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We have synthesized ferromagnetic Heusler alloyFGa using the melt-spinning technique. The
Ni,FeGa ribbon, having a high chemical ordering, IS2ructure, exhibits a thermoelastic martensitic
transformation from cubic to orthorhombic structure at 142 K and a premartensitic transformation.
The alloy has a relatively high Curie temperature of 430 K, a magnetization of 7&gnand a low
saturated field of 0.6 T. The textured samples with preferentially oriented grains show a completely
recoverable two-way shape memory effect with a strain of 0.3% upon the thermoelastic martensitic
transformation. ©2003 American Institute of Physic§DOI: 10.1063/1.1534612

Ferromagnetic shape memory alloys have attracted mucpattern can be well indexed by a cubic cell with lattice pa-
attention due to their potential application as smart materialgameter ofa=5.70 A. Figure 1b) shows the TEM observa-
Many such materials have been developed recently, such &sn along the free surface of a ribbon. This bright-field im-
Ni,MnGa! Ni,MnAl,2 Fe-Pd Co-Ni-Ga'® and age reveals the typical texture microstructure of ribbons. The
Ni—Co—Al°> Among them, NjMnGa is the mostly studied lamellar grains with the size of about &®.5 um?, crystal-
alloy.°~® Because of their application value, many groups ardized under a fast-cooling condition, and formed longitudi-
actively searching new magnetic shape memory alloys. Imally along the ribbon.
this letter, we report the fabrication of the ferromagnetic ~ Figure 2 shows the powder XRD pattern for the
Heusler alloy NjFeGa. While it is impossible to make this NizFeGa ribbon and precursor ingot at different tempera-
alloy using conventional methods, we have synthesizedures. For the NiFeGa ribbon, all intense peaks can be in-
Ni,FeGa ribbon by the melt-spinning technique. We will dexed to a cubic structure with calculated lattice parameters

present its structure, magnetic properties, martensitic tran&f a=b=c=5.7405 A anda=p=y=90° as shown in
formation, and shape memory. Fig. 2(b). The (111 superlattice reflection corresponding to

We prepared the precursor ingot by melting pure metaléhe next-nearest-neighbor Lardering is observed. This is

in proportion in an induction furnace under the argon atmodn agreement with a structural criteria for Heusler alloy used
the case of NIMnAl.® Figure 2a) shows the diffraction

sphere. Subsequently the ingot was melted in a quartz tud@ k o
and rapidly cooled by spinning onto a copper wheel, spinpa’[tern for the precursor ingot. The characteristic peaks re-

ning at a linear velocity of about 25 m/s. We have analyzed’eal ay solid solution phase with some embedded second

the structure and microstructure using Xx-ray diffractionphase of the composition of NFe;;Gay,. .
- . XRD measurements have been performed at different
(XRD) and transmission electron microscopyEM). The . .
) temperatures to observe the structural evolution of the rib-
standard four-probe technique was used to measure the ter- .
S on. As temperature is lowered to 80 K, new peaks, such as
perature dependence of resistivity. We have measured ac
magnetic susceptibility in an 77 Hz magnetic field of 5 Oe
and over a temperature range of 77 to 450 K. We have also
measured other magnetic properties using a superconducting
qguantum interference device magnetomef@uantum De-
sign MPMS.

The prepared spun ribbons are usually of a width of 6
mm and a thickness of 3@m. TEM observations along the
relevant directions have identified that the,NéGa ribbon
has cubic average structure with space grbugBm. Figure
1(a) shows a selected-area electron diffraction pattern along

the [001]-zone axis direction. All diffraction spots in this

FIG. 1. Electron diffraction pattern along thi@01]-zone axis directioria)

and bright-field image of the investigated area along the free surface of a
dElectronic mail: userm201@aphy.iphy.ac.cn ribbon (b).

0003-6951/2003/82(3)/424/3/$20.00 424 © 2003 American Institute of Physics
Downloaded 01 Mar 2005 to 128.148.60.189. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 82, No. 3, 20 January 2003 Liu et al. 425

9000
8000 -
7000 -
6000 -
5000 -
4000
3000 -
2000 -
1000 1
0
110

8
L 100+

901

(a) T=300K

x (a.u.)

{220)

®) T=300K

Intensity (a.u.)

—
—
= (400)

31}
1(200)

(c

"J 100 200 300 400 500

20 30 40 50 60 70 80 90 T/K
29 (degree) FIG. 3. Temperature dependence of ac magnetic susceptibility ,5felia

ribbon and ingota) and temperature dependence of electrical resistance of
Ni,FeGa ribbon(b).

