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A Review of Electromagnetic 
Material Properties

David R. Ringle

Abstract—A basic background is given for the classification of magnetic material properties, including diamagnetism, paramagnetism, ferromagnetism, and superparamagnetism, followed by an overview of electrorheological and magnetorheological fluids.  The theory behind them is explored and applications for them are introduced.
Index Terms—Damper, diamagnetic, electrorheological, ERF, ferromagnetic, magnetorheological, MR, MRF, paramagnetic, rheological, superparamagnetic
I.   Introduction
A working knowledge of electromagnetic material properties forms a basis for understanding how both old and new technologies work and are of key importance in the development of future technologies.  A background is given for electromagnetics and is complemented with a look at electrorheological and magnetorheological fluids as a relatively new and exciting electromagnetic material.  This is meant to underscore the importance of research and development into materials.
II.   Electromagnetic Material Properties
In general, three moments are present within an atom.  To understand these moments and, consequently, how the classification of magnetic materials is broken down, it helps to have a visual reference of the Bohr nuclear model, provided in Figure 1.
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Figure 1. The Bohr model of the Hydrogen atom (not to scale): a single electron orbiting a nucleus of a single proton.
If the orbital path the electron follows is understood as a current loop, the current traveling in the direction opposite the velocity vector of the electron, it makes sense that this charge is creating a magnetic dipole moment in this space.  This is always the most dominant of the moments present in the atom, having a larger magnitude than the two other moments, given by the equation
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where I is the effective current in the ‘loop’ and A is the area covered by this loop.  However, there is also another way to describe the moment produced by this current loop that will prove to be useful later as well.  Niels Bohr, the scientist who created the model shown previously, also found that the angular momentum of an orbiting electron was a quantized value that could only be an integer multiple of ħ, which is a fundamental constant given by
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h being Planck’s constant, having a value of 6.63x10-34 J·s.  Bohr found that the associated moment would then be an integer multiple of
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where e is the charge of an electron and me is the mass of an electron [1].  This value has since come to be known as the Bohr magneton, equal to 9.27x10-24 A·m2 (the equivalent units Joules/Tesla are sometimes used instead).
A second moment is produced by the spin of the electron.  If viewed in a quantum-mechanical way, an electron is said to have either a positive or a negative spin, a characteristic denoted by the electron spin quantum number, mS, being either + ½ or – ½ [2].  This spin can be visualized as a sphere (the electron) rotating about an axis through its center, which is depicted in Figure 2.
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Figure 2. A depiction of the magnetic field produced by quantum spin.
Since charge can be assumed to be residing on, or near, the edge of the sphere, the spin or the electron, again, produces an effective ‘current loop,’ and thus, a dipole moment.  The magnitude of this moment ends up being the Bohr magneton and is given by the equation
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It should be mentioned, however, that while nuclear spin has been an accepted property for many years now, the accuracy of the spinning sphere model is poor.  This is because, although they have a measurable mass, electrons are immeasurably small and in many cases viewed as a point rather than occupying any space.  It has been calculated that if the model were accurate (that the electron is a sphere of spinning charge), in order to produce the moments that have been recorded in experimentation, electrons would need to spin faster than the speed of light [1].  It has been assumed here, though, that the model serves well enough to facilitate the understanding of the implications of quantum spin.
The third and final magnetic dipole moment present within an atom is generated by the spin of the protons and neutrons in the nucleus of the atom.  The same idea presented before and illustrated previously in Figure 2 applies here as well, only the vector is in the opposite direction as is generated with protons and neutrons.  Also, the moments are given by the same equation as was used for electrons, except for one important difference: it now reads
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(called the nuclear magneton).  The difference is that the mass is now that of a proton (or a neutron, although they are very similar).  Since the moment is inversely proportional to the mass of the ‘sphere’ under scrutiny, this makes the nuclear magneton many orders of magnitude weaker than the previous two discussed magnetic dipole moments.  Another factor that even further decreases the influence of the nucleus is that, usually, each proton is matched with a neutron which is going to have an equal but opposite spin, thereby decreasing the net magnetic dipole moment produced by the nucleus.
Interestingly, the magnetic dipole moment produced by the nucleus is utilized in Nuclear Magnetic Resonance (NMR) Imaging often referred to in the medical world as Magnetic Resonance Imaging (MRI), which allows physicians to create a detailed 3-dimentional image of internal body tissue in order to facilitate diagnosis and care.  When a strong external magnetic field is introduced, the nuclei of the elements present align themselves to be either parallel or anti-parallel to this field depending on the direction of their spin: spin-up or spin-down.  It has been found that the parallel alignment is slightly lower in energy than the anti-parallel alignment, by an amount E.  If a photon possessing the same amount of energy (E) is fired at the nuclei, the ones that are aligned parallel will be excited, or “flipped,” into the anti-parallel alignment.  When the nuclei return to their normal alignment, they then release energy which can be picked up by nearby antennas and analyzed.  By pulsing at different depths and positions, the MRI machine builds a 3-dimentional mapping of the object under observation, similar to the image given in Figure 3, which shows a sagittal plane cross-section of a human head (the sagittal is one of three planes, the other two being the coronal and horizontal planes).
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Figure 3.  An MRI sagittal plane cross-section of the human head [2].
A.   Diamagnetism

