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ome of the highlights of the ongoing program within the Sensor Science Group
of APL’s Milton S. Eisenhower Research and Technology Development Center to
develop novel magnetometers are summarized. In particular, two approaches are
described: a magnetostrictive device based on the deflection of a Terfenol-D coated
single-crystal silicon cantilever and a Lorentz-force device based on a classical
xylophone resonator. Both magnetometers, even though at early stages of development,
are state of the art in terms of sensitivity and offer a number of advantages for field
applications: small size, high sensitivity, integration on a silicon chip, and vector
capability. Using standard microelectromechanical system (MEMS) machining tech-
niques, both classes—together with others under consideration—can be fabricated into
planar three-axis magnetometers and into one- or two-dimensional arrays for magnetic
imaging applications.
(Keywords: Lorentz force, Magnetic field, Magnetometer, Magnetostriction, Resonator.)

S

INTRODUCTION
Today, interest is increasing in the development of

miniature magnetometers for mapping magnetic fields
in extraterrestrial, industrial, biomedical, oceanograph-
ic, and environmental applications. The many poten-
tial uses of such instruments, just within the Johns
Hopkins community, include the following:
• Space physics—for the measurement of absolute field

levels and curl of interplanetary space (using suitable
arrays of sensors) and satellite-generated fields
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• Oceanography—for the detection of ships, mineral
deposits, and other magnetic objects

• Biomedicine—for the imaging of magnetic patterns,
and, for example, tracking the location and orienta-
tion of instruments in microsurgery (the latter will be
particularly helpful as the technology moves more to
robotic or tele-operated systems)

• Environmental science—in the imaging or detection
of magnetic fields on the Earth’s surface or in the
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atmosphere, for example, in the detection of pipeline
corrosion

• Transportation—in the measurement of deflections
in crash test experiments and as one of the many
sensors in automatically piloted road vehicles

The trend in magnetometer design and development
is constantly toward smaller size, lower power consump-
tion, and lower cost for similar performance.1 The need
for significant improvements in sensitivity independent
of size, power, and cost is also important but usually
only in specialized applications. Toward the objectives
of improved size, power, and cost, recent innovations
have included the use of piezoresistive2 cantilevers and
magnetometers based on electron-tunneling effects.3

The sensitivities of these magnetometers, defined as the
minimum detectable field change, are generally in the
range of 1 mT to 1 mT, corresponding to 1022 to 10 Oe.
In this article, we summarize some of the highlights of
the ongoing program within the Sensor Science Group
of APL’s Milton S. Eisenhower Research and Technol-
ogy Development Center to develop novel magnetom-
eters capable of meeting most, if not all, of the potential
applications previously outlined. In particular, we de-
scribe two approaches: a magnetostrictive device based
on the deflection of a Terfenol-D coated single-crystal
silicon cantilever and a Lorentz-force device based on
a classical xylophone resonator.

MAGNETOSTRICTIVE
MAGNETOMETER

When a polycrystalline ferromagnetic sample is
placed in a magnetic field, it either elongates or con-
tracts along the field direction and does the opposite
in the transverse direction, to maintain an almost
constant volume. Such changes in dimension, below
the Curie temperature, are caused by rotation of the
magnetic domains in the material and are called mag-
netostriction. For most ferromagnetic materials, includ-
ing nickel and iron, the magnetostriction coefficients
are quite small and range from ±10 to 100 ppm in fields
on the order of 0.5 T. However, giant magnetostriction,
with magnetostriction coefficients up to 0.2%, has been
observed in numerous rare-earth/iron alloys, including
Terfenol-D [(Dy0.7Te0.3)Fe2]. A number of applications
for such alloys have been anticipated and include sur-
face acoustic wave devices, actuators, and magnetic
sensors. Whereas device applications are envisioned in
bulk,4-7 ribbon,8 and thin-film9,10 forms, the latter is
advantageous for the production of miniaturized mag-
netometers for a variety of reasons. The shape of the
magnetostriction/applied field curve is sigmoidal with
very little magnetostriction at low fields. It tends to
make such material unsuitable for low-field magnetom-
etry. However, it has been shown that the shape of the
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curve depends on whether the sample is in tension or
compression, and that, when in tension, a significant
gradient exists at low fields.11 To date, however, no
values for the magnetostriction coefficient of Terfenol-
D have been quoted for fields lower than 5 mT.

