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Temperature dependence of the magnetic microstructure in a ferromagnetic shape memory alloy
Nis{FesGay; has been studied by electron holography, by which the distribution of magnetic flux is
clearly imaged. Although the magnetic flux is quite even in the parent phase near room temperature,
it undergoes considerable modulation when the temperature approddhegmartensitic
transformation start temperatyré’he magnetization distribution in the martensite appears to be
inherited from that in the parent phase. The observations shed further light on the precursor
phenomenon of martensitic transformations2@4 American Institute of Physics
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Detailed observations of magnetic domains are vitalhear Mg (martensitic transformation start tempera]uﬂ'é5
when exploring huge deformation in ferromagnetic shaperhe purpose of the present study is to examine the tempera-
memory alloysSMAs).*™ These deformations, which origi- ture dependence of magnetic domains irglﬁlézzeay,lﬁ
nate from a rearrangement of martensite varigtwéns) in  which is a recently developed ferromagnetic SMA, and to
an applied magnetic field, have attracted the attention of recompare the magnetic microstructures between the parent
searchers in the past decade because of their potential apphase and martensite.
cation in actuators. In fact the magnetic domains of marten-  The Ni,Fe,,Ga,; alloys were heat treated at 1473 K for
sites have been observed by a variety of techniques such ag 1, 1o obtain a homogeneous single phase followed by
magnetic force microscopya colloidal method, Lorentz quenching in ice water. The parent phase is b&lered and
microscopy, electron holographYetc. Several studies claim it ransforms to the monoclinic martensi@0M structurg
that correspondence between the magnetic domains and i€, 141 K. The Curie temperatufB.) was evaluated at 310

martensite variantgcrystallographic domainsis essential, K, which was defined as the minimum point of the tempera-

i.e., the magnetization vector of each martensite variant is in I o o
ture derivative of magnetization in the thermomagnetization

rinciple parallel to the easy magnetization axis. The obser- : . :
P Pie p y mag urve. The magnetic domains were observed by Lorentz mi-

vations may prove to be a key to support a theory thaf o . .
stresses the impact of the magnetocrystalline anisotropy oqroscopy(to obtain images of the magnetic domain whlls

. . 7 .
martensites on the achievement of detwinning in an applie@nd €léctron holographfto image magnetic flux” using a
magnetic field-21° transmission electron microscope JEM-3000F, to which a

In contrast, the magnetic anisotropy in the cubic parenfP€cial pole piece producing only a low magnetic figdd2
phase is approximately two orders of magnitude lower thaf"T) Was attached. Energy-filtered electron diffraction pat-
that of martensites with a lower crystallographic symmetryt€rns, in which the strong background due to inelastic scat-
(tetragonal, orthorhombic, monoclinic, etcAs a conse- tering is removed, were obtained by a microscope
quence of the low magnetic anisotropy, the magnetic domaidEM-201@.*%
structure of the parent phase is much more sensitive to crys- Figure ¥a) shows the temperature dependence of the
tallographic defects and/or distortions. Owing to this magnemagnetization in a NiFe,,Ga; alloy in magnetic fields of
toelastic coupling, we can expect the magnetic domains t69 Oe, 1 kOe, and 15 kO8.Near room temperature, the
provide essential information regarding the lattice modula-magnetization in the parent phase increases with cooling.
tion in the parent phase, e.g., feature (4fl0(110)-type = However, the observable magnetization is depressed in the
transverse displacement waves that are widely observed iower temperature range of the parent phase as shown in the
the parent phase of SMAS:*Note that a detailed observa- curves of 1 kOe and 59 Oe. Due to this depression, the ob-
tion of the faint lattice modulation is not easy with conven- servable magnetization slightly increases when the specimen
tional diffraction techniques, while the magnetic domainstransforms to the martensite at the arrows—note that the ob-
may show an appreciable change as the lattice modulatiogervable magnetization is generally reduced at a transforma-
develops by cooling. In fact recent Lorentz microscopy stud+jon point due to the high magnetocrystalline anisotropy of
ies have reported desirable changes in the magnetic domaifige martensite. In contrast, the depression of magnetization
in the parent phase is obscured when the thermomagnetiza-
3Electronic mail: murakami@tagen.tohoku.ac.jp tion curve is measured in a higher magnetic field of 15 kOe.
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FIG. 1. (a) Thermomagnetization curves of ashite,,Gay; alloy heat-treated ‘VK ,-’\K

at 1473 K. Although these curves were measured on warming, features of \

the temperature dependence are essentially the same as the curves measured {

on cooling. The inset shows an enlarged picture of the curve of 59 Oe. l 11 W‘// \
A\ ';.—'-—//.//';\\\\\

(b)—«(d) Lorentz micrographs of the parent pha85 and 172 Kand mar-
tensite(118 K). The broken line in(d) represents the interface of the mar-
tensite variants V1 and V2.