Diamagnetism is characterized by a weak magnetic dipole moment developing in a material subjected to an external magnetic field.  Normally, that is, with no external magnetic field applied to it, a diamagnetic material has no discernable net magnetic dipole moment because, as an average throughout the material, there are just as many atoms with electrons in a clockwise orbit as there are atoms with electrons in counterclockwise orbits.  The orbits produce equal and opposite magnetic dipole moments and thus give the material a net moment at or very near to zero.  Additionally, if a diamagnetic material is viewed down at the level of a single atom, the magnetic dipole moment is also very nearly zero because the moment created by the quantum spin of the electron is opposite of the moment created by that same electron’s orbit about the nucleus.  However, when an external magnetic field is applied the material starts to show a net change in moment.  This can be understood by remembering that an increasing magnetic field will induce an electric field around current loops.  Since the electrons cannot change their orbital radius, they react by accelerating or decelerating to another orbital velocity depending on what direction they are traveling (clockwise or counterclockwise).  When the electron’s orbital velocity increases, so to does the effective current in the ‘loop,’ thereby causing a slight increase in the intensity of the moment it induces.  Likewise, a drop in orbital velocity corresponds to a drop in effective current and thus a decrease in the intensity of the produced moment.  This means that because the magnetic dipole moments in one direction have been strengthened and, at the same time, weakened in the opposite direction, the collective change causes a net magnetic dipole moment to form in the opposite direction of the externally applied field.  This also means that, if the applied magnetic field is non-uniform, a net force will be produced on the atom, repelling it from a region of higher magnetic field toward a region of lower field [3].  It should be remembered, though, that this effect is only present within an external magnetic field, disappearing as soon as that field is removed, and is characterized by the net magnetic dipole moment being extremely small.  Materials that show diamagnetic effects include, but are not limited to, metallic bismuth, hydrogen, helium, the other inert gases, sodium chloride, copper, gold, silicon, germanium, graphite, and sulfur [4].  Technically, all materials display some diamagnetic properties but, in many cases, these are overshadowed by other effects and are then classified differently (each according to their dominant properties).  Thus, the only materials classified as being diamagnetic are those that exhibit only diamagnetic properties.
B.   Paramagnetism

