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High-field magnetic measurements were carried out in order to investigate behaviors of field-induced
reverse martensitic transformation and kinetic arrest of NiCoMnSn metamagnetic shape memory alloy.
In the thermomagnetization curves, it was confirmed that the reverse martensitic transformation tem-
perature decreases 67 K by applying magnetic field of 5T, while in the magnetic field cooling process

under 5T, martensitic transformation does not occur down to low temperatures. Equilibrium magnetic
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field, defined from the critical magnetic fields of the metamagnetic evidence in the magnetization curves,
exhibits almost constant below about 100 K, suggesting that the entropy change becomes zero, which is
considered to cause kinetic arrest behavior.

© 2010 Elsevier B.V. All rights reserved.

An unusual type of ferromagnetic shape memory alloy (FSMA)
has been found in NiMnX (X =1In, Sn, and Sb) Heusler alloys, where
the martensite phase shows considerable weaker magnetism than
that of the parent phase [1]. Thus, a drastic change in magnetization
can be obtained during the martensitic transformation [2-4]. Appli-
cation of a magnetic field significantly decreases the martensitic
transformation temperature, and magnetic field-induced reverse
martensitic transformation (MFIRT), namely, metamagnetic phase
transformation, has also been confirmed in the temperature region
below the reverse martensitic transformation starting temper-
ature, Tpg, in the NiMnX and NiCoMnX alloys [5-9]. Moreover,
since these Ni-based FSMAs exhibit other very interesting physical
properties, such as an almost perfect metamagnetic shape mem-
ory (MMSM) effect [6,7], a giant magnetoresistance effect [10-12]
and an inverse magnetocaloric effect [13-15], these alloys have
received much attention as high performance multiferroic mate-
rials.

Recently, a kinetic arrest (KA) phenomenon has been reported in
NiCoMnln [16,17], NiMnlIn [18,19], NiCoMnGa [20] and NiCoMnAl
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alloys [21]. In that phenomenon, since martensitic transformation
is interrupted at certain temperatures (noted as KA temperature,
Txa) during magnetic field cooling and does not proceed with fur-
ther cooling, the parent phase remains down to low temperatures.
The KA phenomenon has been confirmed by the abnormal criti-
cal magnetic field-temperature (Ho-T) [16,18,20,21] and critical
stress—temperature (o9-T) [22] dependences to be caused by dis-
appearance of the entropy change between the parent and the
martensite phases at around Tka. Although such a peculiar behav-
ior of the entropy change would be associated with the magnetic
contribution to the Gibbs energy of the parent phase, the origin is
still under discussion. In this paper, for NiCoMnSn alloys, which are
another type of the metamagnetic shape memory alloys [7], details
on the MFIRT detected using high magnetic fields up to 12T are
reported and the KA phenomenon is confirmed.

Polycrystalline Niz;Co11Mngy5Sngs and Niz;Coq1Mng3Sng
alloys were made by induction melting under an argon atmo-
sphere. Obtained ingots were annealed at 1173K for 1 day for
homogenization and then quenched into ice water. Powdered spec-
imens for X-ray diffraction with Cu Ka radiation were prepared by
grinding the annealed specimens, where in order to remove the
introduced strain, final annealing for the powdered specimens was
carried out at 1173 K for 1 min. Thermal analyses were performed
by differential scanning calorimetry (DSC) at heating and cooling
rates of 10 K/min. Thermomagnetization curves were measured by
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Fig. 1. (a) and (b) Thermomagntization (M-T) curves of the Ni3;Co11Mn4z5Sngs
alloy under the magnetic fields of 0.05, 1 and 5T. The measurements were started
at 300K and the temperature was scanned between 300 and 6K under a certain
magnetic field. Inset (left hand) shows the zero-field cooled (ZFC) and field cooled
(FC) M-T curves, in which the ZFC curve was measured during heating in a magnetic
field of 5T after zero-field cooling. Inset (right hand) indicates large scale of the
M-T curves of 0.05 and 1T. Open circles and squares indicate reverse martensitic
transformation finishing temperature, Tx¢, and martensitic transformation starting
temperature, Ty, respectively. (b) M-T curves of the Ni3;Co11Mng3Sng alloy in the
magnetic fields of 0.05 and 2 T. Inset shows the DSC heating and cooling curves.

