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The large magnetostriction at the ferromagnetic morphotropic phase boundary (MPB) relies on easy mag-
netization switching under external magnetic fields. It has been proposed that both domain wall motion and
magnetization rotation occur under external magnetic fields at the ferromagnetic MPB. However, direct experi-
mental evidence of the latter is still lacking. Here we report direct evidence of both magnetization rotation and
domain wall motion under an external magnetic field at the MPB of the Tb,_,Dy, Fe, system through in situ
synchrotron x-ray diffraction experiments, which are further confirmed by phase field simulations. This work
unravels the origin of the large magnetostriction at the ferromagnetic MPB and could shed light on the design of

magnetostrictive materials.

DOLI: 10.1103/PhysRevB.108.224419

I. INTRODUCTION

The ferromagnetic morphotropic phase boundary (MPB),
which was initially called the “spin reorientation boundary”
[1], refers to the phase boundary separating a tetragonal
structure with [001] easy magnetization direction, and a rhom-
bohedral structure with [111] easy magnetization direction
in the phase diagram of ferromagnetic systems [2,3]. Such
a ferromagnetic MPB has been found in a number of binary
ferromagnetic systems, such as Tb;_,Dy Fe,, Tb;_,Dy, Co,,
and Tb;_,Gd,Fe, [2-5]. Similar to the giant piezoelectricity
at the ferroelectric MPB [6,7], giant magnetostriction has
been reported at the ferromagnetic MPB [2,3], which could
find application in a wide range of devices such as sensors,
actuators, transducers, and sonar, and thus has attracted much
attention in recent years.

The magnetostriction of ferromagnetic materials is un-
derpinned by magnetic domain switching under an external
magnetic field. Therefore, to understand the giant magne-
tostriction at the ferromagnetic MPB, it is essential to know
how domain switching occurs under external magnetic fields
at the MPB. Similar to physically parallel ferroelectric MPB
systems, where two possible domain-switching models exist,
i.e., polarization domain wall motion [8] and polarization
rotation [9], there are also two existing domain-switching
models at ferromagnetic MPBs, i.e., magnetic domain wall
motion and magnetization rotation [1,3-5,10-17]. While the
magnetic domain wall motion mechanism has been theoreti-
cally predicted and experimentally confirmed [10-13], there
has been no direct experimental evidence to support the
magnetization rotation mechanism, although it was proposed
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theoretically over 50 years ago [1,17]. This may greatly hinder
the understanding of the origin of the large magnetostriction
at ferromagnetic MPBs.

One possible way to detect the magnetization rotation ex-
perimentally under external magnetic fields is to measure the
lattice parameter change under external fields, as the crystal
lattice structure is directly coupled to the magnetization di-
rection [18]. However, unlike the strong polarization-lattice
coupling in ferroelectric systems and thus large lattice dis-
tortion at ferroelectric phase transitions [19], ferromagnetic
materials generally show very small lattice distortion at fer-
romagnetic phase transitions due to the weak spin-lattice
coupling in ferromagnetic systems [18]. Thus, it has remained
a big challenge to detect magnetization rotation experimen-
tally.

In this work, we consider the well-known ferromagnetic
MPB system Tb,_,Dy, Fe, [3,16,17,20] and carry out in situ
high-resolution synchrotron x-ray diffraction (XRD) measure-
ments on the ferromagnetic MPB composition at different
temperatures with 0 and 4 kOe external magnetic fields. We
found that under the external magnetic field, only domain
wall motion occurs at temperatures far away from the MPB,
as evidenced by the intensity change of characteristic XRD
peaks without any shift of peak positions. However, at tem-
peratures near the MPB, in addition to domain wall motion,
magnetization rotation also occurs, which is supported by the
position shift of characteristic XRD peaks. Further phase field
simulations have confirmed that both domain wall motion and
magnetization rotation occur at the ferromagnetic MPB due
to the small magnetization anisotropy. This work unravels
the mechanism of domain switching at ferromagnetic MPBs
and could shed light on the design of new magnetostrictive
materials.