The Sensor Science Group has been developing
novel sensors using surface micromachining of silicon
with standard microelectromechanical system (MEMS)
fabrication techniques.12 In the simplest example of
surface micromachining, a sacrificial layer of silicon
dioxide is deposited or grown on a silicon substrate and
patterned using photolithography for selective removal
in regions where the mechanical structure is to be
attached to the silicon structure. The layer for the
mechanical structure (usually polysilicon) is then de-
posited and patterned. Finally, the sacrificial layer is
etched away to release the polysilicon structure. More
complex structures are fabricated using additional lay-
ers of materials having the desired properties. For ex-
ample, most of the MEMS sensors we are currently
developing are fabricated at the DARPA-supported
Multi-User MEMS Processes (MUMPs) foundry at the
Microelectronics Center of North Carolina (MCNC).
This service uses three polysilicon and two silicon di-
oxide sacrificial layers of differing thicknesses deposited
on a silicon nitride layer to electrically isolate the struc-
tures from the silicon substrate, which enables various
structures to be processed, including cantilevers, dia-
phragms, and actuators.12 Before final release at APL,
various materials can be selectively deposited to pro-
duce specific sensor action. For example, for a magne-
tostrictive magnetometer, a thin film of Terfenol-D is
deposited onto a MEMS cantilever. This film will
naturally be placed under tension when it is deposited
onto a silicon substrate because of the difference in
coefficients of thermal expansion. When the complet-
ed device is placed in a magnetic field, the magneto-
striction of the Terfenol-D causes the cantilever to
deflect, similar to a bimetallic strip when subjected to
heat. The deflection is a function of the magnetic field
strength and can be measured using various transduc-
tion schemes, including either optical beam deflection
or changes in capacitance. The latter is particularly
appropriate to MUMPs devices, since the bottom pol-
ysilicon layer, used as one electrode of a parallel plate
capacitor, is within a few micrometers of the cantilever,
and sensibly sized capacitances can be obtained with
relatively small areas. Furthermore, it is possible to
incorporate various electronic circuits into the design,
and the completed device will be only a few square
millimeters in size.

Figure 1 is an illustration of an APL-designed and
-fabricated magnetostrictive magnetometer.13 The ac-
tive transduction element is a commercial (001)-
oriented single-crystal silicon cantilever, obtained from
Digital Instruments, Inc., with dimensions on the order
NS HOPKINS APL TECHNICAL DIGEST, VOLUME 18, NUMBER 2 (1997)
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of 450 mm (length) by 50 mm (width) and 1–3 mm
(thickness). This cantilever, developed primarily for
scanning tunneling and atomic force microscopy, was
chosen because of its availability before MUMPs can-
tilevers could be designed and processed. The Terfenol-
D film was deposited in a high-vacuum DC-magnetron
sputtering system, which uses argon as plasma gas and
a polycrystalline target obtained from Etrema Products,
Inc. The film composition was determined by X-ray
energy dispersive spectroscopy and shown to be very
close to that of the Etrema target. The structural prop-
erties were ascertained from u/2u X-ray diffraction data
collected on a Phillips APD powder diffractometer
using graphite-monochromatized CuKa radiation. The
presence of only broadly diffuse maxima in the diffrac-
tion pattern suggested an amorphous film structure.
This amorphous structure is particularly advantageous
since it leads to a sharp increase in magnetostriction
amplitude at low fields,11 allows neglect of crystalline
anisotropy, offers minimal hysteresis, and yields a room-
temperature thermal expansion coefficient apparently
near that of (001) silicon. The latter is important since
residual strain caused by elevated temperature process-
ing, together with a thermal expansion coefficient
mismatch between the film and the cantilever, can lead
to significant deformation of the cantilever on cooling
to room temperature. Significant residual strain may
also affect the temperature stability of working devices.

In operation, the cantilever is driven at its funda-
mental resonance frequency (typically at f0 ø 10 kHz)
by coupling to a magnetic excitation field induced in
coils wound around a Lexan spindle. These same Lexan
forms house a second, parallel set of coils that serve as
a DC field and bias supply, with an approximate field
of 2 mT/mA. The Lexan cradle, with a core diameter
of ø2 cm and a coil separation of ø1 cm, approximates
a Helmholtz configuration and sets the size of the active
magnetometer elements shown in Fig. 1.

The advantage of operating the device at resonance
is that the displacement x of the resonator as a function
of frequency f is proportional to
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where F is the driving force, k is the restoring force, and
the quality factor Q is a measure of the damping force.
Thus, at resonance the displacement is increased by a
factor of Q over a static system.