a SQUID magnetometer at heating and cooling rates of 2 K/min and
the magnetization as a function of magnetic fields was measured
by an extraction-type magnetometer using a superconducting
magnet installed in the High Field Laboratory for Supercon-
ducting Materials, Institute for Materials Research, Tohoku
University.

Thermomagnetization (M-T) curves of the Ni37Co11Mng;55ng 5
alloy in the magnetic fields of 0.05, 1 and 5T are shown in
Fig. 1(a), where all the measurements were started at 300K and
the temperature was scanned between 300 and 6 K under a cer-
tain magnetic field. On the other hand, the M-T curves, taken
from the same specimen heated to 300K under a magnetic field
of 5T after cooling down to 6K under zero-magnetic field (ZFC)
and then further cooled under the same magnetic field (FC), are
exhibited in the inset of Fig. 1(a). In both the figures, open circles
and squares indicate the reverse martensitic transformation finish-
ing temperature, Tx¢, and the martensitic transformation starting
temperature, Tys, respectively. It is seen that the Tar of 0.05T at
about 229 K drastically decreases to 162 K by the application of the
magnetic field of 5T. On the contrary, in the FC of 5T, no marten-
sitic transformation is detected to 6 K. This behavior is caused by

stabilization of the parent phase due to the application of a mag-
netic field and suggests the KA phenomenon as reported in the
other MMSM alloys [16-21]. In the present alloy system, compar-
atively higher amount of Co element could be substituted for Ni
than in the NiCoMnlIn system [23]. Consequently, magnetic prop-
erties of the ferromagnetic parent phase are enhanced, and for the
Ni37Co11Mnygy 5Sng 5 alloy, the magnetization at 4.2 Kreaches about
160 Am?/kg (7.2 ug/f.u.) and the Curie temperature becomes about
478 K. Furthermore, the decrease of martensitic transformation
temperatures induced by magnetic field in the present alloy seems
to be larger than that in the Nig5CosMnsg 5Iny3 5 alloy [24]. Fig. 1(b)
indicates the M-T curves obtained under the magnetic fields of
0.05 and 2T for the Ni3;Coq1Mny3Sng alloy with a slightly lower
Sn composition, the inset showing the DSC heating and cooling
curves. From the DSC curves, the Ty, Tyys and the Curie temper-
ature, Tc, are confirmed to be 352, 318 and 477K, respectively.
Comparing the M-T curves of the two specimens, a considerable
difference is noticed in the magnetization of the martensite phase,
i.e., that in the Ni3;Co11Mnygy5Sng;s alloy is significantly higher
than that in the Ni3;Coq1Mng3Sng alloy. This fact means that in the
Ni37Co11Mngy; 5Sng 5 alloy (Fig. 1(a)) the parent phase remains even
at temperatures below 100K and the T is about 100K, where the
Tka is defined as the temperature at which the heating and cooling
curves coincide [21]. As shown in the inset (right hand) of Fig. 1(a),
in which the M-T curve of 0.05T is enlarged and compared with
that of 1T, the Tka in both the curves are almost the same, and
field dependence of the Tka is hardly detected. The transforma-
tion enthalpy, AHgyt, can be evaluated from the thermal analysis
as shown in the inset of Fig. 1(b). The obtained result is discussed
below.