©2023 American Physical Society
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II. METHODS

A. Experimental methods

Tb,_,Dy,Fe, alloys (x =0.0 to 1.0) were prepared by
arc melting from high-purity (99.9%) terbium, dysprosium,
and iron in an argon atmosphere. The crystal structure was
observed by high-resolution synchrotron XRD at the BL15XU
NIMS beamline in Spring-8. The samples for XRD mea-
surement were first ground into powder and then sealed into
quartz capillaries with a diameter of 1 mm. During the XRD
measurements, the capillaries were rotated so that the effect
of possible preferred orientation could be reduced and the
diffraction density could be averaged. During XRD measure-
ments, the temperatures of the samples were controlled to
vary between 40 and 400 K by a blow-type cryocooler, and
the external magnetic fields were applied through a NdFeB
permanent magnet placed under the rotating sample [18].
The magnetic properties of the samples were tested by a
superconducting quantum interference device, and the magne-
tostriction of them was measured utilizing strain gauges. The
storage modulus of the samples was measured by the dynamic
mechanical analysis (DMA) equipment at a frequency of 1
Hz.

B. Phase field simulation methods

Phase field simulations of a Tby3Dy,,Fe, single-
crystalline sample were performed. The magnetization vector
of each domain in the system is represented by M (M =
Ms m), in which Mg is the saturation magnetization and m
(my, my, my) is the unit vector describing the magnetization
direction. The total free energy of the system Fiyy iS writ-
ten as the sum of the magnetocrystalline anisotropy energy
Funi, the exchange energy Fuxcn, the magnetostatic energy
Finag, the external magnetic energy Fey, and the elastic energy
Fu, i.e., Foa = Fani + Fexen + Fmag + Fex + Fey. The magne-
tocrystalline anisotropy energy density fu, is written as a
function of (m;, m,, my),

Sani = Ki (m%m% + m%m% + m%m%) + sz%mﬁmﬁ, (1)
where K; and K, are the magnetocrystalline anisotropy
coefficients. The exchange energy density fexch 1S Written
in terms of m as follows: fix =A) i.j:1,2.3(mi,j)2. The
magnetostatic energy density fn,e is calculated by fiae =
—1woMs(HS" - m), in which the total stray field HY is the
sum of the long-range spin-spin interaction field ng‘em and
the demagnetization field H}'*P. HE¢®r js solved by the mag-
netostatic equilibrium equation V - (;L()ng‘e“’ + woMsm) =
0. The external magnetic energy density fex is written as fox =
—uoMsHey - m, where Hey is the external magnetic field. The
elastic energy density f is calculated by fy = %ci_,-klei jex =
1cijueij — 8?].)(8;(1 — &), where c;jiy is the elastic stiffness
tensor, ¢;; is the elastic strain, g;; is the total strain, and e?j
is the spontaneous strain or stress-free strain. The stress-free
strain can be calculated as

0 _ 3 21 0_3
&y = 3)»100(7711 — g) Epp=35A111mm;

0 _ 3 2 1 0 _3

£y = 5)\100(1712 - g) El3=5A111mMm3

0 _ 3 2 1 0 _3

£33 = 3h00(m3 — 3), e =3hinmoms, 2)

where Ao and A;;; are the magnetostrictive coefficients of a
cubic crystal.
The magnetization evolution is then obtained by solving

the time-dependent Ginzburg-Landau equation 33—';‘ = —L%
[21], where L is the kinetic coefficient. The parameters used
in our simulations are Mg = 8.0 x 10° A/m, K} = —-1.2 x

10* (T /K-250)J/m? (in which T is the temperature), K, = 0,
A1oo = 100 ppm, A1 = 1600 ppm, ¢1; = 1.41 x 1o N/m?2,
cip = 6.48 x 101°N/m?, and ¢y = 4.87 x 10'°N/m? [22].
The simulations were carried out in two dimensions with cell
sizes of 512 x 512 grids. Periodic boundary conditions were
applied in both dimensions. The time-dependent Ginzburg-
Landau equation was solved by the semi-implicit Fourier
spectral method.