Paramagnetic materials are also characterized by their weak atomic moments.  In a paramagnetic material, each atom already has an intrinsic (and permanent) magnetic dipole moment, but these atoms are oriented randomly and so give the material a net moment of zero.  If, however, an external magnetic field is applied to the material, the moments of each atom are wont to align with this field.  Thus, the maximum moment that can occur in a paramagnet is N, N being the number of atoms present, and  their moments.  This is an ideal value because not every atom will align with the magnetic field due to thermal agitation.
Thermal agitation is the collision of atoms within a material caused by atomic vibrations.  These vibrations are caused by the thermal energy possessed by the atom.  When two atoms collide, the transfer of energy between them causes can result in the magnetic moment being misaligned with the rest of the material.  On a larger scale, if many atoms are colliding, thereby misaligning a significant number of magnetic moments in the material, the overall magnetic dipole moment of the material will disappear.  This leads to the theory posited by Pierre Curie that the magnetization of a paramagnetic material is inversely proportional to the temperature of the sample.  When coupled with the theory that for the same material, the magnetization is proportional to the external magnetic field applied to it, the equality known as Curie’s Law is arrived at:
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The value Bext is the magnitude of the external magnetic field, T is the temperature of the sample in kelvins, and the constant C, in this formula, is called the Curie constant.  This formula gives an adequate estimation of M when the ratio Bext/T is small.  As this ratio increases, M follows a more logarithmic curve rather than staying linear.  Much more accurate approximations can be made for M using a quantum theory approach, but giving an explanation of this exceeds the scope of this paper.
Thus, to be classified as paramagnetic, a material must experience a net increase in magnetic field as a result of an applied external magnetic field.  This is differentiated from a net decrease in the material’s magnetic field, which would effectively classify it as a diamagnetic material.  Figure 4, shown below, is an image of liquid oxygen suspended between two magnets.  Oxygen is a paramagnetic substance and, as such, exhibits a magnetic attraction to the magnets.  The oxygen must be kept extremely cold, though, in order to minimize thermal agitation in the substance.   Oxygen in its gaseous state would have far too much thermal energy to achieve paramagnetic behavior such as this.  Other paramagnetic substances include potassium, tungsten, and many rare earth elements including their salts (e.g. erbium chloride, neodymium oxide, and yttrium oxide) [4].
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Figure 4.  Liquid oxygen suspended between two magnets [5].

C.   Ferromagnetism

Ferromagnetism is characterized by strong magnetic dipole moments that quickly differentiate it from diamagnetism and paramagnetism.  These strong moments are caused by electron spin being uncompensated.  This means that since there is not an equal but opposite electron spin, the moment produced is unchecked.  In close proximity, these atoms align themselves in parallel due to interatomic forces and produce an inherent net magnetic dipole moment.  These forces are a result of a quantum physical effect called ‘exchange coupling’ where the spins of electrons influence the spins of neighboring electrons.  In the same way that paramagnetic materials are affected, these ferromagnetic materials are also affected by thermal agitation.  Normally, the forces caused by exchange coupling assert themselves over any influence that thermal agitation will have on the direction the moment is in, but if the temperature of the material exceeds a certain limit, thermal agitation will cause enough distortion that the moments’ orientations will become randomized.  This limit is called the Curie temperature, named after the previously mentioned scientist, and is the point at which ferromagnetic materials exhibit only paramagnetic properties.  
Only three elements are ferromagnetic at room temperature: iron (Curie temperature of 1043K), nickel, and cobalt [4].  Many alloys can be made from these elements that are ferromagnetic as well.  Also, some alloys, like bismuth-manganese and copper-manganese-tin, can exhibit ferromagnetic properties even though their components are all non-ferromagnetic.
A large sample of a ferromagnetic material may not, however, have a substantial net magnetic dipole moment due to the fact that the atoms’ parallel alignments are normally limited to a small region called a domain.  Domains are sections of a material that can have a variety of shapes and sizes and have boundaries that contact other domains of different shapes, sizes, and magnetic alignment (depicted in Figure 5).  Overall, a sample will only have a net moment if there is a majority of domains with similarly oriented moments.  There are plenty of examples where this is the case: refrigerator magnets that many people are familiar with are an example of ferromagnets with a permanent net moment.  Things can change, however, when an external magnetic field is applied to the material.
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Figure 5.  Domains within a ferromagnetic material.  The arrows within each boundary denote the orientation of the atomic moments in a domain.
Even though the domains may have a random orientation to begin with, when an external magnetic field is applied, the domains that have moments in the same direction will increase their size, assimilating their neighboring domains.  This increase in the number of atoms with moments in one direction gives the material an overall net moment.  This also applies to ferromagnets that started with a net moment as well; their moments will simply increase in magnitude as the parallelly oriented domains push their boundaries outward.  Even when the external field is removed, a residual moment is retained in these materials because the boundaries of the domains have physically changed.  This phenomenon is called hysteresis [4], which is important for the magnetic storage of information.  Cassette tapes, VHS tapes, floppy disks, tape drives, hard drives and many other technologies rely on the ability of a material to have its magnetic orientation changed by a magnetic field and not lose that orientation when the field is removed.  In many of these cases, special, ‘superparamagnetic’ materials are used.  Superparamagnetic materials are suspensions of ferromagnetic aggregate within a non-ferromagnetic matrix.  The matrix acts to isolate domains so that the ferromagnetic particles are not able to influence each other [3].

