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Abstract

Magnetic cooling is a green cooling technology, which is more energy efficient than existing
fluid-compression cooling machines. Niy;Mn3¢ln;,Cog alloy, which demonstrates promising
magnetocaloric performances, was investigated using neutron diffraction and thermomagnetic
measurements. The austenite structure is cubic L2; (Fm3m), while that of the martensite is a mix
of 8 and 6 M modulated monoclinic structures (P 12/m 1). The austenitic site occupancy
refinements reveal that all substituting Co atoms occupy Ni-sites. Most Mn atoms (65%) are in
the Mn-sites and the rest go to In-sites (about 35%) and Ni-sites (less than 5%). This disorder of
the magnetic atoms (Mn, Ni and Co) in the austenitic phase remains unchanged during the
martensitic transition. The distortions of the interatomic distances due to the modulation of the
martensitic structures further enhance the disorder in the magnetic interactions. Thermomagnetic
measurements indicate that the austenitic phase is ferromagnetic. Cooling to below 250 K, where
the alloy loses its ferromagnetic nature, and down to 50 K, the lack of any antiferromagnetic
Bragg peaks suggests no antiferromagnetic ordering in the martensitic phase. At very low
temperatures in the martensitic phase, spin glass magnetic nature is identified by magnetic
measurements, and the spin-glass transition temperature is ~19 K.

Keywords: giant magnetocaloric effect, Heusler alloys, spin-glass, 6 M and 8 M modulated
martensite

(Some figures may appear in colour only in the online journal)

1. Introduction many technological applications. Some of these alloys exhibit

giant magnetocaloric effect (GMCE) associated with the

Ni-Mn—-X (X = In, Ga, Sn, and Sb) alloys exhibit unique
multifunctional properties associated with their magnetic
field-induced metamagnetic phase transitions. Magnetic shape
memory [1], magnetic superelasticity [2], giant magnetoca-
loric [3] and giant solid-state barocaloric effects [4] are some
of the phenomena, which make these alloys important in

0964-1726/16,/085013+-08$33.00

magnetic field-induced first-order phase transitions around
room temperature. That makes them highly promising as
refrigerants for near room temperature-cooling systems [5-7].
When compared to other giant magnetocaloric materials, Ni—
Mn-In based alloys have a number of advantages, such as,
lower cost, eco-friendlier, better oxidation resistance, and

© 2016 IOP Publishing Ltd  Printed in the UK
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Table 1. Summary of the RBS analysis.

Calculated elemental composition (%)

Energy of the O™ jon Incident/scattering
Position beam (MeV) angle (°) Ni Mn In Co
1 15 0/150 40.68 + 0.30  39.22 £ 0.23 11.60 £ 0.12 8.50 £ 0.65
15 0/150 40.70 £ 0.15 39.10 £ 0.16 11.60 £ 0.16 8.60 £ 0.51

higher strength [5]. Substitution of a small percentage of
cobalt in Ni-Mn-In alloys enhances their magnetocaloric
performance significantly [S]. Additionally, by controlling the
amount of cobalt, the martensitic transition temperature (7y;)
can be manipulated [8]. All these desirable properties of Ni—
Mn-In—Co Heusler alloys make them potential candidates for
magnetic cooling refrigerants.

An application of a magnetic field at a certain temper-
ature range in some Ni-Mn-In—-Co alloys will cause the
martensitic phase to transform into an austenitic phase; the
temperature range and strength of the required field depend on
the composition. The main contribution of the observed
GMCE in these alloys is associated with structural phase
transition. Usually, the magnetic entropy contribution from
spin alignment is relatively small, but vital as the driving
force of the magneto-structural transitions [5]. For a wide
range of compositions, the cubic L2, structure [5, 9, 10] and
ferromagnetic ordering of the austenitic phase of these alloys
are well known [6, 11]. However, depending on the compo-
sition, the structure of the martensite has several possibilities.
Some reported structures for the martensite include non-
modulated face-centered tetragonal (L1y) [9], 5 M modulated
orthorhombic [10, 12], 5M [5, 10], 6 M [9] and 7 M modu-
lated monoclinic [10]. In these modulated structures, the
interatomic distance between magnetic atoms vary sig-
nificantly [11]. This causes different magnetic interactions
between magnetic moments. Additionally, the randomness of
the site occupation of strongly magnetic Mn atoms in non-
stoichiometric alloys may result in different magnetic con-
figurations in the martensitic phase, such as antiferromagnetic
ordering [13] and disordered spin-glass (in much lower tem-
peratures below the martensitic transition) [11, 14].