III. RESULTS AND DISCUSSION

A. Full phase diagram of the Tb;_,Dy, Fe, system and the
magnetostrictive properties at the MPB

Figure 1(a) shows the temperature-composition phase di-
agram of the Tb;_,Dy Fe, system, which was constructed
using magnetization-temperature curves of all compositions
combined with the ac susceptibility (x’)-temperature curves
and synchrotron XRD profiles of MPB compositions. Note
that although extensive work has been done on this ferromag-
netic MPB system [3,16,17,20], this is the first time that a
complete phase diagram has been constructed. The phase dia-
gram consists of four regions: a high-temperature cubic-phase
(C, paramagnetic) region, a low-temperature rhombohedral-
phase (R, easy magnetization direction <111>) region, a
low-temperature tetragonal-phase (T, easy magnetization di-
rection <100>) region, and an intermediate state (IS) region
in between the R- and T-phase regions. The Curie temper-
atures (7T¢) of all compositions in the phase diagram are
determined from the magnetization-temperature curves of dif-
ferent compositions, as exemplified by that of Tbg 3Dy, ;Fe,
given in Fig. 1(b). The R-to-T phase transition temperatures
of MPB compositions (Tyipg) are obtained from the ac sus-
ceptibility (x') versus temperature relations as exemplified by
that of Tby 3Dy, ;Fe, given in Fig. 1(c). The inset in Fig. 1(c)
also shows the storage modulus-versus-temperature curve of
Tbo 3Dy, ,Fe,, where the storage modulus exhibits a dip at
Twps, indicating elastic softening at the MPB, and is similar
to the elastic softening found at ferroelectric MPBs [23]. The
red shaded area at the MPB line corresponds to an IS between
the R- and T-phase regions detected by the synchrotron XRD
results given in Fig. 1(d), which shows that, with temperature
decreasing, the {440} diffraction pattern evolves from that of
R (two {440} peaks) at 300 K to that of T (one {440} peak
only due to the too small tetragonal distortion here) at 160 K
through that of an intermediate state (three {440} peaks) near
Twvps (between 250 K and 220 K).

The three {440} peaks appearing in the IS region of the
phase diagram could arise from the presence of either a mix-
ture of R and T phases [3] or a mixture of R (or T) and
monoclinic (M) phases. Figure 2 shows the comparison of
the XRD Rietveld refinement results by the model of T 4+ R
mixture and the model of R + M mixture for {440} peaks
at 250 K, which illustrates that the values of goodness-of-fit
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FIG. 1. (a) Full phase diagram of Tb,Dy,_ Fe, system. (b) M-T curves of one representative MPB composition: Tby 3Dy, ;Fe,. (c) ac
Susceptibility (') versus T curve of Tby 3Dy, ;Fe,. Inset: Storage modulus versus T curve of Tbg 3Dy, ;Fe,. (d) The synchrotron XRD results

at the {440} peaks at different temperatures for Tb, 3Dy, ;Fe,.

(x?) and Rietveld indices (Rwp) are small for both models.
Thus, it is difficult to distinguish whether the new M phase
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FIG. 2. Comparison of results of the XRD Rietveld refinement
by the model of the R + T mixture (a) and the model of the R + M
mixture (b). Note that, here, the C phase instead of the T phase is
used for fitting because the tetragonal distortion in the Tb,_,Dy,Fe,
system is too small to be resolved by synchrotron XRD.

exists at the MPB through the synchrotron XRD results at
zero-field only. However, both the phase field simulation re-
sults and the synchrotron XRD data under external magnetic
fields given later suggest the presence of the new M phase.
Also note that for typical ferroelectric MPB systems, such as
Png1/3Nb2/3 03 —beT103 and PbZI’O3 —beTiO3, both ex-
periments and theoretical models have indicated the presence
of the M phase at the MPBs [9,24].

