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Abstract A hypothesis is presented to explain the mechanism by which externally applied stresses can affect the magnetic properties of ferromagnetic materials. Experiments have revealed coincident points in the second and fourth quadrants on stressed hysteresis loops of mild steel. The results are presented along with an explanation of this effect. An atomic level theory of the origins of the magnetomechanical effect is introduced whereby spin–spin and spin–orbit coupling interact with magnetic moments to alter the magnetocrystalline anisotropy and exchange energies. r 2002 Elsevier Science B.V. All rights reserved. PACS: 75.80.+q Keywords: Magnetomechanical effect; Hysteresis; Anisotropy; Domain walls; Exchange energy



1. Introduction The magnetomechanical effect is a fundamental feature of ferromagnetism. The fact that the application of external stresses alters the ﬂux density of a magnetised ferromagnet, and thus the shape, and size of its hysteresis loops is easily veriﬁable. It is even possible to develop empirical equations to predict these changes [1]. The responses of different magnetic materials to stress are well documented. The relationship between the magnetomechanical effect and magnetostriction means it is possible to quite accurately determine the degree and direction of changes induced by stress. However, a conceptual theory as to the *Corresponding author. E-mail addresses: [email protected] (D.P. Bulte), [email protected] (R.A. Langman).



actual mechanism by which stress and magnetism interact has been more elusive. Biaxial strain and magnetisation data have been obtained from an annealed mild steel plate cut to the shape of a cruciform, and the resultant curves have been analysed with the intention of developing a theory which explains the forms and features of the curves rather than the production of a numerical model. The magnetisation is by means of two ‘U’shaped laminated cores that are pressed against the surface, one each side. These cores have coils that carry the magnetising current as a triangular waveform. The ﬂux in the steel is measured by the voltage induced in a 10 turn coil that is threaded through holes drilled through the steel, and from which the ﬂux density is computed. The ﬁeld strength is measured by a Hall plate on the surface of the steel. Stresses from 120 to +120 MPa were
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applied simultaneously both in the direction of magnetisation, and perpendicular to it, while ﬁelds of up to 5 kA/m were cycled at 0.05 Hz to produce ‘‘near saturation loops’’. Groups of these loops were then superimposed onto a single set of axes to allow easy comparison of their features. The stresses are applied by means of a system of levers and are measured by strain gauges glued to both sides of the steel in the x- and y-axis, four gauges in all. The levers are adjusted so that both x gauges read the same to within three microstrain, and similarly for the y gauges. In this way the stresses are known to an error of not more that 1 MPa in each axis. The gauges on opposite faces are essential to conﬁrm that no bending of the cruciform occurs. A ﬁnite element model of the cruciform showed that the stress pattern is uniform to within 5% inside a circle 30 mm in diameter. The gauges, Hall plate and ﬂux coil are all inside this area. There is also some distortion in the strain adjacent to the holes for the ﬂux coil, but 95% of the steel enclosed by the coil sees the same strain pattern as if the holes were absent [2]. The hysteresis loops were checked with those from a permeameter for an unstressed specimen of the identical steel and the difference was less than 2% over a range of ﬂux density from 0 to 1.4 T. Data were also collected from three samples of



alloy steel using a completely different set of equipment. Thus, we are conﬁdent that effects reported here are genuine.



2. The Data Fig. 1 shows initial curves obtained using the method described in Ref. [3] from a mild steel cruciform in the stress rig using the twin U-cores with no applied stress, and a rectangular-barshaped specimen cut from the same plate, in a standard permeameter. The ﬂux densities are slightly different, however, the general shapes of the curves are very similar. It was therefore considered that the loops and curves may be compared with others obtained using similar equipment and conditions. Fig. 2 is the most important set of results presented here. It shows a superposition of seven curves, all with zero applied stress in the ydirection (perpendicular to the applied ﬁeld), and a range of stresses in the x-direction (parallel to the ﬁeld). The dominant feature of this graph is the two coincident points which are common to all curves in the second and fourth quadrants. In order to further investigate the nature of these coincident points, a series of stressed



Fig. 1. Comparison of initial curves obtained from bar and cruciform specimens.
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Fig. 2. Superimposition of hysteresis loops of mild steel under a range of stresses parallel to the direction of magnetisation.



