garnet crystals is inversely proportional to their effective 
demagnetising factor [2, 3]. Because of the continuous high
permeability path through the flux concentrators and the iron 
garnet, the three elements act magnetically as a single unit. 
Thus, the effective demagnetising factor for the entire system, 
which determines the ratio of Faraday rotation to applied 
magnetic field, is a function of the overall length and diameter 
of the magnetic system consisting of the garnet and the con
centrators. The second enhancement occurs because the cross
sectional area of the concentrators is much greater than that 
of the iron garnet. Because the magnetic flux within the flux 
concentrators is forced to follow the high-permeability path 
going through the iron garnet, the flux density within the iron 
garnet is accordingly higher than in the concentrators. This 
constriction of the magnetic flux produces an enhancement 
factor approximately given by the ratio of the cross-sectional 
areas of the concentrators and the cross-sectional area of the 
iron garnet. The tapering of the flux concentrators is intended 
to minimise flux leakage and thus increase the efficiency of the 
flux constriction. 

The relative frequency response of the flux concentrator 
sensor was measured and compared with the response 
obtained with the iron garnet crystal alone. Fig. 2 shows data 
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Fig. 2 Relacive frequency response of gal/ium-substicuted yllrium iron 
garnet crysca/ wich and wichout flux concenlrawrs 

obtained when approximately 0·9 mm of each end of the 
3·0 mm long iron garnet crystal was inserted into the flux 
concentrators. This insertion depth was used because it 
resulted in the greatest enhancement. Greater insertion depths 
weaken the signal as the iron garnet crystal becomes shielded 
by the concentrators. Smaller insertion depths weaken the 
signal because the magnetic coupling efficiency decreases. At 
lOOkHz, the flux concentrators enhance the signal by -46dB. 
A simple model based on the relative cross-sectional areas and 
demagnetising factors of the iron garnet crystal and ferrite 
cylinders predicts an enhancement of 47 dB. The frequency 
response of the flux concentrator sensor rolls off at signifi
cantly lower frequencies than does that of the iron garnet by 
itself. This behaviour may be due to the different permeability 
spectra of the iron garnet and the nickel-zinc ferrite. 

The noise equivalent magnetic field of this sensor was mea
sured in the following manner. Light from a diode-pumped 
Nd : Y AG laser was collimated, polarised, and directed 
through the flux concentrator/iron garnet assembly. The colli
mated beam then reached a Wollaston polarising beamsplitter 
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which was oriented at 45° with respect to the input polariser. 
The two output beams from the beamsplitter were detected 
separately with InGaAs photodetectors. The signals from the 
detectors, each of which was coupled to a transimpedance 
amplifier, were fed to a sum-normalised differential amplifier. 
Finally, the output of the differential amplifier was fed to a 
spectrum analyser. 

Two sets of Helmholtz coils were placed around the flux 
concentrator sensor. Both sets of coils were aligned coaxially 
with the optical axis of the system. The larger set of coils 
(55 cm in diameter) was used with a DC power supply to 
cancel the component of the earth's field along the optical 
axis. The smaller set of coils (13·5cm in diameter) was driven 
by a current oscillating at 1 kHz. This current generated a 
reference AC magnetic field signal against which to compare 
the noise floor of the sensor system. 

Fig. 3 illustrates the measured electrical spectrum when an 
AC field of 470 pT, RMS, was applied to the flux concentrator 
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Fig. 3 Eleccrical spectrum of oucpul signal of magneto-optic system 
based on flux concentrator sensor 

sensor at l kHz. The signals observed at harmonics of 60 Hz 
consisted alternately of artefacts (probably from the detectors' 
power supplies) and of true signals created by ambient mag
netic fields (probably from laboratory electrical equipment). 
Signals of the latter type disappeared when a three-layer mu
metal shield was placed around the sensor. The data of Fig. 3 
demonstrate a signal-to-noise ratio of -48 dB. The effective 
noise bandwidth of the spectrum analyser was l ·87 Hz. The 
resultant noise-equivalent magnetic field was l ·4 pT/J(Hz). 
Under similar conditions, the noise-equivalent field of the 
same gallium-substituted yttrium iron garnet crystal used in 
this experiment, but without the flux concentrators, was 
- lOOpT/J(Hz) [!]. Therefore, the addition of the flux con
centrators has resulted in a decrease of the minimum
detectable field by nearly two orders of magnitude. To our 
knowledge, this is the lowest minimum-detectable field ever 
reported for a Faraday-effect magnetic field sensor. 

2nd April /993 

M. N. Deeter and G. W. Day (Electromagnetic Technology Division, 
National lnslituce of Standards and Technology, 325 Broadway, 
Boulder, CO 80303, USA) 

T. J. Beahn and M. Manheimer (Laborawry for Physical Sciences, 
Departmenc of Defense, 8050 Greenmead Dr., College Park, MD 20740, 
USA) 

References 

DEETER, M. N., ROSE, A.H., and DAY, G. w.: 'Faraday-effect magnetic 
field sensors based on substituted iron garnets'. Proc. SPIE, 1990, 
1367, pp. 243-248 

2 DEETER, M. N., ROSE, A.H., and DAY, G. w.: 'Fast, sensitive magnetic 
field sensors based on the Faraday effect in YJG', J. Lightwave 
Technol., 1990, LT-8, pp. 1838-1842 

3 DEETER, M. N., ROSE, A. I!., DAY, G. w., and SAMUELSON, s.: 'Sensitivity 
limits to ferrimagnetic Faraday effect magnetic field sensors', J. 
Appl. Phys., 1991. 70, pp. 6407-6409 

ELECTRONICS LETTERS 27th Mav 1993 Vol. 29 No 11 


