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8 Nearly all ferromagnetic transitions have been considered to be continuous or second order, and the most

9 typical examples are the ferromagnetic transitions in Ni, Fe, Co, and CoFe,0,. However, by precise measure-
10 ment with electrical resistivity or impedance and differential scanning calorimetry, we show clear evidence for
11 the first-order nature of these “second-order transitions”—a small thermal hysteresis and latent heat. Such
12 first-order signatures are found to be the same as those for the well-recognized first-order transitions in the
13 ferroelectric BaTiO5 and ferroelastic TisoNis;Fes. These results question the existence of genuine second-order
14 transition in ferromagnetic systems. By a phenomenological approach, we further show that the first-order
15 nature of ferromagnetic transition may stem from a coupling of magnetic moment to other order parameter(s)
16 like strain. Such a coupling may provide insight into developing highly magnetoresponsive materials.
17 DOI: XXXX PACS number(s): 75.30.Kz, 64.70.K—, 75.10.—b
18
19 I. INTRODUCTION Recent study with high-resolution synchrotron x-ray dif- 56

20  Phase transition is the origin of many important phenom-
21 ena such as ferromagnetism, piezoelectricity, shape memory
22 effect, and superconductivity.'* Thermodynamically phase
23 transitions are classified into continuous (second-order) and
24 discontinuous (first-order) ones, in terms of the continuity of
25 order parameter (a generic physical parameter characterizing
26 the phase transition) at transition temperature.’> Although al-
27 most all structural transitions (e.g., ferroelastic or martensitic
28 transitions and ferroelectric transitions) are known to be of
29 first order, nearly all ferromagnetic transitions have been be-
30 lieved to be of second order;>”’ typical examples include
31 magnetic elements of Ni, Fe, Co, and magnetic compounds
32 like CoFe,0,. For a second-order transition there exists no
33 energy barrier between the high-temperature (paramagnetic)
34 phase and low-temperature (ferromagnetic) phase in the free-
35 energy landscape at the transition temperature. This contrasts
36 the discontinuous or first-order transition, which is character-
37 ized by the existence of an energy barrier between the high-
38 temperature phase and low-temperature phase at transition
39 temperature.

40  Previous evidence for ferromagnetic transitions to be sec-
41 ond order was mainly from the experimental signature that
42 magnetization (as order parameter) shows a continuous
43 change at the transition temperature Ti. However, it becomes
44 aware recently that the continuity of order parameter is not a
45 reliable fingerprint for second-order transition, as weakly
46 first-order transitions also show continuity in order parameter
47 at T, by pretransitional fluctuation.® By contrast, a more re-
48 liable and sensitive fingerprint for first-order (or second-
49 order) transition is the existence (or nonexistence) of a ther-
50 mal hysteresis at transition temperature, which reflects the
51 existence of an energy barrier at first-order transition.” Be-
52 sides, the existence of latent heat upon transition is another
53 important signature of first-order transition.'” However, little
54 effort was made in the past to determine the order of ferro-
55 magnetic transitions using these more sensitive fingerprints.
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fractometry has revealed that ferromagnetic transition is not 57
a mere magnetic ordering; it is always coupled to the lattice 58
and causes a simultaneous weak structural change.!! This 59
finding supports earlier theoretical prediction'?> based on 60
magnetoelastic coupling. Such a coupling may in theory 61
modify the nature of ferromagnetic transition, resulting in a 62
first-order transition;'2'® however, this possibility has re- 63
mained controversial for decades.®”-!7-!8 Therefore, critical 64
experiment is needed to resolve the dispute. 65

In the present paper, by precise measurement of thermal 66
hysteresis and latent heat, we show direct evidence for the 67
first-order nature of ferromagnetic transition in a number of 68
typical systems such as Ni, Fe, Co, and CoFe,0,, which are 69
so far believed to undergo a second-order ferromagnetic tran- 70
sition. By a phenomenological theoretical approach, we fur- 71
ther show that such a first-order ferromagnetic transition can 72
be caused by an inevitable coupling between the magnetiza- 73
tion and strain. The first-order nature of ferromagnetic tran- 74
sition implies that a pure magnetic ordering does not exist; it 75
simultaneously modifies the residing lattice through the cou- 76
pling effect. Such a coupling is the origin of multiferroicity 77
(correlation among magnetic, elastic, and ferroelectric prop- 78
erties); it may also provide new insight into how to develop 79
highly magnetoresponsive materials because the responsive- 80
ness is determined by the strength of the coupling. 81