Fig. 3. Hysteresis loops of stressed mild steel with maximum ﬁeld values considerably less than the saturation ﬁeld.



hysteresis loops were obtained with lower maximum applied ﬁelds. These curves are presented in Fig. 3, and as can be seen, the coincident points occur at approximately the same applied magnetic ﬁeld strength (B200 A=m), but at a lower ﬂux density. Fig. 4 shows a major hysteresis loop obtained from the mild steel cruciform in the stress rig using the twin U-cores with 120 MPa (compression) in



the x-direction (parallel to the applied ﬁeld), and 120 MPa (tension) in the y-direction (perpendicular to the ﬁeld). As can be seen in this graph the gradual ‘‘S’’-shaped curve which usually forms one side of the hysteresis loop has developed more of a discontinuity of slope in the second quadrant (and fourth quadrant on the other side). It may also be noted that this ‘‘kink’’ in the loop occurs at approximately the same ﬁeld as the coincident
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Fig. 4. Hysteresis loop of mild steel with 120 MPa along the axis of magnetisation and 120 MPa perpendicular to the axis.



point mentioned previously. Upon re-examining Fig. 2, it can be seen that, at low applied stresses, the curvature of the upper portion of the loop between the maximum and the coincident point tends to be convex up, and between the coincident point and the negative maximum, convex down. This allows for a smooth transition at the coincident point. With the application of appropriate stresses these curvatures decrease, and as the three points do not lie on a straight line, the discontinuity in slope becomes apparent. As these two features are the most startling and interesting of the results, their validation was deemed to be vital. Two experiments were designed to attempt to repeat the effects using completely different and independent equipment and materials. In this way, if the coincident points and kink were due to the cruciform, the stress rig, the twin U-cores, or the computer/software, and not a true feature of the material, the effects would not be present.



3. Veriﬁcation The ﬁrst experiment designed employed a cylindrical rod specimen of mild steel with a diameter of 20 mm and a length of 410 mm. A ﬂux sensing coil of 50 turns was wrapped around the rod. The rod was placed in a universal testing machine which would apply the (uniaxial) stresses



and would also serve to provide a closed magnetic circuit (even though the machine provided a fairly low magnetic permeability path, it is signiﬁcantly better than air). The magnetising ﬁeld was applied using a permeameter coil with 550 turns and an inner diameter of 75 mm. The ﬁeld was measured using a Linear Hall Effect IC. The ﬂux sensing coil was connected to an HP 8875A differential ampliﬁer, which was in turn connected to an analog integrator, the output of which was connected to a Hewlett-Packard 7035B X–Y Recorder (plotter). The Hall probe was also ampliﬁed by an HP 8875A and connected to the X–Y plotter. Hysteresis loops were taken at four different applied stresses, both compressive and tensile in nature. These plots were then scanned and superimposed graphically. The result of this hybrid is shown in Fig. 5. The errors inherent in this method are unfortunately much greater than obtained using the rig and software. The graphs were superimposed by hand and placed where they looked ‘‘as central as possible’’. However, the coincident point is still strongly indicated by the data. The second experiment employed the same system as used before, but using a nickel specimen instead of mild steel. A length of nickel wire with a diameter of 1.5 mm was selected based on availability. The wire was cut to 430 mm in length, and had 4000 turns of ﬁne copper wire wound closely
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Fig. 5. Superimpostion of hysteresis loops of mild steel rod with different applied uniaxial stresses taken using alternative equipment. The stresses applied were 150; 100; 0, and +50 MPa.



