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In contrast to the use of a maze-like (randomly oriented) magnetic domain morphology or the 

application of a prestress, it is shown that spontaneously aligned domain morphology is capable 

of reducing the switching fields and producing a variety of magnetostriction strain pathways that 

are otherwise not possible by conventional materials approaches (composition and 

microstructure) alone. Using phase field micromagnetic microelastic modeling, the underlying 

magnetic domain evolution and the resultant strain behavior of giant magnetostriction materials 

with uniaxial magnetic anisotropy is explained by analyzing elastostatic interactions across 

domain walls arising from magnetostriction induced strain mismatch. 

 

Giant magnetostriction materials such as TbFe2 (Terfenol) and Tb0.3Dy0.7Fe2 (Terfenol-D) 

exhibit large strains on the order of 0.24% (ൌ λଵଵଵ ب λଵ).1, 2 Their ability to offer precise 

displacements in the nanometer range, combined with high forces, fast response rates, and 

remote actuation makes them well suited for applications in micro-systems. However, a 

bottleneck for widespread use of magnetostriction materials is their relatively large switching 

fields. Materials approach to reduce the switching field entails reduction of magnetic anisotropy. 

For example, the anisotropy of Tb-Fe alloys can be lowered by substituting terbium by 
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dysprosium and/or holmium.1, 3, 4 The anisotropy may be further reduced by decreasing the grain 

size to less than the ferromagnetic exchange length.5 Additional reduction in anisotropy is 

possible by making the films amorphous,6, 7 however, this also causes a reduction in the 

saturation magnetostriction (λ௦ ~ 10-4).1 A further decrease in switching field is possible by use 

of magnetic multilayers based on Kneller’s exchange spring mechanism.8-12 These approaches 

essentially represent the materials limits to further reduce the switching fields. 

The present study shows that the use of recently reported13 spontaneously aligned magnetic 

domain morphology (as opposed to maze-like, randomly oriented domains14-16) can produce 

magnetostriction strains at lower switching fields, thereby rendering them magnetically soft 

while using the same alloy composition and microstructure. Also remarkably, results show that 

different magnetostriction strain pathways become accessible within the same material 

depending on the direction of applied field relative to the aligned domains. This ability to 

controllably alter the strain pathways is otherwise not possible by conventional materials 

approaches alone (such as by varying the composition, microstructure, etc.). Note that the use of 

aligned domain morphology is also distinct and different from the use of a prestress to align 

magnetization in magnetostrictive materials; prestress actually causes the switching field to 

increase rather than decrease. 

Consider the magnetization and magnetostriction response of a film with randomly oriented 

domains [Fig. 1(a)] versus a film with highly aligned domain morphology [Fig. 1(b)]. Both 

domain patterns are from amorphous films of the same composition (Tb40Fe60) and both films 

have perpendicular magnetic anisotropy.13 However, whereas the random domain morphology in 

Fig. 1(a) is taken from a continuous film, the aligned domain morphology in Fig. 1(b) occurs in a 

microfabricated film. In both films the magnetization vectors in individual domains either point 
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in or out of the plane of the film (towards or away from the reader), as shown in the 

corresponding schematics in Figs. 1(a′-b′). If an in-plane magnetic field is applied to either film, 

a similar value of saturation magnetostriction strain is expected due to a 90o rotation of 

magnetization from out-of-plane to in-plane. However, as explained in the following, the 

switching characteristics and strain pathways for the two films are remarkably different due to 

the contribution of domain structure dependent elastostatic interaction to the magnetization 

process. 

To highlight the elastostatic interaction between domains, two adjacent domains are shown 

schematically in Fig. 2. At zero-field the magnetization is perpendicular to the film, Fig. 2(a). 

