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Magnetic properties and large magnetic-field-induced strains
in off-stoichiometric Ni-Mn—Al Heusler alloys
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Sendai 980-8579, Japan

(Received 19 June 2000; accepted for publication 8 Septembe) 2000

Magnetic properties and magnetic-field-induced stra{M=IS) have been investigated for
off-stoichiometric Ni-Mn—Al Heusler alloys with an orderé®; structure. A clear martensitic
transformation in NjsMn,zAl,, alloy was revealed below the Curie temperature. In the
polycrystalline specimen, an irreversible relative change due to the MFIS was confirmed between
the martensite start and finish temperatuvesand M, and a maximum relative length change
AL/L|;7 of about—100 ppm was observed at just abdve. On the other hand, a large irreversible
relative length change of about 1000 ppm has been demonstrated in the magnetic#i&ldoo a

single crystal cut from the polycrystalline specimen. A delay of the response of strains against the
magnetic field was also confirmed. @000 American Institute of Physics.

[S0003-695(00)01645-4

Recently, various magnetic properties have received ata single-crystalline grain block of about<2x2 mm cut
tention for development of the ferromagnetic shape-memoryrom the polycrystalline specimen was also used for the mea-
alloys as magnetomechanical materizisin particular, surement of the relative length change.

Fe—Pd and NMnGa alloys have been extensively investi- Figure 1 shows the temperature dependence of magneti-
gated due to their large strains induced by an external maggation in the magnetic fieltl of 5 mT for Nigg. xMNogAl 55«

netic field. These strains have been discussed in terms of t{g= 0.0, 2.5, and 3.)0 A magnetic susceptibility divergence
rearrangement of twin variants®

In the Ni-Mn—Al ternary system, the thermoelastic mar-
tensitic transformation has been investigatetiThe mag-
netic state of a quenched B2 phase of the off-stoichiometric
Ni,MnAl Heusler alloys has been reported to be antiferro-
magnetic and/or spin gla8<On the other hand, an ordered
L2, phase, which is very recently observed ferromag-
netic and also shows a martensitic transformation in analogy
with Ni,MnGa. Therefore, the presence of the magnetic-
field-induced straingMFIS) is also expected in the present
system.

In the present study, the fundamental magnetic proper-
ties and the MFIS were investigated for off-stoichiometric
Ni,MnAl Heusler alloys. We have observed a large strain.
Since the martensitic transformation temperature and the Cu-
rie temperature are very sensitive to the concentration, the
investigation has been restricted to the ferromagnetic speci-
mens of Niy, ,MnysAl,5  (0<x=<3.0), which show a rela-
tively high martensitic transformation temperature of 200—
250 K101

Ni—Mn-Al ternary alloys with aB2 single phase were
prepared in an induction furnace under an argon atmosphere.
To obtain anL2, phase, all of the cast alloys were solution
treated at 1000 °C for 72 h and quenched in ice water, fol-
lowed by aging at 400 °C for 500—600 h. The magnetization
was measured with a superconducting quantum interference ) %y
device magnetometer. The length change of the specimen 00 100 200 300 400
parallel to the applied magnetic field was measured by a T(K)
three-terminal capacitance method. Most of the measure-

ments were carried out for the polycrystalline specimens, andiG. 1. Temperature dependence of the magnetization for
Nisg: xMNysAl s (X=0, 2.5, and 3.palloys. The Curie temperatufg,

the martensite start and finish temperatuvesand M, and the blocking
¥Electronic mail: afujita@material.tohoku.ac.jp temperaturel g are, respectively, indicated by the arrows.
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FIG. 2. Relative length changsL/L measured parallel to the direction of F!G. 3. Temperature dependence of the relative length change in 7 T,

magnetic fieldH at 253 K for the NisMn,zAl,, polycrystalline alloy.

A
and finish temperatured i andM; are indicated by the arrows.

L/L|; 1 for the NiggMn,sAl,, polycrystalline alloy. The martensite start

at the Curie temperature is observed in the temperature ranggeasurement was carried out in the coolitig parent to the
of 300-400 K for all specimens. A broad shoulder appearsnatensitic transformationprocess andl and M; points
for x=2.5 and a pronounced terrace-like change occurs fo4e indicated by the arrows. As seen in Fig.AL/L be-

x= 3.0 between the martensite start temperaMieand its
finish temperatureM; in the M—T curve, revealing the
change in the magnetic anisotropy caused by the martensit
transformation.