around it as a ﬂux-sensing coil. It was then placed in the permeameter. A Hall probe was located against the wire. To apply tension, the end of the wire was connected to a cable which ran over a pulley, allowing weights to be suspended from it. Hysteresis loops were taken with tensions of 2.5, 12.5, 20, and 30 MPa. The loops obtained were perfect diamonds, i.e. four straight lines with sharp discontinuities in slope (see Fig. 6). From this it was deduced that the nickel had been plastically strained during the wire-forming process. In order to remove the internal stresses and dislocations, the wire was annealed [4] in a kiln at ð1050710Þ1 for 4 h, then allowed to cool over 12 h. The wire was then once again placed in the permeameter and loops were obtained at the indicated tensions. These graphs are presented in Fig. 7. It is immediately clear that the features of these graphs are different from those seen in the mild steel data. In order to obtain more detail about the features of the curves a second series of hysteresis loops were acquired with a greater maximum applied ﬁeld. These loops are shown in Fig. 8.
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Fig. 6. Superimposition of hysteresis loops obtained from unannealed nickel wire under 2.5 (largest loop), 12.5, 20, and 30 MPa applied uniaxial tensions.



In contrast with the mild steel graphs the coincident points appear to be at the coercive ﬁeld in both Figs. 7, and 8. The prominent kinks for tension in Fig. 8 are in the ﬁrst and third quadrants, and are not at the same ﬁelds as the coincident points, and thus occur at different ﬂux densities for each applied tension. The kinks do appear to be occurring at the same applied ﬁeld strength for each curve, however, more data are required to substantiate this. In summary, the secondary investigations have conﬁrmed the existence of the coincident points in mild steel and nickel, as well as the distinct change in slope (kink) caused by high stresses of an appropriate nature (compression in steel and tension in nickel).



4. Analysis The hysteresis data obtained from the mild steel cruciform may be analysed in a number of different ways. The ways chosen were: (i) examining individual hysteresis loops at speciﬁc stress
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Fig. 7. Superimpostion of hysteresis loops of annealed nickel wire with different applied uniaxial tensions at low ﬁelds.



Fig. 8. Superimpostion of hysteresis loops of annealed nickel wire with different applied uniaxial tensions at higher ﬁelds.



patterns, and (ii) examining groups of hysteresis loops at different stress patterns superimposed onto one set of axes. The ﬁrst method is useful for seeing the shape of the loop, and identifying features and characteristics of the hysteresis loop



at a particular biaxal strain. The second method is useful for identifying changes which occur in loop shapes at different strains, and for showing points where the ﬂux density differs at particular strains, and where the loops intersect each other. The
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hysteresis loops obtained during this research have been considered in both of these ways, and the implications of the subsequent speculations documented.
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reduce the ﬂux density, producing the more lentil/ diamond-shaped loops seen for compression in iron and steel. Compression parallel to the ﬁeld could not be investigated due to the sample of nickel used being very thin.



4.1. Considering the graphs Superimposition of the B vs. H hysteresis loops of steel under biaxial stress clearly shows two important new features. The ﬁrst is the two coincident points (Fig. 2) where all of the curves intersect. The second is the noticeable kink (Fig. 4) in curves with compression in the direction of magnetisation, which occurs at this intersection. It would appear that at the particular applied ﬁeld (hereafter referred to as the critical rotation ﬁeld, H n [5]) at which the coincident point and kink occur, the magnetisation of the sample is essentially independent of the applied (biaxial) stress. It would seem that the mechanism that connects stress and magnetism is either not present, or rendered inactive by the application of this critical rotation ﬁeld. The implications of this phenomenon, regarding the mechanism by which applied stress and magnetic properties are interrelated, are of fundamental importance. It is important to note that the coincident points are not seen unless the steel is magnetised to several hundred Ampere per metre; the critical rotation ﬁeld (which is approximately 7200 A=m for mild steel) must be exceeded by approximately twice this value before the effect is discernable. Hysteresis loops which have maximum applied ﬁelds of much less than the saturation ﬁeld, but are still sufﬁciently greater than the critical rotation ﬁeld, will show the coincident point at the same ﬁeld strength, but at a lower ﬂux density (Fig. 3). In the nickel wire, however, the effects are markedly different. In the data obtained before the specimen was annealed, the kink is very prominent; the discontinuity in the slope being quite dramatic (see Fig. 6). However, in all of the nickel data, the coincident point is clearly not at the kink point, rather it appears to be at the coercive ﬁeld (Fig. 7). It must be noted as well that due to the negative magnetostriction of nickel, the effect of stress is in some ways reversed from that seen in iron and steel. Tension parallel to the ﬁeld tends to