This study is devoted to the investigation of the crystalline
structure and magnetic states of the both austenitic and marten-
sitic phases of a potential magnetocaloric Ni-Mn-In—-Co alloy.
This alloy exhibits promising magnetocaloric performances to be
considered as a potential solid-state magnetic refrigerant. Cal-
culations based on Maxwell relation, show that the maximum
entropy change in this alloy, is 13 Jkg~' K" at 310 K under an
applied magnetic field of 3T [6]. The understanding of the
behavior of the phase fractions of the austenitic and martensitic
phases with temperature is also a major goal of this research.

2. Sample preparation and experimental techniques

A polycrystalline sample of the Niy;Mnj3oln;,Cog alloy was
prepared by the arc-melting method under an argon

atmosphere, and the sample was tested in the as-cast state.
The chemical composition of the alloy was determined by the
Rutherford Backscattering Spectrometry (RBS) technique
carried out in the 6 MV Tandem Van de Graaff accelerator
laboratory at Western Michigan University [15]. The pro-
jectile ion type (O™, the energy of the ion beam (15 MeV),
and the scattering angle (150°) were selected for maximum
resolution between backscattered ions by Ni and Co atoms,
which have similar atomic masses. Data were analyzed to
determine the depth profile composition of the alloys using
SIMNRA [16]. Neutron diffraction measurements of the alloy
were conducted at the constant wavelength (0.15374 nm)
neutron powder diffractometer, HB2A, at Oak Ridge National
Laboratory [17]. Data were collected at different temperatures
in the range from 50 to 600 K. Rietveld refinements of neu-
tron diffraction data were done using general structure ana-
lysis system (GSAS) [18] and GSAS EXPGUI [19]. The
refined crystalline structures were drawn by DRAWxtl [20].
Thermomagnetization measurements of the alloy with zero-
field cooling (ZFC), field-cooling (FC), and field-heating
routines were carried out between 50 and 400 K, and under
four different magnetic fields using a vibrating sample mag-
netometer. In addition, thermomagnetic measurements of the
alloy in the temperature range 1.9-100 K were collected using
SQUID magnetometer at the University of Michigan.

3. Results and discussion

3.1. Chemical composition and site occupancies

Magnetic and magnetocaloric properties of Ni-Mn—X based
Heusler alloys are strongly dependent on the chemical com-
position. Therefore, the chemical composition of the alloy
needs to be determined as accurately as possible. RBS data of
the alloy on two positions of the sample surface were col-
lected to get a better accuracy for the chemical composition.
Summary of the RBS data analysis is given in table 1. The
composition of the alloy as determined by the RBS technique
is Ni41MIl3911’112C08.

A critical aspect of this experiment was the determination
of site occupancies of all atoms in order to calculate the
chemical order in the alloy. In the austenitic cubic L2,
structure, there are three different crystallographic sites: Mn
(4a), In (4b), and Ni (8c). In the site occupancy refinements, it
was assumed that all three crystallographic sites can poten-
tially be occupied by any of the four atoms. Compared to the
synchrotron diffraction technique, neutron diffraction is a
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Figure 1. Schematic diagrams (generated by the DRAWXxtl software [20]) of the crystalline structures of Nis;Mn3gln;,Cog alloy based on
refinements of the neutron diffraction data. (a) The austenitic L2, cubic crystalline structure at 400 K. This one belongs to Fm3m space
group. (b) 6 M modulated and (c) 8 M modulated martensitic phases at 250 K; both belong to the P 1 2/m 1 monoclinic space group.

Table 2. Summary of the site occupancy refinement in the austenitic phase.

