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Characteristics of fiber-optic magnetic-field sensors employing
metallic glasses
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A variety of extremely high-sensitivity, room-temperature magnetic-field sensors have been fabricated and tested
using single-mode fibers in conjunction with highly magnetostrictive metallic glasses. Minimum detectable fields
of 5 X 1079 Oe/m fiber are reported. The typical characteristics of the fiber magnetometers are summarized.

It has been shown by Dandridge et al.! that nickel
magnetostrictive jackets and coatings on single-mode
fibers deployed in a Mach-Zehnder interferometer can
be utilized in the laboratory to measure magnetic fields
in the range of 108 Oe for sensor lengths of the order
of 1 m. Subsequently, both phase modulation? and
magnetic sensing® using metallic glasses in conjunction
with optical fibers have been reported. This Letter
describes in detail the use of commercial metallic-glass
magnetostrictive materials on fibers for very-low-field
magnetic-sensor applications. This approach has re-
sulted in a dramatic improvement of magnetic-field
sensitivity with potentially reduced magnetic noise and
low bias fields while both simple fiber-sensor configu-
rations and the excellent linearity of response versus
applied magnetic field have been maintained. The data
reported here represent by far the highest sensitivities
achieved to date to our knowledge for fiber magne-
tometers and would appear to make these devices seri-
ous candidates for a variety of magnetic-sensor appli-
cations.

The experimental details of the all-fiber interfer-
ometer employed to measure small phase shifts have
been described.* The basic approach for magnetic-field
detection is to bond a fiber in one arm of the interfer-
ometer to a magnetostrictive material that changes
linear dimension in an applied magnetic field. Figures
1(a) and 1(b) show schematically two of the specific
configurations utilized in the laboratory to evaluate
metallic-glass fiber magnetometers. In Fig. 1(a), two
pairs of the Helmholtz coils are used to generate ac and
dc magnetic fields, respectively, for a fiber sensor con-
sisting of a bare single-mode (0.d. ~ 80 um) fiber bonded
to a metallic-glass strip. Commercially available me-
tallic glasses, such as the Allied Chemical #2605 SC,
#2605 CO, and #2826 MB alloys, have been found to
provide excellent performance as magnetostrictive
materials in the fiber magnetometers. Figure 1(b)
shows an alternative configuration in which the metallic
glass is wrapped around a current-carrying copper cyl-
inder. Local magnetic fields are generated by electrical
currents passing through the cylinder. The fiber has
been bonded to the metallic glass to provide a magnet-
ically active path length of the order of 1 m. The data
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provided here are typical of the best commercially
available metallic glasses, but the magnetomechanical
response of these materials can be further improved by
thermal annealing in constant magnetic fields under
reducing conditions.>6

In order to characterize the performance of the fiber
magnetic sensors in the laboratory, it is essential to
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Fig. 1. Schematics of the magnetic-sensor configurations:

(a) strip geometry, (b) tubular geometry.
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Fig.dz. Linearity of interferometer responses versus magnetic
fields.

measure a variety of parameters, including linearity of
response to applied magnetic field, the relative sensi-
tivity as a function of applied field frequency, the effects
of dc magnetic-bias field on the device output, orien-
tation response, and the impact of magnetic noise on
device sensitivity. Figure 2 shows the excellent re-
sponse linearities of the #2605 CO and #2826 MB
metallic glasses as a function of applied ac magnetic
field at the frequency of 1 kHz. The dynamic range of
the linear response of the fiber-optic magnetic sensors
is limited only at high magnetic fields. This limitation
occurs because a standard phase-modulated signal will
follow a Bessel-function relation as a function of signal
strength. To date, all fiber samples configured with
either bonded metallic-glass strips or evaporated
coatings have exhibited excellent linearity of response
versus applied magnetic field.

Another important parameter of interest in assessing
sensor performance is the magnetic-bias-field depen-
dence of the magnetostriction. Typically the induced
oscillation of a magnetostrictively jacketed fiber in an
ac magnetic field will vary in magnitude as a function
of the applied or ambient constant magnetic field.
Peaking the response of the device therefore requires
the identification of the optimum bias conditions to
achieve maximum metallic-glass magnetostriction.

