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The magnetic-field-induced strain(MFIS) and the magnetocrystalline anisotropy in

Feo Niss Gapg sferromagnetic shape memory alloy have been investigated in a single-variant state.
From the magnetization curves, the magnetocrystalline anisotropy co#siarthe single crystal

Feo Nis, Gags B martensite phase is estimated to be X118F erg/cn? at 5 K. In the
single-variant martensite phase, the reversible MFIS of 0.02% is observed, and the vElug of
reduced with increasing temperature. On the other hand, the magnitude of MFIS increases up to 100
K, and then decreases with increasing temperature. Finally, no MFIS is observed above 150 K. From
these data, the condition df€ for the MFIS can be confirmed at low temperatures.2@3
American Institute of Physics[DOI: 10.1063/1.1632039

Recently, ferromagnetic shape memory allofSMAS)  the martensitic transformation finishing temperatite and
attracted a great deal of attention as magnetostrictivéhe Curie temperaturd - above room temperature, was
materials:—8 A large magnetic-field-induced straiMFIS) of ~ grown by an optical floating-zone method under a helium gas
the FSMA has been reported to be caused by the variagtmosphere. The single crystal having the B2 phase was an-
rearrangement via the twin boundaries motion in the ferronealed at 1453 K for 24 h to homogenize and followed by
magnetic martensite phas&.'? The thermoelastic marten- quenching in ice water. To obtain the L 2rdered phase, the
site phase consists of an assembly of variants arranged cBomogenized specimen was heat-treated at 1073 K for 1 h,
herently with the parent crystal structure during theand then slowly furnace cooled. Since the martensitic trans-
martensitic transformation. In each variant, the magnetic moformation starting temperaturts of the B2 specimen is
mentM is directed to the magnetic easy axis in the magnebelow room temperature, its crystallographic orientations
tocrystalline anisotropy. In the strong magnetocrystalline anwere determined by electron backscattering diffraction pat-
isotropy, the angle betweevi and the applied magnetic field € before heat treatment. The plate-like sample in the par-
H is lowered by not only the independent rotation\ofout ~ €Nt phase was trimmed so that @10]p (P: Parentand
also the variant rearrangement so that both the directions f.01]p directions were parallel and th&01]p direction was
M and the easy axis approach in the parallel directioH of p(_erpend|cular to the_faces. The m_agnenzauon was measured
To be precise, the appearance of the MFIS depends on tfydth a superconducting quantum interference device magne-

Zeeman, magnetocrystalline anisotropy, and twin boundar{PMeter in magnetic fields up to 25 kQe. ,
friction energies. The relative length chang&L/L parallel to the applied

Recently, Fe—Ni—Ga alloy has been reported to exhibit é_“nagnetic field direction was measureq by a three-ther.mal
martensitic transformation from the LHeusler structure in capacitance r_nthod. In orde_r to obtain the smg_le-vanant
the paren(3 phase to a seven-layer modulatdd M) struc- state, the uniaxial compressive stress was applied to the
ture and/or a five-layer modulatgd0 M) structure in the [010]p direction in the martensite phase. T(.) confirm the re-
martensites’ phase in the ferromagnetic stafe*therefore arrangement of the variants, the stress-strain curve was mea-
this alloy system has drawn attention as a recent FSRIA| sured at room temperature. After applying uniaxial compres-

. . 0 . X
Ni,MnGa alloy having the modulated layer structures suck've stress,  the stram of 6'5/0 rema'”ed- This value

- corresponds to the difference in the lattice constant between
as 10 and 14 M has low twinning stres$eand a large

magnetocrystalline anisotropy,meeting the condition for the[010]y (M: Martensitq in the martensite phase and the

appearance of a large MFIS. The Fe—Ni—Ga alloy also hag)l.o]P n 'the parent phase. Moreover, 'F was conflrm.ed by
optical micrograpy that the surface relief structure in the

such seven-layer and/or five-layer modulated layer & .~ . g oo .
a : : . multivariant state is completely extinguished after applying
structure$® and a large magnetocrystalline anisotropy in the

rensite phasié Theref h ist £ " uniaxial compressive stress. These results indicate that the
martensite phase. therelore, e existence ot IowW SUESSES g qqs facilitates the growth of the specific oriented variants,

to move the twin bgundarles and a potential to show a Ia.rg?esulting in a single-variant state in the martensite phase of
MFIS is expected in the alloy. In the present paper, taklnQhe present specimen. The transformation temperatdres
account of the temperature dependence of the magnetocryl\s/rf, andT of the Faq Nis, Gang salloy were determined to
talline anisotropy, the MFIS of Fe—Ni-Ga single-varight |, \ —320 K Mf:305 K and To=310K, respectively

S il il i) il

phase has been investigated in a wide temperature range. fom poth the thermomagnetization curves and differential
A single crystal Fgy Nis, Gag 5 alloy, which has both scanning calorimetric data.

