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Ferromagnetic transition has generally been considered to involve only an ordering of magnetic moment with no
change in the host crystal structure or symmetry, as evidenced by a wealth of crystal structure data from conventional X-ray
diffractometry (XRD). However, the existence of magnetostriction in all known ferromagnetic systems indicates that the
magnetic moment is coupled to the crystal lattice; hence there is a possibility that magnetic ordering may cause a change in
crystal structure. With the development of high-resolution synchrotron XRD, more and more magnetic transitions have been
found to be accompanied by simultaneous structural changes. In this article, we review our recent progress in understand-
ing the structural change at a ferromagnetic transition, including synchrotron XRD evidence of structural changes at the
ferromagnetic transition, a phenomenological theory of crystal structure changes accompanying ferromagnetic transitions,
new insight into magnetic morphotropic phase boundaries (MPB) and so on. Two intriguing implications of non-centric
symmetry in the ferromagnetic phase and the first-order nature of ferromagnetic transition are also discussed here. In short,
this review is intended to give a self-consistent and logical account of structural change occurring simultaneously with a
ferromagnetic transition, which may provide new insight for developing highly magneto-responsive materials.
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1. Introduction

Generally, a ferromagnetic or ferrimagnetic transition
refers to an ordering of magnetic moment, and it stands as
a central issue for both a fundamental understanding of fer-
romagnetism and the vast applications of ferromagnetic ma-
terials. Over the past decades, the crystal structures of vari-
ous ferromagnetic materials have been determined by conven-
tional X-ray diffractometry (XRD), building up a wealth of
crystal structure data.!!'! These XRD data indicate that in gen-
eral there is no change in the host crystal structure or symmetry
upon a ferromagnetic transition; >3] thus a cubic paramagnet
has commonly been assumed to transform into a cubic fer-
romagnet upon a ferromagnetic transition. The best known
examples are those typical cubic ferromagnets like Fe, Ni,
CoFe,0y4, Terfenol-D, etc.: the crystal structure remains the
same, cubic, above and below the Curie temperature 7.l A
few exceptions exist (like NipMnGa, Fe—Pt alloys, etc.), but
their large structure change (1%—10%) is attributed to a simul-
taneous martensitic transition.*>! Therefore, from the avail-

able experimental evidence it seems that a ferromagnetic tran-
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sitions generally involve no structural change.

However, the existence of the magnetostrictive effect in
all known ferromagnetic systems suggests that the magnetic
moment is invariably coupled to the crystal lattice; *”! hence
magnetic ordering appears to have the potential to cause a
change in crystal structure. Such a possibility was suggested
by Callen and Callen in the year of 1963; they deduced a
crystal symmetry change upon a magnetic transition by a phe-
nomenological study.®! Also from the group theory developed
by Opechowski,[! it can be inferred from the tables of mag-
netic symmetry listed in Ref. [9] that a change of crystal sym-
metry upon magnetic ordering is likely. But, direct evidence
for the suggested structure change has remained obscure, as
all available diffraction data suggest that a cubic paramagnet
transforms into a cubic ferromagnet,!! as evidenced by the
non-splitting of diffraction peaks in the ferromagnetic phase.
So far, structural invariance at the ferromagnetic transition has
stood as a foundation stone of the present-day understanding
of ferromagnetism.

It should be further noted that the observed structural in-

variance at the ferromagnetic transition exists in sharp contrast
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to its physically parallel transition — the ferroelectric transi-
tion. In the case of ferroelectric transition (an ordering of elec-
tric dipoles at 7, ),1!'%!!] the dipole ordering causes a secondary
effect, a change in the crystal structure of the host lattice. Such
a structural change is caused by a coupling of the lattice strain
to the electric dipoles so that the dipole ordering produces an
ordering of the strain, i.e., a significant lattice distortion or
structural change at 7;. Such a lattice distortion is on the or-
der of 1% for ferroelectrics, and it reveals itself as a splitting
of the diffraction peaks.!!?! In view of the physical parallelism
between ferroelectric transition and ferromagnetic transition,
one can consider the phenomenon that ferromagnetic materi-
als do not undergo a structural change at the ferromagnetic
transition to be a long-standing puzzle.

The reason for the apparent structural invariance at the
ferromagnetic transition can be simply ascribed to a lack of
This is be-
cause the expected structure change is surely commensurate

resolution in conventional diffraction studies.

with the magnitude of magnetostriction, which is usually very
small, ranging from 2.1x107> for Fe to 1.6x1073 for the
giant magnetostrictive material, Terfenol-D.[%! Such a tiny
change in lattice dimension is beyond the resolution limit of
conventional laboratory diffractometers (about 5x1073),[13]
thus conventional XRD cannot reveal such a small structure
change. Therefore, the way to observe structural changes as-
sociated with ferromagnetic transition is to use a powerful syn-
chrotron XRD with high resolution.

With the development of high-resolution synchrotron
XRD,!4151 more and more magnetic transitions have
been found to be accompanied by simultaneous structural

16-201 For example, Jauch et al. found that the crystal-

changes.!
lographic symmetry of antiferromagnetic CoO is transformed
from cubic (space group Fm3m) to monoclinic (space group
C2/m) at its antiferromagnetic transition (7 = 290 K) by
using high-resolution synchrotron XRD.!®! Ishibashi et al.
observed that the ferromagnetic transition of NiCr,O4 (T =
74 K) is accompanied by a symmetry transition from a tetrag-
onal to an orthorhombic.!!”! Very recently, with the superior
resolution of a high-resolution synchrotron XRD, we showed
clearly that two well-known “cubic” ferromagnets, CoFe;04
and Terfenol-D, are actually non-cubic; their crystal symme-
try is consistent with their spontaneous magnetization (Mj)
direction.['®! Furthermore, based on a structural change con-
current with the ferromagnetic transition, we first developed
the magnetic morphotropic phase boundary (MPB) in the fer-
romagnetic system of TbCo,—DyCo;,, providing a way to cre-
ate large magnetostriction.2"]

In this review, we introduce our recent progress on struc-
tural changes that occur simultaneously with ferromagnetic

transitions, providing a self-consistent and logical account of

crystals’ structural variations at the ferromagnetic transition.
The substance of this progress is mainly the evidence from the
synchrotron XRD for structural change at ferromagnetic tran-
sition, a phenomenological theory for crystal structure change
upon ferromagnetic transition, and new insight into the mag-
netic morphotropic phase boundary (MPB). In addition, the
implications of such structure changes for the ferromagnetic
transition, such as the non-centric symmetry of the ferromag-
netic phase and the first-order nature of the ferromagnetic tran-

sition, are also discussed.