II. EXPERIMENT 82

Transition thermal hysteresis was measured with high- 83
accuracy four-terminal dc electrical resistivity measurement 84
(for Ni, Fe, and Co) and ac impedance measurement (for 85
CoFe,0,, because it is dc insulating) using a LRC meter 86
during a heating-cooling cycle. As the thermal hysteresis for 87
ferromagnetic transition is expected to be very small, we 88
take the special care to reduce the measurement error. First, 89
to ensure a high S/N ratio of the measurement, thin wire (0.1 90
mm in diameter) samples were used. All the samples were of 91
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FIG. 1. (Color online) Uncertainty in our hysteresis measure-
ment by electrical resistivity is as small as 0.05 K. Temperature
dependence of electrical resistivity during a heating and cooling run
is measured for a nontransforming metal Ti. The temperature range
is the same as for the measurement of the ferromagnetic transition
of Ni.

92 high purity: Ni (99.9%), Fe (99.5%), and Co (99.99%).
93 CoFe, 0, was fabricated from 99.9% pure Fe,O5; and CoO by
94 a solid-state reaction method. Second, to ensure high-
95 temperature accuracy in the resistivity measurement, the
96 thermocouple was directly welded onto the sample and the
97 cold end of the thermocouple was kept in a water-ice mix-
98 ture. Third, special care was made to ensure a precise control
99 of temperature ramping and temperature homogeneity
100 throughout the sample. Transition latent heat was measured
101 by differential scanning calorimetry (DSC). To make a com-
102 parison with the behavior of a typical first-order transition,
103 we also measured the thermal hysteresis and latent heat for
104 two systems known to undergo a first-order transition: one is
105 BaTiO; (undergoing a first-order ferroelectric transition);!°
106 the other is TisyNiy;Fe; (undergoing a first-order ferroelastic
107 or martensitic transition).2°

108  To show the accuracy and high sensitivity of our hyster-
109 esis measurement with electrical resistivity, we tested a non-
110 transforming metal, Ti wire, which should ideally have no
111 hysteresis during a cooling and heating run in the tempera-
112 ture range of our interest. Figure 1 shows the result for a
113 temperature range from 600 to 650 K, the same range as our

Ferromagnetic transition
16
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experiment for Ni. It is clear that the hysteresis uncertainty is 114
as small as 0.05 K. This high accuracy in hysteresis measure- 115
ment ensures a reliable detection of transition hysteresis 116
down to ~0.1 K. With such a high accuracy, we can reliably 117
determine the small hysteresis associated with ferromagnetic 118
transitions (0.25-1.9 K as will be shown later). Therefore, 119
our resistivity experiment was performed with sufficient ac- 120
curacy; and it can detect very small transition hysteresis. 121
Such a high accuracy excludes the possibility that the mea- 122
sured hysteresis might be due to experimental error. DSC 123
measurement can detect both transition latent heat and ther- 124
mal hysteresis, but it has a higher uncertainty in hysteresis 125
(0.2~0.6 K); thus we mainly use it to show transition latent 126
heat. 127

We also took into account the possible effect of impurity 128
on the experimental result. We found that the hysteresis as- 129
sociated with ferromagnetic transition is insensitive to impu- 130
rity level. Transition hysteresis for 99.0%Ni, 99.9%Ni, and 131
99.98%Ni samples show a very similar hysteresis of 0.25— 132
0.28 K being insensitive to impurity level. This excludes the 133
possibility that the hysteresis may come from certain impu- 134
rity effect. 135

III. RESULTS 136

137
138
139
140
141
142
143
144
145
146
147
148
149
150

Figure 2 shows the temperature dependence of electrical
resistivity or impedance in the vicinity of 7. in the ferromag-
netic systems of Ni, Fe, Co, and CoFe,0, [Figs. 2(a)-2(d)],
in the ferroelectric system of BaTiO; [Fig. 2(e)], and in the
ferroelastic system of TisoNigFe; [Fig. 2(f)]. A cooling-
heating cycle was measured to identify whether or not there
is a thermal hysteresis around T7,. It is clear that all these
typical second-order ferromagnetic systems exhibit a small
hysteresis in the vicinity of 7. The hysteresis for Ni, Fe, Co,
and CoFe,0, are 0.25, 1.6, 1.9, and 1.5 K, respectively. This
behavior is the same as that in the ferroelectric BaTiO; [Fig.
2(e)] and ferroelastic TisoNiy;Fe; [Fig. 2(f)], which are
known to undergo a first-order transition. The only difference
is that BaTiO; and Tis,Nis;Fe; show a larger hysteresis (3.0

