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PASSIVE SOLID-STATE MAGNETIC FIELD 
SENSORS AND APPLICATIONS THEREFOR 

RELATED APPLICATIONS 

[0001] This application is a Division of US. application 
Ser. No. 09/441,763, ?led Nov. 17, 1999, Which is a Con 
tinuation of US. application Ser. No. 09/358,177, ?led Jul. 
20, 1999, and Which claims the bene?t of US. Provisional 
Application No. 60/094,837, ?led Jul. 31, 1998. The con 
tents of the above applications are incorporated herein by 
reference in their entirety. 

BACKGROUND OF THE INVENTION 

[0002] 1. Technical ?eld 

[0003] This invention is in the ?eld of magnetic sensors 
Which detect a magnetic ?eld or magnetic ?eld change and 
?nd use in linear or rotary motion detection, electrical 
current sensing, linear or rotary position sensing, magnetic 
imaging, magnetic recording read heads, magnetic recording 
media as Well as general magnetic ?eld sensing. 

[0004] 2. Background of the Invention 

[0005] Because of the many applications of magnetic ?eld 
sensors, there is a long history of technical development of 
materials and means to measure ?elds of various strengths. 
No one sensor can perform every function Well. Factors such 
as siZe, Weight, poWer consumption, and cost should be 
minimiZed by a ?eld sensor. Sensitivity, linearity, bias, 
stability, reliability, and operating temperature and fre 
quency range are factors that should be optimiZed. As With 
any instrument, it is usually dif?cult to achieve all of these 
characteristics in one device. The most common magnetic 
sensors used in a variety of applications are the Hall effect 
sensor and the variable reluctance coil. The draWback of 
variable reluctance devices is that they generate signals 
proportional in siZe to the time rate of change of magnetic 
?uX. The signal siZe therefore decreases With decreasing 
speed, and beloW a certain ?uX change rate, the signal 
disappears into the noise. Hall effect devices generate a very 
small raW signal because of loW ?eld sensitivities (0.5~5 
mV/100 Oe applied ?eld). This mandates signal condition 
ing, and requires that a certain minimum ?eld be available 
for device operation. 

[0006] The concept in combining the magnetostrictive 
materials and pieZoelectric layers for highly sensitive mag 
netometer Was ?rst introduced by Mars D. Mermelstein in 
1986. In his patents US. Pat. Nos. 4,769,599 and 5,130,654 
a magnetometer is disclosed as a device using a pieZoelectric 
resonator to create a standing Wave in a sensing magneto 
strictive ribbon and using a pickup coil to read out the 
electromotive force. Aminimum detectable ?eld gradient of 
7.7 pT/cm HZ Was achieved in this device by using a 
differential ampli?er technique. In October 1997, a device 
called pieZomagnetometer Was patented by Walter N. Pond 
ney. In that device a stack of 201 alternating pieZoelectric 
and magnetostrictive layers is used, in Which 100 pairs of 
pieZoelectric-magnetostrictive layer capacitors are con 
nected electrically in parallel to increase the charge storage 
by raising the effective capacitor plate area. The device 
requires multiple layers that are placed in a permanent 
biasing magnetic ?eld normal to the layer surface. A reso 
lution as high as 1 pT/cm-HZ is achieved. 
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SUMMARY OF THE INVENTION 

[0007] Our invention represents a neW technology of 
passive solid-state magnetic sensors based on a combination 
of magnetostrictive material and pieZoelectric material. The 
innovative sensors can be mass produced at loW cost in 
comparison With any eXisting magnetic sensor technologies 
including variable reluctance coils, Hall-effect devices, 
magnetoresistance semiconductors, and the most recently 
developed giant magnetoresistance (GMR) metal multilay 
ers. Such a magnetostrictive/pieZoelectric sensor does not 
consume any electrical poWer and easily has a ?eld sensi 
tivity larger than 10 mV/Oe. The devices including digital 
speed meter, digital ?oW meter, and digital electrical current 
meter have been demonstrated as application eXamples of 
the inventive sensors. 

[0008] The combination of pieZoelectric and magneto 
strictive layers has not yet been used for the general appli 
cations of magnetic sensors. The present invention is basi 
cally a device that has tWo magnetostrictive layers and one 
pieZoelectric layer or tWo pieZoelectric layers and one 
magnetostrictive layer. Three-layer devices can be con 
nected electrically in series to increase the voltage by raising 
capacitor plate separation. The sensors are designed for 
general magnetic ?eld detection purposes in applications 
ranging from speed, ?oW, and electrical current detection to 
the information storage and imaging. The advantages of the 
inventive sensors over the competitive technologies are 
passive solid-state, high ?eld sensitivity, Wide dynamic 
range up to several thousands of Oersted, and loW-cost in 
manufacturing. 

