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Phase-field method micromagnetic microelastic modeling is employed to simulate the thermal

domain stability and enhanced magnetostrictive responses around the ferromagnetic morphotropic

phase boundary (MPB) in giant magnetostrictive Tb1�xDyxFe2 (x � 0:27) single crystal. The

simulation shows that the rhombohedral and tetragonal phases coexist in equilibrium in the vicinity

of MPB region due to the balance of weak magnetocrystalline anisotropy and strong exchange,

magnetostatic and ferroelastic interaction. Enhanced magnetostrictive response is found in the

vicinity of MPB, which could be attributed to the low-energy rotating pathways of local magnetiza-

tion vectors in the phase coexisting region. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4945684]

Morphotropic phase boundary (MPB) generally refers to

a special transition region in the ferroelectric composition-

temperature phase diagram, where two ferroelectric phases

with different crystallographic symmetries are abruptly sepa-

rated.1–3 Near the MPB region, the free energy landscape is

flat, allowing the polarization to rotate easily under a voltage

and thus giving rise to an enhanced electromechanical

response. Although most of the studies on MPB effects

focused on ferroelectric systems, such as PZT (PbZrO3-

PbTiO3),4 PMN-PT (PbMg1=3Nb2=3O3-PbTiO3),5 and

BZT-BCT (Ba(Zr0.2Ti0.8)O3-(Ba0.7Ca0.3)O3),6 it has been

proposed that MPB might be a universal effect in both

ferroelectric and ferromagnetic systems.7,8

Giant magnetostrictive materials, as modern smart mate-

rials, are playing an increasingly more important role in

many applications, such as ultra-sensitive sensors, high

energy density actuators, acoustic transducers, etc.9 In the

past decades, in order to exploit the giant magnetostriction at

low field, much effort has been devoted to seek an anisotropy

compensation system. Recently, Yang et al. experimentally

found that the boundary separating the easy magnetic direc-

tions (EMD) Ms k ½111� and Ms k ½100� indeed corresponds

to the boundary separating the rhombohedral (R) and tetrag-

onal (T) structures, and the anisotropy compensation area is

analogous to a ferroelectric MPB.10 Bergstrom et al. reported

a ferromagnetic MPB in Tb1�xDyxFe2 (Terfenol-D) and

found that the traditional single-ion model could not account

for the temperature dependence for the transition width near

the MPB.11 Zhou et al. reported a ferromagnetic MPB in

Tb1�xGdxCo2 system, showing another type of MPB wherein

giant susceptibility with zero strain was observed.12 Ma

et al. found a coexistence of R and T phases over a wide

range of temperatures and observed nanodomain microstruc-

tures in Tb0.3Dy0.7Fe2.13 Adil et al. also found a coexistence

of R and T phases near the MPB of Tb1�xGdxFe2 system by

synchrotron x-ray diffraction.14 Earlier M€ossbauer-effect

studies on Tb1–xHoxFe2 system showed a magnetic order

“triple phase point” behavior.15 All these systems together

show the rising interest in ferromagnetic MPB, which might

greatly enrich the connotation and extension of MPB.

Moreover, because of the optimized magnetostrictive prop-

erty and susceptibility in the vicinity of MPB, the mecha-

nism of phase transition and the detailed domain

microstructure is a question of both scientific and technologi-

cal importance.

In spite of such wide experimental studies in ferromag-

netic MPB, the insight of the domain structures and switching

near ferromagnetic MPB is still lacking. Several phenomeno-

logical approximations have been developed to explain the

magnetostrictive behavior of Terfenol-D with composition

near Tb0.27Dy0.73Fe2.16–21 Mechanisms proposed so far,

however, mostly focus on the evolution of domains of rhom-

bohedral phase and assume that each domain evolves inde-

pendently and is not affected by neighboring domains, which

means no strain compatibility and intrinsic stress were con-

sidered. As a matter of fact, in real materials, multi-phases

domain structures are expected because of the low magneto-

crystalline anisotropy and nanoscale decomposition micro-

structures in the vicinity of MPB area.13 Moreover, the

intrinsic stress caused by the elastic incompatibility is crit-

ically important, especially in materials with large intrinsic

strain such as giant magnetostrictive materials. The phase-

field method, which incorporates the micromagnetic and

microelastic theories, has been demonstrated to be a powerful

tool for studying the domain structures in magnetostrictive

materials.22–25 In this work, in order to consider the effects

from the multi-phase coexistence and elastic incompatibility
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near MPB, we employ the phase-field method to study the