Ferroelectric transition

30.0L-(a) 1.0K/min 2 106 | (b) 2.5K/min 1.0K/min (e)
7
104 12F
_ 295 X £
E §102 S sl
S29.0k @y o
=) S o 2 FIG. 2. (Color online) Evi-
Togsl sol /025K <98 B4 —B Tio dence for transition hysteresis of
L/ Ni . = G‘ZIB %6 0 a‘ I 3 several typical second-order ferro-
28.0 6;0 2 6;5 . 6;0 < e S 340 360 380 400 420 440 magnetic transitions. (a) Ni, (b)
T(K) LK) — Fe, (¢) Co, and (d) CoFe,O4. A
85 - Ferroelastic transition . . . .
| (¢)  3.0k/min e comparison is made with a typical
# 145 ) ferroelectric  transition in ()
£ _140F BaTiO5 and a typical ferroelastic
8 e G138 transition in (f) TisoNiFes.
L2 @G
< S 130
. =
o N 125
i GOF€204 2smin]|  1aof TisoNigrFe3
1360 1370 1380 1390 1400 700 720 740 760 780 220 240 260 280
T(K) T(K) T(K)
1-2

PROOF COPY [LS11184B] 012841PRB



PROOF COPY [LS11184B] 012841PRB

EVIDENCE FOR FIRST-ORDER NATURE OF THE... PHYSICAL REVIEW B 78, 1 (2008)

Ferromagnetic transition Ferroelectric transition
0.6 0.12 -
0.08l(a) 630k [(b)_ 1044} (e)g 404
< gos@p=08:08K | 0.5 X 404, (AT),=0.6:0.4K < 400F (aT),=2.8:0.2K
3, 2 oosfk = [
0.06}  ~B620} 04} 1036} S N
[ ® 1% 5 10 15 20| 03| 0 5 10 15 20 Y Rt iy
0.04} . O : 0.04} ' Rate (K/min)
— ; Rate (K/min) 3 Rate (K/min) : BaTiO e
() L Ni o2l Fe 3 jp
= | o002} 7 L a
; L P 0.1}k I - 0.00
N i t : +
oo 10KiminE g o0 [15Kmin_ ¢ o=~ 10kimin - VT
% 3 i ; .0.04 I N I P I
-0.02 M " " M 0.1 N 1 . 1 " 1 4
(= 500 550 600 650 700 1000 1020 1040 1060 i - i 10
= | 14 0.20 Ferroelastic transition
© (C) 1386:(/ (d) 780 |
() e 0:74 [V TI5 0.20K(f) ~ 264F
T 13k ¥'6.1383' (ay=0.7205K | g 151 < 770 (aT)(=1.0:0.4K (f) X 223 E - (aT);=2.2:0.3K
e L 1 <vesk 0.15F Rt
1380} - 256
L 1 L 1 0.10F 760 1 1 1 1 1 1
12 0510 1520 I 0o 5 10 15 20| | o 10k 0 5 10 15 20
| Co Rate (k/min) | = [ CoFe,0, Rate (Kimin) i N _pe Rate (Kimin)
1.1 : e N | 008} '50" 47" O3 -
L20K/min 77 - T,
1ok ';T,, [ 10Kmin 4 0.00
oy,
L -0.05 -0.051-10K/min E
09 A 1 A L 1 L 1 1 1 " L Il L 'l
1340 1360 1380 1400 680 720 760 800 840 240 250 260 270 280

Temperature (K)

FIG. 3. (Color online) Evidence for the latent heat (DSC peak) of several typical second-order ferromagnetic transitions. (a) Ni, (b) Fe,
(c) Co, and (d) CoFe,0,4. A comparison is made with a typical ferroelectric transition in (e) BaTiO5 and a typical ferroelastic transition in
(f) TisoNiy;Fes. The insets show the change in the thermal hysteresis (difference in the exothermic and endothermic peak temperature) with

cooling and heating rate.

