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The role of new materials in the development of magnetic sensors and actuators D.C. Jiles∗ , C.C.H. Lo Ames Laboratory and Center for Nondestructive Evaluation, Iowa State University, Ames, Iowa 50011, USA



Abstract Broadly magnetic sensors and actuators rely on only a few basic principles. These include the law of induction, for magneto-inductive devices; the Ampere force law, for magnetomechanical sensors; and changes in materials properties under the action of a magnetic field, such as magnetoresistance, magneto-optics or magnetoelasticity for sensors based on magnetoelectronics (Proceedings of the 5th Conference on Magnetic Materials, Measurements and Modeling: symposium on magnetic sensors materials and devices, Ames, Iowa, USA, May 16–17, 2002). The identification and characterization of new materials with enhanced magnetic properties is important for the development of improved sensors and actuators. In some cases the identification of new materials can open up new applications for magnetic sensors and actuators which were previously not possible. © 2003 Elsevier B.V. All rights reserved. Keywords: Actuators; Magnetic sensors; Magnetic-martensitic materials



1. Introduction This paper will review the main principles of operation of these devices and will then focus on some new developments in materials as applied to magnetoelastic sensors and actuators, including shape memory alloys such as Ni2 MnGa, magnetic-martensitic materials such as Gd5 (Six Ge1−x )4 , and Wiedemann-Matteucci effect materials that are sensitive to torsional stress, such as (CoO·Fe2 O3 )x ·(Ag0.97 Ni0.03 )1−x . Applications include force sensors, displacement/positioning devices, torque sensors, field sensors, and magnetocaloric devices [1].



where E is the electric field strength, B is the magnetic flux density, t is time, N is the number of turns in a flux coil in which the voltage V is generated and A is the cross sectional area of the coil. Examples of these devices include inductive sensors (including eddy current sensors), magnetoimpedance sensors (particularly giant magnetoimpedance sensors), fluxgates [2], moving coil methods (extraction, rotation, vibration), stationary coil methods (integrating fluxmeter, Rogowski-Chattock method)—although strictly speaking the Rogowski-Chattock method depends on the Ampere circuital law rather than the law of induction. 2.2. Force sensors and actuators



2. Basic principles 2.1. Inductive devices The Faraday law of induction relates the generation of an electric field as a result of a time dependent magnetic field. The equation has some different equivalent formulations such as ∂B ∇ ×E =− ¯ ∂t ¯ and dB V = −NA ¯ dt ∗
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These devices rely on the Ampere force law. This also can appear in several equivalent forms depending on the precise details of the situation. For a fixed magnetic moment m in a field, such as a magnetic compass needle, there is a torque τ given by τ =m×B ¯ ¯ ¯ but no translational force. For a fixed magnetic moment in a field gradient dB/dx there is a translational force dB F =m ¯ dx ¯ For a conductor of length l carrying a current i in a flux density B there is a translational force F = il × B ¯ ¯
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For two magnetic materials with magnetic flux density B over a cross sectional area A the magnitude of the force of attraction (or repulsion) is given by F=



AB2 2µ0



In a special case this equation can be reduced to the well-known approximation the Coulomb inverse square law of attraction or repulsion in the restricted case of two permanent magnets acting as if they have point poles. Examples of these types of devices include: torque magnetometers, force balances (torsion balance, Faraday balance, gradient force magnetometer), deflection magnetometers, and the magnetic force microscope. 2.3. Magnetoelectronic devices Magnetoelectronic sensors rely on the dependence of properties on magnetic field. The electrons in all materials react to a magnetic field, but in these materials they do so in special ways which produces characteristic effects such as a field dependent change in resistance, strain, magnetic permeability, electrical permittivity, or optical coefficients. Examples of these types of materials include magnetoresistors (AMR, GMR, TMR) [3,4], Hall effect sensors, magneto-optic devices, magnetoelastic devices, resonance magnetometers, and SQUIDS. In these cases it is important to know how the property of interest varies with magnetic field H. The H field is usually generated by an electric current supplied to a solenoid coil or an electromagnet, and then a calibration of the magnetic property of interest with respect to the field is usually a necessity.