Figure 3(al) and 3(bl) shows the measured strain-
magnetic field loops at different temperatures and the
strain-temperature curves for Tby 3Dy, ,Fe, under an exter-
nal magnetic field of 10 kOe and 50 kOe, respectively.
Figure 3(a2) and 3(b2) summarizes the variation of its mag-
netostriction at these two fields with temperature. It indicates
that under an external magnetic field of 10 kOe, the largest
magnetostriction occurs at ~220 K and reaches a value over
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FIG. 3. The magnetostriction of Tby 3Dy, ;Fe, at different tem-
peratures under an external field of 10 kOe [(al) and (a2)] and 50
kOe [(bl) and (b2)].
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FIG. 4. The ({222}, {440}, and {800} peak profiles of
Tby 3Dy, ,Fe, at 0 Oe and 4 kOe external magnetic fields at tem-
peratures in the R-phase region (7 = 300 K) and T-phase region
(T = 160 K). In the T-phase region (T = 160 K), theoretically both
the {440} and {800} peaks were supposed to split into two peaks
with an intensity ratio of 1:2 and 2:1, respectively. But here, the
peak splitting does not occur because the tetragonal distortion in the
system is too small to be detected.

1200 ppm. Under a larger external magnetic field of 50 kOe,
the largest magnetostriction occurs at a lower temperature of
~200 K and reaches a value of ~1400 ppm. Therefore, it is
clear that the largest magnetostriction appears near the MPB
(at the IS region) of the Tb,_,Dy, Fe, phase diagram.

B. Direct evidence of magnetization rotation at the MPB
composition (Tby 3Dy, ,Fe,) detected by synchrotron XRD
experiments

If magnetization rotation occurs under an external mag-
netic field, lattice distortion would be induced due to the
magnetoelastic coupling effect, as shown by Eq. (2). It can
be deduced from Eq. (2) that, if the magnetization direction
is along the [001] direction, &, = &3, # €3; and &¥, = &¥, =
8(2)3. Such a lattice distortion produces a tetragonal symmetry.
When the magnetization direction is along the [111] direction,
el =), =), =0 and &Y, =&Y, = ¢9, # 0, which corre-
sponds to a rhombohedral symmetry. When the magnetization
direction is along the [110] direction, 8?1 = 832 * 8‘3)3, 8‘1)2 #*
0, and &}, = &9, = 0, which corresponds to an orthorhombic
symmetry. Finally, when the magnetization direction is along
the [uuv] or [Ouv] direction, &9, = &9, # &%, and ¥, # &%, #
&3;, which corresponds to a monoclinic symmetry. Therefore,
in order to find direct evidence of magnetization rotation,
we then investigate the domain-switching mechanism of the
Tbg 3Dy, ;Fe, MPB composition through comparison of syn-
chrotron XRD peaks under a zero and finite magnetic field.

Figure 4 shows the selected regions of in situ synchrotron
XRD patterns obtained both under a zero field and under a
4-kOe field at 300 K (in the R-phase region) and 160 K (in
the T-phase region), which demonstrate that at 300 K, the in-
tensity ratio for the (222)/(222) peaks shows a large increase
after the external magnetic field is applied. This intensity
change is due to the domain reorientation through domain wall
motion, which is also reflected in the increased (440)/(440)

{222} {440}

{800}

Intensity (a.u.)

e

] Iy
172 173 174 283 284 285 40.5 40.6 40.7

20

FIG. 5. The {222}, {440}, and {800} reflections for the
Tby 3Dy, ;Fe, alloy at zero external field and under a field of 4 kOe
at temperatures in the intermediate state region (at 250 K, 230 K, 215
K, and 200 K).

peak intensity ratio [18]. On the other hand, these XRD pat-
terns also show that the positions of all three characteristic
peaks do not shift, which suggests that the lattice parameter
of the crystal lattice does not change. Similarly, at 160 K, no
peak shift occurs before and after the external magnetic field
is applied, thus also suggesting no lattice parameter change.
Therefore, at temperatures far away from the MPB, both in the
R- and T-phase regions, the external magnetic field reorients
the domains through domain wall motion but does not change
the lattice parameter.