5. The magnetisation process In order to explain the coincident point and kink found on hysteresis curves of materials under stress, it is necessary to consider the accepted theory which explains magnetisation processes [6]. Consider a small, relatively perfect crystal of ferromagnetic material in an ideally demagnetised state. The domains will be aligned with easy directions in the crystal. If an external magnetic ﬁeld is applied to this crystal, the domain walls will move so that the domains with directions closer to that of the applied ﬁeld will grow at the expense of the others. This applied ﬁeld must exceed a certain critical value for irreversible wall motion to occur [5]. Beneath this value, the walls will move slightly, or bulge, but would return to their original location where the ﬁeld to be removed (the true Raleigh region). In a real sample of ferromagnetic material, however, the situation is complicated by the fact that the overall structure is not a regular crystal lattice, rather it is made up of small regions, or grains, within which the structure of the crystal lattice is relatively perfect. Domain walls can only move across a region of relatively regular crystal structure (in the materials considered in the scope of this article), in which lattice imperfections cause small Barkhausen jumps or Barkhausen noise, and domain wall ‘‘snapping’’ [7,8]. At a boundary between grains, the wall will presumably be absorbed by the boundary. In order for grain saturation to be reached, another effect must also play a part: the irreversible rotation of domain magnetisation or large Barkhausen jumps [9]. A point is reached during the application of an increasing ﬁeld when the ﬁeld is strong enough to spontaneously snap the atomic moments from one easy axis to another. Consequently, instead of a wall moving gradually across a domain, whole domains in iron and steel will
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change direction by 901 or 1801; with effectively simultaneous movement of all of the spins. At even higher ﬁelds, the increase in magnetisation will be due to the process of reversible rotation of the magnetic moments away from easy directions towards the direction of the applied ﬁeld. Once a sufﬁcient ﬁeld strength has been reached to rotate the spin from the easy to the hard direction (ignoring precession effects), technical saturation has been reached as all spins are now experiencing sufﬁcient ﬁeld to rotate them to the applied ﬁeld direction [10].



6. External stress and non-easy moments Magnetism can be conceptualised on a number of different levels; macroscopic, domain, atomic, and subatomic, although these are all somewhat arbitrary. Explanations of magnetic effects have traditionally concentrated on producing theories based on only one of these approaches. Magnetomechanics is an area in which all levels are affected, and thus a theory needs to consider responses to models at each level of complexity,



and ideally evolve smoothly from one to the next. For this reason the following hypotheses are explained in terms of domains, crystals, and quantum mechanics, so that the features of the model can be understood from each of these view points. 6.1. Domain walls When a mechanical stress is applied to a sample, its magnetic behaviour can change dramatically. In iron and steel, compression in the ﬁeld direction makes magnetisation harder, whilst tension initially makes it easier [11–13]. These effects will now be explained primarily in terms of the structure of domain walls, rather than their movement, as previous explanations have done [14]. Domains form within a region of coherent crystal lattice and orient themselves in directions of easy magnetisation [15,16]. In a 901 wall, none of the spins within the wall will lie in easy directions. In a 1801 wall, the centre of the wall will lie in an easy direction but the rest of the wall spins will all be in non-easy directions (Fig. 9 (from [17])). The spins in a wall are in a way