Application of an in-plane magnetic field would rotate the magnetization and deform the 

adjacent domains due to magnetostriction, as shown in Fig. 2(b-c). In the case of in-plane applied 

field normal to the domain walls (H⊥), Fig. 2(b), the deformation due to magnetostriction does 

not generate a strain mismatch at the domain wall. Thus magnetostriction strain does not impede 

the magnetization rotation process. In contrast, with in-plane applied field parallel to the domain 

walls (H||), Fig. 2(c), the resultant magnetostriction causes a strain mismatch between adjacent 

domains. This raises the elastic energy, making the magnetization rotation difficult. The degree 

of strain mismatch between adjacent domains, and thus the magnitude of elastic energy cost, 

depends on the orientation of domain walls relative to the applied field: it is minimum (zero) 

when the domain walls are normal to the field and maximum when the domain walls are along 

the field. It also implies that different domain morphologies (for example, random versus aligned 

domains in Fig. 1) should be expected to produce different magnetization and strain response for 

a given field direction. Moreover, the magnetization and strain response of aligned domains 

would also vary depending on the direction of applied field with respect to the domain walls. 
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This provides a morphological approach to tailoring a desired and controlled strain response 

within the existing materials. It is worth noting that magnetostatic interactions between two 

adjacent domains are independent of the domain wall orientation and does not contribute to the 

aligned domain approach described in this paper. This is because magnetization rotation of 

adjacent domains driven by an in-plane field does not generate magnetic charge at domain wall 

of any orientation. 

To better understand and utilize the strain mismatch at domain walls for tunable strain 

response, the contribution of elastostatic interaction to magnetization and strain behavior is 

quantitatively studied by computer simulations. Phase field micromagnetic microelastic 

modeling17 is employed to simulate magnetization process of amorphous Tb-Fe alloys with 

uniaxial magnetic anisotropy.13 In the model, coordinate-dependent magnetization direction field ܕሺܚሻ and magnetostrictive strain field ઽ୫ୱሺܚሻ, respectively describe magnetic domain structure 

and corresponding spontaneous magnetostrictive strain field; their average values represent 

macroscopic magnetization ܯ௦ܕۃሺܚሻۄ and strain ۃઽ୫ୱሺܚሻۄ as measured in experiments, and their 

heterogeneous parts ∆ܕሺܚሻ and ∆ઽ୫ୱሺܚሻ generate internal magnetic field and stress field 

responsible for domain interactions. As ܕሺܚሻ is the primary order parameter, ઽ୫ୱሺܚሻ is the 

secondary order parameter coupled to ܕሺܚሻ through magnetostriction constant λ௦:18 ߝ୫ୱሺܚሻ ൌ ଵଶλ௦ൣ3݉ሺܚሻ݉ሺܚሻ െ  ൧,   (1)ߜ

where ߜ is the Kronecker delta, and the indices i and j indicate vector and tensor components. 

For any given magnetization vector distribution ܯ௦ܕሺܚሻ under external magnetic field Hex, the 

total system free energy is a sum of magnetic anisotropy energy, exchange energy, magnetostatic 

self-energy, external magnetic energy, and elastic self-energy,17-21 

Fൌ ௨ሼ1ܭ െ ሾ݉ଷሺܚሻሿଶሽ݀ଷݎ  ሻ|ଶܚሺܕ݀ܽݎ݃|ܣ ݀ଷݎ  ଵଶ ௦ଶܯߤ  ௗయሺଶగሻయ ܖ| ·  ሻ|ଶܓሺܕ∆
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െߤܯ௦ ۶ୣ୶ · ݎሻ݀ଷܚሺܕ 
ଵଶ ݏ  ௗయሺଶగሻయ ܥൣ െ ݊ܥΩሺܖሻܥ௦݊௦൧∆ߝ̃୫ୱሺܓሻ∆ߝ̃୫ୱכሺܓሻ,     (2) 

where ܭ௨ is the material constant characterizing uniaxial magnetic anisotropy with the easy 

direction along the ݔଷ-axis, A is exchange stiffness constant, 0μ  is the vacuum permeability, ~ 

indicates Fourier transform, kkn = ܥ , ൌ ܩ2 νଵିଶν ߜߜ  ߜߜ)ܩ   ) is isotropicߜߜ

elastic modulus tensor, Ωሺܖሻ ൌ ఋೕீ െ ೕଶீሺଵିνሻ  is the Green function tensor, G is the shear 

modulus, ν  is the Poisson’s ratio, the indices indicate vector and tensor components and 

summation convention over repeated indices is implied, and se is a control parameter: it is set to 

