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Why kinetics ?    For the 1st order phase transition 
    * No homogeneous ΔSm and ΔTad 

Fujita et al., Apl. Phys. Lett. 102 (2013) 041913. 

La(Fe0.88Si0.12)13 Cu-Zn-Al 

Vives, Mañosa, Planes et al. 
Apl. Phys. Lett. 98 (2011) 011902. 

* 2nd-order 
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is continuous. 
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appear as parallel lines on the surface, also extending for a few
hundred micrometers. The parent material is also inherently
twinned.[21] While the microstructure has been well studied, a
corresponding investigation of the magnetic properties on a local
scale has not been carried out, and only bulk magnetometry has
been documented.

Here, using scanning Hall probe imaging, we show that the
transition behavior in these crystals is exquisitely controlled
by these mesoscopic features, particularly how the platelets that
are threaded through the crystal act as seeds for the nucleation
and growth of FM clusters in the PM matrix, but do not control
the reverse FM-to-PM transition. We also show the rather striking
influence of a single visible mosaic boundary (and, presumably all
other mosaic boundaries), on the transition properties.

We have measured two Gd5Si2Ge2 crystals, each of the order a
fewmillimeters in size. Crystal #1 was polished and oriented with
the b axis perpendicular to the polished face. A second crystal (#2)
was polished and oriented with the a and c axes perpendicular to
polished faces, while the third face showed a slight misalignment
from being perpendicular to the b axis, due to the presence of a
long mosaic boundary, meaning the crystal was in fact two single
crystals.

Figure 2a shows the bulk dc magnetization versus applied
magnetic field (M–H) loop withH applied parallel to the b axis of
sample #1 at 280K, where at low field the material is PM and at
high field it is FM. The transition from PM to FM state occurs
gradually over the range of fields of about 1 T, with well-defined
onset (2 T) and offset (3 T) critical fields. The return transition
from FM to PM mirrors the upwards transition, except for the
notable magnetic hysteresis, which is due to the strongly

first-order behavior in this system. In contrast to the bulk
M–H loop, the Hall images of the [010] face taken at fields around
the M–H loop, and shown as insets in Figure 2a, reveal clear
coexistence of macroscopic PM and FM clusters. The broad bulk
M–H loop is then due to a distribution of critical fields across
the sample volume. We previously reported macroscopic phase
coexistence in a polycrystalline Gd5Ge4 sample, but in that case
the distribution of phases was due to randomly oriented
crystallites throughout the sample volume.[22] The striking
feature revealed here in the Hall images on the upwards field
leg is that regions nucleate from PM (dark) to FM (bright) in a
distinct order, which closely resembles the criss-cross pattern of
the second phase platelets when viewed perpendicular to the [010]
face. We note that the platelets themselves form less than 1% of
the sample volume, and do not contribute significantly to the
magnetic induction measured by the 5mm! 5mm Hall sensor;
instead, they create nucleation sites for FM clusters.

Figure 2b shows the M–H behavior in a bulk sample of
Gd5Si1.5Ge1.5, which has the same composition as the platelet
material (gray dashed line). It is clear from these data that
Gd5Si1.5Ge1.5 remains paramagnetic at this temperature at all
field values, and it has no net magnetic moment as well as
Gd5Si2Ge2 at 280K in magnetic fields below 2 T. Figure 2b also
shows the integrated Hall signal taken from the Hall images in
field. These agree perfectly with the bulk magnetization M–H
behavior, showing that the Hall images mirror bulk behavior and
are not dominated by surface effects.

Note that the insets to Figure 2a show that whilst the increasing
magnetic-field transition is seeded by the presence of the platelets
with nucleating regions distributed evenly over the image

window, they do not seed the decreasing field
leg, where instead other morphological fea-
tures, such as cracks and edges, control the
transition, that is, although the global M–H
loop appears symmetric, the images taken in
increasing and decreasing fields are not. This
asymmetry in behavior is illustrated by the
Hall images we have chosen to show. Images
4 and 5 are associated with the same global
magnetization value, but they show very
different local structures; similar comparison
can be made for the images numbered 3 and
6. We can investigate this point in more detail
by studying localM–H loops. Figure 2c shows
local M–H loops that can be extracted from
the Hall images taken from three different
regions. Point 1 lies on a nucleating region
(black squares) and points 2 (gray circles) and
3 (gray triangles) lie away from such regions,
as indicated in the expanded Hall image
(taken on the upwards field leg at 1.8 T). The
nucleating region (point 1) has a lower critical
field than the other two points, but all three
undergo the return transition at the same
field. This suggests that the platelets create a
range of critical fields that define the onset of
the PM to FM transition, but do not have an
influence on the FM-to-PM return transition.
This also produces an effective range of local