[0009] Generally, the present invention uses a pieZoelec 
tric material in contact With a magnetostrictive material. The 
magnetostrictive component strains in response to presence 
of a magnetic ?eld. This strain couples to the pieZoelectric 
material, causing this material to produce an electrical 
output signal. The main objective of the invention is to 
provide an innovative, loW cost and highly sensitive mag 
netic sensor of the simplest design, Which requires no 
electrical poWer for the sensing element. The sensitivity of 
the device and the operating magnetic ?eld range can be 
adjusted through material properties and structure designs 
for a variety of applications. The important variables used in 
the design include 1) selecting magnetostrictive materials 
With appropriate properties, 2) selecting pieZoelectric mate 
rials With optimal properties, 3) determining the optimal 
number of capacitive elements, 4) selecting the appropriate 
thickness of each layer, 5) designing the geometry of the 
structure, and 6) establishing the most efficient bonding and 
packaging methods. The inventive magnetic sensors can be 
Widely used in replacement of Hall-effect sensors, variable 
reluctance coils, and magnetoresistive devices. The particu 
lar applications of the inventive magnetic sensors are (a) 
speed detection and controls for rotary machines including 
automobiles, airplanes, locomotives, etc., (b) How meters for 
reading and controls of liquid or gas ?oWs, (c) electrical 
current meters for reading and controls of electrical poWer 
usage, and (d) micromagnetic ?eld sensors for magnetic 
recording/reading heads and magnetic imaging devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] The foregoing and other objects, features and 
advantages of the invention Will be apparent from the 
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following more particular description of preferred embodi 
ments of the invention, as illustrated in the accompanying 
drawings in Which like reference characters refer to the same 
parts throughout the different vieWs. The draWings are not 
necessarily to scale, emphasis instead being placed upon 
illustrating the principles of the invention. 

[0011] FIGS. 1a-1c are schematics of the basic structures 
of the passive solid state magnetic sensors according to the 
invention. 

[0012] FIG. 2 is a schematic of the cantilever structure of 
the passive solid state magnetic sensor according to the 
invention. 

[0013] FIGS. 3a and 3b are schematics of planar pieZo 
electric design With magnetostrictive ferrite substrate 
according to the invention. 

[0014] FIGS. 4a-4c are open-loop circuit designs for 
direct measurement of voltage generated by a pieZoelectric 
magnetic sensor; and a closed-loop circuit designs for mea 
surement of the charge change produced by a pieZoelectric 
magnetic sensor according to the invention. 

[0015] FIGS. 5a, 5b, 5c, 5d are schematics shoWing a 
pieZoelectric magnetic read/Write head according to several 
embodiments of the invention. 

[0016] FIG. 6a-6c shoW a passive pieZoelectric magnetic 
random access memory (PMRAM) shoWing simpli?ed vieW 
of trilayer magnetic/pieZo/magnetic elements at left and 
conductors at right. The passive voltage measured across the 
spin valve is depicted at the loWer left. A cross section of the 
main elements of the device is shoWn at loWer right accord 
ing to the invention. 

[0017] FIG. 7 is a schematic of tWo dimensional pieZo 
electric magnetic sensor array for magnetic imaging accord 
ing to the invention. 

[0018] FIG. 8 shoWs the signal output (upper trace) of a 
structure-B sensor When an ac magnetic ?eld (loWer trace) 
is applied according to the invention. 

[0019] FIG. 9 shoWs the RMS of a signal output from a 
structure-B sensor as a function of the peak value of an ac 
magnetic ?eld. 

[0020] FIG. 10 shoWs the RMS of a signal output from a 
structure-B sensor biased at 12 Oe as a function of the peak 
value of an ac magnetic ?eld. 

[0021] FIG. 11 RMS of a signal output from a structure-C 
sensor using Fe5OCo5O as a function of the peak value of an 
ac magnetic ?eld. 

[0022] FIG. 12 shoWs the passive solid-state magnetic 
sensor used for detecting the rotating speed of a plate With 
siX micro magnets mounted on the edge in equal distance 
according to the invention. 

[0023] FIGS. 13, 13a and 13b are schematics of a micro 
processor-based electrical circuit design for the passive 
solid-state magnetic sensors used in the motion detection 
according to the invention. 

[0024] FIG. 14 is a schematic of a conventional Gear 
Tooth method for generating pulse signals in magnetic 
sensors according to the invention. 
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[0025] FIG. 15a and 15b include schematics of the prin 
ciples of the passive magnetic sensor used in a conventional 
Gear-Tooth method for speed detection according to the 
invention. 

[0026] FIG. 16 is a schematic of the passive solid-state 
magnetic sensor used in metering liquid ?oW rates according 
to the invention. 