1 (or 0) to include (or exclude) magnetostrictive effect for comparative study. It is noted that the 

long-range magnetic and elastic interaction energies are calculated in reciprocal space using the 

Fourier transforms of the magnetization field and stress free strain field.20, 21 The evolution of 

magnetization field is described by Landau-Lifshitz-Gilbert equation,17, 18 

డܕሺܚ,௧ሻడ௧ ൌ െ ఊఓబெೞሺଵାఈమሻ ቂܕ ൈ ఋிఋܕ െ ܕߙ ൈ ቀܕ ൈ ఋிఋܕቁቃ,    (3) 

where γ is the gyromagnetic ratio, and α is the damping parameter. Using 288×288 

computational cell with periodic boundary condition and material parameters Ms=3×104 A/m, 

Ku=103 J/m3, λ௦=10-4, A=10-11 J/m, G=2.5×1010 Pa, and ν =0.3,22, 23 magnetization of maze-like 

and aligned domain structures under magnetic field perpendicular to the easy-direction (ݔଷ-axis) 

is simulated. It is noted that the simulations consider domain structures that uniformly extend 

along the easy-direction, with a focus on the accurate magnetostatic and elastostatic interactions 

between domains through domain walls, as illustrated in Fig. 2, while neglecting the effects of 

substrate and free surface in a film/substrate system. The simulation results for three specific 

cases are presented in Fig. 3: Case I and II for aligned domains under magnetic field normal (H⊥) 
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and parallel (H||) to the domain walls, respectively, and Case III for random domains under 

magnetic field (H). 

The simulated magnetization and strain response of the aligned domains in Fig. 3(a) is 

shown in Fig. 3(b) and 3(c), respectively. As explained above, when field is applied parallel to 

the domain walls, the strain mismatch between the neighboring domains makes magnetization 

rotation energetically more difficult. This is evident in Fig. 3(b) by comparing the blue dashed 

line (for H||) with red solid line (for H⊥). The extra work done by H|| over that by H⊥ (the gray 

area between solid and dashed curves) is stored in the material as elastic energy, which is 

subsequently released by abrupt magnetization rotation, leading to the jump-like strain response 

(dashed blue curve) in Fig. 3(c). 

In contrast, the simulated magnetization of random domains does not show any such 

directional dependence. Figure 3(d) shows magnetization and strain behavior for a random 

domain structure shown earlier in Fig. 1(a). Compared to the aligned domain structure, the 

magnetization (or strain) response of the random domain structure [shown as green solid line (or 

green dash-dotted line) in Fig. 3(d)] lies in between that for aligned domain structure for H⊥ and 

H|| in Fig. 3(b) and (c). This is due to the fact that the randomly distributed domain walls with 

respect to the field direction generate elastostatic interaction energy that is between the two 

extreme cases for aligned domains, namely, with walls normal to the field (H⊥) and parallel to 

the field (H||). 

To distinguish the effect of elastostatic interaction caused by magnetostriction strain misfit 

between adjacent domains, Fig. 3(e) shows the magnetization response for Case I, II and III 

under zero magnetostriction condition, while all other material parameters are kept the same. 

Figure 3(e) shows that the three curves overlap. This confirms that the field direction dependence 
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of aligned domains in Fig. 3(b) and (c), and the different response between aligned domains 

versus random domains in Fig. 3(b), (c) and (d), is due to the elastostatic interactions caused by 

magnetostriction strain. It is also observed that the magnetization curve for H⊥ (solid red curve) 

in Fig. 3(b) is same as that of non-magnetostrictive material in Fig. 3(e). This confirms that 

magnetization rotation under H⊥ does not generate strain misfit between adjacent domains, and 

thus, does not influence magnetization process. To further reveal its contribution quantitatively, 

the elastostatic interaction energy of the magnetostrictive material during the entire 

magnetization process for Case I, II, and III is calculated and shown in Fig. 3(f). As expected, 

Case I (red solid line) practically does not involve elastic interaction energy. Case II (blue dashed 

line), on the other hand, involves large elastic interaction energy, which increases gradually until 

it reaches the maximum followed by a sudden reduction corresponding to the jump-like 

magnetization and strain response in Fig. 3(b) and (c). Case III (green dash-dotted line) also 

generates elastostatic interaction energy which increases gradually but with a lower value 

compared to Case II. It is also observed that the subsequent reduction in elastostatic interaction 

shows a less abrupt change than in Case II. 