2. Evidence from the synchrotron XRD for
structural change at ferromagnetic transition

We employed the high-resolution synchrotron XRD at
the BL15XU beamline in SPring-8.
0.007°, an order of magnitude better than that of a conven-
tional XRD. From the (111) diffraction peak of Si, the strain

resolution for synchrotron XRD and conventional XRD was

The 26 resolution is

determined to be 5x10™* and 5x 1073, respectively.!!] Fer-
romagnetic CoFe;Qy4, Terfenol-D, and DyCo, were examined
because they are known to have relatively large magnetoelas-
tic coupling,?!! so their structure change is relatively easy to
detect. All the samples were ground into powders, and sealed
into quartz capillaries with a diameter of 0.3 mm. The pow-
der sample rotation was enabled during measurement. X-ray
wavelength was 0.6358 A (1 A=0.1 nm). The temperature of
the sample was controlled by a blow-type cryo-cooler with an
accuracy of 0.1 K. The cryo-cooler can provide temperatures
in the range from 90 K to 400 K.

2.1. Evidence for non-cubic crystal symmetry of cubic fer-
romagnet in its ferromagnetic state

Contrary to the general belief that these two well-studied
compounds of CoFe; 04 and Terfenol-D are cubic in both para-

magnetic and ferromagnetic states,?>23]

our high-resolution
synchrotron XRD data shown in Fig. 1 reveal striking results:
they are not cubic in the ferromagnetic state.!'”] Figure 1(a)
shows three high symmetry reflections of CoFe;04, {800},
{880}, and {888}, measured at 150 K (7 ~ 760 K). The split
{800} and {880} reflections unambiguously prove the ferro-
magnetic CoFe,O4 has a lower symmetry than cubic. We fur-
ther note there is no splitting in the {888} reflection and the
intensity ratio of split peaks for the {800} and {880} reflec-
tions are 2:1 and 1:2, respectively. These features character-
ize a tetragonal structure for ferromagnetic CoFe, Oy, and the
corresponding lattice parameters are shown on the right side
of Fig. 1(a). The direction of spontaneous magnetization M
is found to be along [001] (to be described below); thus the

tetragonal crystal symmetry is consistent with the orientation
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of M. Compared with the original paramagnetic cubic struc-
ture, the lattice distortion is € = (c —a)/a = —1.0 x 1073,
Such a small structure change is beyond the resolution limit
of conventional XRD, so conventional XRD cannot detect the
tiny peak splitting (as shown in the inset of Fig. 1(a)). This ex-
plains why ferromagnetic CoFe,O4 has been regarded as cubic
in the past and why there had previously been no evidence for
a structure change upon its ferromagnetic transition.

Very similar to the case of CoFe,0y, figure 1(b) reveals
clear evidence for the non-cubic symmetry of Terfenol-D in
its ferromagnetic state, because {440} and {222} reflections
show clear splitting. The non-splitting of the {800} reflection
and the intensity ratio of split peaks in {440} and {222} reflec-
tions (about 1:1 and 1:3, respectively) characterize a rhombo-

hedral symmetry for this compound, with the lattice elongated

synchrotron XRD

along [111]. The rhombohedral lattice parameters are shown
on the right side of Fig. 1(b). The M direction is determined
to be along [111] (to be described below); thus this thombo-
hedral crystal symmetry conforms to the orientation of M.
Compared with its paramagnetic cubic structure, the lattice
distortion is calculated as

dn—dsy, 4
e=22"T 7 s =2.1x 1073,

don
Clearly, such a small change in structure is beyond the resolu-
tion limit of conventional XRD, and thus no peak splitting is
revealed in the conventional XRD measurement (see the inset
of Fig. 1(b)). This explains why Terfenol-D in its ferromag-
netic state has been regarded as cubic. Obviously this is due to
the typically low resolution of the conventional XRD devices

that have been used.

(@) {HO0} {HHO} {HHH}
conventional XRD COFe,04 150 K (ferro) COFey0,
a|] 228 2282 tw
k= = ®I% 2w 0130 0 B t
= % 8 o DSOS |l L
= [ OW — a @
Q 0 splitting % % tet al
= R L L ctragon:
£ | 942 945 948 ®
Z 20/(°) 13 M| 001
g a=b=8.388+0.001 A
= 2:1 ¢=8.379+0.001 A
no splitting ¢/a=0.9989
1 n 1 n 1 n 1 n n 1 n
35.1 352 353 354 507 50.8 50.9 63.3 63.4 63.5
®) Thbo.3Dyo.7Fes 300 K (ferro) conventional XRD Tho.3Dyo.7Fe;
228 ARRIEEREE
@ 0SS S INENEN B
3= N I IS ©
5 223V
. 4 F o
—e‘ no splittihg
= -~
= 42.6 42.8 43.0 rhombohedral
= 20/(°)
g M,
g ='H[111J
’54 litt a=b=c¢=17.336+0.001 A
1o SPLting 11 a=89.91°
1 L 1 I 1 L 1 1 L 1 n T
40.4 40.5 40.6 40.7 28.3 28.4 28.5 17.2 173 174 175
20/(°)

Fig. 1. Sychrontron XRD evidence for the non-cubic symmetry of two typical cubic ferromagnets. (a) {800}, {880}, and {888}
reflections in ferromagnetic CoFe,O4 at 150 K. (b) {800}, {440}, and {222} reflections in ferromagnetic Tby 3Dyg 7Fe, at 300 K.
For comparison, insets show the peak profiles measured by conventional XRD with Cu K, radiation.!"]

2.2. Direct evidence for crystal structure change upon fer-
romagnetic transition in DyCo,

Because the two compounds studied above are known to
have cubic symmetry in the paramagnetic state, the lower sym-
metry in ferromagnetic state suggests that the ferromagnetic
transition adjusts the host lattice symmetry into a symmetry
that conforms to the M direction. We further measured the
variation of structure distortion in the ferromagnetic state as
a function of temperature. We found that the distortion de-
creases with increasing temperature and tends to vanish at T,

as will be later shown in Fig. 4. This indicates that there is
a structure change at T.. Nevertheless, for these two com-
pounds we could not directly observe the structural change at
the ferromagnetic transition temperature, because the high 7.
(760 K and 665 K for CoFe,04 and Terfenol-D, respectively)
of these compounds is beyond the temperature range of our
cryo-cooler. To directly observe the structural change at 7¢,
we selected another cubic ferromagnet DyCo,, which has a
crystal structure similar to that of Terfenol-D but has a low T
(~ 143 K) that is within the reach of our cryo-cooler.
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Fig. 2. In-situ observation of the structure change of DyCo, upon its
ferromagnetic transition by synchrotron XRD. (a) Temperature depen-
dence of magnetization measured under 2.5 kOe (1 Oe=79.5775 A/m)
magnetic field by vibrating sample magnetometer (VSM); the Curie
point (7¢) is 143 K. (b) The splitting of a cubic {800} reflection during
ferromagnetic transition; the dashed peaks underneath the experimental
peak profile are Lorentzian peaks giving the best fit to the experimen-
tal profile. The crystal structures of para- and ferro-phase are shown in
Fig. 2(a).["]