3. The role of new materials The identification and characterization of new materials with enhanced magnetic properties is important for the development of improved sensors and actuators including • • • • • •



Increased “giant” magnetoresistance Increased “giant” magnetostriction Improved Kerr rotation Magnetocaloric materials Improved permanent magnets Improved high permeability materials



In the case of magnetomechanical devices a large magnetomechanical coupling, the rate of change dB/dσ of magnetic flux density B with stress σ is needed for adequate sensitivity. Furthermore for reversible processes, dB dλ = dσ dH where λ is the magnetostriction and H the magnetic field strength. This means that we must either measure response



of magnetic flux density to stress, or the response of magnetostriction to field in order to predict sensor performance [5]. A high value of dλ/dH is desirable (typically greater than 1 × 10−9 A−1 m in giant magnetostrictive materials). It is possible to screen materials by measuring saturation magnetostriction (λs > 100 × 10−6 ). Generally a smaller value of magnetic anisotropy K and a larger value of saturation magnetostriction λs are desirable in order to achieve high sensitivity. In the simple case of rotation of magnetization against anisotropy the following relation holds where N = 3 for uniaxial anisotropy with K > 0 (e.g. cobalt), N = 3 for cubic anisotropy with K > 0 (e.g. iron), N = −2 for cubic anisotropy with K < 0 (e.g. nickel).       dB dλ dλ dM 2µ0 Ms λs = = = dσ H dH σ dM dH N K For magnetomechanical actuators a large displacement, high energy density, and high force are often desirable characteristics. The magnitude of the force developed by a magnetostrictive actuator is given by F = EAλ where E is Young’s modulus and λ is longitudinal magnetostriction. Therefore high elastic modulus and high magnetostriction are needed. The area A is usually dictated by the constraints of the particular application. Also desirable among the materials properties are: a broad frequency bandwidth, capability for operating at low voltage and in many cases a fast response time of typically a microsecond. In some cases the identification of new materials can open up new applications for magnetic sensors and actuators where previously it was not possible. For example the identification of metal bonded Co-Ferrite (CoO·Fe2 O3 ), which has λ100 = −920 × 10−6 ; λ111 = 180 × 10−6 , and in bulk λs = −260 × 10−6 has opened up new opportunities for magnetic torque sensors with sensitivities of ±0.1 N m over the range ±10 N m which is suitable for automotive steering systems [6]. Good mechanical properties such as high shear strength are needed to withstand stresses. Naturally for practical sensor applications in a harsh environment a high resistance to corrosion is desirable and the material must be able to be fastened to shafts. Finally, for commercial sensors and actuators a low cost material is an important factor.



4. Magnetic torque sensors In the case of magnetic torque sensors the critical characteristic of the material is the response of the magnetic flux density, (which is the measurable quantity) to the applied torque (which is the property of interest). Sensing the effect of torque on magnetic properties of a variety of magnetic materials becomes the first screening test in the search for materials.
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There are many applications for non-contact detection of torque and torsional stress in drive shafts. One of the most important applications is in automotive steering systems and power trains [7,8]. These can be used to replace hydraulics with electromechanical steering assist systems (“power steering”). These should improve automobile fuel efficiency by 5%. On automobile power train drive shafts these sensors can be used to detect engine misfires and result in improved fuel efficiency together with reduced toxic emissions. A new material has been identified for this application— metal bonded cobalt ferrite. Cobalt ferrite is a cubic spinel structure which has oxygen ions at fcc-like positions and transition metal ions are interstitials sites. The Co2+ are located at octahedral sites and Fe3+ are located at tetrahedral and octahedral sites. The 1 0 0 family of axes are the magnetic easy axes. The anisotropy coefficient K1 is in the range 2–4 × 106 ergs cm−3 (depending on the actual stoichiometry). This compares with soft cubic ferrites for which the anisotropy is ∼103 –104 ergs cm−3 . The single crystal magnetostriction coefficients are λ100 = (−250 to −590)×10−6 , λ111 = ∼−1/5λ100 (note the opposite signs). These compare with the magnetostriction coefficients of soft cubic ferrites, which are typically (∼1 to ∼10) × 10−6 and Terfenol for which λ100 = 90 × 10−6 and λ111 = 1640 × 10−6 . A torque τ applied to a cylindrical material can be decomposed into two biaxial stresses induced at 45◦ to each other [9]. The stresses at a radial distance r from the center of the cylinder are described by the torsional stress σ τ στ (r) = 2