Element Ni Mn In Co
Occupation of Wyckoff positions (%) 4a (4 atoms per unit cell) 423 £0.07 95.77 £ 0.07 0 0
4b (4 atoms per unit cell) 0 53.37 £ 048 46.67 + 0.06 0

8c (8 atoms per unit cell) 79.11 £+ 0.03 4.11 £ 0.04 0 16.78 + 0.01

Composition (%) 40.59 £0.05 3929 £0.06 11.75 + 0.02 8.37 £ 0.01

better tool to determine the site occupancies of these atoms.
The scattering amplitudes of the constituent atoms (Ni, Mn,
Co, and In) for neutrons are significantly different (bound
scattering lengths of Ni, Mn, Co, and In are 10.3, —3.73,
2.49, and 4.01 fm respectively) [21]. The chemical order of
the alloy was calculated by the site-occupancy refinements of
its neutron diffraction data collected at three different tem-
peratures (600, 450 and 400 K) in the austenitic phase. It was
found that ~97% of the Co atoms occupy Ni-sites and the rest
occupy the Mn-sites. This result is very similar to the for-
mation energy calculations of the austenitic structure of Ni—
Mn-Ga alloys carried out by Bai ef al [22]. In that study, it
was recorded that in Ni-Mn—Ga alloys, the substituted Co
occupies the regular Ni-sites. The preference of Co atoms to
occupy the Ni-site could be explained in terms of the atomic
radii of the Ni and Co atoms. Co has the closest atomic radius
to Ni compared to the other two elements in this alloy, Mn
and In, and hence Co prefers to occupy Ni-sites. The In-site is
occupied by both Mn and In atoms; the proportions are about
50% of each In and Mn. Over 60% of the Mn atoms was
found in the Mn-sites, about 35% in In-sites, and less than 5%
in Ni-sites. Compositions calculated from the refinement of
neutron diffraction data are summarized in table 2. It should
be noted that even though the values calculated for site
occupancies at different temperatures are precise; ideally,
these numbers (calculated occupancies) should be the same
for each temperature. The composition calculated by the site
occupancy results is in agreement with the value calculated by
the RBS technique. The final chemical composition was taken
to be Ni41Mn3QIH12C08.

3.2. Crystalline structures

Crystalline structures at different temperatures in the range
from 50 to 600 K were determined by neutron diffraction
refinement. The austenitic structure was found to be cubic
L2, (figure 1(a)), which belongs to the Fm3m space group.
The lattice parameter of the L2, structure at five different
temperatures in the range from 300 to 600 K was also
calculated by the refinements. The temperature depend-
ence of the lattice parameter is plotted in figure 2. The
lattice parameter increases linearly with increasing temp-
erature. The linear thermal expansion coefficient of this
alloy in the 300-600K range was calculated to be
(9.2056 + 0.0043) x 107 °K™', which is about 70% of
that of pure Ni (1.44 x 107K ") [23].

Similar to the constraints used by Righi [24, 25] in the
refinement of the modulated structures of the martensitic
phase of the Ni,MnGa alloy, the following steps were taken
to reduce the number of parameters in the refinements. First,
the modulations of the martensitic structures occur along the
[001] direction of the monoclinic unit cell (this corresponds to
[110] direction in the austenite). Second, both x- and y-
coordinates of all atoms were allowed to refine, while the z-
coordinate was kept constant. Third, the amplitude of mod-
ulation of every atom in the (001) plane was the same. For the
martensitic phase of this alloy, the refinement revealed a mix
of 6 M (figure 1(b)) and 8 M (figure 1(c)) modulated mono-
clinic structures. Lattice parameters of all the crystalline
structures in both phases, along with the agreement factors of
the respective refinement cycle are summarized in table 3.
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Figure 2. Variation of the lattice parameter of the austenitic structure
with the temperature.

The a and b lattice parameters of the two modulated
structures are very similar. However, the lattice parameter
along the Z-direction, which is the direction of the modula-
tion, is completely different (as expected). The values
obtained by dividing the lattice parameter ¢ by the respective
modulation of the 6 M and 8 M structures are 0.433 and
0.411 nm, respectively. The stacking sequences along the Z-
direction are 221422 for 6 M and 2142412 for 8 M modulated
structures.