Figure 2 shows clearly the change of crystal structure
from cubic to tetragonal accompanying a ferromagnetic tran-
sition. As shown in the temperature dependence of magnetiza-
tion (Fig. 2(a)), DyCo, has a ferromagnetic transition temper-
ature Tp ~ 143 K. At 160 K (> T¢), there is no peak splitting in
{800} reflection (see Fig. 2(b)); with temperature decreasing
to T < Tc, the {800} reflection splits into two peaks, and the
splitting increases with lowering temperature. This is a direct
evidence for a structural change upon ferromagnetic transition.
By examining the XRD spectrum and the peak intensities we

are able to determine that the structure of the ferromagnetic
state is a tetragonal structure consistent with its M direction
[001]. The lattice parameters of paramagnetic cubic structure
and ferromagnetic tetragonal structure are shown in the insets
of Fig. 2(a). Therefore, figure 2 provides direct evidence for a
structure change at a ferromagnetic transition; this is parallel
to the structure change accompanying a ferroelectric transi-
tion, like that observed in BaTiO3.!'?! The only difference is
that the size of the structure change at ferromagnetic transi-
tion is one order of magnitude smaller (~0.1%) than that in
BaTiO3 (~ 1%). Such a small change is beyond the resolution
limit of conventional XRD, and this is why previous structure
data determined by conventional XRD concluded that the fer-
romagnetic state has the same cubic structure as the paramag-
netic state.

2.3. In-situ XRD observation of the switching of magnetic
domains

An important consequence of the non-cubic symmetry
of the ferromagnetic phase, as identified in Figs. 1 and 2, is
that a magnetic domain will also be a ferroelastic or crystallo-

U0 Therefore, a

graphic domain, like the case of ferroelectrics.
switching of magnetic domains by magnetic field will also be
a switching of the host ferroelastic domains, like the switch-

(24251 This can be clearly seen by

ing of ferroelectric domains.
the change of the synchrotron XRD pattern in response to a
magnetic field, as shown in Fig. 3. The experimental setup is
shown in Fig. 3(a).

Figures 3(b) and 3(c) show the significant change
in diffraction profile by a magnetic field of 4 kOe
(1 Oe=79.5775 A/m) for CoFe,04 and Terfenol-D, respec-
tively. For CoFe,04, the magnetic field diminishes the
800/080 peak and enhances the 008 peak, but the {888} re-
flection remains essentially unchanged. Such a change corre-
sponds to a switching of a-domain (M||[100]) and b-domain
(M;|[010]) into c-domain (M||[[001]), without a change of
crystal symmetry, which indicates that the M direction is
along the ¢ axis of the tetragonal lattice. For Terfenol-D,
the magnetic field diminishes the 222/222/222 peak and en-
hances the 222 peak, but the {800} reflection is almost unaf-
fected. Such a change corresponds to a switching of [111]-,
[111]-, [111]-domains into the [111]-domain, with no change
in crystal symmetry. Thus the Mj direction is along the [111]
direction of the rhombohedral lattice. The in-situ XRD ex-
periment shown in Fig. 3 clearly suggests that magnetic do-
main switching is also a ferroelastic domain switching pro-
cess, analogous to the case of ferroelectrics.

Another interesting result in Fig. 3 is that there is no evi-
dence for a magnetic moment rotation up to 4 kOe. From the
inset magnetization curves of Figs. 3(b) and 3(c), we can see
that 4 kOe field has magnetized both samples nearly to satu-
ration. At such a field strength, it is normally considered that
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the magnetic moment may be forced to rotate to a magneti-
cally hard direction (e.g., from [001] to [111] for CoFe;04)
for certain unfavorably-oriented grains of the sample. As the
crystal symmetry always conforms to its M direction (as dis-
cussed above), the moment rotation would result in a change
in the symmetry of the host lattice. However, throughout the
whole domain switching process in Figs. 3(b) and 3(c), we
find no such symmetry change. This behavior is identical to
the domain switching behavior of ferroelectrics: only domain
switching occurs, with no rotation of polarity.!'%! Thus this re-
sult seems to challenge the well-accepted concept of moment
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Fig. 3. In-situ observation of the changes in XRD patterns affected
by a magnetic field H = 4 kOe for CoFe,04 and Tbg 3Dyg 7Fe;. (a)
Experimental setup, in which the magnetic field was introduced by an
NdFeB permanent magnet placed under the rotating sample. (b) {800}
and {888} peak profiles of ferromagnetic CoFe,04 at H = 0 kOe and
H =4 kOe. (c) {800} and {222} peak profiles of Tbg 3Dy 7Fe; at
H =0 kOe and H = 4 kOe. Panels (d) and (e) show schematically
a mesoscopic explanation for anisotropic magnetostriction due to the
switching of the non-cubic ferromagnetic (=ferroelastic) domain for
the two compounds, respectively. The small rectangles and rhombuses
represent the unit cell symmetry being tetragonal and rhombohedral, re-
spectively. AL is the anisotropic magnetostriction due to magnetic field
H; € is the spontaneous lattice strain of the low symmetry crystal.!!]

rotation in cubic ferromagnets.

The low crystal symmetry of the ferromagnetic phase pro-
vides a simple mesoscopic explanation for the commonly ob-
served magnetostrictive effect. As schematically illustrated
in Figs. 3(d) and 3(e), the anisotropic magnetostriction in
CoFe;04 and Terfenol-D can be simply explained by the
switching of non-cubic ferroelastic domains. This explana-
tion for magnetostriction is physically the same as the elec-

[24.25] and is also similar to the

trostrain effect in ferroelectrics,
stress-induced strain effect in ferroelastic materials.!>%7 Fig-
ures 3(d) and 3(e) also show that the maximum magnitude of
magnetostriction is proportional to the size of lattice distor-
tion. This is why CoFe;O4 and Terfenol-D have large magne-
tostriction — because they have large lattice distortion in the

ferromagnetic state.

3. Theory and detectability of structural
changes concurrent with ferromagnetic tran-
sitions

Our results shown above pose a fundamental challenge to
the notion that ferromagnetic transition is only a magnetic or-
dering process, with no change in crystal structure. They sug-
gest that magnetic ordering can change the crystal symmetry
of the host lattice to conform with the M direction. This crys-
tal symmetry change can be explained by an inevitable cou-
pling between magnetic moment and lattice strain,® which
changes the host cubic symmetry into one that conforms to the

M direction. In the following, by using a phenomenological

approach, we show theoretically that for a cubic ferromagnetic

crystal, the inevitable magnetoelastic coupling can lower the
cubic symmetry into one that conforms to its M direction, so
that crystal symmetry is reduced at Curie temperature T,. At
the same time, we will discuss the detectability of a structure
change that accompanies a ferromagnetic transition by XRD

technique.

3.1. Theory of structure change upon a ferromagnetic
transition

The free energy of a ferromagnetic crystal can be de-

scribed as follows: [21-28:29]

F:Fa+Fe+Fmea (1)

where F), is magnetic anisotropic energy, Fr is elastic energy,
and Fj,. is magnetoelastic energy.