τr πR4



where τ is the applied torque, and R is the radius of the cylinder. These stresses cause the magnetization M to rotate relative to the cylindrical axis and therefore the torsional stress σ τ has the characteristics of a magnetic field. The equivalent or “effective” magnetic field is given by     ∂λ 3 στ ∂λ 3 2τr = Hτ = 2 µ0 ∂M σ 2 µ0 πR4 ∂M σ The torsional stress can then be detected by measuring the surface field resulting from the change in magnetization. An interesting result is that the torque has the characteristics of a circulating magnetic field that would also be produced by a current passing along the axis of the cylinder and therefore it obeys a form of Ampere’s circuital law where the current density is replaced by a term including the torsional stress and the magnetostriction,   3 στ ∂λ ∇ × Hτ (r) = 2µ0 r ∂M σ 5. Performance characteristics The practical materials for torque sensors applications are metal-bonded cobalt ferrite composites because these
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Table 1 Saturation magnetostriction values for various compositions of cobalt ferrite composite Composition



Magnetostriction ()



100% CoO·Fe2 O3 2/98 vol.% Ag0.5 Ni0.5 + CoO·Fe2 O3 2/98 vol.% Ag0.8 Ni0.2 + CoO·Fe2 O3 2/98 vol.% Ag0.97 Ni0.03 + CoO·Fe2 O3 2/98 vol.% Ag0.98 Ni0.02 + CoO·Fe2 O3



−225 −195 −210 −225 −205



have more mechanical strength that the simple cobalt ferrite. The magnetostrictive properties of several of these composites are shown in Table 1. The best composition of material is 98 vo1.% CoO·Fe2 O3 +2 vol.% Ag0.98 Ni0.02 . This has saturation magnetostriction of −205 ppm combined with a high dλ/dH = 1.3 × 10−9 A−1 m. The value of the sensitivity is about ∼10 greater than for similar Terfenol-based composites. It has a large response to applied torque dHsrface /dτ = 40–64 A N−1 m−2 . Although there is some hysteresis in the response, which results in an uncertainty of H = ±0.5–0.8 Nm, which is always undesirable. It has good mechanical properties and, being an oxide, it is corrosion resistant. To make prototype torque sensors a cobalt ferrite composite, in the shape of a ring, was brazed onto a stainless steel shaft. The preferred measurement method was “remanent sensing” in which no excitation/applied magnetic field was used, but rather the torque dependence of the leakage field (and hence indirectly the torque dependence of the magnetization) was measured. This allowed the use of a simple sensor with a ring shape and a stable circumferential magnetization in order to measure axial surface field as a function of applied torque [10].



6. Magnetic-martensitic materials Materials such as Gd5 (Six Ge1−x )4 which undergo magnetic-martensitic phase transformations have distinctive magnetic and magnetostrictive properties as well as other unusual behavior at the phase transformation temperature. The alloy with composition Gd5 (Si∼2 Ge∼2 ) undergoes a magnetic-crystallographic transformation at 280 K. Strains of 1% were observed for a field increase from 0 to 5 T for temperatures close to the phase transformation [11]. Strain shows an abrupt change during the cooling and heating due to the first-order structural-magnetic phase transformation. The two transformations (structural and magnetic) always occur simultaneously. On cooling the structural transition (order–order transition) is from monoclinic to orthorhombic crystal structure. The structural component of the phase transformation involves the shearing of atomic bonds resulting in a displacement of 0.08 nm (0.8 Å) along the crystallographic a axis within a unit cell of dimensions 8 nm and hence a strain of about 1%.
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Table 2 Transition temperatures and thermal hysteresis in phase transformation for polycrystalline and single crystal samples Sample



Gd5 (Si1.95 Ge2.05 ) Gd5 (Si2 Ge2 ) Gd5 (Si2.09 Ge1.91 )



