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Abstract: The transformation behaviors on metamagnetic shape memory Nigg 4Mnsg gInip §Cop o film
were investigated by X-ray diffraction experiments in the temperature up to 473 K and magnetic
fields upH up to 5 T. The prepared film showed the parent phase with L2 structure at 473 K, and with
preferred orientation along the 111 plane. The magnetic field induced reverse transformation was
directly observed at T = 366 K, which was just around the reverse transformation starting temperature.
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1. Introduction

Ferromagnetic shape memory alloys (FSMAs) have been studied actively as high-performance
actuator materials since a large magnetic field-induced strain of 0.2% was found in Ni;MnGa alloys
by Ullakko et al. [1]. That this large magnetic field induced strain in the ferromagnetic Ni;,MnGa
single crystal is explained by the rearrangement of twin variants of martensitic phase (M-phase) [2].
To control the performance in Ni-Mn-Ga alloys (e.g., magnetic properties, martensitic transformation
temperatures, etc.), they were examined by the substitution of the elements [3,4].

In 2004, Sutou et al. found that Ni-Mn-X (X = In, Sn, and Sb) alloys with Heusler-type structure
showed a martensitic transformation with magnetic transition [5]. The magnetization of parent phase
in Ni-Mn-X series shows large magnetization, whereas that of M-phase is small [5]. The Mossbauer
spectroscopy studies on Fe®”-doped Ni-Mn-In and Ni-Mn-Sn systems found that the magnetism of the
M-phase was paramagnetism [6,7]. The Co-doped Ni-Mn-In system was found to show a discontinuous
jump in magnetization between P- and M-phase [8]. The strain of 3% was almost recovered by the
application of a 7 T magnetic field, which was a so-called metamagnetic shape memory effect (MSM
effect) [8]. An MSM effect was also found in Co-doped Ni-Mn-5n alloys [9]. The crystal structure
of M-phase in Ni-Co-Mn-In was reported to be the mixture of five- and seven-layered modulated
monoclinic structure (10M and 14M) by electron microscopy observation [10]. Structural properties of
Ni-Co-Mn-In bulk alloy were reported by using synchrotron radiation in high magnetic fields [11].
According to Reference [11], the crystal structure of M-phase was 14M. Additionally, field-induced
reverse transformation under compression was observed in magnetic fields up to 5 T [11].

FSMAs films have been studied for the application as actuators [12-14]. Ni-Co-Mn-In MSM
ribbons and films were also prepared by rapid solidification [15] and magnetron sputtering [16],
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respectively. Recently, Ni-Co-Mn-In films were examined for the application for energy harvesting [17].
According to Reference [16], the annealing temperature changes the crystal structure of M-phases.
Recent reports for the Ni-Co-Mn-In films show that as-deposited film shows body-centered cubic
structure, whereas the modulated structure appeared after annealing [18]. According to the phase
diagram of Nisp.,MnzyIni3Coy ribbon with 30 pm thick, the reverse transformation temperature
changed by ~200 K in 0 < x < 9, and had a cusp at x ~ 3 [15]. Furthermore, according to
Reference [18], minor changes in compositions of the film also changed the transformation behavior
of the films (e.g., transformation temperature and thermal hysteresis). Therefore, the transformation
behaviors and crystal structures of MSM films were sensitive to slight composition change and the
annealing conditions.

Although the annealing effects, microstructure, and martensitic transformation behaviors were
evaluated for MSM films and ribbons, the martensitic transformation induced by magnetic fields has
not yet been confirmed by using in-situ observation techniques.

The high field X-ray diffraction (HF-XRD) technique was one of the suitable methods for
investigating the structural properties in magnetic field—particularly the field-induced structural
transformations. So far, the relationship between magnetic transition and structural transformation
was investigated for magnetic refrigerants by using HF-XRD [19-21]. In addition, HF-XRD study has
also been carried out for FSMAs and MSM alloys such as Ni;MnGa alloys [22], Ni-Mn-5n alloy [23],
and for Ni-Co-Mn-In alloy [24]. In 2008, HF-XRD for high temperatures was developed in temperatures
up to 473 K [25]. Magnetic field-induced reverse transformations in NigCoj9Mnz4 Al MSM alloys
were observed at 408 K using this apparatus [26].

As described above, in this study, in order to observe field-induced reverse transformation in
Co-doped Ni-Mn-In film, high field X-ray diffraction experiments were performed under magnetic
fields up to 5 T and temperature ranging from 293 to 473 K.

2. Materials and Methods

Co-doped Ni-Mn-In films of 1 um thickness were deposited on a poly-vinyl alcohol (PVA)
substrate using a dual magnetron sputtering apparatus (CFS-4ES, Shibaura, Yokohama, Japan).
The apparatus has radio-frequency (RF) and direct current (DC) power sources. The RF power
for NigsMnyglIn;s target was kept at 200 W and the DC power for Co target was kept at 5 W. After
separating from the PVA substrate, the films were heat-treated at 1173 K for 3.6 ks. The chemical
composition of the film was determined by an inductively coupled plasma (ICP) spectrometry
apparatus (Optima 3300, Perkin Elmer Inc., Waltham, MA, USA). The composition of the sample was
determined to be Nigg 4Mns3g gInip §Co7 9. According to the reports about Ni-Co-Mn-In films [16,18],
the transformation behavior was sensitive to the annealing condition, composition of Co, and so on. In
this study, as described below, the transformation temperatures of Nigs 4Mn3g gIngp gCosy o films are
above room temperature (RT), which is suitable for observing the structural change by HF-XRD system
at high temperature.