The field-induced deflection was sensed using the
compact optical beam deflection technique depicted in
Fig. 1. The output of a 5 mW, 660-nm laser diode,
modulated at a frequency f1 (typically 11 kHz), was
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Figure 1. Cross section of the microelectromechanical-based
magnetostrictive magnetometer. The separation between field
coils is ø1 cm. The light source is either a light-emitting diode
(LED) or semiconductor laser.

coupled into a 62-mm-core-dia. multimode fiber-optic
cable; the cleaved end of the cable was positioned close
(ø100 mm) under the tip of the cantilever. The deflect-
ed beam was captured by a position-sensitive detector
(PSD) whose output was monitored by a lock-in am-
plifier at the difference frequency f1 2 f0. In a typical
field detection protocol, the peak-to-peak amplitude of
the AC excitation field was set to 50 mT, and the DC
external field was cycled (±2-mT limits) over several
full hysteresis loops (Ms ø 8.3 kG; Hc ø 8.5 Oe) and
returned to zero. Subsequent ramping of the DC field
from zero to a maximum of 200 mT (Fig. 2) yielded a
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Figure 2. Response of the microelectromechanical-based mag-
netostrictive magnetometer to increasing (circles) and decreasing
(squares) DC magnetic field.
1997) 273



D. K. WICKENDEN ET AL.
linear dependence, with minimal hysteresis, of the
output of the PSD on the magnitude of the external DC
magnetic field. From the uncorrected experimental
data displayed in Fig. 2, a resolution of ø50 mV/mT and
a sensitivity near 1 mT were deduced. Further optimi-
zation of the optical detection scheme should increase
the sensitivity still further. In addition, data from nu-
merous runs also suggest a very high mechanical and
thermomagnetic stability for this magnetostrictive
magnetometer.

These results represent state of the art for a MEMS-
based magnetometer and, importantly, demonstrate for
the first time that Terfenol-D has a measurable magne-
tostrictive coefficient at magnetic fields at the millitesla
level. The recently reported piezoresistive device2 con-
sists of a single-crystal silicon cantilever, 200 mm long,
onto the end of which is glued a small (700 ng) grain
of magnetic material. Measurements performed either
at low temperature (59.1 K) with a microcrystal of a
high-critical-temperature superconductor or at room
temperature with a small iron crystal gave sensitivities
of 5 and 50 mT, respectively. The magnetometer based
on electron tunneling is bulk-micromachined from sil-
icon. It consists of a silicon substrate on which a fixed
electron tunneling tip is etched and a deflection elec-
trode is deposited, and is bonded to a low-stress silicon
nitride membrane (2.5 3 2.5 mm). The deflection of
the membrane is caused by the Lorentz force induced
between the applied fields and the current flowing in
a multiloop conductor deposited on top of the mem-
brane. To date, it has been possible to produce only a
single loop, resulting in a preliminary noise equivalent
magnetic field of only 6 mT Hz.3

LORENTZ-FORCE MAGNETOMETER
This magnetometer is a simple, small, lightweight,

low-cost, and low-power-consumption sensor that uses
the Lorentz force to measure vector magnetic fields.14

The device, which is based on a classical xylophone
resonator, is intrinsically linear and has a very wide
dynamic range that can measure magnetic field
strengths from nanoteslas to teslas.

Figure 3 shows a prototype magnetometer. It consists
of a thin aluminum bar (type 2024-T3), 39.00 3 2.43
3 0.81 mm in dimensions, supported by two 18-mm-
long strands of 3 3 0.08-mm-dia. tinned copper wires.
The wires are bonded to the bar to provide low-resis-
tance electrical contacts, and positioned at the nodal
points expected for a bar free at both ends and vibrating
in its fundamental mode.15 In operation, alternating
currents up to 1 A, generated by a sinusoidal source
oscillating at the fundamental transverse resonant
mode (f0 = 2.79 kHz), are supplied to the bar, and the
device is placed inside a set of 35-cm-dia. Helmholtz
coils. The Lorentz force generated by the current and
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the applied magnetic field (F = I 3 B) caused the
xylophone to vibrate in its fundamental mode, the
amplitude being proportional to the vector component
of the field in the plane of the bar and parallel to the
support wires. This amplitude was measured using a
bench-top optical beam deflection technique in which
the deflection of a DC-driven diode laser beam was
reflected from one of the free ends of the bar onto a
PSD. The PSD used was a commercial quadcell wired
up as a bicell; the difference in outputs was fed to a lock-
in amplifier whose reference signal was obtained from
the xylophone resonator drive waveform. A fluxgate
magnetometer, with a quoted field measurement range
of ± 0.1 mT and a noise figure of <15 pT rms Hz  @
5 Hz, was also positioned in the Helmholtz coils to act
as a calibration source.