3.3. Phase fraction analysis

The evolving of the austenitic phase (at 450 K) from pure
martensitic phases (at 250 K) is demonstrated in figure 3. The
diminishing of the martensitic Bragg peaks and the growing
of the austenitic Bragg peaks can be observed as the temp-
erature is increasing from 250 to 450 K. In order to determine
the contribution of each phase to the total diffraction pattern,
the phase fractions at different temperatures in the range from
50 to 600 K were calculated by neutron diffraction refine-
ments. From those phase fraction values of each phase (S)),

450 K - Aus
i U

1 400 K - Aus
A

350K - Aus
N j{ Ao

300 K - Aus+6M
A .jE_ Frn _jL

275 K - 6M+8M

Intensity (a. u.)
B
1

250 K - 6M+8M

T T T T T T 1
20 40 60 80 100 120
2 Theta (*)

Figure 3. The growing of the austenitic phase (at 450 K alloy is pure
austenite) from pure martensitic phases (at 50 K).

the weight fractions of each phase (W;) were calculated using
equation (1)

W = (SiM: Vi) (ZSJ'M]'V‘], ey

J

where M; and V; are the unit cell mass and volume,
respectively. The unit cell volumes were determined by the
lattice parameters of the crystalline unit cells of the relevant
phases.

The variation of weight fractions of the phases with the
temperature is given in figure 4. The entire temperature range
can be classified into three main regions. In the first region,
between 600 and 350 K, the alloy is a single-phase austenite.
The agreement between the experimental and calculated dif-
fraction patterns at 600 K is given in the figure 5. All the
observed Bragg peaks belong to the cubic L2 structure and
with no trace of the martensitic phase.

In the second region (i.e. from 350 to 270K), three
phases, austenitic, 6, and 8 M martensitic phases co-exist. The
experimental and the calulated diffraction patterns at 300 K

Table 3. Agreement factors of the Rietveld refinements and lattice parameters of the three phases.

Lattice parameters

#Agreement factors

T (K) Phase(s) a (nm) b (nm) ¢ (nm) B (a=~v=90% R, RS x>
600  Aus 0.601 — 90 4.8 35 3.0
300 Aus/6M  0.598/0.441 0.598/0.556  0.598/2.592 90/93.69 3.4 2.7 1.6
250  6M/8M 0.440/0.443 0.554/0.558 2.582/3.288 93.65/91.05 1.9 14 1.2

a Agreement factors of the Rietveld refinements are defined as [18].

® Rp = 10031l — Ic1/ Y Io.

© Rwp = 100,/(Swi (o — Ie)*fwilo?).
N2 = Sowilo — 102/ Mows — Nw).
where,

Iy and I are the observed and calculated diffraction intensities,
w; is the weight assigned to each intensity,

Nops and Ny, are the total number of observations and the number of variables in the least square refinement, respectively and

x? is the goodness of the fit.
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Figure 4. Variation of the phase fractions of the austenite, total
martensite, 6, and 8 M martensitic phases with the temperature
(50-600 K). The phase fraction of the 6 M phase is higher than that
of the 8 M phase in all the studied temperatures except 50 K.
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Figure 5. Refinements of the neutron diffraction data at 600 K under
no applied magnetic field. The alloy is a single-phase austenite with
cubic L2; crystalline structure. Similar diffraction patterns to this
one (at 600 K) were also observed at 450 and 400 K.

(which is in the second region) is given in the figure 6. At this
tempereture, the austenitic phase still dominates the diffrac-
tion pattern and the contribution from the 8 M modulated
phase is minimal. However, there is a significant contribution
from the 6 M modulated martensitic phase. At 270K the
weight fraction of the 8 M phase is less than 15% and it
increases with further decrease in temperature. The marten-
sitic transition temperature (7ys), defined as the temperature at
which phase fraction of the austenite (or martensite) is 50%, is
approximately 295 K.

In the final region (i.e. from 270 down to 50 K), two
martensitic phases with 6 and 8 M modulations coexist. Here,
the weight fraction of the 6M phase decreases with
decreasing temperature (6 M is the dominant martensitic
phase just below the transition temperature). The decrease in
the 6 M phase is compensated by an increase in the fraction of

500 < Experimental
P g Calculated
s N Background
g
4004 < Exp. - Cal.
<
8
300 =

= (220) A
e (422), (600) A
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Figure 6. Refinements of the neutron diffraction data at 300 K, under
no applied magnetic field. Under these conditions, the alloy is a
mixture of austenitic and martensitic phases. However, the
martensitic contribution is small. The hkl values of the Bragg peaks
of the austenitic (A), 6, and 8 M martensitic phases are shown in
black, red and blue colors, respectively.

the 8 M martensite. At 50 K, the fractional ratio of the 8 M to
the 6 M phases is about 60% to 40%. We suggest that this
behavior of the martensite results from the entropy of the
structures; the highly ordered 8 M phase is energetically
favorable at low temperatures because of its lower entropy
compared to 6 M modulation.