The martensitic transformation temperatures M;: martensitic transformation starting temperature,
M: martensitic transformation finishing temperature, As: reverse transformation starting temperature,
and Ay reverse transformation finishing temperature were determined by the magnetization
measurements by using a superconducting quantum interface device (SQUID) magnetometer in
magnetic fields upH up to 5 T and the temperature T ranging from 10 to 390 K. The transformation
temperatures are defined using the intersection of the base line and the tangent line with the largest
slope in the thermomagnetization curve.

High field X-ray diffraction measurements using Cu K« radiation were performed for popH <5T
and in the temperature range from 293 to 473 K under He atmosphere. Details of the HF-XRD setup
are reported in Reference [25]. Nigs4Mn3gglngp gCos o films were fixed with Apiezon H Grease &I
Materials Ltd., Manchester, UK) on a copper sample holder. The surface of the film was parallel to the
magnetic field, and was perpendicular to the scattering vector of X-ray.
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3. Results and Discussion

Figure 1 shows the thermomagnetization curve for Nigg 4Mn3g gIno sCop o film in ppH = 0.05T,
1T, and 5 T. In all curves, metamagnetic phase transition from M- to P-phase is clearly observed. The
transformation temperatures in ppH = 1 T were determined to be M = 373 K, M; =355 K, As = 368 K,
and A¢ = 385 K. Meanwhile, these temperatures at 5 T were obtained to be Mg = 373 K, M¢ =352 K,
As = 365 K, and A¢ = 385 K, which were slightly lower than that in 1 T. Figure 2 shows the M—-H
curve obtained at 348, 366, and 373 K, which were T < As, T ~ As, and As < T < Ay, respectively.
M-H data were collected after the zero-field heating from T < M. The magnetization at 348 K is very
small and almost independent of magnetic fields. At 366 K, the small jump in magnetization due to
metamagnetic transition was observed for pyH > 4 T. On the other hand, the curve at 373 K showed
large magnetization, and magnetic transition and hysteresis were not observed.
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Figure 1. Thermomagnetization curves for Nigs 4Mnsg gInip gCoo o film at pgH =1 T and 5 T. The inset
is the thermomagnetization curve obtained at pgH = 0.05 T.
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Figure 2. Isothermal magnetization curves for Nigg 4Mn3g gIng» gCoy o film at 348, 366, and 373 K. Each
curve ware obtained after the zero field heating from T > M.

Figure 3 shows the XRD patterns for Nigg 4Mnsg gIngp gCos o film at room temperature (RT) and
at 473 K. The diffraction peaks at 26 ~43°, 50°, 74°, and 90° belong to the copper sample holder.
The other peaks at RT belong to the M-phase, which are indicated by the closed circles in Figure 3.
The diffraction profile at 473 K is quite different from that at RT. The diffraction peaks at 473 K were
indexed by L2 structure (hklp), which was P-phase. This profile shows the preferred orientation along
(111) plane parallel to film surface. As described below, the lattice parameters of the P-phase were in
good agreement with that of bulk Ni-Co-Mn-In samples. To compare the diffraction patterns of P- and
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M-phase, 111p, 220p, and 222p seem to split during transformation, indicating the decline of crystal
symmetry. In this study, it is difficult to determine the crystal structure of M-phase because the P-phase
shows preferred orientation. 14M and 10M structure did not represent the obtained XRD patterns.
According to the reports for bulk Ni-Co-Mn-In sample, the crystal structure of M-phase is reported to
be a mixture of 14M and 10M structures [10], or 14M structures [11]. Therefore, the crystal structure of
M-phase in the film is considered to be a mixture of 10M and 14M or the related modulated structure.
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Figure 3. XRD pattern of Nigg4Mn3gglngp §Coy o film at room temperature (RT) and 473 K. hkla
indicates the Miller indices of the L2; structure (parent phase). The closed circles are the diffraction
peaks belonging to the martensitic phase.

Figure 4 shows the XRD patterns in the 26 range from 52° to 55° at various temperatures in
heating in a zero field (a), cooling in a zero field (b), heating in 5 T (c), and cooling in 5 T (d). In the
heating process from 303 K in a zero field, the 222p diffraction developed between 363 and 373 K.
For T > 383 K, only the diffraction peak of L2; structure was observed. With decreasing T from
473 K, the peak intensity of 222p diffraction began to suppress at T = 363 K, and the diffraction at
26 ~ 53.5° appeared, and the diffraction profile did not change below 353 K. On the other hand,
as seen in Figure 4c,d, the change in diffraction profile was also observed with a slightly lower
temperature region than that in a zero field. These transformation behaviors were consistent with the
thermomagnetization curve shown in Figure 1. Using the diffraction profiles of Figure 4a,b, the lattice
parameter a of L2y structure at room temperature was evaluated. Figure 5 shows the determined
lattice parameter a in a zero field. The obtained lattice parameter and temperature show linear relation.
The lattice parameter a at 300 K was obtained to be 0.597 nm, which is in good agreement with previous
reports for bulk sample [8].