However, at temperatures close to the MPB, the situation
is different. Figure 5 illustrates the selected regions of the
XRD patterns of Tby 3Dy, ;Fe, both under zero magnetic
field and under a magnetic field of 4 kOe at 250 K, 230 K,
215 K, and 200K, respectively. As illustrated in Figure 1,
at these temperatures the structure of the sample at zero ex-
ternal magnetic field is in the IS region. Under the external
magnetic field of 4 kOe, it is demonstrated that at all four
temperatures, the intensity ratio of the {222} and {440} peaks
changes significantly, which thus indicates that domain wall
motion occurs at all four temperatures. Furthermore, shifts of
peak positions have also been detected, which indicates that
lattice distortion and thus magnetization rotation through the
M phase occur at all four temperatures. Note that at 250 K
and 230 K, only the positions of the {222} peaks shift for
an appreciable amount while at 215 K and 200 K, both the
{222} peak and the {440} peak shift. Such a difference could
be due to the fact that at higher temperatures (250 K and
230 K) that are closer to the R-phase region, the magnetization
vector rotates through the My phase with a [vuu] (v < u) easy
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FIG. 6. Evolution of domain structure and phases with temperature decreasing for the Tbg 3Dy, ,Fe, alloy obtained by phase field
simulations. (al)—(a4) Domain structure. Different colors represent the angle between the magnetization vector and the horizontal axis (0), as
indicated by the color bar. (b1)-(b4) The distribution of the T, M, and R phases in the sample.

magnetization direction within the (011) plane, while at lower
temperatures (215 K and 200 K) that are closer to the T-phase
region, the magnetization vector rotates through Mc phase
with the [Ouv] easy direction within the (001) plane [25,26].
Also note that no peak shifts are detected for the {800} peaks
at all four temperatures because A is extremely small in this
system [3]. Therefore, the synchrotron XRD results given in
Fig. 5 demonstrate that near the Typp of the Tby 3Dy, ;Fe;
alloy, both magnetization rotation and domain wall motion
occur under external magnetic fields.

C. Confirmation of magnetization rotation mechanism at the
ferromagnetic MPB by phase field simulations

In order to illustrate the details of the previous two mag-
netization switching processes, two-dimensional (2D) phase
field simulations are performed. Figure 6(al)-6(a4) shows
the simulated domain structures in Tby 3Dy, ;Fe, at different
temperatures, represented by the magnetization direction 6 of
each domain at each grid point, where 6 is defined as the
angle between the magnetization vector m and the horizontal
direction. Figure 6(b1)—6(b4) illustrates the distribution of the
T, R, and M phases within the whole sample at different
temperatures. These simulation results clearly illustrate that,
upon cooling, the domain structure of the sample changes
from one with R domains [Fig 6(al) and 6(b1)] to a mixture of
M + R domains [Fig 6(a2) and 6(b2)], and then to a mixture
of M + T domains [Fig 6(a3) and 6(b3)], and finally to one
with T domains [Fig 6(a4) and 6(b4)], which suggests that
the IS region detected by synchrotron XRD patterns should
include the new M phase. Note that the M phase is not ex-
pected according to the magnetocrystalline anisotropy energy
because the magnetocrystalline energy used in the simula-
tions takes the form of a sixth-order polynomial with K; and

K> only [see Eq. (1)] [25-27]. However, the M phase still
appears because it is stabilized by the long-range elastic en-
ergy and magnetostatic energy considered in the simulations
under small magnetocrystalline anisotropy, which is similar to
our previous finding that the M phase, although not stabilized
by the sixth-order Landau free energy, could be stabilized by
the long-range electrostatic and elastic energy under small
polarization anisotropy at the ferroelectric MPB [28,29].