The magnetocrystalline anisotropy at 5 K was deter-
dElectronic mail: morito@maglab.material.tohoku.ac.jp mined for the Feg Nis, Gag s alloy in the single-variant
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FIG. 2. Relative length changkL/L at 5 K measured parallel to the direc-
FIG. 1. Magnetization curves along the compressive diredtit0], and  tion of magnetic fieldH, applying along th¢010] direction in the single-

the transverse directions pt01], and[101], for Fey Nisy Gavg 5 alloy in variant specimen.

the single-variant martensite phase.

field, the magnetic domain walls displace and the volume of
martensite phase from the magnetization curvis-H) the domain magnetized parallel kb increases, and then an
along the[010]p, [101]p, and[101] directions. The mea- equal volume of the domain magnetized oppositéitale-
suredM-H curves are shown in Fig. 1. THd-H curve for ~ creases, resulting in the increase of magnetization. Finally,
the[101], direction is easily saturated, while the curves forthe change inVl aboveH =6 kOe is accomplished by the
the compressef10]p and[ 101] directions are hardly satu- coherent rotation. The first shrinkage is associated with the
rated below 15 kOe. These results indicate that the short-axi#ear magnetostriction due to the magnetic domain wall dis-
of the unit cell in the martensite phase is the hard-axis, whil@lacement, and the expansion is correlated with the rear-
the long-axis is the easy-axis. After correcting the demagnetangement of the variants due to the rotation of magnetiza-
tizing field, the magnetocrystalline anisotropy consténis  tions.
Figure 4 shows the temperature dependence for the mag-
section between the easiest curve alph@l]p and the hard- Nitude of the maximum MFISAL/L |, in @ magnetic field
est curve along 101, directions. The value oK is evalu-  Of 55 kOe. With increasing temperatuf\L/L | o increases
ated to be 1.8 1¢° erg/cn? at 5 K. In comparison with the and shows the largest value of 2800 ° at 100 K, and then
value K=1.6x 10° (erglcn?) of Fey, Nis; Gaps s alloy 6 steeply decreases above 150 K. The inset in Fig. 4 shows the
the present value of the keNis, Gas s martensite phase is temperature dependence of the magnetocrystalline anisot-
relatively large. As shown in Fig. 1, tHd-H curve along the TopYy constanK and the saturation magnetizatidfi,. As
[010], direction is accompanied by a small hysteresis whichthe temperature increases, bdthand M, decrease near

evaluated from théVl-H curves in Fig. 1 as the area cross

is not observed along the other two directions, suggesting the
possibility of the rearrangement of variants.

Shown in Fig. 2 is theAL/L-H curves in the[010]p
direction at 5 K, where the hysteresis is observed invihél
curve in Fig. 1. On applying magnetic field, a shrinkage of
the specimen is first observed and the valuAbfL reaches
about—150x 10~ ° at H=6 kOe, whereas thAL/L in the
measured direction increases above 6 kOe. This two-step be-
havior is also observed in the Co—Ni—Al allbyyhich would
be related to the magnetic domain wall displacement and the
magnetization rotation.

To obtain the well-defined relation between the magnetic
domain and the twin variant, the vector measurement of
magnetization was carried out. The longitudinal magnetiza-
tion M and the transverse magnetizatidn were measured
by applying magnetic fieléH along the] 010]p direction. As
shown in Fig. 3,M, rises to make a peak and then falls
downright, while M, is gradually increased and saturated.
From the magnetization curves, the value of
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VM +M7/Mgy, WhereMgyis the saturation magnetization, g 3. vector magnetization curves along ti810], at 5 K for

becomes constant above 6 kOe. With increasing magnetige  Nis, Gayg s alloy in the single-variant martensite phase.
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200 . T T n . T high temperatures to obtain a large value of MFIS, because
- T the mobility of twin boundaries becomes high with increas-
ing temperature, in particular, ned;. Consequently, the
increase ofT ; would preserve a high value &f up to high
temperatures. Furthermore, the increase of the lattice con-
stant ratio in the martensite phase would also bring about a
high value ofK.
1 1 In conclusion, the magnetocrystalline anisotropy energy
in the single crystal kg Nis, Gae 5 B’ martensite phase is
estimated to be 1:810° erg/cn?. In the single-variant state,
the observed magnitude of the reversible MFIS is 0.02% at 5
K. With increasing temperature, the value of the magneto-
1 crystalline anisotropy consta#t is reduced, but the magni-
Te | tude of MFIS slightly increases, and yet no MFIS is observed
b above 150 K. From these data, it is confirmed that the MFIS
50 ! ! . l ! ! is observed above the critical valuekf consistent with the
0 50 100 150 200 250 300 350 model proposed by O’Handléy.Consequently, in order to
T (K) obtain a high critical value oK at high temperatures, say
room temperature, we should increase the Curie temperature

FIG. 4. Temperature dependence of the maximum of the magnetic-fieldgnd the lattice constant ratio in the Fe—Ni—Ga alloy system.
induced straifMFIS) for Fe;g Nis, Gayg 5 alloy in the single-variant mar-

tensite phase. The arrow indicates the Curie temperakgre The inset A part of the present study was supported by the Grant-

shows the temperature dependence of the magnetocrystalline anisotropﬁ Aids for Scientific R hf the Minist f Ed

constant and the saturation magnetizatidg,. IN-AIGS Tor sciendific kesearch from the Ministry o uca-
tion, Science, Sports and Culture, Japan.
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