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ABSTRACT

The grain size effects on the phase coexistence and magnetostrictive response of Tb,_,Dy,Fe, polycrystals near the ferromagnetic
morphotropic phase boundary (MPB) are revealed through phase-field modeling. It shows that phase coexistence is a universal phenomenon
in polycrystals for both ferromagnetic and ferroelectric MPB and that the range of compositions for phase coexistence increases with decreas-
ing grain sizes. A large, reversible, and anhysteretic magnetostrictive response at low external fields is also found in the fine-grained polycrys-

tals around the ferromagnetic MPB, which offers us a route to developing nanocrystalline magnetostrictive materials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5118927

Chemical and structural heterogeneities as well as the result-
ing interaction of two or more coexisting phases in functional
oxides usually lead to extraordinary material properties, as
observed in relaxor ferroelectrics and piezoelectric materials at the
morphotropic phase boundary (MPB)." ~ In the past few decades,
many theoretical and experimental investigations have been
devoted to seeking the origin of phase coexistence at the ferroelec-
tric MPB and its effects on the material performance.” * The con-
cept of ferroelectric MPB was later physically parallelly extended
to magnetostrictive alloy systems, i.e., the ferromagnetic MPB.” "'
An excellent magnetoelastic response was also found near the fer-
romagnetic MPB. Recently, high resolution transmission electron
microscopy has provided direct evidence for the coexistence of
rhombohedral (R) and tetragonal (T) nanoscale domains (below
10 nm) in the giant magnetostrictive Tb, 3Dy ;Fe, alloy.12 What is
more, Zhou et al. have proposed another type of ferromagnetic

MPB system wherein a giant magnetic susceptibility with zero
strain was found.'” More recently, Ma et al. have revealed a sign-
changed-magnetostriction effect of ferromagnetic MPB.'" These
studies show the increasing interest in ferromagnetic MPBs, which
are a topic of both scientific and technological importance.

Our recent phase-field simulations on the temperature depen-
dence of domain structures in the Tby,;Dy,73Fe, single crystal13
showed that phase coexistence with multidomain microstructures
indeed appears in the vicinity of ferromagnetic MPB, which was con-
sistent with the experimental results.'” We further revealed the crucial
role of long-range magnetostatic interaction and elastic interaction in
the phase coexistence at the ferromagnetic MPB through energy analy-
sis. The pictured kinetic path of domain evolution during field-
induced phase transformations provides an opportunity to exploit the
desired strain behaviors. However, in both experimental and theoreti-
cal works on the ferromagnetic MPB, most interest was paid to the
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intrinsic contribution (in a single crystal), while little has been paid to
the study of ferromagnetic MPB in polycrystals so far. In this paper, we
report the grain size-dependent behavior of ferromagnetic MPB and the
underlying mechanism of phase coexistence in ferromagnetic polycrys-
tals through phase-field modeling. In particular, we propose a grain size
effect on the magnetostrictive response of ferromagnetic polycrystals.

The grain structure and the domain structure in each individ-
ual grain are considered to describe the microstructure of a poly-
crystal. The total free energy of a ferromagnetic polycrystal system
is written as'

Epr = J (Eum' + Eet + Eexe + Eps + Eext)dV7 (1)
14

where E,,,; denotes the magnetocrystalline anisotropy energy density,
E,; the elastic energy density, E,,. the exchange energy density, E,,,; the
magnetostatic energy density, and E,, the external field energy
density. The domain structure within each grain is described by the
inhomogeneous distribution of the local magnetization MF, where
i=1, 2, 3 and the superscript L indicates that the magnetization com-
ponents are expressed in local coordinates within each individual
grain. Therefore, the anisotropy energy density in a given grain can be
given as'’

E..i =K, [(m mé)2 + (mémg)z + (mgml) } + Kz(m mémg)z,
(2)

where K; and K, are the anisotropy constants and m? are the compo-
nents of the reduced magnetization vector, MiL/Ms. To solve the elas-
ticity and magnetostatic equations, a common global coordinate
system is introduced. Similar to the ferroelectric polycrystals,® the
local magnetization M’ is related to the magnetization in the global
system M through

M} = R;M;, ®

where R;; represents the grain rotation matrix field that describes the
geometry (size, shape, and location) and crystallographic orientation
of individual grains in the polycrystal. The elastic energy density is
given in the global coordinate system by'’

1

1
Ey = 5 Ciiki€iiek = 5 ciki (& — 83)(% — &), S

where Cijki Tepresents the elastic stiffness tensor, € the elastic strain, &jj
the total strain, and sg the spontaneous strain. In cubic magnetostric-
tive materials, the spontaneous strain denotes the spontaneous lattice
deformation coupled to the local magnetization in a given grain and
can be expressed by'”

) ©)

32
|
N W W

Aamimy (i #J)

where 2,9 and 4, are the magnetostrictive constants. The spontane-
ous strain in the global coordinate system can be obtained from

s‘.’. = RRyepy . (6)

