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Abstract

Heusler alloys of Ni-Mn-Ga compositions demonstrate ferromagnetic shape memory effect in the martensitic state.
The transformation temperature and the chemical order depend strongly on the composition. In the current work, the
structure and chemical order of the martensitic phase of Ni; g;Mn; 50Gag g were studied using neutron diffraction; the
diffraction pattern was refined using the FullProf software. It was determined that the structural transition occurs
around 330 K. At room temperature, 300 K, which is below the martensite transformation temperature, all the Bragg
reflections can be described by a monoclinic lattice with a symmetry of space group P 1 2/m 1 and lattice constants
of a =4.23047(7) [A], b = 5.58333(6) [A], c = 21.0179(2) [A], beta = 90.328(1). The chemical order is of critical
importance in these alloys, and it was previously studied at 363 K. Analysis of the neutron diffraction in the
monoclinic phase shows that the chemical order is maintained during the martensitic transformation.
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1. Introduction

Since the discovery of reversible giant magnetic-field-induced strains in Ni2MnGa single crystals 1996 [1], there
has been a continually strong interest in this remarkable phenomenon and new applications for these important
materials, in medical, aerospace, and automotive are constantly proposed and developed [2]. Their properties and
performance depend on their crystalline structure, chemical and magnetic order, modulation and phase
transformation.

Stoichiometric Heusler alloys are ferromagnetic (FM) in the high-temperature austenitic phase caused by the
Rudermann-Kittel-Kasuya-Yoshida (RKKY) exchange interactions between the manganese atoms mediated by the
conduction electrons. When deviating from stoichiometry, some structural disorder results that may result in
magnetic exchange interactions between manganese and other atoms. These magnetic interactions greatly depend on
the composition and the resulting local disorder [3]. When there is an excess of Mn, there is an additional effect of
Ni 3d — Mn 3d hybridization in the low-temperature martensitic phase [3]. In a recent work [4] Ni-Mn-Ga alloys
with excess Mn were studied, and the effect of the interaction between Mn atoms occupying the different sites (Mn-,
Ni- and Ga-sites) was analyzed and a new model for the exchange interaction proposed. Hence, understanding the
chemical order in manganese-rich Ni-Mn-Ga is imperative.

The goal of the present work was the study of the martensitic transformation and chemical order in a Mn-rich
Heusler alloy Ni; 9;Mn; 50Gag g using neutron diffraction.

2. Experimental Description

The samples were prepared by a modified Bridgman method, and homogenized at 1273 K, followed by annealing
at 1073 K. One crystal was then crushed into powder with particle size in the range of 56-105 um. The powder was
heat treated in evacuated quartz ampoule for 2 h at 1098 K followed by air cooling. The structure was determined to
have a martensite-start temperature (Ms) of 325.3 K. The other crystal was tested as a single crystal.

High-resolution neutron powder diffraction data were collected using the HB2A diffractometer at the High Flux
Isotope Reactor (HFIR) at the Oak Ridge National Laboratory. An incident neutron beam with wavelength of A =
1.538 A, was selected from the (115) plane of a Ge monochromator at a take-off angle of 90°. Data were collected at
a broad temperature range up to 363K, followed by cooling.

Single crystal neutron diffraction data were collected at the HB-3A four-circle diffractometer at HFIR at Oak
Ridge National Laboratory. Neutron wavelength of A = 1.542 A was used with a bent perfect Si-220 monochromator
[5]. The data were collected at three selected temperatures of 300 K, 340 K, and 400 K. The purpose of the single
crystal measurements was to complement and verify the powder diffraction results.

3. Results and Discussion

The diffraction data were analysed using the Rietveld refinement method with the Fullprof program [6]. Previous
results we reported on the chemical order in the Heusler L21 phase indicated the following stoichiometry:
Nij 9iMn 29Gagg (in atomic percent: Ni48-Mn32-Ga20). The results of site-occupancy refinement showed very little
mixing on the 4a and 8c sites; however, site 4b (“Ga” site) exhibited a substantial amount of Mn [7].