Fig. 9. Schematic of spin rotations in a 1801 domain wall (from Ref. [17]).
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analogous to the reversible rotations of moments within a domain that are induced by large applied ﬁelds against the opposing anisotropy forces. Applied stresses distort the crystal lattice. Consequently, for a cubic lattice the /1 0 0S; /0 1 0S; and /0 0 1S directions will no longer be perpendicular. Depending on the orientation of the lattice with regards to the applied stress, the angles between the easy directions will increase or decrease, and the relative separations of the atoms will also change. Any non-easy-aligned spins will be affected by these lattice distortions. In this way, the energy associated with the position of a noneasy-aligned spin is determined by its magnetic anisotropy, which is dependent on the relative angles the moment forms with respect to the three crystallographic directions, and which is also critically interdependent on the exchange energy (see Section 7). When the axes and the atoms move relative to each other, the changes in anisotropy energy and exchange energy modify the energy required to keep the moments pointing in any given direction. This is of fundamental importance to the magnetomechanical effect. As domain walls are effectively groups of noneasy-aligned moments, they will be affected by applied external stresses. Wall motion will occur for 901 walls as the effective ‘‘pressure’’ on the wall caused by the applied stress will be in one direction only. The pressure on 1801 walls will be on both sides of the wall but in opposite directions, and so the thickness of the wall will change slightly, but its position will not alter. In the demagnetised state, this process alone will not cause magnetisation, as the net magnetisation will remain zero. In iron and steel when the specimen has a non-zero net magnetisation, the stress will affect the magnetisation as it will reduce (via compression), or increase (via tension) the size of favourably oriented domains via the movement of 901 walls. 6.2. Hysteresis loops The behaviour of the material is different again once it has been magnetised and is on the hysteresis loop [18]. As the magnetisation of the material moves along the major hysteresis loop from the tip of the loop in the ﬁrst quadrant to the
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negative coincident point in the second quadrant, the applied ﬁeld is ﬁrst reduced to zero, leaving some non-zero, positive internal ﬁeld (the remanence). This internal ﬁeld is sufﬁcient to maintain some reversible rotation of magnetic moments. As a negative ﬁeld of increasing magnitude is applied, the point is reached where the net ﬁeld experienced by the magnetic moments is insufﬁcient to maintain reversible rotation. The net magnetisation of the material is still positive, as it is the sum of the internal and applied ﬁelds, however, no magnetic moments are experiencing sufﬁcient ﬁeld strength to overcome the net anisotropy (crystal, stress, etc.) and thus are aligned in the easy directions which are closest to the direction of the original ﬁeld. Thus, no domain walls will exist within the grains. At this point, there are no non-easy aligned spins, and so the magnetisation is independent of the applied stress, and dependent only on the history, temperature, and applied ﬁeld. Consequently, all hysteresis curves of that sample with the same history, temperature, and ﬁeld strength will coincide at that point no matter which stresses are applied to the sample. Measurement shows that the coincident points also occur on loops which have lower maximum applied ﬁeld values, however, these points will be at successively lower ﬂux density values. At these points, 1801 domain walls will presumably be present within the material, thus lowering the global ﬂux density, however, the magnetisation of the material will still be independent of the applied stress as 1801 walls are not affected by stress. At ﬁelds greater than the critical rotation ﬁeld, the sample will once again be affected by stress as reversible rotations will begin taking spins away from the easy directions. The greater the number of easy directions which are closely aligned to the ﬁeld, the more dramatic this change will be. In a sample with all easy directions aligned with the ﬁeld, a hysteresis loop of the form shown in Fig. 10a would be expected [19]. This shows no reversible rotations occurring, and ideally no 901 wall motion; the magnetisation process is carried out purely by 1801 irreversible domain rotation. If, however, only hard directions were aligned with the ﬁeld, a loop of the form shown in Fig. 10b would result. This corresponds to an arrangement
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Fig. 10. Hysteresis loops for ideal materials with (a) all easy directions aligned with the applied ﬁeld, and (b) all hard directions aligned with the ﬁeld.



Fig. 11. The ð1 1% 0Þ plane in a cubic crystal [17].



where all magnetisation is due to reversible rotation; from positive saturation to H n ; the moments are rotating back to an easy direction. From H n to negative saturation, the rotation is from the easy direction to the hard direction, but through a greater angle. An important question is: Why does the slope of the loop change at this point, particularly in the xdirection compression loops? This may be explained by the angles involved. Consider a simple non-stressed crystal unit (Fig. 11) with a magnetic moment directed along the [1 1 1] direction due to an applied ﬁeld in that direction. In Fig. 12 this



Fig. 12. Schematic of the {1 1 0} plane in a body-centred cubic crystal, and the rotation of a magnetic moment around a major hysteresis loop.