According to the Khachaturyan theory on microelasticity,”’ the
total strain &; can be represented as the sum of the spatially
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independent homogeneous strain ¢ and a spatially dependent het-

erogeneous strain SZE‘, ie.,

&ij = &jj + 8}’”. (7)

The homogenous strain determines the macroscopic shape deforma-
tion of the entire polycrystal resulting from an applied strain, phase
transformations, or domain structure changes. If a constant strain 8;]
applied to the entire system, &; = &; If the system is unconstrained
and there is no stress applied, ; is obtained by minimizing the total
elastic energy with respect to the homogeneous strain. In this case, the
homogenous strain is given by & 8,] = 8 , where ). represents the intrin-
sic strain; If a constant stress a7 is apphed & is obtained by minimiz-
ing the sum of elastic energy and the potential of the mechanical
loading with respect to the homogeneous strain. In this case, the
homogenous strain is given by’

£jj = SijkiOy + € 8,J, (8)

where s;;; are the three independent compliance constants for a cubic
material in Voigt’s notion. The equilibrium heterogeneous strain satis-
fies the mechanical equilibrium condition

03 =0, ©)]

where ¢;;; is the sum of the derivatives of elastic stress of ¢;; with
respect to the j axis of global coordinates. For simplicity, we assume
the elastic constants to be isotropic. The equilibrium heterogeneous
strain can be solved using the Fourier transforms.'®”' The magnetic
domain structures are obtained by numerically solving the kinetic
(time-dependent Landau-Lifshitz-Gilbert) equation using the Gauss-
Seidel projection method."”

We performed quasi-two-dimensional numerical simulations to
study the domain configuration and magnetostrictive response in
Tb,_,Dy,Fe, polycrystals for computational reasons and simplicity
although the model is applicable to three-dimensional polycrystalline
systems. Polycrystalline structures with random grain orientations and
different grain sizes are generated using the grain-growth model devel-
oped by Krill and Chen,” as shown in Fig. 1. Different polycrystalline
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FIG. 1. Grain size-dependent phase coexistence phenomenon around ferromagnetic
MPB in Tby_,Dy,Fe, polycrystals. (a)-(c) show the polycrystalline structures with
different average grain sizes of 70, 39, and 19 nm, respectively.
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structures with average grain sizes of 70, 39, and 19 nm were set as the
inputs for the magnetic domain evolution. In the simulation, a system
of 256A x 256 A x 4A with a cell size of A =2 nm was adopted, with
the periodic boundary condition employed. The initial magnetic con-
figuration was created by assigning random magnetization in each
simulation cell. The corresponding material parameters were obtained
from previous experimental and theoretical works.'®** *® Similar
to the treatment by Bergstrom et al'' and Atzmony et al,”’ the
anisotropy constants of Tb;_,Dy,Fe, were set as K/(Tb;_,Dy,Fe,)
= (1—x)K(TbFe,) + xK{DyFe,), where K; are the ith-order magneto-
crystalline anisotropy constants. The composition range was chosen to
vary within 0.66 < x < 0.82. For each composition and grain size, the
statistical average of 10 individual simulations with different random
initial magnetization was applied to overcome the accidental error.

The average volume fraction of the tetragonal phase as a function
of the composition x for different average grain sizes is illustrated in
Fig. 1. It can be seen that the tetragonal phase fraction increases
smoothly across the MPB from the Tb-rich (rhombohedral) side to
the Tb-poor (tetragonal) side. That is, tetragonal and rhombohedral
phases coexist over a composition range of 0.66 < x < 0.82. This
composition width of nanograins is much larger than that of micro-
grains.”® As the grain size decreases, the number of tetragonal variants
present in each grain decreases, and most of the grains become single
domains when the average grain size decreases to 19 nm, as shown in
Fig. 2(b). A similar grain size effect of phase distribution has also been
observed in the experimental and theoretical works of ferroelectric pol-
yerystals.'***” More importantly, the simulation also reveals a grain
size effect of phase coexistence around the MPB of ferromagnetic poly-
crystals: The width of the phase coexistence composition range of
Tb; _,Dy,Fe, increases upon decreasing the grain size from 70 nm to
19 nm. The underlying mechanisms are revealed in Fig. 2.