Figures 6 and 7 show the isothermal XRD patterns in magnetic fields up to 5 T at fixed temperature
of 366 K and 371 K. The measurements were carried out after zero-field heating from room temperature
(T < My). The diffraction peaks of M-phase (closed circles) and P-phase (222p peak) were observed
in all profiles. As seen in Figure 6, with applied magnetic field, the sharp peak belonging to the 222p
diffraction was induced at 20 ~ 53°. Although 222p diffraction was induced by the magnetic field, the
reverse transformation from the M-phase to P-phase was incomplete at 5 T. With decreasing poH from
5T to 0T, the profile did not change efficiently. On the other hand, the diffraction peaks at 371 K of
P-phase became stronger than 366 K, indicating the irreversibility of the field-induced transformation.
On the other hand, as seen in Figure 7, the field-induced development of 222p diffraction was not
observed clearly.

Figure 8 shows the magnetic field dependence of the difference of peak intensity Ip_\ between two
peaks at 20 ~ 53° and 26 ~ 53.5°. As described above, because the 222p peak of P-phase and the peak
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of M-phase overlapped at 260 ~ 53° and the peak at 53.5° only belonged to M-phase, enhancement of
Ipv indicated the field-induced reverse transformation. Ip.y; gradually increased to 3 T. Ip showed a
jump for poH > 3 T, and did not recover in decreasing ppH. This means that the magnetic-field-induced
transformation was directly observed for poH > 3 T. Isothermal diffraction pattern at 371 K also showed
the increase of Ip; with increasing H. However, the increment of Ip.\; was obtained to be 25 count
from yoH = 0 to 5 T, which was much smaller than 366 K. Thus, it was found that the field-induced
transformation of the film exhibits a narrow temperature window. This transformation behavior was
qualitatively consistent with the magnetization measurements.
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Figure 4. XRD patterns of Nigg 4Mnsg gIngp gCoy g film in (a) heating in a zero field, (b) cooling in a
zero field, (c) heating in 5 T, and (d) cooling in 5 T. hklp indicates the Miller indices of the L2; structure
(parent phase). The closed circles were the diffraction peaks derived to the martensitic phase.
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Figure 5. Lattice parameter a in the parent phase of Nigs 4Mnsgglnip §Coy film as a function of
temperature. The solid line was obtained by the least-squares calculations.
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Figure 6. Isothermal XRD patterns at fixed temperature of 366 K with (a) increasing poH from 0 to 5 T,
and (b) decreasing pgH to 0 T. 220p indicates the Miller indices of the L2; structure (parent phase). The
closed circles are the diffraction peaks belonging to the martensitic phase. The broken lines indicate the
differences in intensities between the two diffraction patterns.
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Figure 7. Isothermal XRD patterns at fixed temperature of 371 K. 220p indicates the Miller indices of the
L2; structure (parent phase). The closed circles are the diffraction peaks belonging to the martensitic
phase. The broken lines indicate Ip.s.

In this study, the application of ppH =5 T was not enough to finish the reverse transformation
completely at 366 K. From the M-T curve, the extrapolated magnetization of the P-phase was
considered to be 40 A-m? /kg at 366 K. Herein, when metamagnetic transition is seen, discontinuous
change in magnetization appeared. In this study, this discontinuous change was approximated by a
linear relation. If M increased linearly during metamagnetic transition of the films, the extrapolated
line for M—H curves at 366 K for woH > 4 T in Figure 2 reached 40 A-m?/kg at poH ~36 T. Thus,
woH ~ 36 T is required to observe the complete transformation of the film at 366 K.
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Figure 8. Differences between the peak intensity at 26 ~53° (martensitic + parent phases) and 53.5°
(martensitic phase), Ip.\;, as a function of magnetic field. The data was obtained by isothermal
diffraction patterns at 366 K, which is shown in Figure 6.

4. Conclusions

The in situ observation of martensitic transformations for Nigg 4Mnszg gInjp §Coy o MSM film was
performed by high field X-ray diffraction measurements in magnetic fields up to 5 T and in the
temperature region from 298 to 473 K. The prepared films show the preferred orientation along (111)
plane of the L.2; structure at 473 K. A magnetic field-induced reverse transformation from M- to P-phase
with L2; structure was observed at 366 K, which was just around As. The reverse transformation
induced by magnetic fields was directly observed by in situ HF-XRD technique. Combining the change
of the XRD patterns and the magnetization jumps, it was found that the metamagnetic transition of
Ni-Co-Mn-In film is actually related to the martensitic transformation.
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