Figure 3 shows the measured bias-field dependence for.

fiber sensors employing metallic glasses #2605 CO,

2605 SC, and #2826 MB at a frequency of 1 kHz. No
significant changes have been observed for the optimal
bias fields in a frequency range up to a few kilohertz for
each sample that was studied. A broad maximum
centered near a 5-Oe bias field was observed for the
#2605 CO and #2826 MB strip-form devices [Fig.
1(a)), but for the #2605 SC material in a tubular ge-
ometry [Fig. 1(b)] a relatively sharp bias characteristic
occurs in the vicinity of a 0.9-Oe bias field. Bias-field
behavior is related to the magnitude and distribution
of the magnetic moments in the metallic glasses and can
be readily affected by field annealing of samples before
measurement.
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Whereas the dc bias field is maintained at a fixed
value representing the optimum magnetic biasing of the
magnetostrictive device, the frequency of a constant-
magnitude ac test signal can be varied to measure the
frequency response of the fiber-optic sensor. Some
typical frequency-response data are shown in Fig. 4 for
both tubular and strip-line metallic-glass sensors. The
geometry of the sensors can dramatically affect the
measured frequency characteristic. Sharp resonances
are often observed in the strip configurations for strip
sizes of the order of 1.25 cm X 15 ¢cm X 50 um. Any
loading or stressing of the fiber sensor will also affect the
amplitude and the phase of the optical signal. Because
of this sensitivity to applied force, it is essential to utilize
bonding agents that exhibit low coefficients of expan-
sion. The smooth frequency response of the metallic
glasses deployed in a tubular configuration appears to
be related to both geometric and loading effects. Since
all data presented here are for as-received metallic
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Fig. 3. Interferometer responses versus magnetic-bias
fields.
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Fig. 4. Frequency responses of three magnetic sensors using
three different types of metallic glass and two different sensor
geometries. The insert shows an oscilloscope trace of the
frequency response for metallic glass #2605 SC in tubular
configuration: upper trace is the interferometer response,
middle trace is the sweep-frequency drive (0.5 Hz to 5 Hz) to
the Helmholtz coil, and lower trace is the spectrum of the in-
terferometer output.
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Table 1. Sensitivities of Metallic-Glass Fiber-Optic
Magnetic Sensors®

Sensor Magnetic-Bias Minimum
Configuration Field Detectable Field
(Material Type?) Hy. (Oe) (Oe/m of Fiber)
Strip line, | to axis 0 1.5 X 108
(#2605 CO)
Strip line, | to axis 6 2.3 X 108
(#2605 CO)
Strip line, L to axis 28 1X1077
(#2605 CO)
Cylinder, | to axis 0 2 X 10-6
(#2605 SC)
Cylinder, | to axis 1.0 5% 109
(#2605 SC)
Strip line, | to axis 3.5 6 X 10-°
(#2826 MB)

@ Data measured for 1-kHz applied ac magnetic field.
b Metallic-glass numbers are designations of Allied Chemical
Corporation, Morristown, N.J.

glasses that have not been subjected to field anneals,
differing residual strains in various samples will cause
substantial variations in device performance. Efforts
are under way both to interpret the observed fre-
quency-response variations observed in the metallic-
glass optical-fiber sensors and to eliminate them by
proper sample fabrication and anneal schedules.
Perhaps the parameter of greatest interest in the
evaluation for potential device application is the mini-
mum detectable magnetic field that can be measured.
Sensitivity data are given in Table 1 for the three me-
tallic glasses measured in this study. Results are in-
cluded for both strip-line and tubular configurations
and a variety of bias-field conditions. The data corre-
spond to the best sensitivities obtained to date among
a number of samples tested in each category. These
lower limits on detectable magnetic fields are estab-
lished by the resolution of the optical interferometer,
which is capable of detecting phase shifts as small as a
microradian. It is assumed that the magnetostriction

versus applied magnetic-field curve remains linear over
the region of interest. Table 1 also shows comparisons
of data taken on fibers bonded perpendicular to the
ribbon axis (hard magnetic direction) with those taken
for fibers oriented parallel to the ribbon. Typical re-
sults showed a 20-30-fold reduction in sensitivity in the
hard direction. Minimum detectable fields in the range
of 5 X 1072 Oe/m of fiber were obtained on a variety of
samples subjected to 1-kHz magnetic signals. This
corresponds to a measurable phase shift of 1076 rad with
a signal-processing bandwidth of 1 Hz. This is an ex-
cellent response for a room-temperature device.

In conclusion, high-sensitivity magnetic-field sensors
employing metallic glasses have been fabricated and
shown to be capable of detecting minimum magnetic
fields of the order of 5 X 1079 Oe/m fiber. Improved
devices with even higher sensitivity and more-uniform
frequency response are currently being investigated.
However, the excellent sensitivities already measured
in this work would appear to make fiber magnetometer
devices serious candidates for a variety of magnetic-
sensor applications.
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