151 and 2.5 K, respectively). As the transition thermal hysteresis
152 is the most prominent character of a first-order transition, the
153 clear hysteresis in Ni, Fe, Co, and CoFe,O, can be explained
154 only by assuming these ferromagnetic systems undergo a
155 first-order transition. The small hysteresis (about 0.25-1.9 K)
156 indicates that these ferromagnetic systems undergo a weakly
157 first-order transition.

158  Another prominent feature of first-order transition is the
159 existence of the latent heat during the phase transition, which
160 can be measured by DSC technique. Figure 3 shows the DSC
161 curves for the typical ferromagnetic systems of Ni, Fe, Co,
162 and CoFe,O, [Figs. 3(a)-3(d)] during their ferromagnetic
163 transitions; for a comparison, DSC curves for the ferroelec-
164 tric BaTiO; [Fig. 3(e)] and ferroelastic Tis,Niy;Fe; [Fig.
165 3(f)] are also shown. It can be seen clearly that all the mag-
166 netic samples, Ni, Fe, Co, and CoFe,0,, show an endo-
167 thermic and exothermic peak at their ferromagnetic transition
168 temperature, like the case in the BaTiO; and TisNiy,Fe; at
169 their structural transition temperature. As a second-order
170 transition has no latent heat and a first-order transition has
171 latent heat, the latent heat (i.e., the DCS peak) observed in
172 Ni, Fe, Co, and CoFe,0, further suggests that these ferro-
173 magnetic systems undergo a first-order transition, being
174 qualitatively the same as the first-order nature of ferroelectric
175 transition in BaTiO; and ferroelastic transition in
176 TisoNi47Fe3.

177 Figure 3 also shows the existence of a thermal hysteresis
178 during the ferromagnetic transition, as can be seen from the
179 temperature difference between the exothermic peak T, (dur-
180 ing cooling) and endothermic peak 7T, (during heating) for
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all these ferromagnetic systems [Figs. 3(a)-3(d)]. This hys- 181
teretic feature is the same as BaTiO; [Fig. 3(e)] and 182
TisoNiy,Fe; [Fig. 3(f)], which are known to undergo first- 183
order transition. Such a hysteresis does not vanish even when 184
extrapolating the cooling and heating rate to zero, as shown 185
in the insets. The hysteresis at zero cooling and heating rate 186
for Ni, Fe, Co, and CoFe,O, are 0.8*£0.6, 0.6*=0.4, 187
0.7£0.5, and 1.0£0.4 K, respectively; for BaTiO; and 188
TisoNiysFe;, they have larger values of 2.8*0.2 and 189
2.2%0.3 K, respectively. The existence of transition hyster- 190
esis by DSC supports more accurate hysteresis measurement 191
by resistivity or impedance, as shown in Fig. 2. 192

IV. DISCUSSION 193

Historically there exist a number of well-observed effects, 194
which are not consistent with an ideal second-order ferro- 195
magnetic transition. The most familiar effect is the nondiver- 196
gent susceptibility at T.,2! which is common for first-order 197
transitions. However, the linkage of such an effect with pos- 198
sible first-order nature of these ferromagnetic transitions has 199
not been explored. There are also many examples of alleged 200
second-order transitions (e.g., ferroelectric transition in 201
BaTiO;) (Refs. 5 and 19) later turned out to be first order by 202
more precise experiment. Therefore, precise and sensitive 203
experiments are crucial for a correct identification of the or- 204
der of a transition. In the present work, we used the most 205
sensitive and accurate method—the detection of transition 206
hysteresis and latent heat to examine whether a ferromag- 207
netic transition is second order or first order. 208
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209  From the thermal hysteresis and latent heat in Figs. 2 and
210 3, we can clearly see that these typical “second-order ferro-
211 magnetic transitions” turned out to be first-order transitions,
212 being the same as the case for a typical ferroelectric transi-
213 tion and a ferroelastic transition. Such a result logically leads
214 to a fundamental question: where is a true second-order fer-
215 romagnetic transition? We suggest that the scarcity of true
216 second-order ferromagnetic transition stems from an inevi-
217 table coupling between the magnetization and the crystal lat-
218 tice, as evidence by the existence of magnetostrictive effect
219 in all ferromagnetic systems®? and by the recent finding that
220 there is a simultaneous structural change accompanying fer-
221 romagnetic transition.!! In the following, by using a simple
222 phenomenological approach, we show the coupling between
223 magnetization m and strain € can change an otherwise
224 second-order transition into a first-order transition.