III.   Electrorheological & Magnetorheological Fluids
A.   Function & Theory

Rheology is concerned with the flow of matter; in this case, it refers more specifically to the flow of fluids.  Both electrorheological and magnetorheological fluids are called field-controllable materials because the application of large electrical fields can be used to change the rheological properties of electrorheological fluids (ERF) and the application of large magnetic fields can effect a change in the rheological properties of magnetorheological fluids (MRF) as well.
Although they have been known about for many years, MRF having been discovered in the late 1940’s by Jacob Rabinow [6], not much had been done with them until Lord, a corporation that specializes in damping technology, sought to build a better shock absorber.  In the early 1980’s, Lord started investigating ERF as a method of accomplishing this.  By applying a large electric field to a small channel of ERF, the viscosity would change and slow the passage of the fluid.  This, in turn, dampened the motion of the attached load.  The problem the researchers were having, though, was the same problem that had plagued previous researchers: the power needed to effect a strong enough change in the fluid was too large.  Thousands of Volts (up to 5kV in some cases) were required to get an adequate response from the fluid and that increased safety risks and limited the applications that the technology could be used for.
Lord then turned to the cousin of ERF, MRF, to see if improvements could be made.  It turned out that the power necessary to operate an MRF device was significantly smaller; one researcher at Lord claiming that on only 12 Volts an MRF could achieve a response 20 times stronger than that of an ERF [6].  In addition, MRF can achieve yield stresses of 10-100kPa, where ERF can achieve only 0.1-1kPa [7], and maintain relatively stable characteristics independent of temperature, while ERF does not [8].  Development continued and now Lord has over 13 different applications for their MRF technologies.

The basic principle for all of these fluids is quite simple: take a substance that will react to either an electric or magnetic field and suspend it within a liquid, like oil (this is similar to the idea of superparamagnetic materials where a reactive aggregate is placed in a non-reactive matrix).  For MRF, the change in viscosity can be understood by analyzing what happens when the field is applied.  Each particle within the external field will align itself with that field, with its north magnetic pole facing the north magnetic pole of the external field and likewise with the south magnetic poles.  These particles are ferromagnetic and their poles correspond to the orientation of their overall net magnetic moment.  With so many ferromagnetic particles aligned similarly and in close proximity to each other, the north magnetic pole of one particle will find itself attracted to a nearby particle’s south magnetic pole.  Since many particles are present in the fluid, these connections happen in quick succession on a large scale, forming large ‘chains’ of ferromagnetic particles.  These long chains are all oriented in the same direction and effectively produce a rigid, fibrous structure that inhibits further flow of the fluid.  The strength of this structure is dependent on the strength of the applied magnetic field, giving the fluid a variable viscosity.  This change happens in milliseconds and, once the external field is removed, the structure rapidly disintegrates, returning to a disordered, smoothly-flowing liquid.  A small, high school-level demonstration of this could be done by simply pouring iron filings into corn oil and applying a magnetic field.  All of the filings in the field will line up with that field.  When the external field is removed, the filings are no longer held in one position and can begin to change orientation again.  
Typical sizes for the iron particles within the MRF are on the order of 1-10m in diameter [9] and can be suspended in a variety of fluids, like silicone or mineral oil [10].  As a side note, it should be mentioned that MRF differ from ferro-fluids which contain significantly smaller magnetizable particles.  Their diameters are typically around 1-10nm and cannot form fibrous structures (due to Brownian motion); meaning their viscosity varies only slightly in the presence of an external magnetic field [9].