temperature dependence of domain structures and switching

in Tb1�xDyxFe2 (x � 0:27) single crystal.

In the phase-field model of ferromagnetics, the magnetic

domain microstructure is described by the spatial distribution

of the local magnetization M(m1,m2,m3), where mi are the

components of unite magnetization vector, m¼Mi/Ms. The

equilibrium and transient magnetization configuration is

evolved by the Landau-Lifshitz-Gilbert (LLG) equation,

which is described as

1þ a2ð Þ @M

@t
¼ �c0M�Hef f �

c0a
Ms

M� M�Hef fð Þ; (1)

where Ms the saturation magnetization, a and c0 the damping

constant and the gyromagnetic ratio, respectively. Heff is the

effective magnetic field, determined by Hef f ¼
�ðl0MsÞ�1ðdEtot=dmÞ with l0 the vacuum permeability and

Etot the total free energy. The Etot is written as

Etot ¼ Eani þ Ems þ Eexc þ Eel þ Eext; (2)

where Eani, Ems, Eexc, Eel, and Eext are the magnetocrystalline

anisotropy, magnetic exchange, magnetostatic, elastic, and

external energies, respectively. The magnetocrystalline ani-

sotropy energy can be written as

Eani ¼
ð ð ð

V

½K1ðm2
1m2

2 þ m2
2m2

3 þ m2
3m2

1Þ þ K2m2
1m2

2m2
3�dV;

(3)

where K1 and K2 the magnetocrystalline anisotropy coeffi-

cients, and V is the total volume of the system. The elastic

energy generated from the local deformation can be

expressed as

Eel ¼
ð ð ð

V

1

2
cijkleijekldV ¼

ð
V

1

2
cijkl eij � e0

ij

� �
ekl � e0

kl

� �
dV;

(4)

where cijkl the elastic stiffness tensor, eij the elastic strain, eij

the total strain, and e0
ij the stress-free strain. In cubic magne-

tostrictive materials, the stress-free strain e0
ij denotes the

spontaneous lattice deformation coupled to the local magnet-

ization and is given by

e0
ij ¼

3

2
k100 mimj �

1

3

� �
i ¼ jð Þ

3

2
k111mimj i 6¼ jð Þ;

8>>><
>>>:

(5)

where k100 and k111 the magnetostrictive constants.

According to Khachaturyan’s mesoscopic elastic theory,26

the total strain eij can be represented as the sum of homogene-

ous strain �e and heterogeneous strain ehet
ij , i.e., eij ¼ �e þ ehet

ij .

The heterogeneous strain follows the integral relation-

ship of
Ð Ð Ð

Vehet
ij dV ¼ 0 and can be further described using

the displacement ui(r) as

ehet
ij ¼

1

2

@ui

@xj
þ @uj

@xi

� �
: (6)

The ui(r) can be solved using Khachaturyan’s microelasticity

theory.26 The formulation of other energy terms of Ems, Eexc,

and Eext could be found in Ref. 22. The evolution of domain

microstructure is described by the LLG equation, which is

numerically solved using the Gauss-Seidel projection

method.27

In the simulation, a model size of 512Dx� 512Dx �1Dx
with cell size Dx of 5 nm, and periodic boundary condition

are employed. The initial domain structure is created by

assigning random orientations for the magnetization config-

uration. The corresponding material parameters are obtained

from previous experiments and theoretical calcula-

tion.9,16,28–30 Similar as how Atzmony15 and Bergstrom11

did, due to the lack of some experimental data, here we

assume Ki(Tb1�xDyxFe2)¼ (1�x)Ki(TbFe2)þ xKi(DyFe2),

where Ki are the ith order magnetocrystalline anisotropy

coefficients at different temperatures.31 The Ki of parent

alloys TbFe2 and DyFe2 at different temperatures have been

calculated in Ref. 29.