At room temperature, this alloy is fully martensitic. The structure at this temperature can be described as
monoclinic with space group P 1 2/m 1. This is a substantially larger unit cell, in which each atomic species
occupies six non-equivalent sites. Fig. 1 depicts the fit of the 300 K data. The site occupancies in the martensite
were refined and similar composition was obtained as previously reported for the austenitic phase [7]. Table 1
summarizes the structural results.

From previous magnetic measurements on these samples, it is known that the martensitic phase in this alloy is
ferromagnetic [7]. So a ferromagnetic model, with the moments sitting on the Mn sites, was considered. The refined
magnitude of the magnetic moment was 2.96(7)ug (Rmag =6.3).
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From diffraction data collected over a broad temperature range, it can be concluded that the structural transition
occurs at ~330 K. A contour plot of the change in Bragg intensities for various temperatures is displayed in Fig. 2.

Fig. 3 portrays the temperature dependence of two Bragg peaks representing the two phases, monoclinic (-1 0 S)y
and cubic (2 0 0)c, for the warming portions of the experiment. It is essentially a more quantitative version of what is
shown in Fig 2. It can be seen that the martensitic transition temperature occurs over a temperature range of about
20K around 330K, where the two phases coexist. This plot does not include the PM to FM transition, as this occurs

20

Fig. 1. Rietveld Refinement of the 300 K data, using the P12/m1 structural model.

above 365 K, i.e., above the highest temperature used in the powder neutron experiment.

Table 1. Structural details for monoclinic phase at 300 K.
Phase: Monoclinic (P 1 2/m 1); a=4.22819 (8) A, b=5.58013(7) A, c=21.0056(3) A, beta =90.328(1) [°]

Atom Wyckoff X y z site occ.
Nil/Mn 2j 0.5 0.248(5) 0 0.88/0.12(2)
Ni2/Mn 40 0.078(2) 0.249(3) 0.1012(5) 0.98/0.02(2)
Ni3/Mn 40 0.538(2) 0.251(3) 0.1990(6) 0.95/0.05(2)
Ni4/Mn 4o 0.965(3) 0.252(3) 0.2996(6) 0.98/0.02(3)
Ni5/Mn 4o 0.447(2) 0.249(3) 0.4003(6) 0.98/0.02(3)
Ni6/Mn 2k 0 0.250(4) 0.5 0.98/0.02(2)
Gal/Mn 1b 0 0.5 0 1.00/0.00
Ga2/Mn 2m 0.567(6) 0 0.101(1) 0.87/0.13(4)
Ga3/Mn 2n 0.012(6) 0.5 0.200(1) 0.85/0.15(4)
Gad4/Mn 2m 0.449(7) 0 0.304(1) 0.77/0.23(4)
Ga5/Mn 2n 0.938(7) 0.5 0.398(2) 0.84/0.16(4)
Ga6/Mn 1g 0.5 0 0.5 0.65/0.35(4)

Mnl la 0 0 0 1

Mn2 2m 0.930(8) 0 0.403(1) 1

Mn3 2m -0.005(8) 0 0.197(2) 1

Mn4 2n 0.573(8) 0.5 0.104(2) 1

Mn5 2n 0.459(8) 0.5 0.295(2) 1

Mn6 1h 0.5 0.5 0.5 1
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Fig. 2. Change of the scattering intensities with temperature,

around the structural transformation (at about 330K).

The change in the phase ratio, for the warming and cooling
cycles, is shown in Fig. 4 As expected, a hysteresis is
observed; when cooling, the transition temperature is ~315K,
compared to ~330K in the warming portion of the experiment.

Single crystal diffraction data, were consistent with those
found by powder diffraction. The structural transition was
tracked by two reflections (105),, / (020). and (110),/(111),
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Fig. 3. Variation with the temperature of the Bragg intensities of two
representative peaks of the cubic and monoclinic phases.