The magnetic anisotropic energy F;, represents the mag-
netic energy due to ordering of the magnetic moment, it has
the following form for a cubic ferromagnetic crystal in the

first-order approximation: 21281

F,=K (0o + ool + o)), )
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where K| is a temperature-dependent anisotropic constant and
Oy, Oy, 0 are the direction cosines of M with respect to the
cubic axes.

The elastic energy F, in a cubic crystal represents the
elastic energy of the lattice due to elastic distortion ¢;;, it is
given by![?128]

1
. = Ec11 (efx + eﬁy + efz) + C12(exxeyy +eyyer + e )
1

+ 5644 (ejzcy + eﬁz + egx)ﬂ 3)

where ¢;; is the elastic modulus.

The magnetoelastic energy Fi,. arises from an interaction
between magnetic moment and lattice strain. It has a quantum
mechanical origin!®3% and exists in all magnetic systems. For

a cubic ferromagnetic crystal, it is usually written as!!]

1 1
Foe — by M? {e,q(a; _ 3) +ew(a_3 - 3)
1
res(a2-5)]

+ by M2 (exy 00y + €y, 0y O + €00, 0),  (4)

where b; and b, are temperature-dependent magnetoelastic
coupling coefficients.

Minimizing the total free energy with respect to all in-
dependent strains e;; (i.e., dF /de;; = 0) yields a spontaneous
lattice distortion (e; j)s of the initial cubic lattice. The matrix
form of this spontaneous strain can be found to be the follow-
ing for an initially cubic crystal:

I <azl> b _b .
(ci—e)\" 3 cas K caa
b2 b] < 2 1> b2 2
o) = by, b (-l by M2, (5)
(€ij)s cag (ci—e)\7 3 cas = )
b L2 ’”(az 1>
ca 644% ¢ (cii—en)\° 3

In the following we show that the spontaneous strain ex-
pression of Eq. (5) can lead to several important conclusions.

(i) The crystal symmetry is true cubic only in the param-
agnetic state, as the spontaneous strain (e;;)s = 0 only when
M, =0.

(i1) The crystal symmetry of a cubic ferromagnet is not re-
ally cubic, because there exists a spontaneous strain ((e;;)s 7
0) when M # 0. The spontaneous strain lowers the crys-
tal symmetry from cubic, just like the case of ferroelectric

[10-12] Importantly, equation (5) shows that the crys-

crystals.
tal symmetry always conforms to the M direction. For ex-
ample, if the direction of Mj is along the [001] direction, i.e.,

0, = oy =0 and o;; = 1, the spontaneous strain tensor becomes

2
_ Mg 0 0
3(c11—c12)
b1M2
eii)s = 0 — 5 0 . (6)
(€ip)s 3(c11—c12)
2
0 . 2M;
3(c11—c12)

As ey = eyy # e, and ¢;jj) = 0, such a lattice distortion
produces a tetragonal symmetry, with the ¢ axis of the crystal
lying along the M direction. Similarly, when M is along the
[111] direction, i.e., ch = (xy2 = Otf = 1/3, the spontaneous

strain tensor becomes

byM?  byM?

0
3cas 3c44
by M? by M?
(eif)s = _ 2 s 0 _ 2 s )
3ca4 3caq
M7 by M
3caq 3caq

As ey, = ey, = ey, # 0, and ¢; = 0, such a lattice distortion
corresponds to a rhombohedral symmetry, which conforms to
the [111] direction of M. It is noted that Callen and Callen 8!
used a group theoretical approach and obtained the same con-
clusion about the dependence of crystal symmetry on the di-
rection of M.

(iii) Equation (5) specifies that there is a structure transi-
tion associated with the magnetic ordering in all cubic ferro-
magnets. In the paramagnetic state (T > T), a cubic crystal
is true cubic, as shown above. But when temperature is be-
low T¢, the ordering of magnetic moment produces a non-zero
M and hence induces a non-zero spontaneous strain in the
cubic lattice. This changes the crystal structure from cubic to
a lower symmetry that conforms to the M direction. There-
fore, in addition to the ordering of the magnetic moment, a
ferromagnetic transition also involves a structure change. Ob-
viously, this is a general conclusion for all cubic ferromagnets,
and the low symmetry structure stems from the magnetoelastic

coupling.
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3.2. XRD detectability of a structure change accompany-
ing a ferromagnetic transition

Although structure change upon magnetic ordering oc-
curs in all pseudo-cubic ferromagnetic systems, the lattice
distortion involved is often too small to detect, as shown in
Fig. 4(a), which shows the magnitude of lattice distortion in
the ferromagnetic state for several typical cubic ferromagnets
as a function of homologous temperature 7 /T;. For a com-
parison, the lattice distortion for a ferroelectric BaTiO; ['?]
is also included. Clearly, BaTiO3 has a large lattice distor-
tion and such distortion can easily be detected by conventional
XRD; however, for CoFe;04, Terfenol-D, and DyCos», the lat-
tice distortion can be detected only by synchrotron XRD; for
Fe and Ni, lattice distortion is out of the detection regime of
any available diffraction technique; thus they will appear to be
cubic even when examined by synchrotron XRD. Figure 4(b)
shows the relationship between the crystal symmetry of the
ferro-phase and the M or P; direction. It can be seen that
the former always conforms to the latter. Therefore, a fer-
romagnetic transition does involve a structural change like a
ferroelectric transition, but the change is sometimes too small

to detect.
T
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(b) Crystal symmetry versus M,/ Ps direction
for several typical pseudocubic ferroic materials

fetroie tnatonials  Crystal  Myor P [0 T./K

(ferro-phase) symmetry direction X10° ¢
BaTiOs T (Ref. [12]) 001 10000 402
TbosDyorFe2 R (this work) 111 2100 665
CoFexOy T (this work) 001 550 760

Ni R (predicted) 111 32 631

Fe T (predicted) 001 30 1043
DyCos T (this work) 001  O(PM) 143

Fig. 4. Lattice distortion and crystal symmetry for several typical pseu-
docubic ferromagnetic/ferroelectric materials. (a) Temperature depen-
dence of lattice distortion for several ferromagnetic/ferroelectric ma-
terials. The lattice distortion axis is given a cube root scale, so as to
reveal the tiny strain determined by synchrotron XRD. The BaTiO3
data are from Ref. [12]; the data points of CoFe,QOy4, Tby3Dyq 7Fes,
and DyCo, are from the present work, and the dash lines are estimated
from the known magnetostriction coefficients in Ref. [6]. (b) Relation
between spontaneous magnetization direction My (or polarization di-
rection P;) and crystal symmetry (R: rhombohedral; T: tetragonal). It
is noted that DyCo; is paramagnetic (PM) at room temperature so its
room-temperature lattice distortion is zero; at low temperature it has
lattice distortion similar to that in Terfenol-D.[!%]

From Eq. (5) one can find that the magnitude of lattice
distortion is proportional to the magnetoelastic coupling coef-
ficients by and b,>. These coefficients are usually very small,
and thus the structure change is often too small to detect by
conventional XRD technique. This is why it has been believed
that no structure change occurs upon magnetic ordering. If
the resolution of XRD is improved, as in the case of our syn-
chrotron XRD, it is possible to detect the structure change for
systems with strong magnetoelastic coupling, like CoFe;O4
and Terfenol-D (Tbg 3Dy 7Fe3).