The change in domain structure of Tb0.27Dy0.73Fe2

with temperature as shown in Fig. 1 indicates a bridging

domain mechanism for phase coexistence around MPB.

FIG. 1. Magnetization domain structures (arrows show different magnetiza-

tion direction) of Tb0.27Dy0.73Fe2: Rþ1 : (1, 1, 1); R�1 : (�1, �1, �1); Rþ2 : (1,

1, �1); R�2 : (�1, �1, 1); Rþ3 : (1, �1, �1); R�3 : (�1, 1, 1); Rþ4 : (1, �1, 1);

R�4 : (�1, 1, �1) and Tþ1 : (1, 0, 0); T�1 : (�1, 0, 0); Tþ2 : (0, 1, 0); T�2 : (0, �1,

0); Tþ3 : (0, 0, 1); T�3 : (0, 0, �1) at (a) T¼ 330 K; (b) T¼ 320 K; (c)

T¼ 310 K; (d) T¼ 300 K; (e) T¼ 280 K; and (f) corresponding phase vol-

ume fraction under different temperatures.
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From Figs. 1(a) and 1(e), it can be seen that when the tem-

perature is away from the MPB area, domains of tetragonal

phase mutually form twins of {110} boundaries with 90� do-

main walls, while domains of rhombohedral phase form

twins of either {110} or {100} boundaries with 71� and 109�

domain walls. These simulation results are in agreement

with the crystallographic analysis of domain microstructure

and previous experimental results.32–37 At 310 K (Fig. 1(c)),

the minority tetragonal phase spontaneously coexists with

and bridges the domains of the majority rhombohedral phase

in different orientated domain boundaries. As shown in Figs.

2(b) and 2(c), this existence of minor tetragonal phase as

bridging domains increases the anisotropy energy but effec-

tively reduces other energies including the magnetic

exchange energy, magnetostatic energy, and elastic energy,

leading to the decrease in total energy. The local energy min-

imum as well as the inhomogeneous internal stress distribu-

tion among the domain boundaries with multiple structure

variants together provides a favorable configuration and nat-

ural mechanism for phase coexistence. In fact, a very recent

high resolution transmission electron microscopy experiment

has provided the direct evidence for the nanoscale tetragonal

domains coexisting with the local strip-like rhombohedral

domain,13 which is similar with our simulation results.

The more interesting result is that complex poly-domain

microstructure with mixed rhombohedral and tetragonal

phases appears near the center area of MPB at 300 K, as

shown in Fig. 1(d). This spontaneously formed multi-phase

domain structure has not been observed before probably

because existing efforts were mainly focused on the rhombo-

hedral side of MPB. It is worth noting that under the condi-

tion of low magnetocrystalline anisotropy as shown in Fig.

2(a), the energy gap between rhombohedral and tetragonal

phase are drastically reduced, leading to a weakness of the

coupling between magnetization and atomic framework.

Consequently, domain morphologies will be strongly influ-

enced by the long-range elastic interactions arising from the

accommodation of misfit strain and elastic inhomogeneity

among multiple structure orientation variants.38 Energy

analysis (Fig. 2(f)) indicates that the R-T 55� domain wall

has the lowest total energy density compared with the R-R

and T-T domain walls, which further stabilizes the phase

coexistence. The lower R-T 55� domain wall energy is the

result of the lower anisotropy, exchange, magnetostatic

energy density, as well as the releasing elastic energy density

to achieving domain-average stress accommodation.39 Phase

volume fraction analysis (Fig. 1(f)) shows that the tempera-

ture range for the existence of a multi-phase poly-domain is

about 25 K (from 295 K to 320 K), wherein rhombohedral

and tetragonal phases coexist. In particular, as will be shown

in the following, this configuration of coherent domain

microstructure could provide a low-energy pathway for mag-

netization transition between different magnetic easy axes.