A plot of the response of the xylophone magnetom-
eter, as a function of magnetic field (as measured by the
adjacent fluxgate magnetometer) over the range of
±40 nT, is shown in Fig. 4. The superimposed line is
a linear fit to the data. The response is given in arbitrary
units since it represents the output of the lock-in
amplifier. It is apparent from these results that the

F
B

I

8.20

8.00

8.05

8.10

8.15

X
yl

op
ho

ne
 r

es
po

ns
e 

(a
. u

.)

–40 –20 0 20 40

Fluxgate field (nT)

Figure 3. Diagram of the principle of operation of the xylophone
magnetometer. F = Lorentz force, I = current, and B = applied
magnetic field.

Figure 4. Output response of the xylophone magnetometer, in
arbitrary units, as a function of magnetic field (measured by the
fluxgate magnetometer) over the range ±40 nT.
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response of the xylophone device is linear over this
range and that its sensitivity is at least 1 nT and prob-
ably at least equal to that of the fluxgate magnetometer.
This action is even more dramatically illustrated in Fig.
5, which depicts the fields measured by the two mag-
netometers during the course of a data collection run.
The short-range variations in signal levels of the two
magnetometers track to a remarkable extent and are
the result of small temporal variations in the local
magnetic field, including those caused by the motion
of magnetic objects in adjacent areas. These variations
are also thought to cause the majority of the scatter
observed in Fig. 4. The fine detail in Fig. 5 is more
pronounced for the xylophone trace, hinting at perhaps
higher sensitivity and/or faster speed of response, al-
though it is not known how much the output of the
fluxgate has been smoothed by filtering. The similarity
in signals of the two devices also points out that since
no particular care was taken to mechanically isolate the
setup, normal vibrations, away from the fundamental
resonance frequency, do not appear to be a serious
interference source for the xylophone resonator. The
true sensitivity and noise floor of the device can only
be determined by repeating the measurements in a
vibration-free environment with adequate magnetic
shielding.

An indication of the increased range of the xylo-
phone magnetometer is obtained by ramping the cur-
rent through the Helmholtz coils at an approximately
linear rate and generating magnetic fields over the
range ±0.8 mT. The results are given in Fig. 6 and
demonstrate that the device remains linear over this
complete range, a range limited only by the current-
carrying capacity of the Helmholtz coils (20 A). For
comparison purposes, the range of operation of the
fluxgate magnetometer is also indicated. Note that the
fluxgate range of ±0.1 mT is not zero-centered because
of residual background fields in the laboratory.
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Figure 5. Comparison of the temporal variation in output responses
of the xylophone and the fluxgate magnetometers. The response
of the xylophone magnetometer has been offset by 0.1 mT for
clarity.
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The high sensitivity of the xylophone magnetometer
is partly due to the high Q-factor of the structure. For
example, the Q of a 39.00 3 5.17 3 0.9 mm resonator
under ambient conditions was 1220. This increased to
only 1305 when operated in a helium atmosphere, in-
dicating that little damping was occurring due to vis-
cous drag. The sensitivity can be increased still further
by increasing the resonance-drive current beyond the
present 1 A. The resistance of the device is on the order
of 1 mV and can be reduced still further by optimization
of the wire-bonding process. The power dissipation,
which is on the order of a few milliwatts, does not
introduce any significant thermal problems. In a similar
manner, the operating range of the device can be sub-
stantially increased by reducing the resonance drive
current. The sensitivity is directly proportional to the
drive current and, for example, decreasing this to 1 mA
will increase the range of operation to at least 1 T. For
a given drive current, the instantaneous dynamic range
exceeds 104 or 80 dB, a level set by the signal processing
electronics used.