4. Morphotropic phase boundary in ferromag-
nets: a way leading to large magnetostriction

4.1. What is the morphotropic phase boundary (MPB)

Usually, morphotropic phase boundary (MPB) refers
to a phase boundary separating two ferroelectric phases of
different crystallographic symmetries in the composition-

m. 317331 For more than half a cen-

temperature phase diagra
tury, MPB in ferroelectric materials has drawn constant
interest because it can significantly enhance piezoelectric
properties, i.e., a conversion between mechanical force and
electrical voltage.’*3%1 The current workhorses of piezo-
electric materials, PZT (PbZrOs;—PbTiO3) 331 and PMN-PT
(PbMg, /3Nb, ;303-PbTiO3),13¢] are designed to have a com-
position close to the MPB to achieve maximum piezoelectric
effect. Figure 5 shows a typical ferroelectric MPB in PZT,
which separates a ferroelectric rhombohedral (R) phase (with
a spontaneous polarization P||[111]) on PbZrOj side and a
ferroelectric tetragonal (T) phase (with P||[001]) on PbTiO3
side.3!! The rhombohedral and tetragonal ferroelectric phases
share a common cubic paraelectric phase at high temperature.
Both theoretical *7%! and experimental studies “**3] have
shown that with MPB composition P can be easily rotated
under small external field and this causes a high piezoelectric
effect.

500

400

300

200 |+

Temperature/°C

100

0
0 20 40 60 80 100

PbZrO; mol% PbTiO3 PbTiO3

Fig. 5. Typical morphotropic phase boundary (MPB) in a ferroelectric
system PZT (PbZrO3-PbTiO3).31
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Considering the parallelism of the physics of ferroelec-
tricity and ferromagnetism,?! it is tempting to ask if a similar
MPB can exist in another large class of functional materials —
ferromagnetic materials [**l — and if it can lead to significant
enhancement of the corresponding properties (magnetostric-
tive effect, or magnetic-field-induced distortion).[m] So far,
the major obstacle to creating an MPB in ferromagnets has
been a general observation (by conventional XRD) that dif-
ferent M directions do not produce a difference in crystal
symmetry,!-3 apparently differing from the ferroelectric case.
However, with the greatly enhanced structure resolution avail-
able in synchrotron XRD, our recent studies have proved that
different ferromagnetic states indeed correspond to different
crystal symmetries, !”! just as in the ferroelectric case; but lat-
tice distortion due to different crystal symmetries is usually too
small to be detected by conventional XRD. Therefore, now we
have good reason to expect the existence of a magnetic MPB.

4.2. Morphotropic phase boundary in ferromagnetic sys-
tems

In the following we shall see that such a magnetic MPB

(R, R’: rare earth element), and that with MPB composi-
tion there is a significant enhancement of magnetostrictive
properties.?°! Figure 6(a) shows the composition-temperature
phase diagram of a binary ferromagnetic system TbCoy—
DyCo,, which is a solid solution of two terminal compounds,
TbCo; and DyCo,. This system exhibits a common para-
magnetic phase at high temperature. In the ferromagnetic
state a ferro—ferro phase boundary separates two ferromag-
netic phases, one with M;||[111] on TbCo,-rich side and the
other with M| |[001] on DyCo,-rich side.*3! The whole phase
diagram and the ferro—ferro phase boundary are determined
from the AC susceptibility ¥’ versus temperature T relation, as
typically shown in Fig. 6(b). The para—ferro transition and the
ferro—ferro transition temperatures correspond to the suscepti-
bility peaks (T and Typ), as indicated by arrows in Fig. 6(a).
The composition dependence of x' versus T relation is very
similar to the permittivity versus 7T relation in ferroelectric
PMN-PT.P% It is noted that the ferro—ferro transition is of-
ten called the spin-reorientation transition (SRT) to indicate

indeed exists in a binary ferromagnetic system RCo,—R’Co, the rotation of magnetic moment at the transition.[#%:47]
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Fig. 6. Magnetic morphotropic phase boundary (MPB) in the ferromagnetic TbCo,-DyCo; system. (a) Phase diagram of TbCo,—DyCos,.
(b) Temperature dependence of AC susceptibility ’. T. and Ty denote para—ferro and ferro—ferro transition temperatures, respectively. (c)
Synchrotron XRD profiles of cubic paramagnetic phase, rhombohedral ferromagnetic phase, and tetragonal ferromagnetic phase.!?]

The key evidence about an MPB is in the structure data
(see Fig. 6(c)) obtained from a synchrotron XRD. It shows
that the paramagnetic phase has a cubic symmetry (no peak
splitting), and the M;||[111] phase has a rhombohedral (R)
symmetry (as revealed by the characteristic splitting in the
222 peak but no splitting of the 800 peak), and the M;||[001]
phase has a tetragonal (T) symmetry (as shown with the char-

acteristic splitting in the 800 peak but none in the 222 peak).
Therefore, the ferro—ferro phase boundary between the ferro-
magnetic R-phase and T-phase is both a ferromagnetic phase
boundary and a crystallographic phase boundary; hence it is
a magnetic MPB. This magnetic MPB exhibits considerable
similarity with the ferroelectric MPB in PZT (Fig. 5), which is
a phase boundary between ferroelectric R-phase and T-phase.
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We also note that such a magnetic MPB intersects with the
ferro—para line to form a kind of triple point,**! where para-
magnetic cubic phase, ferromagnetic R-phase, and ferromag-
netic T-phase are in equilibrium. For the TbCo,—-DyCo; sys-
tem, the triple point is at about 80% DyCo,, as shown in
Fig. 6(a).