3.4. Magnetic states and thermal hysteresis of magnetic phase
transitions

Figure 7 demonstrates the behavior of the mass magnetization
as a function of the temperature (in the range from 100 to
400K) in ZFC (heating), FC (cooling), and FC (heating)
routines under four different applied magnetic fields (0.005,
1,2, and 3 T). All these thermomagnetic curves demonstrate a
sharp change in the magnetization around 260 K upon cooling
and 300 K upon heating of the alloy. Under all three magnetic
fields, there is a higher magnetization in temperatures
approximately above 270 K (upon cooling) and 310 K (upon
heating) of the alloy. This indicates a ferromagnetic ordering
in the austenitic phase and very weak magnetization in the
martensitic phase. The weak magnetization in the martensitic
phase is almost constant below some temperature in the
martensitic phase. The behavior of the thermomagnetization
curve in the martensitic phase could be due to a weak
magnetic state such as antiferromagnetic or spin-glass.

The characteristic temperatures of the magnetic phase
transition were defined by extrapolation of the linear parts of
the thermomagnetic curves (figure 7). The characteristic
temperatures of the pure magnetic phase transition; ferro-
magnetic start (FMg), ferromagnetic finish (FMg), lower
magnetic state start (LMg), and lower magnetic state finish
(LMg) of the thermo-magnetic curve under 3T field, are
shown in the figure 7. Additionally, two characteristic tem-
peratures Th(SO) and TC(SO)’ were defined. Here, Th(SO) is the



Smart Mater. Struct. 25 (2016) 085013

A S B Madiligama et al

1.0

——0.005T
—— 1T
——2T
——3T

LM =271 K

0.84

SN

B:

- 80

B=6=g=¢

0.6 - 60

~6=G=g=0=g:

L 40

0.4

20

Mass Magnetization (emu/g) for 0.005 T
Mass Magnetization (emu/g) for 1,2,and 3 T

FM, = 295K

LM, =250K

0.2

160 180 200 220 240 260 280 300 320 340

Temperature (K)

Figure 7. Thermo-magnetization curves under different magnetic
fields (0.005, 1, 2 and 3 T). The characteristic temperatures of the
magnetic phase transition (associated with crystallographic phase
transition) were determined by extrapolating the linear parts of the
thermomagnetic curves. The characteristic temperatures of the
magnetic phase transition under 3 T field is given in the diagram.
Magnetic phase transition temperatures decrease with increas-

ing field.

temperature at which the magnetization of the alloy is equal to
the average value in the FC heating path, while, T, is the
temperature at which the magnetization of the alloy is equal to
the average value in the FC cooling path. All the character-
istic transition temperatures are listed in table 4. The hys-
tereses associated with the magnetic phase transitions were
calculated by taking the difference between Tysoy and T(so).
The magnetic phase transition temperature goes down with
the increasing magnetic field. However, the associated ther-
mal hysteresis of the magnetic phase transition goes up with
increasing field.

To investigate the magnetic state of the martensitic phase
further, the neutron diffraction data at low temperatures
(below 250 K) were analyzed in detail. Three of the con-
stituent atoms of this alloy (Mn, Co and Ni) have magnetic
moments that interact with neutrons. If there is anti-
ferromagnetic ordering present in the martensitic phase, there
will be additional magnetic Bragg peaks, separated from
crystalline peaks due to an enlargement of the magnetic unit
cell compared to the crystalline unit cell [26]. Refinement of
the neutron diffraction data (figure 8) collected below mar-
tensitic phase transition temperature, assuming crystal-
lographic peaks only, is in agreement with the experimental