FUTURE TRENDS
At present, the maximum bandwidth of the xylo-

phone structure (f0 = 2.79 kHz; Q ø 1200) is only a
few hertz. This bandwidth can be increased by position-
ing the nodal supports appropriately and driving the
resonator at an overtone frequency. Alternatively, the
fundamental frequency can be increased significantly
by decreasing the dimensions of the structure since it
is inversely proportional to the square of the length.
The dimensions of the prototype device were chosen
arbitrarily (and determined largely by dexterity in
operating a metal shear). Several additional advantages
will accrue in going to smaller structures. First, when
monitoring AC magnetic fields, the contribution of the
1/f noise will be reduced. Second, it should be readily
possible to fabricate the resonators, together with in-

Figure 6. Measurement with the xylophone magnetometer in the
range of ±8 mT, obtained by an approximately linear ramp between
±20 A in the Helmholtz coils.
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tegral supports, using conventional photolithography
and/or MEMS- or LIGA-processing ( German acronym
for LIthographie, Galvanoformung, Abformung) tech-
niques.12 Third, the availability of micromachined
components will permit the development of compact,
fully integrated systems using, for example, capacitive
detection and standard signal processing. There may be
some disadvantages in going to smaller sizes, particu-
larly in reduced signal intensities, but these will be
quantified as the technology develops. Finally, it will
become possible to fabricate arrays of sensors to allow
for high-sensitivity magnetic imaging.

As an example of what is possible with MEMS
processing, Fig. 7 shows an APL-conceived three-axis
magnetometer on a planar chip with side dimensions
that could be in the range of less than 2 to 10 mm. In
a true integration of miniature magnetometer technol-
ogy, Bx is measured by a magnetostrictive cantilever, By

by a xylophone resonator, and Bz by a magnetic mo-
ment diaphragm. The latter consists of a hard magnetic
film deposited on one side of a diaphragm, which ro-
tates about the central torsion arm in response to the
component of the field vector normal to the plane of
the diagram. The chip can be fabricated at the MUMPs
foundry at MCNC with APL processing limited to the
selective deposition of the magnetostrictive and hard
magnetic films on the cantilever and diaphragm, re-
spectively. An SEM photograph of an MCNC-
processed miniature xylophone resonator is shown in
Fig. 8. The deflections of the three vector components
will be sensed capacitively, and it is envisioned that the
necessary signal processing circuitry will be mounted
on or close to the magnetometer chip to minimize stray
capacitances. Finally, it is equally feasible to develop
linear or area arrays of these different types of magne-
tometer to meet other possible applications. The appli-
cability of any one type to any particular use will

Magnetostrictive
cantilever

Bx

Magnetic
moment

diaphragm
Bz

Xylophone
resonator

By

y

z

Figure 7. A miniature three-axis vector magnetometer based on a
magnetostrictive cantilever Bx, a xylophone resonator By, and a
magnetic moment diaphragm Bz. The active magnetic coatings
(black) will be selectively deposited at APL.
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depend on the physical and electrical specifications.
For example, current work is being carried out under
a collaborative Independent Research and Develop-
ment project with the APL Space Department partly
to determine which class of magnetometer can be used
to produce flight-qualified devices.

SUMMARY
Two different types of novel magnetometers have

been devised and developed within the Sensor Science
Group of APL’s Milton S. Eisenhower Research and
Technology Development Center. The first uses, as an
active element, a commercial (001) silicon microcan-
tilever coated with an amorphous thin film of the giant
magnetostrictive alloy Terfenol-D and a compact op-
tical beam deflection transduction scheme. It has been
demonstrated with a sensitivity near 1 mT. The second
is a conceptually simpler Lorentz-force magnetometer
based on a classical xylophone resonator and a larger
bench-top optical beam transduction scheme. It has
been shown to have a sensitivity of at least 1 nT,
comparable to that of a commercial fluxgate magne-
tometer, and a dynamic range exceeding 80 dB. Both
classes of magnetometer, even though at an early stage
of development, offer a number of advantages for field
applications: small size, high sensitivity, integration on
a silicon chip, and vector capability. Both classes, to-
gether with others, can be fabricated using standard
MEMS processing techniques into planar three-axis
magnetometers and into one- or two-dimensional
arrays for magnetic imaging applications. These mag-
netometers currently are a few orders of magnitude
away from that required in typical interplanetary mea-
surements, but are quite suitable, even at their present
state of technological development, for attitude deter-
mination and self-noise cancellation roles in space
applications.

Figure 8. SEM photograph of an MCNC-processed miniature
xylophone resonator.
NS HOPKINS APL TECHNICAL DIGEST, VOLUME 18, NUMBER 2 (1997)
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