Figure 7(a) shows another composition-temperature
phase diagram of binary ferromagnetic system Tb;_,Gd,Co;
(abbreviated as xGd hereinafter), 8] which is determined by
the Curie temperature T detected from magnetization (M)
versus temperature (7) curves (Fig. 7(b)) and the crystal struc-
ture (Figs. 7(c1)-7(c4)) detected by the synchrotron XRD with
an X-ray wavelength of 0.850052 A. It is noted from the M-
T curves (Fig. 7(b)) that, with the increase of Gd concen-
tration, the 7; of Tb;_,Gd,Co, increases monotonously. As
for the X-ray diffraction profiles, it is revealed that at 120 K,
with increasing concentration of Gd, Tb;_,Gd,Co, exhibits

a composition-induced crystallographic phase transition from
rhombohedral (R) symmetry (bottom section of Fig. 7(cl)
for 0.5Gd and bottom section of Fig. 2(c2) for 0.8Gd, with
the characteristic splitting in the 222 peak but no splitting in
the 800 peak) to tetragonal (T) symmetry (bottom figure of
Fig. 7(c4) for 1.0Gd with the characteristic splitting in the 800
peak but no splitting in the 222 peak). As for the XRD profile
of 0.9Gd, it corresponds to superposition of R symmetry pro-
file and T symmetry profile, similar to the MPB structure in
the ferroelectric case.[3!! The observed structural evolution at
120 K is consistent with the established relation between the
easy axis direction and the crystal structure.''”) And at higher
temperatures, such evolution is also observed from the XRD
profiles of 0.5Gd, 0.8Gd, 0.9Gd, and 1.0Gd. The structural
evolution of Tb;_,Gd,Co, revealed by XRD profiles demon-
strates the existence of MPB in Tb;_,Gd,Co,, and among the
possible compositions, 0.9Gd is closest to MPB.
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Fig. 7. Magnetic morphotropic phase boundary (MPB) in the ferromagnetic TbCo,—GdCo, system. (a) Phase diagram of

Tb;_xGd,Co, (C, R, and T denote cubic, rhombehedral, and tetragonal symmetries). (b) Magnetization (M) versus temperature
(T) curves in 0.5Gd, 0.8Gd, 0.9Gd, and 1.0Gd. (c) Synchrotron XRD profiles of 0.5Gd, 0.8Gd, 0.9Gd, and 1.0Gd. The red star
symbols in Fig. 7(a) mark the sites of X-ray diffraction data in the phase diagram. 48]

4.3. Magnetic properties of morphotropic phase boundary

The most interesting feature of the MPB composition is

the significant enhancement of magneto-responsive properties.

Figure 8(a) shows the composition dependence of AC suscep-
tibility ¥’ in TbCoy—DyCo; system at 110 K in relation with
the MPB composition (70% DyCo;). It can be seen clearly
that magnetic susceptibility peaks at the MPB composition;
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the peak value is almost three times that of the off-MPB com-
positions. Accompanying the enhancement of AC suscepti-
bility, the spontaneous magnetization M shows a step at the

MPB composition, as shown in Fig. 8(b). Figure 8(c) shows
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that the MPB corresponds to a minimum coercivity H., which
is as low as 15.6 Oe. This indicates that at MPB composition
it is very easy to switch magnetic moment. Several typical

magnetic hysteresis loops are given in Fig. §(f).
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Fig. 8. Composition dependence of physical properties in relation with MPB composition at 110 K. (a) AC susceptibility ', (b)
saturation magnetization M, (c) coercivity H, (d) magnetostriction € (absolute value) at 10-kOe field, (e) figure of merit €/H,, (f)

magnetic hysteresis loops, (g) magnetostriction curves. 2]

Similar to the ferroelectric MPB in PZT, the magnetic
MPB in the TbCo,—DyCo, system exhibits significant en-
hancement in magnetostrictive properties. Figure 8(d) shows
the magnetostriction € (absolute value) in relation with MPB
(70% DyCo,) at 110 K. Several typical magnetostriction
curves are shown in Fig. 8(g). It is clear that the magnetostric-
tion in MPB composition shows a maximum (€ = 828 ppm)
as compared with the neighboring off-MPB composition. For
most magnetostriction applications, the “figure of merit,” de-
fined by £/H,, is the most important property of magnetostric-
tive materials, as it reflects the capability of generating a large
magnetostriction by a small magnetic field. As shown in
Fig. 8(e), the figure of merit (¢/H,) of MPB composition is
about 3 to 6 times higher than that of off-MPB compositions.
Therefore, magnetic MPB yields a significant enhancement of
magnetoelastic properties, which is very similar to the high
piezoelectric effect that occurs in the ferroelectric MPB of

PZT.133! The above results were obtained from polycrystalline
samples, in which the grains have an averaging effect; in sin-
gle crystal samples we expect much greater enhancements of
magneto-responsive properties.

5. Implications of the structure change upon fer-
romagnetic transition

The finding that ferromagnetic transitions involve a struc-
ture change may have two important implications. First, the
structural change at a ferromagnetic transition implies non-
centric crystal symmetry in ferromagnets. This is because
crystal symmetry is generally considered to conform to its
physical properties; thus the polar physical properties can-
not be compatible with centric crystal symmetry (Neumann’s
principle). ! Such non-centric symmetry will produce a weak

spontaneous polarization P in a ferromagnetic insulator. Sec-
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ond, the concomitant strain-magnetic ordering indicates the
interesting possibility that a ferromagnetic transition may be
This is
because a two-order-parameter system usually undergoes a

a 1st order transition rather than a 2nd order one.

Ist-order transition due to the existence of coupling, as can
be seen in the case of ferroelectric transitions (polarization
and strain coupling) ['°1 and ferroelastic transitions (strain and
strain coupling).[®! In the next section, we introduce our re-

cent experimental work to verify these two implications.

5.1. A hint of non-centric crystal symmetry in CoCr,;O4
with collinear ferrimagnetic ordering

CoCr,04 with a spinel structure is unique among
multiferroics. '~331 The multiferroicity in CoCr,Qy is usually
regarded to stem from the spiral magnetic transition, where
the noncollinear spins at the neighboring sites break the in-
verse symmetry to produce ferroelectricity due to an inverse
Dzyaloshinskii-Moriya interaction.!>*! It is emphasized that
such a multiferroicity in CoCr,O4 emerges from the onset of a
noncollinear spiral magnetic transition (7; ~ 28 K), far below
the onset of a collinear ferrimagnetic transition (7; =~ 96 K).
However, it is noted that the temperature dependence of di-
electric permittivity € (¢’-T curve) shows a tiny anomaly at
T, in CoCr,Qy4, as reported by Yamasaki et al.;°!1 this hints at
the possible existence of a weak spontaneous polarization P in
the collinear ferromagnetic ordering, resulting in non-centric
crystal symmetry.