Monoclinic phase fraction

(Fig. 5). The structural transition from martensite (monoclinic
P 12/ml) to austenite (cubic F m-3m) at higher temperatures

occurs around 330 K (Fig. 5); the ferromagnetic transition, T,
occurs ~ 380 K (Fig. 5b, loss of magnetic contribution).
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Fig. 5. Single crystal results; shown is the temperature dependence of the (105) and (110) peaks of the monoclinic (martensitic) phase, space
group P 12/m1 and (020) and (111) peaks of the cubic phase, space group F m-3m above ~330 K. The increase in the integrated intensity of (111)
shows the ferromagnetic transition at ~380 K (Fig. 5b).

4. Conclusions

The sample stoichiometry was found to be Ni 1.91Mn 1.29Ga 0.8. The order was mostly maintained. The Ni sites
were 95% Ni and 5% Mn, the Ga sites were 78% Ga and 22% Mn, and the Mn sites were almost exclusively Mn
(97%). These results concur with those obtained in [4] for Ni-Mn-Ga alloys with excess Mn, and lower-nickel
compositions. The RT structure is monoclinic with P 1 2/m 1 space group; each atomic species occupies six non-
equivalent positions. Lattice constants a=4.22819(8) A, b=5.58013(7) A, c=21.0056(3) A, B= 90.328(1). The phase
change to martensite occurs around 330 K with a hysteresis of ~ 15 K. Single crystal results agree with the powder
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Fig. 4. Monoclinic (P12/m 1) phase fraction vs. tem-

perature for the warming and cooling cycles.
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data. As a conclusion, the cold work associated with crushing the crystal into powder did not alter the results.



P. Ari-Gur et al. / Materials Today: Proceedings 28 (2015) S853 — S857 857

Acknowledgements

The authors are grateful for their technical discussions with Drs. A. Sozinov and G. Kimmel. This work was
supported by Award No. RUP1-7028-MO-11 of the US Civilian Research & Development Foundation (CRDF) and
by the National Science Foundation under Cooperative Agreement No. OISE-9531011. The authors also wish to
acknowledge the US National Science Foundation award number NSF-0831951, and the support of the Academy of
Finland (grant no. 259235). Research at Oak Ridge National Laboratory was sponsored by the Scientific User
Facilities Division, Office of Basic Energy Sciences and the US Department of Energy.

References

[1] K. Ullakko, J. K. Huang, C. Kantner, R. C. O’handley, V.V. Kokorin., Appl. Phys. Lett. 69 (1996) 1966-1968.

[2] CRDF Global: Success Stories; (2013) http://www.crdfglobal.org/where-we-work/capabilities/advancing-regional-and-global-collaborations-
and-partnerships/success-stories/2013/02/21/new-nickel-manganese-shape-memory-alloy-developed (Retrieved 9 April 2015)

[3] K. R. Priolkar, Phys Status Solidi B 251(2014) 2088-2096.

[4] P. Lazpita, J.M. Barandiaran, J. Gutiérrez, J. Feuchtwanger, V.A. Chernenko, M.L. Richard, New J. Phys. 13 (2011) 033039.

[5] B.C. Chakoumakos, H. Cao, F. Ye, A.D. Stoica, M. Popovici, M. Sundaram, W. Zhou, J.S. Hicks, G.W. Lynn, R.A. Riedel, J. Applied Cryst.
44 (2011) 655-658.

[6] J. Rodriguez-Carvajal, Physica B 192 (1993) 55-69. Program available at www.ill.fr/dif/Soft/fp/.

[7]1 P. Ari-Gur, V.O. Garlea, A. Coke, Y.L. Ge, 1. Aaltio, 1., S.P. Hannula, H. Cao, A.B.S. Madiligama, V.V. Koledov, Mater. Sci. Forum 738

(2013) 103-107.