At low temperatures, the susceptibility foer=2.5 and
3.0 decreases with decreasing temperature bdlgwSince
the B2 phase exhibits an antiferromagnetic behairdr,

comes larger with decreasing temperature balbyand ex-

hibits a maximum at just abovd; . It should be noted that
KL/L is small in the range just beloW . Therefore, the
MFIS in the present system should be closely correlated to

the phase transition in analogy with the sfn,, Gays g

alloy.® Many twin variants are observed at just ab&teand

the volume fraction of the parent phase is very small thére.

compositional inhomogeneity or structural defects can bring, Ni—Mn—Ga alloys, the MFIS have been explained by the
about a spin-glass-like phase transition caused by the comagrrangement of twin varianté® and the coexistence of
petition between the ferromagnetic and antiferromagnetic eXsmai amounts of the parent phase provides a good environ-
change interactions. What has to be noticed is that the dively,ent for the motion of the twin varianté. Therefore. the

gence of the second nonlinear susceptibilityy,
=3*M/3°H|y_o, is evidence for the spin-glass transition.
However, no divergence aroufig was observed in the tem-
perature dependence pj obtained from the signal of the.3
component in an ac magnetic field with a frequencywoft
has been reported tha2,; Ni-Mn—Al Heusler alloys have
nanoscale antiphase doma&PD) structures surrounded by
antiphase boundargAPB) regions® It is plausible that the

large value of the MFIS in the present system could also be
explained in a similar way.

The magnitude of the MFIS should depend on the crys-
tallographic orientation, because the twin boundary motion is
correlated to the magnetic anisotropy in the twin varidrits.
order to bear out this point, theL/L—H measurement was
carried out for a cubic single-crystalline grain block cut out
from the polycrystalline specimen. In the single-crystalline

APB regions inhibit the long-range ferromagnetic interactionspecimen the difference betwebh, andM; is very small.
at low temperatures and, hence, the APDs behave like ferrosg shown in Fig. 4AL/L measured parallel tb increases

magnetic clusters. Such a structural characteristic is réspORamarkably with increasing magnetic field, especially above

sible for the origin of the blocking of the magnetic clusters.> 1 and becomes about 1000 ppm at 7 T. The inset shows
Accordingly, the change of susceptibility belowg does not

originate from the spin-glass behavior but should be attrib-
uted to the blocking of magnetic clusters, amg corre-
sponds to the blocking temperature.

To evaluate the magnitude of the MFIS, the relative
length chang@L/L parallel to the external magnetic fiettl
was measured. Shown in Fig. 2 is th&/L—H curve for the
polycrystalline sample witlx=3.0 cooled down from room
temperature to 228 K, i.e., just above tkle point of 226 K.
On applying a magnetic field, a shrinkage of the specimen
was observed andL/L becomes about-100 ppm at 7 T.
An irreversible behavior appears under the decreasing mag-
netic field and a residuaAL/L of about—80 ppm is ob-
served after the magnetic field becomes zero. Furthermore,
the observed value oAL/L becomes only of about-20
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: : FIG. 4. Relative length changklL/L measured parallel to the direction of
ppm N the second CyCIe in the same procedure. agnetic fieldH at 253 K for the single-crystalline specimen cut from the

The temperature dependence of the relative change in ﬁingnZSAIZ2 polycrystalline alloy. The inset shows the stereo triangle in-

T, AL/L|;7, in the first cycle is displayed in Fig. 3. The dicating the direction of applied magnetic field.
Downloaded 14 Feb 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



3056 Appl. Phys. Lett., Vol. 77, No. 19, 6 November 2000 Fujita et al.

800 . , . |

comes larger when the magnetic fieldl4T is applied, al-
though the decay is observed again. Consequently, the
present activation process is also a function of the strength of
the magnetic field. For a detailed discussion on the irrevers-
ibility in the rearrangement of twin variants, further observa-
tions of the structure and the magnetic domain are necessary.
In summary, a clear martensitic transition has been ob-
served in ferromagnetic off-stoichiometric Ni-Mn—Al Heu-
sler alloys. In the Nj;Mn,sAl», polycrystalline alloy, an ir-
reversible behavior due to the magnetic-field-induced strains
was observed in a range between the martensite start and
finish temperature$/; and M;. A maximum value of the
FIG. 5. Time dependence of the relative length chaagél in the inter-  MFIS of about—100 ppm was observed at just abdve. In
mittent and steady magnetic fields. a single-crystal cut from the polycrystalline specimen, the
magnitude of the MFIS, accompanied by a time-dependent

the stereo diagram indicating the direction of applied mag_change, attains about 1700 ppm.

netic field. The important point to note is that the sign of Grateful acknowledgment is made to Y. Takahashi for
AL/L iS pOSitive and the magnitude QKL/L iS ten timeS h|s assistance in the experimental Work'
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