Figure 2. Seeding of the FM transition in the [010] face by the platelets. a) Bulk M–H loop for
crystal #1 with H parallel to b axis (H//b) at 280 K. Insets are the Hall images
(2000mm! 2000mm) at specific fields around the loop. Numbers along the loop correspond
to the numbers in the Hall images. The sample border is most clearly evident in image 1. The
images are shown with an autoscale color contrast, where black represents regions of low
magnetic induction and bright represents regions of high induction, such that we associate dark
regions of the sample with the PM phase and bright regions with FM phase. b)M–H curves on the
upwards field leg illustrating the difference of low-field PM signal for crystal #1 with H//b (black
curve measured with VSM and gray triangles from Hall imaging) and for the platelet material
Gd5Si1.5Ge1.5 (gray dashed curve with VSM) at 280 K. c) LocalM–H curves showing both field legs
are extracted fromHall imaging of the [010] face of crystal #1 at 280 K (point 3 shows the fullM–H
loop). The inset shows a magnified region from image 1 in part a) (500mm! 500mm) atH¼ 1.95
T on the upwards field leg, where point 1 lies on a nucleating region and points 2 and 3 lie away
from such regions. On the upward field leg, the regions nucleate at different fields, but on the
downwards field leg they all switch together.
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barrier, and the LS molecule is smaller than the HS one. Indeed, SC
systems show a wide variety of phase transitions under external
stimuli13–16.

In the present work we study the nucleation dynamics of circular
(d 5 2) crystals of a long-range elastic interaction system and show
that the nucleation is a barrier-crossing process. However, the size of
the critical nucleus (rc) is proportional to the system size (R). Thus, a
macroscopic nucleation mechanism is realized, which is qualitatively
different from previously known nucleation mechanisms.

Results
We adopt the following Hamiltonian for the model27,

H0~
XN

i~1

p2
i

2m
z
XN

i~1

V intra
i rið Þz

XN

i~1

P2
i

2M

z
X

i,jh i
V inter

ij X i,X j,ri,rj
! "

:
ð1Þ

The first and second terms describe the motion of the intramolecular
mode of the ith molecule. The radius of the molecule is ri, and the
conjugate momentum is pi. The mass for the motion is m
(Supplementary 2). The intramolecular potential energy V intra

i xið Þ
is shown by the solid curve in Fig. 2a, where xi 5 ri 2 rLS. Here rLS
is the ideal radius of the LS molecule, and that of the HS molecule is
rHS 5 rLS 1 Dr. V intra

i xið Þ provides a symmetric vibration mode and
induces changes of the molecular size. The third and fourth terms
describe the ceneter-of-mass motion of the molecules (Xi, Pi) with
mass M. The intermolecular interaction V inter

ij (see Methods) for
nearest and next-nearest neighbors is a function not only of the

Figure 1 | Nucleation and domain formation for short-range interaction
systems. (a) A schematic example of a droplet of a short-range magnetic
interaction system. The blue circle with radius r is a cluster of down-spin
molecules in an up-spin phase (red part). (b) Microscopic competition of
the surface and bulk free energies of a droplet. The surface free energy is an
increasing function of the radius of the droplet (r) (upper broken line) and
the bulk free energy is a decreasing function of r (lower broken line). The
solid line is the sum of these energies (DE). The critical nucleus with the
radius rc gives the maximum of the total free energy. (c) Snapshots of
nucleation for a short-range interaction model (Ising model). Red and blue
denote up and down spins, respectively.