would result in the magnetic moment of the central ion (for a body-centred cubic like iron) pointing at position 1. Removal of this ﬁeld and application of a critical rotation ﬁeld in the opposite direction will rotate the moment to the [1 0 0] direction (position 2). This is the closest ‘‘easy direction’’ to its starting orientation, and thus the lowest energy path. Increasing the magnitude of the ﬁeld to saturation levels will rotate the moment to position 3. Removal of this ﬁeld and application of a critical rotation ﬁeld in the original direction will turn the moment to position 4, being the closest easy axis.
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Within a single cycle of applied ﬁeld, from positive to negative to positive again, any particular magnetic moment will rotate in one plane only, describing a ﬂat circle. This is the lowest energy path which the moment can take. The anisotropy energy associated with the [1 1 1] direction is the same as that associated with the ½111 direction, yet the angle through which the moment must rotate from the [1 0 0] direction to the ½111 direction is much greater (125:31) as opposed to the angle between the [1 1 1] and the [1 0 0] directions (54:71). This means that a given change in ﬁeld strength in the hard direction will result in a percentage change in angle equivalent to the percentage change in the opposite direction. However, the magnitude of the change in angle will be greater in the [1 0 0] to ½111 transition due to the larger total change. As the change in ﬂux density is purely a function of the change in angle of the magnetic moment, an increase (negative) in the magnitude of the applied ﬁeld in the [1 0 0] to ½111 region will result in a greater change in B than would result in the [1 1 1] to [1 0 0] region. Thus, the slope of the curve is steeper in this region of the curve. The proportions of the changes in ﬂux to angles would only be equivalent in an ideal crystal at appropriate ﬁelds. The Stoner–Wohlfarth model uses an ideal crystal with 901 between the easy and hard axes and thus does not show these effects. The hysteresis loops produced by this model are symmetrical and are linear for the hard direction. Such a model, though useful in many respects, does not give a very accurate representation of iron or nickel, as the assumptions made regarding the properties of the crytals and domains are inaccurate. In real samples there is a distribution of lattice directions as each grain has its own orientation with relation to applied ﬁelds or stresses. This results in the more familiar curved hysteresis loops. Externally applied stresses will cause an iron or steel sample to behave as if it has either more (tension) or fewer (compression) easy axes aligned with the applied ﬁeld. As the anisotropy energy of each particular direction changes, the ﬁeld required to force the magnetic moments towards that direction also changes. Thus, the
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number of magnetic moments which are experiencing sufﬁcient ﬁeld to become aligned with the applied ﬁeld is dependent on the stress. At some ﬁelds, 901 and 1801 wall motion will occur simultaneously with reversible rotation in different grains depending on their orientation. Inclusions, dislocations and different internal stresses will all combine to smooth out the curves under most conditions. During an initial magnetisation, there are many domains and walls in the material, and the closure domains are some of the last to be removed. Thus, all walls may not have been swept from the material (particularly if compressed) when the critical rotation ﬁeld is reached. There may also be a region on the initial curve where both rotation and wall motion processes are active. For these reasons the coincident point does not appear on the initial curve. 6.3. Nickel In nickel the processes involved are similar, but important differences produce results which are markedly different from iron and steel. Nickel has /1 1 1S easy directions, which means that it can have 711; 1091; and 1801 domain walls. The walls which are affected by stress are the 711 and 1091 walls. If, for example, the applied ﬁeld were parallel to the [1 0 0] direction (hard), when the ﬁeld was reduced and brought to the kink point, all moments would be in easy directions. However, the easy directions closest to the ﬁeld direction are [1 1 1], ½1 1% 1; ½1 1 1% ; and ½1 11; therefore the sample will contain only 711 and 1091 walls, and still be very dependent on any applied stresses. When the ﬁeld reaches the negative coercive ﬁeld, an amount of 1801 rotation has occurred due to wall motion so that the number of moments in the ½1 1 1; ½1 1% 1; ½1 1 1% ; and ½1 11 directions is equal to the number in the ½1% 1 1; ½11 1; ½1% 1 1% ; and ½111 directions. This will ideally result in all of the walls being 1801 walls, and therefore, the magnetic properties of the material will be independent of any applied stresses. If, however, the applied ﬁeld was parallel to the ½1 1 1 direction, a loop of the shape shown in Fig. 10a would result, as magnetisation would only be a result of 1801 rotations.
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The fact that the response of nickel is opposite to that of iron and steel is partially due to the fact that the easy and hard directions are reversed. Therefore, stresses which result in alterations to the crystal lattice structure which favour either the /1 1 1S directions or the /1 0 0S directions will naturally have opposing effects on the materials.