Figure 7(al)-7(c2) then gives the domain structure evolu-
tion upon the application of an external magnetic field of ~4
kOe along vertical direction at three different temperatures
(315 K, 255 K, and 195 K) and Fig. 7(a3)-7(c3) plots vari-
ations of the magnetization direction (6) with positions along
the yellow dashed lines in Fig. 7(al)-7(c2). It is readily seen
that with the application of the external magnetic field, only
domain wall motion occurs at 7 = 315 K and 195 K (which
are away from MPB), while both domain wall motion and
magnetization rotation occur at 7 = 255 K (which is near
MPB). Such phase field simulation results are qualitatively
consistent with the synchrotron XRD results shown in Figs. 4
and 5.

D. Origin of magnetization rotation mechanism and its
implications

To understand further why continuous magnetization rota-
tion could occur at a ferromagnetic MPB, a simple analysis
is given next. Under an external magnetic field along the x;
direction, the total free energy density of the system ( fiora) can
be approximated as the sum of magnetocrystalline anisotropy
energy and the Zeeman energy, i.e., fiou = K| mfm% —
woM H m; = K cos*0sin’6 — h; cos 8, where hy = uoM,H,;
(2D case), and it can be shown that when K| is large (K; =
Ko > 0), the stable phase is always the T phase (6 = 0°) both
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FIG. 7. (al)—(c1) The domain structure at H = 0 kOe. (a2)—(c2) The domain structure at H = 4 kOe. (a3)—(c3) Variation of 6 with distance
along the yellow dashed line in (al)—(c1) and (a2)—(c2). MR and DWM are the abbreviation of magnetization rotation and domain wall motion,
respectively. The dark-gold and dark-green solid rectangles in (al)—(c1) and (a2)—(c2) give the positions where DMW and MR, represented by

the arrows in (a3)—(c3) occur, respectively.

without and with an external magnetic field H;, as shown in
Fig. 8(a); but when K, is small (K; = 0.1Kj), the external
magnetic field of H; would rotate the magnetization from the
easy [01] direction (6 = 90°, T phase) to the [uv] direction
(45° < 8 < 90°, M phase), as shown in Fig. 8(b). There-
fore, at the ferromagnetic MPB where the magnetocrystalline
anisotropic energy coefficient is small, magnetization rotation
under external magnetic fields could occur.

Note that at a ferroelectric MPB, continuous polarization
rotation also occurs due to the small polarization anisotropy
[9,29]. It thus can be concluded that continuous rotation of the
order parameter vector could be a general domain-switching
mechanism in ferroic materials with small anisotropy. The
conventional domain-switching mechanism, i.e., domain wall
motion, occurs in ferroic materials with relatively large
anisotropy. At small anisotropy, both domain wall motion and

K=k, H=h/(pMy) K, =0.1K, lehl/(HoMs)
/
3 =
@ D
= 2t
3 =]
= / e
H,=0
no MR ! . . . .
(a) 0 60 0 120 180 (b) 0 60 120 180

FIG. 8. Variation of magnetization direction (f) under the same external magnetic field at large anisotropy (K; = Kj) (a) and small

anisotropy (K; = 0.1K),) (b), respectively.
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continuous rotation of order parameters could be the possible
domain-switching mechanisms under external fields.

IV. CONCLUSION

In summary, we have constructed a complete phase dia-
gram of the TbyDy,_,Fe, system. At the MPB in between
the high-temperature rhombohedral-phase region and the low-
temperature tetragonal-phase region, a distinct structure and
superior magnetostrictive properties are observed. Through
synchrotron XRD measurements under both zero and finite
magnetic fields, we find that near the MPB, both domain
wall motion and magnetization rotation occur under an exter-
nal magnetic field, contributing to the large magnetostriction.
Further phase field simulations confirm that a monoclinic
phase appears at the MPB region, and magnetization rota-
tion could occur at the MPB due to the small magnetization
anisotropy. This work suggests that rotation of the vectorial or
tensorial order parameters (polarization, magnetization, and
strain) could be a universal phenomenon for ferroic materials
with small crystalline anisotropy that is responsible for the

appearance of a giant response at MPBs. It could shed light
on the future design of high-performance ferroic materials.
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