Fig. 2 shows the X-ray powder diffraction (XRD) patterns mea-
sured at 300 and 8 K for Ni37Coq1Mny4y 5Sng 5 alloy (a) and at about
340K and RT for Ni3;Coq1Mny3Sng alloy (b), together with calcu-
lated patterns. Fig. 2(c) displays the partial spectrum of (b) with an
expanded scale. For the Ni3;Coq11Mngy5Sng 5 alloy, both the XRD
patterns of 300 and 8K are indexed as an L21-type structure with
lattice constants of a=0.5950 and 0.5937 nm, respectively. Here,
an unknown peak marked with cross at around 260 =48° is due to
the background associated with the facilities. No martensite phase
is detected in this powdered specimen of Ni3;Co11Mngy5Sngs,
although the bulk specimen with the same composition does
exhibit a martensitic transformation at low temperature as shown
in Fig. 1(a). The reason of disappearance of the transformation
is not clear, but this would be caused by a kind of size effects.
When specimen size is very small, nucleation of martensite plates
may be harder than that in polycrystalline bulk specimen includ-
ing many lattice defects acting for nucleation sites. Surface oxide
layer formed during the final annealing may also make the parent
phase stabilize due to mechanical constraint against martensitic
transformation. Reduction of martenstic transformation tempera-
tures due to decrease of particle size have been reported in many
other materials such as Fe-Ni, Ti-Ni and ZrO, [25-27]. As shown
in Fig. 2(b), the XRD patterns at about 340K and RT obtained for
the Ni3;Co11Mnyg3Sng alloy are completely different because of
the appearance of the martensite phase. The Txr of the powdered
specimen of Ni37;Co11Mny3Sng is 342K and 10K lower than that
of the bulk specimen (see the inset of Fig. 1(b)), thus, the peaks
associated to the martensite phase slightly remains in the diffrac-
tion measured at about 340 K. According to our previous research
using transmission electron microscopy (TEM), the structure of the
martensite phase in Nigz3Co7MnsgSny; is characterized as a mix-
ture of 10- and 6-layered monoclinic type structures, i.e., 10M-
and 6M-type structures, which are denoted as (32), and (42) in
Zhdanov notation, respectively [7]. If the 10M- and 6M-type struc-
tures have the same stacking unit as one of the distorted L24
(namely, fct) phases, the lattice constants for the 10M- and 6M-
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Fig. 2. X-ray powder diffraction (XRD) patterns measured at 300 and 8K for
Ni37Co11Mnyy5Sng 5 alloy (a) and at about 340K and RT for Nis;Coy1Mnys3Sng alloy
(b), together with calculated patterns, and (c) is the partial spectrum of (b) with in
expanded scale.

type structures can be easily evaluated on the basis of the 2M
structure possessing a lattice correspondence with the fct structure
as ayy = Com = (\/agct +cf26t)/2 and b,y =ag [28]. In the present
study, the lattice constants of the fct structure, ag¢=0.5487 and
cret =0.6880 nm, were determined from some reflections indepen-
dent of the layered sequence. The lattice constant of the parent
phase with the L2 structure measured at 340K is a=0.5952 nm.
This result means that the basic tetragonal distortions from the
L21 phase due to the martensitic transformation are about —7.9%
along the a-axis and about +15.6% along the c-axis, and that the vol-
ume change is about —1.8%. The monoclinic angle § of the stacking
structures (nm), can be evaluated as [28]:

tan(B —90°) = A - tan(Bg — 90°), (1)
where A (=(n—m)/(n+m)) is a constant indicating the extent of
deviation from 90° in the angle 8, 8o is the monoclinic angle of
the 2M structure, and given as Ay =1, Ajo=0.2 and Agy;=0.33.
Using the lattice correspondence as mentioned above, the lattice
constants a, b and c for the 10M- and 6M-type structures are also
primarily refined from the lattice constants of the 2M structure as
a1om =dem = dam, b1om =bem = bam, c1om = 5¢2m (sin Bo/sin B1om) and
Cem = 6¢2p (sin Bo/sin Bgpr). As shown in Fig. 2(c), the experimental
pattern can be completely indexed as a mixture of the 10M- and
6M-type structures with the lattice constants of a;gy; =0.4400 nm,
b1om =0.5487 nm, ciom =2.1472 nm, Biom=92.61°, and
agp =0.4400 nm, bgy =0.5487 nm, cgy =2.5812nm, Pgy=94.31°,
respectively and these values are listed in Table 1. The results
obtained from the XRD patterns are comparable to the structures
determined by the TEM observations [7].