Figure 2 | Elastic interaction system and nucleation features. (a) Intramolecular potential energy V(x) shown by the solid (blue) curve. The dotted
curves are low spin (LS) and high spin (HS) potential energies without quantum mixing. The curvature for the LS state is 4 times larger than for the HS
state13 in this work but other choices for the ratio of the curvatures, for example equal curvatures, do not change the essence of the results. The energy unit
is 100–300 K for SC compounds13 (Supplementary 2), and it is also the unit of the temperature T. (b) LS molecule (blue) and HS molecule (red). The HS
molecule is larger in size. (c) Distortion due to the difference of the molecular sizes. (d, e) Snapshots of the configuration during relaxation from the HS
phase for (d) 2R 5 200 and (e) 2R 5 100. The value of fHS is 0.95 for d1 and e1, 0.90 for d2 and e2, 0.71 for d3 and e3, 0.50 for d4 and e4, 0.26 for d5 and e5,
and 0.15 for d6 and e6.
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configuration of the V-shaped cluster consisting of two HPVs agree with those in
Figure 1. In addition, the SEM image shows the K1 plane traces of the f!1!11gB190 type
I twin between the HPVs, and the h011iB190 type II twin within the HPVs. The SEM
observation indicates that there are many V-shaped clusters as minimum units of the
self-accommodation morphology in the entire specimen.

3.3. Hexangular morphology as an ideal self-accommodation

A hexangular cluster of six HPVs in total, consisting of three V-shaped minimum
units of the HPVs 40(!)/20(þ), 20(!)/60(þ) and 60(!)/40(þ) (Figure 3b), is a
macroscopic ideal self-accommodation morphology for B190 martensite around one
of the h111iB2 traces. The SEM micrograph in Figure 6 shows evidence of the cluster
of six HPVs, which is frequently observed in the reverse transformation relief of the
Ti–50.8 at% Ni alloy. The traces of the K1 plane of the characteristic twins, the
h011iB190 type II LIS twin and the f11!1gB190 type I variant accommodation twin, and
those of the habit planes are consistent with the inserted illustration in Figure 6,
which is derived from Figure 3. The hexangular morphology which consists of three
V-shaped minimum units was also confirmed by TEM observations (Figure 7a). The
habit plane traces in Figure 7a are not straight compared with those in Figure 6,
because the Ti–50.3 at% Ni alloy specimen electropolished about 255K was in the
fully martensitic state at room temperature, and each variant is deformed by the
impingement and restriction of the surrounding variants. Electron diffraction
patterns in Figure 7b–j are taken from their corresponding areas B–J in Figure 7a. If
the incident electron beam direction is almost parallel to [111]B2 of the parent phase
before the transformation, as in Figure 2, all the variants are recognised to be HPVs

Figure 5. SEM micrograph of the reverse transformation relief showing the V-shaped
minimum unit consisting of HPVs 40(þ)/20(!), 20(þ)/60(!), and 60(þ)/40(!), around [111]B2 in
the Ti–50.8 at% Ni alloy.
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Spin crossover	

SRO model SRO+LRO 

Nishino, Miyashita et al  
 Sci. Rep. 1 (2011) 162 

Long-distance strain-
connected morphology in 
Ti-Ni  martensite 

Nishida et at, Phil. Mag.  92 (2012) 221 
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“Shape anisotropy” in kinetics	
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Supercooling feature 
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Supercooling(heating) profile under mag. field	
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Magnitude of undercooling 	
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Classical model	
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L: latent heat　　γ：surface energy 
TC: Curie temp.　　kB : Boltzmann const.　　　　
ΔTsc: Magnitude of under cooling 
rc : Temeperatue sweeping speed 
A: pre-exponential factor	



Large difference of dipole distribution ??? 
 
Para. →　Ferro.　 
Nucleation first occurs, then magnetic domain is  
formed after enough growth of the Ferro. region  
 
Ferro. → Para. 
Nucleation occurs in the Ferro. region including 
magnetic domain. 

Magnetic fluctuations ??? 
 
Incubation from embryo to nuclei is reflects magnetic 
fluctuations 
 
Magnetic field suppress the paramagnetic fluctuations 



Nucleation behavior is characterized under magnetic 
field in La(Fe0.88Si0.12)13 

1.   Supercooling (heating) behavior shows different characteristics 
in cooling and heating processes.  

2.  By applying external magnetic field, magnitude of undercooling 
becomes smaller in both the cooling and heating process. 

3.  These change caused by magnetic field is explained by change 
in surface energy loss of nuclei in the conventional model. 

Magnetostatic information, such as flux distribution of nuclei 
surrounded by magnetic domains, is necessary to reveal the 
nucleation-growth properties in magnetic fields (the AMR situations).  

Conclusion 