200 é Experimental
180 g Calculated
J S Background
160 4 = Exp.-Cal.
1404 %
2 120 { e
g ! S -
2. 100+ ;ﬂ; as %
£ 80 $ ) %
= 60
40
20
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Figure 8. Rietveld refinements of neutron diffraction data collected
at 250 K. At this temperature alloy is a mix of two martensitic
phases: 6 and 8 M martensite. The numbers marked in black and red
are the (hkl) values of the peaks of 6 M and 8 M modulated phases,
respectively. There is a good agreement between experimental and
calculated diffraction patterns based on mixture of modulated
martensitic phases.

data. No extra peaks, which could belong to antiferromagnetic
ordering, were observed. This excludes antiferromagnetic
ordering in the low magnetization martensitic phase.

Thermomagnetic measurements, under all four magnetic
fields, exhibit a very low magnetization in the martensitic
phase. Even though, the possibility of antiferromagnetic
ordering in the martensitic phase is excluded, there are no
sufficient evidences to confirm the magnetic nature of the
martensitic phase, just below the phase transition as a spin-
glass disorder. In order to investigate the magnetic nature of
the alloy at very low temperatures (below 100 K), another set
of DC SQUID magnetization measurements of this alloy
sample were carried out in the temperature range from ~1.9 to
100 K. The experimental procedure of these measurements
followed Chamberlin et al [27]. Under both magnetic fields,
0.05 and 0.01 T, a cusp-like maxima were observed in the
mass magnetization in the FC heating path. In addition, there
is a splitting between FC heating and FC cooling thermo-
magnetic curves (figure 9). These features indicate a spin-
glass like magnetic nature of this alloy at very low tempera-
tures [27]. From these thermo-magnetization curves, the glass
transition temperature was identified to be ~19 K.

All the Co atoms reside in the regular Ni-sites (see
figure 10); Mn atoms are present in all three sites with dif-
ferent proportions. More than 90% of the Ni atoms occupy
Ni-sites and the rest in Mn-sites. Mn atoms, which carry the

Table 4. The characteristic temperatures of the magnetic phase transition associated with crystalline phase transitions.

Characteristic temperatures (K)

Magnetic field (T) FMart FMinish LMgart “LMEinish T (s0) Ths0) Thermal hysteresis (K)
1 30805 320+£05 287 +05 26705 278+05 314+ .05 36.0 £ 0.5
2 300+ 05 313+£05 279+05 259+05 270+£05 308+£0.5 38.0 £ 0.5
3 2954+05 308+05 27105 250+£05 26005 302+£05 42.0 = 0.5

4 LM—low magnetic.
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Figure 10. A schematic representation of the average site
occupancies of the cubic austenitic phase.

strongest magnetic moment, occupy all possible sites in the
austenitic phase. Transition to martensite will maintain the
chemical order; the magnetic disorder, however, will increase
due to the modulation of the martensitic structure [11].
This magnetic disorder could be the source for the observed
spin-glass magnetic behavior at very low temperatures
(below 20 K).

4. Conclusion

In summary, neutron diffraction studies have shown that the
crystalline structure of the austenitic phase is cubic L2,
(Fm3m). The crystalline structure of the martensitic phase
was found to be a mixture of two modulated monoclinic
phases; 6 and 8 M. These modulated structures belong to the
P12/m1 space group. The site-occupancy refinements
revealed that almost all the substituted Co atoms occupy the
regular Ni-sites, while a small number of the Ni atoms move
into the regular Mn-sites. Additionally, the majority of Mn
atoms were found in the Mn-sites, while the rest reside in both
In- and Ni-sites (the percentage of Mn in Ni-sites is about

5%). According to the thermomagnetic measurements, the
magnetization of the martensite is very low compared to that
of the austenite. Most importantly, no antiferromagnetic
ordering was observed in the martensitic phase based on
neutron diffraction measurements. The cusp-like maxima in
the FC warming path of the thermomagnetic curves and
splitting between FC warming and FC cooling curves indicate
a spin-glass like magnetic nature at very low temperatures
(below 20K) in the martensitic phase. The spin-glass trans-
ition temperature was identified as 19 K under both applied
fields. The modulations of the martensitic structures and
disorder of the magnetic moments in the martensitic phase
may be responsible for the observed spin-glass behavior.
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