Fig. 3(a) and (b) shows the magnetization (M-H) curves mea-
sured at various temperatures for the Niz;Co;11Mngy 5Sng 5 alloy,
where the M-H curves were obtained by the cyclic measurement
inserting a heating process in every interval to fix the initial con-
dition in every curve. In all the M-H curves except that of 4.2K,
a drastic and continuous change in magnetization associated with
the MFIRT can be observed in the filed-applying process. On the
other hand, in the field-releasing process, some depression of mag-
netization due to the forward martensitic transformation appears
in the low magnetic field region in all the curves except those at 4.2
and 25K. This means that at 4.2 and 25K no forward martensitic
transformation occurs in the field-releasing process. In the present
study, the reverse martensitic transformation finishing magnetic
field, Haf, and the martensitic transformation starting magnetic
field, Hys, are defined as the field at the intersection of the base line
and the tangent line in the transformation region of the M-H curve,
as indicated by the open circles and squares, respectively. The H¢
and Hys increase with decreasing the measured temperature in the
temperature region to 100 K (Fig. 3(a)), and the transformation hys-
teresis, defined as Hp¢ — Hys, drastically increases with decreasing
temperature in the region below 75K (Fig. 3(b)). In addition, the
steps in the M-H curve of 4.2 K apparently exhibit a burst trans-
formation, which may be caused by the decrease of the mobility
of the habit plane during the transformation. A similar behavior at
very low temperatures has been reported in Nig5CosMnsg7In;33
[16] and NisgMnsy4lngg [18] alloys.

Let us define the equilibrium magnetic field, Hy, at which the
parent phase and the martensite phase have an equal Gibbs free
energy, as Hy = (Hwms + Hag)/2. Fig. 4(a) displays the Hyis, Har and Hy
determined from the M-H curves of the Ni3;Co11Mny, 55ng 5 alloy
in Fig. 3(a) and (b) as a function of the measured temperature. Here,
the square symbols indicate the Tar and Ty;s determined from the
M-T curves of the Ni3;Co11Mngyy 5Sng 5 in Fig. 1(a), together with the
equilibrium temperature Ty defined as Tg = (Tys + Tar)/2. The data of
the transformation magnetic fields are coincident with those of the
transformation temperatures. It is obvious that while increasing
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Lattice constants of the L2, phase and monoclinic stacking structures of Niz;Co11Mnyz5Sng 5 and Nis;Coy; MngsSng alloys.

Alloy T (K) Phase Lattice constants, a (nm)
. 300K 2 a=0.5950
Ni37Co11Mnaz5Snos 8K 2, a=05937
340K 12, a=0.5952
. 12, a=0.5952
Nis7Co11Mna3Sne RT 6M a=0.4400, b=0.5487, c=2.5812, f=94.31°
10M a=0.4400, b=0.5487, c=2.1472, f=92.61°

with decreasing temperature in the high temperature region, the
Hp (Tp) becomes almost flat in the region below about 100K. The
Clausius—Clapeyron relation between magnetism and temperature
is expressed as follows:

dH AS
ar =AM @

here, AS and AM being the transformation entropy change and the
difference in magnetization between the parent and the martensite
phases, respectively. If we assume simply that the AM is constant,
there is a linear relation between AS and —dH/dT, that is, the slope
of Hy is proportional to the transformation entropy change. There-
fore, in the temperature region with the constant Hy below 100K,
the ASis evaluated as being zero. In the present case, the AM can be
estimated as being around 150 Am?/kg because the magnetization
of the martensite phase is less than 10 Am?2/kg, as shown by the M-T