MRF composites are similar to regular MRF but have the roles of aggregate and matrix reversed: non-magnetic particles suspended in a magnetic fluid (exactly the opposite composition of a superparamagnetic material).  Usually, the magnetic fluid is a MRF variant using a ferromagnetic aggregate of magnetite (Fe3O4) having diameters of 10nm [11].  When a magnetic field is applied to the composite, the magnetic fluid pushes the non-magnetic particles into chained positions which inhibit the flow of the fluid, thereby increasing viscosity.  These chains will form in the direction of the applied field.  In Figure 6, the formation of chains can be seen in two different MRF composite materials: a distribution of polystyrene spheres (10m in diameter) in an isopar M-based magnetic fluid and a distribution of hollow glass spheres (8m in diameter) in a hydrocarbon magnetic fluid.  Both structures appeared under the application of magnetic fields with an intensity of 0.02 T.
The downside to MRF composites is that the particle interactions are much weaker and thus, under loading will not perform as well as a normal MRF.  The composites are, however, more versatile than normal MRF because the non-magnetic particles used in the composites can be chosen from a much larger selection than can the particles used in a normal MRF.  This leads to lower expense and more potential commercial applications because of that lower expense [11].
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Figure 6. Effect of an applied magnetic field on MRF composites [11]: (a) shows a random distribution of polystyrene spheres within an isopar M-based magnetic fluid, (b) shows the same composite upon application of a magnetic field of 0.02 T, (c) shows a dispersion of hollow glass spheres within a hydrocarbon magnetic fluid, and (d) shows the same composite upon the application of a magnetic field of 0.02 T intensity.
B.   Applications
Many applications for MRF have been developed over the years, and the primary contributor to this has been Lord Corporation, where research on these materials has been conducted since the 1980’s.  Those applications developed include: shock absorbers and vibrational dampers (on cars and even proposed for earthquake resilient buildings), clutches, brakes, engine mounts, actuators, and even in artificial limbs.
The purpose of a shock absorber is to dampen oscillations occurring between its two ends.  In typical automobile applications this is accomplished by converting the kinetic energy of the oscillation into thermal energy which is then dissipated through the hydraulic fluid inside the shock absorber.  Normally, a piston head, which is connected to a load mount through a rod, separates two chambers filled with the hydraulic fluid.  The piston head has multiple orifices in it that connect the two chambers, allowing the fluid to pass from one chamber to the other.  When the shock absorber is then compressed or expanded, fluid is forced through the orifices, which, because of their small size, slow the movement of the piston head and, in turn, the entire shock absorber.  This means that the resistance produced is related directly to the frequency and magnitude of the oscillatory input (or simply the velocity of the piston head through the fluid).  Unfortunately, for fast, high-intensity oscillations, like hitting a bump in the road when the vehicle is moving quickly, this results in a transmission of shock, rather than a dampening.  Ideally, the shock absorber would react with greater resistance at low velocities and lesser resistance at high velocities (the velocity here referring to the velocity of the piston head).  The bump in the road mentioned earlier would, at first, be met with little resistance since the wheel would need to quickly move upward, but at the apex, would encounter much greater resistance where the velocity is small (effectively, the resistance is inversely related to the derivative of the vertical position of the wheel).  MRF solve this problem using their variable viscosity properties.
MR dampers and shock absorbers would work as follows.  As depicted in Figure 7, a piston head, attached to a mount through a rod, separates two chambers filled with the MRF.  To connect the two chambers a small channel is drilled through the piston head and electromagnets are embedded around the channel within the piston head (there is no requirement that there be only one channel through the piston head and is only presented as one channel for simplicity).  This channel (or hydrochannel), labeled in the image as a magnetic choke, is generally referred to as an MR converter [12].  Wires connecting to the electromagnets are routed inside the piston head and rod and exit near the mount in this case.
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Figure 7.  A basic MRF based damper [13].
Now, when the electromagnet is off, MRF can flow freely in between the two chambers and would have the minimum resistance possible (the channel is significantly larger than the orifices in normal shock absorbers so very little energy is lost in comparison).  Whatever device is controlling the electromagnets can then begin to apply a magnetic field across the channel.  This will cause the viscosity to change dependent on the strength of that field and, in turn, result in a higher resistance.  One analogy would be to compare this to a variable diameter channel: the resistance increases as the diameter decreases.  A microcontroller can now be used to read in sensor data and make a decision on how strong a field to apply in order to achieve the best response.
These dampers are apparently already in use in some vehicles as shock absorbers (Lord has teamed with Delphi Automotive Systems to provide MR shocks to General Motors for use in Cadillacs [6]) but are not limited to only this application.  One proposed application is to use the dampers in the engine mounts of automobiles to minimize the mechanical vibrations passed to the chassis and create a smoother ride for the driver and passengers.  Another application being developed is of great importance to earthquake prone areas of the world:  By integrating adaptive dampers, like MRF based dampers, with buildings or bridges, it is hoped that a more earthquake-safe building can be developed.