Figure 9 demonstrates the magnetostriction in CoCr, 0Oy,
measured under a magnetic field up to 1 Tesla.’>! It can be
seen that the magnetostriction in CoCr;O4 changes abruptly at
the onset of ferrimagnetic transition, at 7, due to a reduction
in crystal symmetry, as shown in Fig. 9(a). Such a reduction
in crystal symmetry in CoCr,O4 during a ferrimagnetic tran-
sition has also been confirmed by an experiment with infrared
spectroscopy.>®! Since the M of CoCr,O4 below 7, aligns
along the [001] direction,>! the crystal structure of CoCr,0y4
in a collinear ferrimagnetic ordering corresponds to tetrago-
nal structure due to the principle of the crystal structure con-
forming to its spontaneous magnetization M. Also, such a
tetragonal structure of CoCr,O4 can be revealed by the field
dependence of magnetostriction in the collinear ferrimagnetic
phase (e.g. T = 45 K, as shown in Fig. 9(b)). The reduction
of crystal symmetry in CoCr,O4 below T;. provides us a hint
of non-centric crystal symmetry in the collinear ferrimagnetic
ordering. Indeed, the observation of non-centric crystal sym-

[57,58

metry has been reported for a number of spinels, ! and at

the same time Singh et al. have reported a weak spontaneous
polarization P existing in CoCr,04 below T. due to the non-

centric crystal symmetry. (9]

COCI‘QO4
60 ;
- (a) tetragonal i cubic
s [ | :
gy 1 H
= 40F ' i
Z : |
5 20F | DD‘D iT. =96 K
5 T, =28 K i
=0 )
0 Ve o0, oy, ¥poogd
20 40 60 80 100 120
Temperature/ K
100
L (b) T=45K
AL
- 80 - . H
<‘D B = m //70 @
™~ m @ S
E 60 - a ’a 7
3 L
g AL *z(c —a)/a
% 40 - 3
%}0 -
S
S 20
0 M I B Ll
—-1.2 -0.8 -—-04 0 0.4 0.8 1.2

Magnetic field/T

Fig. 9. Magnetostriction in CoCr,O4 measured by strain gauges. (a)
Temperature dependence of magnetostriction under a magnetic field
of 1 Tesla near the ferrimagnetic transition temperature (7. = 96 K).
(b) Magnetic field dependence of magnetostriction at 7 = 45 K. In-
set schematically shows the mesoscopic process of magnetostriction-
caused domain switching. 3!

It should be mentioned that the direct measurement of po-
larization P caused by magnetic field becomes difficult when
ferroelectricity is weak. In such a situation, the measurement
of change of dielectric permittivity (¢' = dP/d E) with mag-
netic field (i.e., MD effect) is a much more sensitive tool to
detect the existence of coupling between P and M.!%%! Thus,
the MD effect can be described by MD = ¢&'(H ) /€'(0) — 1,
where €'(H) is the dielectric permittivity under field H and
€'(0) is the dielectric permittivity under zero field. Figure 10
illustrates the variation of the MD effect in relation with mag-
netic field in the vicinity of the ferrimagnetic transition tem-
perature (7, = 96 K) in CoCr,04.5%%!1 We measured two MD
effects according to the relationship between the directions of
the magnetic field H and the AC electrical field d E: one is
a perpendicular MD effect (H L dE) and the other is a paral-
lel MD effect (H || dE), as shown in Figs. 10(a) and 10(b),
respectively. When T > T; (e.g. T = 114 K), the permittivity
of the MD effect (either perpendicular or parallel) does not re-
spond to magnetic field H and the corresponding MD value
becomes zero. With temperature decreasing, the permittivity
starts to respond to the magnetic field at 7¢; but these two MD
effects behave in opposite ways. In the case of H | d E below
T. (e.g. T = 84 K), the MD value gradually increases with the
increase of the magnetic field and finally saturates to a posi-
tive value. In contrast, the MD value in the case of H || dE
gradually decreases with increasing magnetic field and finally
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saturates to a negative value at 7 = 84 K. With temperature
decreasing further, the variation of MD effect with magnetic
field at T = 30 K is similar to that in the case of T = 84 K;
but the corresponding saturation values of both MD effects are
greatly improved. Evidence of similar behavior has also been
observed in another magnetic compound, Mn3Q,.[%?!

Based on the non-centric tetragonal symmetry in
CoCr,04 below T, the above MD effect could be fully ex-
plained. Figure 11 illustrates schematically an explanation
for MD effects emerging from the onset of the ferrimagnetic

(53] When T > T, the paramagnetic

transition in CoCr,Oy.
CoCr,04 phase has a centric cubic structure and hence it has
neither spontaneous magnetization M nor spontaneous polar-
ization P, as shown in Fig. 11(a). Thus, there is no contri-
bution from M or P to the permittivity and thus & (H), =
€'(0) = &' (H)| = constant; this can explain the absence of the
MD effect above T.. When T' < T;, CoCr,Qy4 transforms from
its paramagnetic state into its ferrimagnetic state. Such a fer-
rimagnetic CoCr,O4 phase is assumed to have a non-centric
tetragonal structure to produce polarization P parallel to its
M along the [001] direction, as shown in Figs. 11(b), 11(c),

and 11(d). As the magnetization M couples to the polar-
ization P, both M and P can be switched to the H direc-
tion by applying a magnetic field. Thus, the rotation of P
driven by the magnetic field enables the dielectric permittiv-
ity (¢/ = dP/dE) to change and therefore produces the MD
effect.
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Fig. 10. Magnetic field dependence of magnetodielectric (MD) effect
near the ferrimagnetic transition temperature (7; = 96 K) of CoCr,0y4.
(al), (a2), and (a3) show perpendicular MD effect at 114 K, 84 K,
and 30 K, respectively; (bl), (b2), and (b3) show parallel MD effect
at 114 K, 84 K, and 30 K, respectively. [55]
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Fig. 11. Schematic explanation for MD effect in both paramagnetic phase (7 > T;) and ferrimagnetic phase (T < T¢). (a) Equilibrium
paramagnetic states with different magnetic field: HLdE, H =0, and H || dE. (b) Single domain ferrimagnetic state at H L dE.
(c) Equilibrium ferrimagnetic (multi-domain tetragonal (c¢/a > 1)) state at H = 0. (d) Single domain ferrimagnetic state at H || dE.
Small squares and rectangles represent the cubic and tetragonal crystal symmetries respectively. The black and olive arrows in (b), (c),

and (d) represent M and P in ferromagnetic state, respectively. [

5.2. Evidence for first-order nature of ferromagnetic tran-
sition in Ni, Fe, Co, and CoFe,0;,
Thermodynamically phase transitions are classified into
continuous (2nd-order) and discontinuous (1st-order) ones, in
terms of the continuity of order parameter (a generic phys-

1

ical parameter characterizing the phase transition) at tran-
sition temperature.[%3] Although almost all structural transi-
tions (e.g., ferroelastic/martensitic transitions and ferroelec-
tric transitions) are known to be of Ist-order, nearly all

ferromagnetic transitions have been believed to be of 2nd-
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order; (03631 typical examples include magnetic elements of
Ni, Fe, Co, and magnetic compounds like CoFe;O4. A recent
study with high-resolution synchrotron X-ray diffractometry
revealed that ferromagnetic transition is not merely a magnetic
ordering; rather, it is always coupled to the lattice and causes
a simultaneous weak structural change.!'”! This finding sup-
ports an earlier theoretical prediction [®! based on magnetoe-
lastic coupling. Such a coupling may in theory modify the
nature of the ferromagnetic transition, resulting in a 1st-order
transition;®60-%91 however, this proposition has remained con-
troversial for decades.[46%70.71] Therefore, a critical experi-
ment is needed to resolve the dispute.