200——————————————
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Fig. 3. (a) and (b) Magnetization (M-H) curves measured at various temperatures
for the Ni3;Co11Mng4y 5Sng s alloy, where the specimen was cooled down from 298 K
to the examination temperature in no magnetic field and heated up to 298 K after
measurement for every curve.(a) M-H curves at 100, 125,150 and 175K, and (b) M-H
curves at 4.2, 25, 50 and 75 K. Open circles and squares indicate reverse martensitic
transformation finishing magnetic field, Hyr, and martensitic transformation starting
magnetic field, Hys, respectively.

curve of 2T of Fig. 1(b), and the magnetization of the parent phase
in the temperature region below 200K is located between 150 and
165 Am?/kg, as shown by the M-T curve of 5T of Fig. 1(a). Fig. 4(b)
shows the AS estimated using Eq. (1) from the fitted Hy curve
drawn in Fig. 4(a), together with the datum obtained from the DSC
heating curve. Here, the AS was determined with AS= AHgu/Tt,
where T; = (TRSC + TheC)/2 as shown in the inset of Fig. 1(b). The
datum determined by DSC measurement is located on the broken
line extrapolated from the solid one obtained from the Hy-T curve
as shown in Fig. 4(b). It is important to note that decreasing with
decreasing temperature, the AS line intersects the x-axis at about
100K, which corresponds to the Tga.

L s S
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Fig. 4. (a) Temperature dependence of the equilibrium magnetic field Ho obtained
by the M-H curves. Hy is defined as Hop =(Hwms +Har)/2, and Hys and Hpg are the
reverse martensitic transformation finishing magnetic field and martensitic trans-
formation starting magnetic field, respectively. The square symbols indicate reverse
martensitic transformation finishing temperature, Ty and martensitic transfor-
mation starting temperature, Tys, determined from the M-T curves. Ty is the
equilibrium temperature, which is defined as To=(Twys + Tar)/2. (b) Temperature
dependence of the transformation entropy change AS for the Ni3;Co11Mngz5Sngs
alloy estimated using Eq. (1) from the fitted Hy curve drawn in (a), together with
the datum obtained from the DSC heating curve.
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The KA behavior reported for the Ni-based FSMA [16-22] is
understood to be due to the disappearance of the AS in the low
temperature region, which would be strongly correlated with the
magnetic contribution in the Gibbs energy of the ferromagnetic
parent phase. For NiCoMnIn and NiMnln alloys it was found that the
AS approaches zero when (T¢ — Tys) is larger than 200K [16,17].
In other words, (Tc — Tys) is expected to be slightly larger than
200K according to these reports and has been actually estimated
to be about 255 and 225K, respectively [16,18]. For the present
NiCoMnSn alloy, (T¢ — Tivs) is about 310K, larger than that for the
NiCoMnlIn and NiMnln alloys. Since this difference has not been
clarified yet, further investigations of the KA behavior in various
alloy systems will be needed.

In summary, high-field magnetic measurements were car-
ried out in order to investigate behaviors of the field-induced
reverse martensitic transformation and of the kinetic arrest
of Ni37;Co11Mnyy55ng5 metamagnetic shape memory alloy. In
the thermomagnetization curves with the heating process after
zero-magnetic field cooling, it was confirmed that the reverse
martensitic transformation temperature decreases 67 K by apply-
ing magnetic field of 5 T, while in the magnetic field cooling process
under 5T, martensitic transformation does not occur down to
low temperatures. Equilibrium magnetic fields, being defined from
the critical magnetic fields of the metamagnetic evidence in the
magnetization curves, exhibit almost constant below about 100K,
suggesting that the entropy change becomes zero, which is consid-
ered to cause kinetic arrest behavior.
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