The unique application of using a damper in an artificial limb was also developed at Lord Corporation.  For those with above-knee amputations, walking with a leg prosthesis is a difficult task and usually results in an uneven gait.  When the leg with the prosthesis moves forward, the portion below the artificial knee will swing under its inertia, usually going too far and the user must wait for the prosthesis to swing back into position before weight is placed on that leg.  To counter this, a damper is placed inside the knee that will provide some resistance against that inertia.  This damper is normally adjusted to the wearer by the doctor based on the subjective feel of the wearer at the time of the adjustment.  This means that the damper is set for specific conditions of motility and does not take into account changes in the environment that would cause a person to walk differently (e.g. sloped surfaces, temperature, footwear, etc.).  By using an adaptable damping system shown in Figure 8, changes can be made while the prosthesis is in use based on sensor input to a microcontroller.
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Figure 8. Above-knee prosthesis using a controlled MR damper [14].
A company called Biedermann Motech has already started selling Smart MagnetixTM knee prosthesis systems and the users have been able to change their walking speed, negotiate inclines, ride bicycles, and traverse stairs without worry [14].
MRF are not limited to only being used in dampers; one of the very first applications Lord marketed was for MR braking systems in home exercise equipment, specifically, Nautilus machines [6].  MRF can also be used in clutches for various applications and, in some cases, Continuously Variable Transmissions.  These ideas rely on the ability of MRF to transfer torque.  If MRF is used to fill gaps in between parallel plates or concentric cylinders, by adjusting the viscosity of the fluid, the rotating surface will transfer its rotational velocity to the other surface [9].  By carefully controlling how viscous the fluid is, different ratios of speed between surfaces can be achieved.  In the case of brakes, one surface would be in a fixed position.  So, when the other surface rotates, it will meet resistance from the MRF based on the magnetic field applied.  In the case of clutches and transmissions, load can be transferred to the driven surface by increasing the viscosity of the MRF separating those surfaces.
Devices incorporating MRF are not without their disadvantages, though.  The largest drawback to them is the high cost of the ferromagnetic aggregate.  A commonly used particle is carbonyl iron, which in 2001 sold for $13-15/kg ($6-7/lb) [9].  Another drawback to MRF devices is sedimentation that occurs due to the mass of the iron used in them, which diminishes the effectiveness of the devices.  For devices that remain unused for long periods of time and then are needed without warning, such as in the case of earthquake dampers on buildings, this is important problem to address [9].  As MR devices become more commonplace and as more research is done on them, these problems will hopefully wane.

IV.   Conclusions
This simply touches the surface of electromagnetic material properties and MRF is only one example of new electromagnetic materials.  New technologies are being researched and developed all the time and reach into the digital realm as well.  IBM has recently introduced their Giant MagnetoResistive Head technology, which takes advantage of electromagnetic material properties discovered in the late 1980’s, allowing much more digital data to be stored on magnetic disks than ever before.  As the speed of current transistor technology is approaching its limit, electromagnetic materials called photonic band-gap materials are being looked into to create light based transistors which promise to easily exceed speeds of current transistors.  As long as there is a better way to do something, whether it is clutch design or transistor technology, there will always be a need for research into new materials and their properties.
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