Previous evidence that ferromagnetic transitions are 2nd-

order was mainly from the experimental signature that mag-
netization (as order parameter) shows a continuous change at
the transition temperature 7;.3] However, specialists have re-
cently become aware that the continuity of the order parameter
is not a reliable fingerprint for 2nd-order transition, as weakly
Ist-order transitions also show continuity in the order param-
eter at T, by pretransitional fluctuation.”?! Instead, a more re-
liable and sensitive fingerprint for a 1st-order (or 2nd-order)
transition is the existence (or non-existence) of a thermal hys-
teresis at the transition temperature, which reflects the exis-
tence of an energy barrier at a Ist-order transition.!”3] In ad-
dition, the existence of latent heat upon transition is another

important signature of a Ist-order transition.’#
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Fig. 12. Evidence for transition hysteresis of several typical 2nd-order ferromagnetic transitions. (a) Ni, ( b) Fe, (c) Co, and (d)

CoFe;04.17]

Figure 12 shows the temperature dependence of electrical
resistivity/impedance in the vicinity of 7; in the ferromagnetic
systems of Ni, Fe, Co, and CoFe,04 (Fig. 12(a)-12(d)).[”>! A
cooling—heating cycle was measured to identify whether or not
there is a thermal hysteresis around 7¢. It is clear that all these
typical 2nd-order ferromagnetic systems exhibit a small hys-
teresis in the vicinity of 7;. The hysteresis for Ni, Fe, Co, and
CoFe,04 are 0.25 K, 1.6 K, 1.9 K, and 1.5 K, respectively. As
the transition thermal hysteresis is the most prominent charac-

teristic of a 1st-order transition, the clear hysteresis in Ni, Fe,
Co, and CoFe;O4 can be explained only by assuming these fer-
romagnetic systems undergo a 1st-order transition. The small
hysteresis (about 0.25 K-1.9 K) indicates that these ferromag-
netic systems undergo a weakly 1st-order transition.

Figure 13 shows the DSC curves for the typical ferro-
magnetic systems of Ni, Fe, Co, and CoFe;O4 (Figs. 13(a)—
13(d)) during their ferromagnetic transitions.’”>! Tt can be
seen clearly that all the magnetic samples, Ni, Fe, Co, and
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CoFe;04, show an endothermic/exothermic peak at their fer-
romagnetic transition temperature. As a 2nd-order transition
has no latent heat and a 1st-order transition has latent heat,
the latent heat (i.e., the DCS peak) observed in Ni, Fe, Co,
and CoFe,0y4 further suggests that these ferromagnetic sys-
tems undergo a lst-order transition. Figure 13 also shows
the existence of a thermal hysteresis during the ferromagnetic
transition, as can be seen from the temperature difference be-
tween the exothermic peak 7 (during cooling) and endother-

mic peak TpJr (during heating) for all these ferromagnetic sys-
tems. Such a hysteresis does not vanish even when extrap-
olating the cooling/heating rate to zero, as shown in the in-
sets. The hysteresis at zero cooling/heating rate for Ni, Fe,
Co, and CoFe,0y4 are 0.8+0.6 K, 0.64+0.4 K, 0.7£0.5 K, and
1.0£0.4 K, respectively. The existence of transition hystere-
sis by DSC supports more accurate hysteresis measurement by

resistivity/impedance, as shown in Fig. 12.

ferromagnetic transition

r 0-6 1044 [
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Fig. 13. Evidence for the latent heat (DSC peak) of several typical “2nd-order” ferromagnetic transitions. (a) Ni, ( b) Fe, (c) Co, and
(d) CoFe,0y4. Insets show the change of thermal hysteresis (difference in the exothermic and endothermic peak temperatures) with

cooling/heating rate.[”!

6. Conclusions

(i) A ferromagnetic transition is not just an ordering of
magnetic moment alone; it also involves a structure change,
although very small in most cases. By phenomenological
reasoning, we theoretically proved that a reduction of crystal
symmetry is a general effect during a magnetic transition. The
reason for the apparent crystal structure invariance with fer-
romagnetic transition is simply the relatively low resolution
of conventional XRD. By employing powerful synchrotron

XRD with high resolution, more and more magnetic transi-

tions will be found to be accompanied by simultaneous struc-
tural change.

(ii) The low crystal symmetry of the ferromagnetic phase
provides a simple mesoscopic explanation for the commonly
observed magnetostrictive effect. The maximum magnitude of
magnetostriction is proportional to the extent of lattice distor-
tion. As schematically illustrated in Figs. 3(d) and 3(e), the
anisotropic magnetostriction in CoFe,O4 and Terfenol-D can
be simply explained by the switching of non-cubic ferroelastic
domains. This explanation for magnetostriction is physically
the same as that for the electrostrain effect in ferroelectrics,
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and is also similar to the stress-induced strain effect in ferroe-
lastic materials.

(iii) Simultaneous structural changes at ferromagnetic
transitions may provide new clues for developing highly
magneto-responsive materials. This is because ferromagnetic
transition is no longer to be understood as just a magnetic
ordering process; it also involves a secondary ferroelastic or-
dering process. The secondary ordering process can even be
a ferroelectric ordering, which causes a magnetoelectric ef-
fect. The secondary ordering may enhance the change in many
physical properties and thus make the system appear more
magneto-responsive and multi-ferroic. One can expect large
magneto-responsiveness in systems with large lattice strain or
strong magnetoelastic coupling.

(iv) Motivated by evidence of a structure change at a fer-
romagnetic transition, we first developed a magnetic MPB in
a ferromagnetic system, which separates two magnetic phases
with different crystal symmetries. The MPB significantly en-
hances magnetic and magnetostrictive properties. Finding an
MPB in a ferromagnetic system points to a potentially effec-
tive approach for developing highly magnetostrictive materials
and suggests the possibility of MPBs in other ferroic systems.

(v) Based on the postulation of non-centric crystal sym-
metry in ferromagnetic phase, we found a magnetodielectric
effect emerging from the onset of the collinear ferrimagnetic
transition in CoCryO4. Such an MD effect was caused by the
coexistence of electric and magnetic ordering that is due to
the magnetoelectric coupling below 7.. Our results suggest
that CoCr,0O4 may be naturally multiferroic (albeit weak) in
the collinear ferrimagnetic ordering and thus would have non-
centric crystal symmetry.

(vi) By thermal hysteresis and latent heat measurement
we showed that the most typical 2nd-order ferromagnetic tran-
sitions in Ni, Fe, Co, and CoFe;O4 turn out to be 1st-order
transitions. We suggest that the 1st-order nature of ferromag-
netic transitions is attributable to an inevitable magnetoelastic
coupling in all ferromagnetic systems. The finding of the 1st-
order nature of ferromagnetic transition indicates that a ferro-
magnetic transition is always accompanied by a coupling ef-
fect. It also suggests a need to reconfirm other alleged 2nd-
order transitions previously reported.
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