On heating



Single crystal Single crystal Polycrystallin



On cooling



MFM



Thermal expansion measurement



MFM



Thermal expansion measurement



Average thermal hysteresis (K)



265.0 270.1 285



– 269.1 288



262.9 267.4 280



– 267.5 281



2.1 2.2 6



The magnetic phase transformation is the Curie point transition from paramagnetic at higher temperatures to ferromagnetic at lower temperatures. The magnetic transition exhibits thermal hysteresis in the process so that the Curie temperature on heating and cooling is different. The hysteresis in transition temperature is about 2 ◦ K as shown in Table 2. This is a characteristic feature of first-order phase transformation. Furthermore, the Curie temperature exhibits a linear dependence on field strength of dT/dB = 4.9 K T−1 [12]. Although it is usual for the Curie temperature of a magnetic alloy to depend on chemical composition, it is unusual for a magnetic material to have a Curie temperature that depends on the applied magnetic field. At the Curie point transformation Gd5 (Si∼2 Ge∼2 ) exhibits a bulk magnetostriction as high as ∼104 ppm, a magnetoresistance of ∼25% and the largest room temperature magnetocaloric effect observed to date. This unusual combination of properties makes the material a candidate for applications in magnetic sensors, magnetomechanical actuators, and magnetic refrigeration.



7. Ferromagnetic shape memory alloys Ferromagnetic shape memory alloys (FSMA) exhibit a large recoverable strain that can be induced by temperature, and application of stress or magnetic field. Examples of these materials that are currently under active research include Ni2 MnGa, [13] FePd, and FePt [14]. A comparison of the properties of these alloys is shown in Table 3. A field-induced strain of 0.2% in Ni2 MnGa single crystal at 265 K was observed in the martensitic phase [15]. The trans-



Table 3 Comparison of the properties of different ferromagnetic shape memory alloys



Transformation temperature (Ms ) Tetragonality (c/a) Easy axis Preferable variants Magnetostriction Recoverable magnetostriction



Ni2 MnGa



Fe0.31 Pd0.69



Fe3 Pt



202 K



225 K



85 K



0.940 (4.2 K) c axis ∼100% (c || H) −6% ∼0%



0.940 (77 K) a axis ∼100% (a || H) 3.1% 0.1%



0.944 (14 K) c axis 66% (c || H) −2.3% −0.6%



formation strain characterizing crystallographic distortion in the martensitic transformation is given by e0 = 1 − c/a and in the martensitic phase c/a = 0.94, so that a strain of e0 = 5 to 6% is expected. Later research showed that a 5% shear strain occurs and this can be induced at room temperature under the action of a magnetic field H = 4 kOe [13]. An even larger field-induced strain of 9.5% in orthorhombic seven-layered Ni2 MnGa in martensitic phase under a field of H < 1 T at ambient temperature has been reported[16]. Alloys such as Ni2 MnGa have an austenitic Heusler type structure at higher temperature which undergoes a martensitic transformation at about 273 K to the lower temperature tetragonal structure. They have a magneto-crystalline anisotropy of 2.5 × 106 ergs cm−3 in which the c axis is the easy direction of magnetization. A magnetic field applied to the martensitic phase favors a structural change, which aligns the c axis with the field. This leads to a shape change in the unfavorably oriented volumes of the material and consequently to the observed large field induced strain. There are two mechanisms responsible for field-induced shape changes of these materials [17], (i) transformation from austenite to martensite (a large magnetic field is required to induce this transformation above the martensitic transformation temperature) and (ii) rearrangement of volumes of martensite by twin boundary motion (for which only a moderate magnetic field is required).



8. Conclusions A range of magnetic sensor and actuator devices have been reviewed. These are based on only a few well-known physical principles—inductive, force, magnetoelectronic. The properties of the functional magnetic materials employed in these devices are crucial to the performance of these devices—particularly those that we have classified as “magnetoelectronic” devices. The identification of new and improved materials, with enhanced properties (such as permeability, magnetostriction, magnetoresistance) is vital to the future development of many of these sensors, including the discovery of new phenomena (such as the recent discovery of the giant magnetocaloric effect) that can be used as a basis for completely different types of magnetic devices.
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