[0027] FIG. 17 is a schematic of How sensor designed in 
use With SWedgelock and PVC ?ttings according to the 
invention. 

[0028] FIG. 18 shoWs rotor speed measured as a function 
of liquid ?oW rate by a pieZoelectric magnetic sensor. 

[0029] FIG. 19 is a schematic of electrical current mea 
surement by a pieZoelectric magnetic sensor according to the 
invention. 

[0030] FIG. 20 shoWs the highly linear correspondence of 
pieZoelectric signal output to electrical current. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0031] We have discovered an efficient Way to incorporate 
a magnetostrictive material With a pieZoelectric material to 
produce a magnetic ?eld sensor and designed a suitable 
electrical circuit for impedance matching and signal ampli 
fying. The principle of such a sensor is that a strain is 
induced in a magnetostrictive element When it is eXposed to 
a magnetic ?eld sufficient to change the direction of mag 
netiZation. This magnetostriction strain is then transferred 
into the adjacent pieZoelectric element to Which it is bonded. 
The pieZoelectric element, in turn produces an electrical 
signal output. 

[0032] Single Element With Magnetostrictive Metal 

[0033] FIGS. 1a-1c illustrate embodiments of the 
invented magnetic sensor. The structure of FIG. 1a is a basic 
tWo-layer sensor containing one pieZoelectric layer and one 
magnetostrictive layer. Structure of FIG. 1b is comprised of 
tWo structure-A sensors; here the magnetostrictive layer Will 
strain simultaneously on both sides of pieZoelectric layers. 
Structure of FIG. 1c is also comprised of tWo structure-A 
sensors; here the tWo magnetostrictive layers Will strain 
simultaneously on both sides of a pieZoelectric layer. The 
thickness of individual element and the total number of 
elements comprising the structure can be optimiZed for 
different applications. 

[0034] Structure of FIG. 1c is preferred for most of the 
applications since this structure is more rugged and more 
cost effective. In these structures, the electrical signal is 
produced by the strain generated at the interfaces of mag 
netostrictive and pieZoelectric layers by a magnetic ?eld 
Without involving the bending of the structure, Which pro 
vides a good mechanical stability. By expanding the sepa 
ration for high voltage and reducing surface areas, multiple 
sensors can be readily connected in planar geometry. This 
concept is particularly appreciated if the magnetostrictive 
element is an insulator such as, a ferrite. 

[0035] The use of cantilevers is a common method of 
amplifying mechanical motion to enhance the strain induced 
in a pieZoelectric or magnetostrictive material. This is shoWn 
in FIG. 2. In this case a bimorph structure of tWo pieZo 
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electric layers With one magnetostrictive layer in the middle 
is preferred and the tWo piezoelectric layers are poled in 
orthogonal directions so that the stresses in the tWo pieZo 
electric layers due to bending are in opposite directions. 
Although this cantilever design produces a larger signal, the 
structure of FIG. 1c is found to have suf?cient sensitivity for 
most of the applications. 

[0036] A soft magnetic material is one in Which the 
direction of magnetiZation M is readily changed by a modest 
applied ?eld (H<100 Oe). The simplest effect that governs 
the orientation of magnetiZation in a soft magnetic material 
in the absence of an external ?eld is sample shape. The 
magnetiZation vector preferably assumes an orientation, 
Which minimizes the number of magnetic poles appearing 
on the sample surface. Thus M lies along the longest sample 
dimension and avoid orientations normal to the largest area 
surfaces. This magnetostatic effect can be used to advantage 
to design a sensor With a preferred quiescent state of 
magnetiZation. Thus a piece of soft magnetic material in 
ribbon, sheet or thin ?lm form Will be magnetiZed in the 
longer of the in-plane directions. A ?eld transverse to this 
quiescent state Will cause a rotation of the magnetiZation 
into the ?eld direction. A 90° rotation of the magnetiZation 
causes the largest shape change in a magnetostrictive mate 
rial. A?eld applied along the preferred aXis of magnetiZation 
Will produce only 180° domain Wall motion, Which does not 
change the state of strain of the magnetic material. There 
fore, from the vieW of minimiZing the demagnetiZing ?eld 
(increasing the effective magnetic ?eld) in the sensor, the 
sensor is preferably placed With the longer side parallel to 
the sensing magnetic ?eld, and from the vieW of maXimiZing 
the magnetostriction in the sensor, the sensor is preferably 
placed With short side parallel to the sensing magnetic ?eld. 
The trade off has to be made When the sensor is designed. 