225  For a ferromagnetic system with two order parameters of
226 m (primary) and € (secondary), a generic Landau free energy
227 can be expressed as'!?3

1 1 1 1
F(m,e) = —a(T)m*> + —bm* + —cm® + —K&* + \& - m>.
2 4 6 2

(1)

229 It consists of three contributions: (i) the magnetic energy due
230 to the primary order parameter m: ya(T)m>+;bm*+ cem®,
231 where the coefficient a(7) of the harmonic term is assumed
232 to be temperature dependent; we assume the system intrinsi-
233 cally tends to undergo a second-order transition and thus the
234 coefficient b of the fourth order term is positive (b>0); ¢ is
235 the coefficient of sixth order term and ¢ >0. (ii) The elastic
236 energy due to the secondary order parameter s:%Ke2 (K is
237 the elastic modulus and thus K>0). (iii) The magnetoelastic
238 coupling energy: Ae-m> (\ is the coupling coefficient).

228

239  Minimizing the total energy with respect to the strain (i.e.,
240 JF/de=0) yields a relation between m and &,
N
e=——m’. (2)
241 K

242 Substituting Eq. (2) into Eq. (1), we obtain a renormalized
243 2-4-6 Landau free energy,

)\2
—>m4 +—cm®. (3)

F(m)= %a(T)m2 + (lb "ok p

244 4

245 The most interesting consequence of the magnetoelastic cou-
246 pling is that the fourth order term is renormalized and now it
247 becomes (ib—;—;)m“. As the coefficient b(>0) is usually a
248 small positive constant®® and elastic modulus is always posi-
249 tive (K>0), a coupling coefficient A of certain magnitude
250 can make (ib - ;—K) < 0. Because a negative fourth order term
251 in Landau free energy creates an energy barrier in the free-
252 energy landscape, this leads to a first-order transition and
253 explains why a true second-order ferromagnetic transition is
254 so scarce. It is also noted that a renormalization-group
255 approach®* also yields a similar conclusion: a second-order
256 transition would change into the first-order transition if a
257 three-component order parameter (e.g., magnetic moment) is
258 coupled to the strain in the fluctuation region near 7.
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Moreover, if the secondary order parameter is volume
strain, magnetoelastic coupling can lead to volume magneto-
striction, and such a coupling may also result in the first-
order ferromagnetic transition, as discussed in MnAs.?5 Fur-
thermore, if the secondary order parameter is an electric
dipole, the magnetoelectric coupling may results in a mag-
netoelectric effect and such a coupling may also create a
first-order transition. This interesting prediction needs future
verification.

Equation (3) allows for an interesting prediction about the
relationship between the strength of the magnetoelastic cou-
pling and the size of the hysteresis of the resultant first-order
transition. It is known that the size of hysteresis for a first-
order transition is determined by the energy barrier at 7.,
which is largely dependent on the magnitude of the negative
fourth order term.?® The more negative is this term, the larger
is the transition barrier and the thermal hysteresis. A large
magnetoelastic coupling coefﬁciergt A contributes to a large
negative fourth order term (‘l-tb—é\—K)m4 and thus contributes
to a larger transition hysteresis. On the other hand, from Eq.
(2) we can see that a larger \ also leads to a larger sponta-
neous lattice distortion upon the ferromagnetic transition.
Therefore, the strength of the magnetoelastic coupling A can
be represented by the magnitude of the spontaneous lattice
distortion.!! As the result, Eq. (3) predicts that the magnitude
of transition thermal hysteresis increases with the increase in
lattice distortion. Similar conclusion can also be drawn for
the ferroelectric transition?® and ferroelastic transition.?6”