{

@) (202)

801

220)
T
=

R (10°0)

70

60

FIG. 2. XRD of the precursor ingdg) at room temperature and melt-spun
ribbon Ni,FeGa taken at room temperatut® and at 80 K(c).

the precursor ingot only shows weak and broad phase tran-

(302 and(214), emerge. The original (22Q).;c peak splits ~ sitions both in first and second order, as shown in Fig).3
into (220), (202)n, and (022),. The (400),,c and  The sharp first-order transformations and second-order mag-
(422)ubic Peaks also have similar splitting behavior, asnetic transition in NjFeGa ribbon are further evidences of
shown in Fig. 2c). To index these characteristic peaks, wethe high chemical ordering structure in the melt-spun sample.
confirmed a cubic-to-orthorhombi¢space groupFmmm) Figure 3b) shows the temperature dependence of the
structural transition. The orthorhombic phase has lattice paresistance of the ribbon. There is one pronounced jump at the
rameters:e=5.8565 A, b=5.7336 A,c=5.4507 A, anda temperature corresponding to the transformation at 142 K in
=pB=y=90°. These results clearly reflect a martensiticthe susceptibility versus temperature curve during cooling.
transformation during the cooling. Similar transformation On the other hand, the XRD result also confirmed only one
has been seen in the well-known NiMnGa Heusler affoy.  structural transition during cooling. Based on the well-

From the comparison between the structures of the ribknown martensitic transformation behavior in Heusler alloy
bon and the precursor ingot, we can conclude that there eNi;MnGa,'? the transition at 142 K in the MFeGa ribbon
ists a high chemical ordering structure L2hat is the Heu- can be identified as a martensitic transformation, while the
sler alloy phase, in the MreGa composition, similar to that one occurring at 178 K should be associated with the pre-
found in NpLMnGa. For most Heusler alloys, the conven- martensitic transformation. The latter has been known as a
tional synthesis is arc-melting followed by annealing at aconsequence of the magnetoelastic interaction between the
specific temperature to achieve a structural transition fronphonons and the magnohsThe premartensitic transforma-
B2 to L2;. However, such a method failed in synthesizingtion is evident in the ac susceptibility, but hidden in the mea-
Ni,FeGa L2 structure. Our XRD and metallurgical exami- surement of x-ray, resistance, and magnetization at relatively
nation revealed that a strong competition between forming large field**
solid solution phase and intermetallic phase during the con-  Figure 4 shows isotherm& —H curves measured at the
ventional solidification process. Once thehase is formed, temperature above and below the martensitic transformation.
it would obstruct the formation of the pure Lphase, even Due to different magnetic anisotropies, the magnetization is
if a heat treatment was applied to the as-cast ingot. Our adofard to saturate below the martensitic transition, but easy to
tion of the melt-spinning ribbon technique impedes the for-saturate above the transition. The martensite at lower tem-
mation of they phase, by enforcing a rapid cooling of the perature exhibits a high magnetization 73 kg and a high
liquid state directly into the pure L2phase. Thus, our saturation field of 0.6 T, but decreasing to 60 A/kg and
method opens an avenue of searching for new Heusler alloy$ 15 T, respectively, for the parent phase at higher tempera-
of interest. ture. It should be noted that the martensite saturation field of

Temperature dependence of the ac susceptibility of th€.6 T in Ni,FeGa is quite lower than that of about 1.0 T in
Ni,FeGa ribbon is shown in Fig.(8. It reveals a Curie Ni,MnGa. A low saturation is preferred in applications.
temperaturel ; of 430 K. Furthermore, there exist two first- The thermoelastic martensitic transformation observed
order transitions, at 178 and 142 K, respectively, during coolin the NipbFeGa ribbon implies the existence of a shape
ing, and at 146 and 163 K during heating. Both transformamemory effect. Figure 5 shows the strain as a function of

tions are thermoelastic. In contrast to the,AM&Ga ribbon, temperature. Cooled from room temperature, the sample con-
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801 which is composed of many small-sized polycrystalline-
70 _______S_K ..... textured lamellar grains. This implies that the internal stress
60 s p— as a result _of melt-spinning plays an important role in orient-
4 ing the variants.
& 509 |/ ) . .
3 A In conclusion, we have synthesized ferromagnetic Heu-
g 4014 sler alloy of NpFeGa by using the melt—spinning technique.
= 301 The NipFeGa ribbon has a pure cubic Latructure and
201 shows a thermoelastic martensitic transformation from cubic
101 to orthorhombic structure at 142 K. TheJReGa ribbon has

a Curie temperature of 430 K, a saturated magnetization of
73 Anf/kg, and a low saturated field of 0.6 T. We have
H(T) obtained a two-way shape memory effect with a completely
FIG. 4. Magnetization as a function of magnetic field above and below ther.ecoverable Str.am of 0.3% upon the th?rm.oelasuc martensi-
martensitic transformation. tic transformation. The NFeGa alloy with its large shape
deformation and a low saturated field of 0.6 T, about half of

» ) that of NbMnGa, renders it a good candidate for applica-
tracts about 0.3% upon the martensitic transformation. Durgono

ing heating and through the reverse martensitic transforma-
tion, the deformation is completely recovered by an  This work was supported by State Key Project of Fun-
expansion with the same value of 0.3%, showing a goodlamental Research Grant, National Natural Science Founda-
two-way shape memory behavior in our unconstrainedion of China Grant No. 50131010, and Hong Kong RGC
sample. grant(HKUST6059/02E
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