[0037] The preferred direction of magnetiZation can also 
be controlled by magnetic ?eld annealing. Annealing in a 
?eld of 100 Oe min at temperatures beloW the Curie tem 
perature of the magnetic materials. The annealing tempera 
ture and time, alloy composition and Tc, cooling rate, and 
the strength of the ?eld all affect the results obtained. The 
bias magnetic ?eld can be also applied in certain direction to 
optimiZe the design. 

[0038] TWo factors have to be considered for selecting 
pieZoelectric materials. The pieZoelectric voltage constant g 
(Vm/N) determines the sensitivity of generating electrical 
voltage at a certain force or stress. The temperature coef? 
cient of the g parameter determines the operation range of 
the sensors. TWo material candidates Which possess high g 
values are lead Zirconate titanate (PZT-Pb(ZrXTi1_X)O3) 
ceramics and polyvinylidene ?uoride (PVDF) polariZed 
polymers. The titanate ceramics have g values of 10-50 and 
a high electromechanical coupling coef?cient K of 0.3-0.7. 
The PVDF polymers have higher g values, 200-300, but 
have loWer values of K, 0.1-0.15. The major difference 
betWeen these tWo materials is their respective dielectric 
constants. The titanate ceramics have relative dielectric 
constants E/EO that are about 100 times larger than the 
relative dielectric constants for the PVDF polymers. A 
useful ?gure of merit for the inventive sensor is proportional 
to gK/E so that the PVDF polymer has a much higher ?gure 
of merit than does titanate ceramic. HoWever, the tempera 
ture instability of the PVDF polymer is much Worse than the 
temperature instability of the titanate ceramic. Other pieZo 

Nov. 15, 2001 

electric materials, such as aluminum nitride (AIN) and 
quartZ (SiOX), having a ?gure of merit similar to that of the 
titanate ceramics can also be used for the inventive sensors. 
These three materials are a better choice for multilayer thin 
?lm sensors because of their deposition compatibility With 
the magnetostrictive metals. 

[0039] The tWo major requirements on the magnetic mate 
rial are: 

[0040] 1. A non-Zero magnetostriction so that it 
strains upon being magnetiZed. 

[0041] 2. An anisotropy that alloWs the material to be 
saturated in a ?eld of strength governed by the range 
of ?elds to be measured. This involves both the 
hysteresis properties of the material and its saturation 
magnetiZation value Which in?uences anisotropy 
depending on shape of the material and direction of 
the magnetiZing ?eld. 

[0042] For measuring very Weak ?elds, a ?gure of merit is 
the ratio 

Q=EAS2/2Ku 
[0043] Q is maXimiZed When the material gives the most 
strain in the Weakest ?elds. Amorphous magnetic alloys can 
be ?eld annealed to be greatest magnetiZed to saturation in 
?elds beloW 10 Oe. In a material such as a-FeBSi ()ts~35>< 
10_6, MS~1400 emu/glv), E~1012 d/cm2, Ku=MSH,/2~7><103 
erg/cm3, so Q~0.18. 

[0044] For a highly magnetostrictive material such as 
Terfenol-D, E~5><1011 d/cm3, >\.S=1750i><10_6, MS~800 
emu/cm3, K,~1—4><105 erg/cm3. Thus 

[0045] Which is loWer than that for the loWer )ts material. 
HoWever, Terfenol-D Will be suitable for measuring larger 
?eld strengths. 

[0046] Nickel and many iron-nickel alloys are good 
choices because both anisotropy and magnetostriction can 
be controlled over reasonably Wide ranges. HoWever, amor 
phous magnetic alloys remain the best choice for loW ?eld 
measurements because very loW magnetic anisotropy can be 
achieved. Iron-cobalt alloy has a relative large magnetostric 
tion and high saturation ?eld. The magnetostriction of the 
annealed Fe5OCo5O alloy can reach 150x10“6 and the maXi 
mum dk/dH can be as high as 2x10‘6 per Ostered in 
comparis6on With 4x10“6 for FeSiB amorphous ribbon and 
0.04><10 for Ni. The advantage of using FeCo alloy is that 
the linear range and the sensitivity of magnetostriction 
verses a magnetic ?eld can be controlled by annealing 
process to meet a variety of applications. 

[0047] B. Planar PieZomagnetic Design With Magneto 
strictive Ferrite Substrate 

[0048] An alternative device structure is based on the use 
of a magnetostrictive insulator (ferrite). In combination With 
a pieZoelectric, the ferrite can provide an ef?cient tWo-layer 
planar structure that lends itself to thin ?lm processing and 
has the advantage of a high length to area ratio to give a 
small capacitance that permits high-frequency operation. In 
FIGS. 3a and 3b, a ferrimagnetic material With magneto 
strictive properties acts as a substrate for a pattern of parallel 
pieZoelectric stripes of length I. As indicated, the pieZoelec 
tric stripes are electrically polariZed (poled) into a ferroelec 