7. Spins and lattice mechanisms An externally applied stress does more than apply an effective pressure on domain walls; it also alters the relative positions of atoms within the lattice. The interactions between nearest neighbours in a metallic crystal, like iron, are very complex. The fundamental relationships are the spin–spin, spin–orbit, spin–lattice, and orbit–lattice interactions [17]. The key relationship which forms the basis of ferromagnetism is the spin–spin interaction, which depends on the exchange energy (or exchange force). The exchange energy is most commonly presented in a form similar to Eex ¼ 2Jex Si  Sj ¼ 2Jex Si Sj cos f;



ð1Þ



where Jex is the exchange integral [17]. This is essentially the Heisenberg model of ferromagnetism [17], which can be determined via the Heitler– London approximation [20]. The analysis of atoms heavier than hydrogen is currently beyond modern physics, so problems are generally simpliﬁed to smaller hydrogen-like systems, and therefore, such systems will be considered in the remainder of this section. The spin of a two-electron system is dependent on the singlet– triplet energy splitting. When the two nuclei are far apart, the ground state describes two independent atoms and is therefore fourfold degenerate. When the atoms are closer together, there is a splitting of the fourfold degeneracy due to interactions between the atoms [21]. However, this splitting is small compared with the other excitation energies of the two electron system, and analysis is often simpliﬁed by ignoring the higher states, thus representing the molecule as a simple four-state system. Within this system an operator is deﬁned, known as the Spin Hamiltonian (Eq. (2)), whose eigenvalues are the same as those of the original



Hamiltonian within the four-state manifold, and whose eigenfunctions give the spin of the corresponding states. X H spin ¼  JS1  S2 : ð2Þ It is important to note that the coupling in the Spin Hamiltonian depends only on the relative orientation of the two spins but not on their directions with respect to the locations, or separation of the atomic nuclei. This is a consequence of the spin independence of the original Hamiltonian, and holds without any assumption about its spatial symmetry. Terms that break rotational symmetry in spin space, such as dipolar interactions or spin–orbit coupling, must be included in the original Hamiltonian in order to produce a Spin Hamiltonian with anisotropic coupling. It must also be noted that, for only products of pairs of spin operators to appear in Eq. (2), it is necessary for all magnetic ions to be far enough apart that the overlap of their electronic wave functions is very small. A consequence of these considerations is that the exchange energy, which determines the strength of the spin–spin interaction, is actually dependent on both the relative separation, and relative orientation of the atomic nuclei about which the electrons are orbiting. Therefore, the spin–orbit coupling, which determines the magnetocrystalline anisotropy is also dependent on these variables. Consequently, externally applied stresses may also alter the energies determining the number, and locations, of domain walls, as well as the anisotropy energies for given crystallographic directions. Stress-induced anisotropy which favours one easy direction above another is, in part, caused by an asymmetry of the overlap of electron distributions on neighbouring ions [22]. Due to spin–orbit interactions, the charge distribution of an ion is spheroidal, not spherical. This asymmetry is linked to the direction of the spin, so that the rotation of the spin directions relative to the crystal axes changes the exchange energy and also the electrostatic interaction energy of the charge distributions on pairs of atoms. Both effects give rise to an anisotropy energy. In Fig. 13a the relative values
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Fig. 13. Anisotropy of easy directions leading to magnetomechanical effects and magnetostriction (from Ref. [22]).