Figure 2(a) shows the thermodynamic analysis of the anisotropy
energy profile within the (110) plane for the compositions with
x=0.68, 0.72, 0.73, 0.75, and 0.80. As in the case of single crystals,
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because of the low anisotropy energy barrier between rhombohedral
(M; ||[111]) and tetragonal (M; ||[100]) phases in the vicinity of MPB,
local energy minimum as well as the inhomogeneous internal stress
distribution among the domain boundaries with multiple structure
variants together give rise to a favorable bridging domain configura-
tion and natural mechanism for phase coexistence.'” Such a multido-
main microstructure is also found in the polycrystal with the
composition in the vicinity of MPB, especially for the larger nanograin
system, as shown in Fig. 2(b). At both ends of the MPB, the energy
barrier between the stable phase and the metastable phase becomes
high, and it is difficult to overcome this barrier even if there might be
additional energy arising from the lattice misfit and magnetization dis-
tribution among multiple domain variants (in/out of different grains).
Thus, the volume fraction of the metastable phase decreases when the
compositions deviated from the MPB. This mechanism gives rise to
the composition-dependent phase coexistence behavior for the poly-
crystals with the same average grain size. On the other hand, it should
be noted that the mechanical and magnetic configurations around the
grain boundaries have significant effects on the phase-coexisting
domain microstructures for the composition range around the ferro-
magnetic MPB. In polycrystals, high internal stresses usually develop
around grain boundaries and especially their junctions as shown in
Fig. 2(d), where magnetic charges also accumulate. As a result, minor
domains of the metastable phase preferably form at grain boundaries
and their junctions and then further extend toward the inside of
grains. This grain boundary effect is more significant for ferromagnetic
polycrystals with smaller grains. Taking x = 0.73 as an example, in Fig.
2(c), we can see that high anisotropy energy density mainly concen-
trates at the grain boundaries, and the average anisotropy energy den-
sity decreases upon decreasing the grain size from 70 nm to 19 nm.
Moreover, the elastic energy density also concentrates around grain
boundaries and especially their junctions, leading to an inhomoge-
neous magnetization distribution due to the magnetostrictive effect.
As the grain size decreases from 70 nm to 19 nm, the total fraction of

() (©

w
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w N

FIG. 2. (a) Thermodynamic analysis of
the anisotropy energy profile within (110)
for Tbg 27Dy 73Fe, with different x values
(the curves from inside to outside corre-
spond to different x values of 0.68, 0.70,

0.72, 0.73, and 0.78). (b) Magnetization
and domain structures of Tbg27Dyo 73Fes
polycrystals with different average grain
sizes of 70 nm, 39 nm, and 19 nm, respec-
tively: T,F: (1,0, 0); T,: (=1, 0, 0); T,
(0,1, 0); T,: (0, =1, 0); T, (0, 0, 1);
T;: (0,0, —=1) R (1, 1, 1); and Ry:
(=1, =1, =1 Ry (1,1, =1); Ry: (-1,

(x10° J/m?)

ela

F

=1 RS (1, =1, 1) Ryt (=1, 1, =1);
Rf: (=1, 1, 1), Ry: (1, =1, =1). (0)
Anisotropy and (d) elastic energy density
se distributions for the Tby 27Dyo 73Fe, poly-
i crystals with different average grain sizes
) of 70 nm, 39 nm, and 19 nm, respectively.
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FIG. 3. Magnetostriction loops of Thy 27Dy, 73Fe, nanocrystals with grain sizes of
70, 39, and 19 nm.

grain boundaries in the polycrystal is gradually enriched, correspond-
ing to the concentration of high internal stresses and the accumulation
of magnetic charges. The lower anisotropy energy barrier, higher inter-
nal stresses, and corresponding magnetization distribution together
give rise to the preferable formation of the metastable phase at the
grain boundaries of smaller nanograins. This mechanism explains the
size-dependent phase coexistence composition range for the polycrys-
tals with different grain sizes.

In order to study the effect of the grain size on the magnetostrictive
response, we constructed the strain-magnetic field loops of
Tby 2;Dyo73Fe, with different grain sizes of 70, 39, and 19 nm as pre-
sented in Fig. 3. A high-sensitive, low loss magnetostrictive behavior can
be found in all nanocrystalline samples, and the average strain gradually
increases with the decreasing grain size. As shown in Fig. 2, the grain
boundaries are enriched with the decreasing grain size and most of the
grains become single domains when the average grain size is 19 nm. The
abundant grain boundaries act as sources for the nucleation of metastable
phases, due to the large elastic energy concentrated around grain bound-
aries and their junctions. Similar to the ferroelectric MPB systems,” field-
induced stable-to-metastable phase transformation”””" gives rise to the
increased domain reversibility and enhanced strain response. Therefore,
the nanopolycrystal with a smaller grain size provides more nucleation
sites for the phase transformation and domain switching, resulting in a
large, reversible, and anhysteretic magnetostriction at low external fields.
Grain refinement also supplies a method to further enhance the magne-
toelastic response of magnetostrictive polycrystals, especially for the
light-rare-earth-based RFe, (R = rare earth) alloys which could not be
readily transformed into single crystals or textured samples.’*"

In conclusion, a grain size- and composition-dependent behavior
of phase coexistence around the MPB in ferromagnetic polycrystals is
revealed through phase-field modeling. It should be noted that a simi-
lar phenomenon was also proposed in ferroelectric MPB systems,””
which suggests a domain-level physical parallelism between ferromag-
netic and ferroelectric MPBs. Furthermore, a large, reversible, and
anhysteretic magnetostrictive response at low external fields is also
found in the fine-grained polycrystals around the ferromagnetic MPB,

ARTICLE scitation.org/journal/apl

which will provide theoretical guidance for developing nanocrystalline
magnetostrictive materials.
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