The above analysis shows that strain mismatch between domains can significantly affect 

the magnetization process. Aligned domain morphology with appropriately oriented field offers a 

means to reduce the switching field and alter the strain response. In contrast, random domain 

morphology does not offer such ability. For example, using an aligned domain structure, H⊥ is 

desirable when linear and reversible response is preferred, such as for sensors and actuators, 

where lower magnetic field is required for partial strain. In contrast, H|| is desirable when we 

prefer nonlinear response with large hysteresis, such as for switching, and damping. The latter 

also offers full strain at a lower field, and higher reversible energy storage at low field. 
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Finally, to exploit the aligned domain approach, a crucial issue is whether highly aligned 

domain patterns can be (repeatedly) formed upon magnetic unloading. Recent experiments13 

have successfully demonstrated the formation of precisely such aligned domains in 

microfabricated amorphous Tb-Fe films, as exemplified in Fig. 1(b). Therefore, the domain 

morphology approach potentially offers an avenue to lower the switching fields and tailor the 

strain response in giant magnetostriction films. It is noted that although the simulations do not 

take into account the effects of substrate and free surface, the dominant elastostatic interaction at 

domain walls dictates the same qualitative features of the magnetization and strain response as 

shown in Fig. 3. Thus the aforementioned domain structure approach is applicable to a 

film/substrate system. Our ongoing work finds that the substrate and free surface plays important 

roles in the domain processes when magnetic field is applied along the easy direction that is 

normal to the Tb-Fe amorphous film, and will be reported in a later publication. 

In summary, magnetization and strain behavior of giant magnetostriction materials of 

unixial magnetic anisotropy under magnetic field normal to the easy-direction is studied by 

phase field micromagnetic microelastic modeling. The simulations reveal different magnetization 

and strain response for random versus aligned domain structures. Moreover, the aligned domain 

structure produces different strain response depending on the direction of applied field relative to 

the aligned domains. The underlying mechanisms are explained by domain wall orientation-

dependent elastostatic interaction due to magnetostrictive strain misfit between domains during 

magnetization process under magnetic field along a given direction. This offers a morphological 

approach to lower the switching field and alter the strain behavior, and has general implications 

for magnetostriction materials. This approach is also different from the often used prestress to 

align magnetization in magnetostriction materials that results in higher switching fields.  
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FIGURE CAPTIONS: 

FIG. 1. (Color online) (a) Maze-like or random domain pattern and (b) aligned domain 

morphology in amorphous Tb40Fe60 films with perpendicular magnetic anisotropy; (a′) and (b′) 

are the respective schematics. 

FIG. 2. (a) Schematic of magnetization in two adjacent domains at zero-field. (b) and (c) 

Magnetostrictive distortion of domains due to magnetization rotation with applied field normal 

and parallel to the domain wall, respectively. 

FIG. 3. (Color online) (a) Domain structure and orientation of applied field for three different 

cases: Case I and II refers to aligned domains, and magnetic field normal (H⊥) and parallel (H||) 

to domain walls, respectively; Case III refers to random domains under magnetic field (H). (b) 

Simulated magnetization and (c) strain curves for Case I and Case II. (d) Simulated 

magnetization (left axis) and strain curve (right axis) for Case III. (e) Magnetization curves for 

the three cases with zero magnetostriction as a comparison. (f) Misfit strain energy during 

magnetization process for the three cases. 
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Figure 1, PRB, Jin and Chopra 
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Figure 2, PRB, Jin and Chopra 
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Figure 3, PRB, Jin and Chopra 
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