Fig. 14. Adjacent spins in a domain wall.



of the interaction energies between ions are not the same as in Fig. 13b [22]. 7.1. Iron and steel Applied stresses will distort the structure of the crystal lattice. Since the energy required to maintain the orientation of a non-easy-aligned spin is dependent on its angular separation from the easy axes, the orientation will change when the lattice distorts. As the atomic spacing changes, so do the forces acting on non-easy-aligned magnetic



moments. Consider a 901 wall region where two adjacent spins are not parallel due to the gradual rotation present in a domain wall (Fig. 14). There are a number of forces on the spins which are in equilibrium in the absence of an external ﬁeld or applied stress. If an external stress was applied so as to minutely reduce the atomic spacing to some distance loa; where l  a  Da; the directions of the spins would in turn alter to bring the arrangement back into a state of equilibrium. In this case, the difference between the angles a and b
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would be reduced, since the spin–spin interaction would have an increased effect which tends to force the directions of the two spins closer to parallel. As this would also be occurring on all such pairs of non-easy-aligned spins, the overall consequence of the applied stress would be to move this particular wall in the direction of positive x until a stable energy conﬁguration is reached, thus increasing the size of the domain which is oriented in the y-direction. An applied stress which would achieve this in iron or steel would be either tension in y or compression in x:



8. Conclusions Once the coincident point was discovered, a satisfactory explanation was sought. It is apparent that the magnetic properties of the material become independent of the applied stress under these conditions. It is also generally accepted that stress applies an effective pressure on 901 domain walls. Therefore, it seems reasonable to deduce that no 901 domain walls are present in the material. The nature of domain walls then became the focus of the investigation. If one considers a domain wall as a series of non-easy-aligned magnetic moments (Fig. 9), and acknowledges the preferential directions created by stress, then it is a logical step to assume that applied stresses might only affect non-easy-aligned spins such as those found in domain walls, and in materials in very high ﬁelds. This implies that no 901 domain walls and no reversible rotations are present at the coincident point. In the limit a true saturation loop for iron or steel may not contain any domain walls except at grain boundaries. Thus, it would appear that the critical rotation ﬁeld is that required to produce an irreversible rotation of the magnetic moments (or large Barkhausen jump). The key features of a hysteresis loop are generally considered to be the saturation point, the remanence, and the coercive ﬁeld. The kink in a compression loop is a feature which may be determined quite accurately when a number of B vs. H loops are superimposed on each other, as it occurs at the same ﬁeld as the coincident point (in



iron and steel). With this in mind the loop may be divided into two parts: the section of the curve from the positive saturation ﬁeld to the negative critical rotation ﬁeld; and the section from the negative critical rotation ﬁeld to the negative saturation ﬁeld. The return part of the cycle is the mirror image of the ﬁrst half of the loop. Thus, we may consider a ‘‘hysteresis curve’’ which is half of a loop taken from the positive to the negative saturation ﬁeld values. There are essentially two mechanisms working together to create the magnetomechanical effect. The ﬁrst is simply the change in exchange energy which leads to an anisotropy between the easy axes (Fig. 13), thus applying pressure on 901 domain walls for iron and steel. The second is related to this effect, but is subtly different. That being the relative changes in the anisotropy energies for each direction, which may change the directions which are easy or hard (different materials and conditions will determine the limits of this). The application of tension in iron or steel alters the shape of the hysteresis loops, tending to make them more square. The implication is that if sufﬁcient tension was applied, ultimately the stress-induced anisotropy would overcome the magnetocrystalline anisotropy and a square-loop could be obtained from a sample with /1 1 1S directions parallel to the applied ﬁeld and tension. This assumption would require the reaction of the material to be linear with tension up to the required stress. The response of metals to stress is, of course, not a simple linear relationship at all values. The response may be elastic or plastic and the material will fail at sufﬁciently high stresses. It is a simple task to determine if sufﬁcient stress may be applied to a metal for stress-induced anisotropy to rival the magnetocrystalline anisotropy. In fact, this has already been determined by Cullity [17] who derived the equation for the anisotropy constant Ks ¼ 32lsi s;



ð3Þ



where lsi is the isotropic magnetostriction, and s is the applied stress. For the crystal and stress anisotropies to be equal, K1 ¼ 32lsi s;



ð4Þ
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thus, the stress required for this to occur is 2K1 s¼ : 3lsi



ð5Þ



[5]



For nickel, this stress is E105 MPa; which is relatively easily attainable. However, for iron the stress is E4600 MPa; which is about 10 times the fracture stress of iron and is, therefore, unattainable.



[6]
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