The simulated strains of Tb0.27Dy0.73Fe2 at various tem-

peratures are shown in Fig. 3(a). As expected, the strain at

285 K is low because of the small k100. While for the case in

the vicinity of MPB with temperature range from 300 K to

320 K, the widely observed dramatic increases in experi-

ments40–42 are obtained. Domain microstructure evolution

analysis shows that the large increase is due to both the

magnetization rotation and associated domain wall motion,

which is consistent with previous simulation results on

growth twinned Terfenol-D.23 It is worth noting that the low-

est critical field Hcr appears at 300 K, while it increases with

the temperature away from MPB. The detailed domain evo-

lution with increasing applied fields corresponding to A, B,

and C in Fig. 3(a) are shown in Figs. 3(b), 3(c), and 3(d).

Fig. 3(e) is used to schematically show the domain evolu-

tion: the rhombohedral phase domains which are away from

the direction of the applied field, such as R�3 and R�4 , gradu-

ally disappear while the tetragonal domain Tþ2 increases due

to the domain wall motion; thereafter, rhombohedral phase

domains which are near the applied field, such as Rþ1 and Rþ2 ,

appear near the boundary of Tþ1 domain and Tþ2 domain by

the domain switching, which means, tetragonal phase as an

intermediate phase provides a low-energy pathway for the

rhombohedral phase domains rotation from the direction

away from the applied field to that near the applied field.

FIG. 2. (a) Thermodynamic analysis of

anisotropy energy profile within (�110)

plane at different temperatures for

Tb0.27Dy0.73Fe2. Distribution of (b)

magnetocrystalline anisotropy energy

density and (c) total energy density

corresponding to the domain structure

in Fig. 1(c). Distribution of (d) magne-

tocrystalline anisotropy energy density

and (e) total energy density corre-

sponding to the domain structure in

Fig. 1(d). (f) Anisotropy, elastic, mag-

netostatic, exchange, and total energy

density distributions along the marked

line of xd in (e).
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This low-energy intermediate state together with the multi-

faceted rhombohedral phase domains provides the large

strain response at low field.

In conclusion, the temperature dependence of domain

microstructures and strain behaviors of Tb0.27Dy0.73Fe2

(Terfenol-D) are systematically simulated by using a phase-

field micromagnetic microelastic method. A bridging domain

mechanism is proposed to account for the predicated phase

coexistence. The tetragonal phase, as an intermediate, pro-

vides a low-energy pathway for the rotation of the rhombo-

hedral phase domains from other directions to the direction

of the external field, which explains the enhanced magneto-

strictive response around MPB. Similar bridging domain

mechanism was also proposed in ferroelectric PZT system,43

which indicates the domain-level physical parallelism

between ferromagnetic and ferroelectric MPB. It could be

understandable by the similar characteristic energy terms

described in ferromagnetic and ferroelectric systems: magne-

tocrystalline anisotropy energy–bulk chemical energy,

exchange energy–gradient energy, magnetoelastic energy–e-

lectroelastic energy, and magnetoststic energy–electrostatic

energy. The difference between ferroelectric MPB and ferro-

magnetic MPB mainly comes from the different behavior of

polarization and spin. As for detailed difference between

effects from different energy contributions to the stability of

MPB in ferroelectrics and ferromagnetics, a systematical

simulation need to be performed for making comparison.

Finally, it is noteworthy that this phase-field modeling could

also be used to predict the composition dependence of do-

main structures if the related material parameters are avail-

able. The present work intuitively elaborates the microscopic

mechanism for the domain-strain behavior near a ferromag-

netic MPB and is expected to stimulate future experimental,

theoretical and engineering efforts on developing devices

based on the unique behavior in ferromagnetic MPB.
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