Figure 4(a) shows the experimental result about the rela-
tionship between the lattice distortion and the thermal hys-
teresis for the ferromagnetic Ni, Fe, Co, CoFe,0,, ferroelec-
tric BaTiOs3, and ferroelastic Tis)Niy;Fe; systems we studied.
The values of lattice distortion and hysteresis are given in
Fig. 4(b). It is of interest to see that the thermal hysteresis in
these ferroic transitions indeed increases with increasing lat-
tice distortion, but the relation is not linear. For BaTiO5; and
TisoNiy;Fe;, the lattice distortion is large and can be easily
detected by conventional x-ray diffraction (XRD); this cor-
responds to a relatively large thermal hysteresis (above 2.0
K). For CoFe,0,, the lattice distortion is smaller and but can
be detected by high-resolution synchrotron XRD (Ref. 11);
this corresponds to a smaller thermal hysteresis (about 1.0
K). For Ni, Fe, and Co, the lattice distortion is so small that
it is out of the detection limit of any available diffraction
technique'' and can be estimated only by indirect magneto-
striction measurement; this corresponds to the smallest hys-
teresis (less than 1.0 K). From Fig. 4, it is noted that a fer-
romagnetic transition usually has much smaller hysteresis
compared with a ferroelectric transition or a ferroelastic tran-
sition due to the weaker coupling effect. This explains why
ferromagnetic transition in most ferromagnetic systems has
been considered as being second order; it is simply because
the transition hysteresis is usually too small to detect. Figure
4 also has an important implication: a “true” second-order
ferromagnetic transition exists only in a system with zero
magnetoelastic distortion or zero magnetostriction [the point
at the origin in Fig. 4(a)]. However, such a system does not
seem to exist because all known ferromagnetic systems have
nonzero magnetostriction. Nevertheless, it should be noted
that magnetoelastic coupling may not always be weak. In
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FIG. 4. (Color online) The relationship between the thermal
hysteresis and lattice distortion for several typical ferromagnetic,
ferroelectric, and ferroelastic transitions. (a) Lattice distortion (at
0.97,) dependence of the thermal hysteresis. The horizontal axis
takes a cube root scale, so as to reveal the tiny strain over a proper
scale. (b) Data of the thermal hysteresis, crystal symmetry (R:
rhombohedral; T tetragonal), and the lattice distortion at 0.97 for
several typical ferroic systems. The distortion data of Tis)Niy;Fes
and Co are from Refs. 20 and 22, respectively; the data of Ni, Fe,
BaTiO;, and CoFe,0, are from our recent work (Ref. 11).

319 ferromagnetic martensite such as Ni,MnGa, Fe-Pt,8 the cou-
320 pling may be quite large, leading to a large structure change
321 at T,.

322  The finding of the first-order nature of ferromagnetic tran-
323 sitions may lead to important consequences. First, it indi-
324 cates that a “pure” magnetic transition does not exist: the

364
365
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magnetic moment is always coupled to other ferroic order 325
parameters like strain and polarization. Such a multiferroic 326
coupling can explain many important multiferroic phenom- 327
ena such as magnetostriction?? and magnetoelectricity.>>-*" 328
Second, it may lead to new insight into how to develop 329
highly magnetoresponsive materials. To obtain a high mag- 330
netoresponsive effect (such as magnetostrictive effect’” and 331
magnetocaloric effect’’-32), a strong-coupling effect is re- 332
quired. By referring to Fig. 4, such materials may be found 333
in the systems with large lattice distortion or large transition 334
hysteresis. Finally, as magnetic elements Ni, Fe, and Co are 335
shown to undergo a weakly first-order ferromagnetic transi- 336
tion, we can predict that another magnetic element Gd, 337
which has been studied recently,® may also undergo first- 338
order ferromagnetic transition. This interesting prediction 339
awaits future experiment to confirm. 340

V. CONCLUSION 341

342
343
344
345
346
347
348
349
350
351
352
353

In summary, by thermal hysteresis and latent heat mea-
surement we showed that the most typical “second-order”
ferromagnetic transitions in Ni, Fe, Co, and CoFe,0, turned
out to be first-order transitions. We suggest that the first-
order nature of ferromagnetic transitions is attributed to an
inevitable magnetoelastic coupling in all ferromagnetic sys-
tems. The finding of the first-order nature of ferromagnetic
transition indicates that a ferromagnetic transition is always
accompanied by a coupling effect. Such a coupling leads to
the multiferroic effect and may provide an insight into devel-
oping highly magnetoresponsive materials. It also suggests a
need to reconfirm other alleged second-order transitions so

far reported. 354
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