The temperature dependence of the magnetic domains
was examined by Lorentz microscopy as shown in Figs.
1(b)-1(d). Since the experiments were carried out using a
magnetic-shielded objective lens, the Lorentz micrographs
should be compared with the thermomagnetization curve
measured in a low magnetic fie[9 Oe or 1 kOg rather
than ].'5 kOe. At .295 K, the Spe(.:lmen shows Iarge magnetlElG. 2. Change in the reconstructed phase images with cooling in a
domains exceeding im—there is only one straight mag- Nis;Fe,Gay; alloy heat-treated at 1473 K. The images were obtained for the
netic domain walldark line) in the field of view. However, same area as those of Figgby-1(d). Black lines represent the lines of
the magnetic domain structure changes dramatically whemagnetic flux projected along the incident electron beam. Arrows indicate
the same region is observed at 172 K in the parent phas#® direction of magnetic flux.

Two types of changes are observéb): division of the origi-

nal micrometer-scaled domain into ones on the order otlirect image showing one-to-one correspondence between
10> nm—see the new domain walls as marked by the arrowAPBs and magnetic domain walls since the size of the an-
heads;(2) formation of specklegon the order of 10 nn tiphase domaingAPDs) is very small, i.e., 10-20 nm as
indicating local fluctuation of the magnetization distribution. shown in Fig. 8a). Moreover, thermal drift in a lowered

At 118 K, two martensite variante/1 and V2 have been
formed in the field of viewFig. 1(d)]. Each martensite vari-
ant consists of several plate-like magnetic domains. N

Figure 2 collects reconstructed phase images of the hof
lograms observed for the same field of view as that in Fig. 1.5%
Lines of magnetic fluxblack lineg are smooth inside the
large domains at 295 K although their directiof@arows 3
abruptly change at the magnetic domain wall. At 172 K, the &
lines of magnetic flux undergo two distinct modulations that
are consistent with the Lorentz micrograpliky modulation
of magnetic flux that subdivides the original micrometer-
scaled domains into the order of2l@m—traced by arrows
in Fig. 2(b); (2) local fluctuation(of the order of 10 nmthat
is responsible for the speckles in Lorentz micrographs—not
that the line of magnetic flux is no longer smooth as showni
by the circles in Fig. &). These modulations disappear once P ¥ ,

. . d 54 1 0z:
the specimen transforms to the martensite. A noteworthy . pe BT —
point is that the magnetization distribution nelsl, [Fig. A ‘-'J ¢ oA o aHEnaie)
2(b)] is similar to that of the martensi{&ig. 2c)]. ? o 4 . 200nm

The local fluctuation of magnetic flux, which is respon- e .
sible for the speckles in Lorentz micrographs, appears to beiG. 3. Dark-field images obtained by using the 111-superlattice reflection
due to the interaction between magnetic domain walls anéh the parent phase of NFe,,Gay alloys heat-treate(h) at 1473 K andb)
antiphase boundariesAPBs) in the L2-ordered parent &t 1473 K followed by the subsequent heat-treatment at 77@)kRecon-
phase. That is, the dormain wall energy can be minimized g pe"6 1% meGe 1 e prentphase at 199 K The mage v obsenvec
the position of APBs, near which the ferromagnetism isin a NigFe,,Ga,; alloy heat-treated at 1473 K. Arrows {d) represent the

likely to be depressed. Unfortunately it is not easy to give aliffuse scattering in the parent phase.
Downloaded 09 Jul 2008 to 130.34.135.158. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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temperature makes it difficult to take a hologram for thewhich originates from a static lattice displacement{dA0}
nanometer-scaled domains. Thus we have prepared anothg@anes. In fact a bright-field image of MNFe,,Ga; showed a
specimen with larger APDgabout 200 nm as shown Fig. tweed contrast that was pronounced with cooling. The in-
3(b)] by heat-treating a NiFe»Gay- alloy at 773 K for 1 h  crease of the diffuse scattering intendigig. 3(d)] is consis-
followed by quenching in ice water. APBs are clearly imagedtent with the development of the tweed contrast. The present
as dark regions and several APBs are traced by dotted linestudy suggests that the tweed contrast may be spatially inho-
Note that the L2-ordered specimen in Fig(l3 also under- mogeneous, e.g., striations alofid.(] are especially strong
goes the subdivision of magnetic domains with cooling: thein one region while those g011] are dominant in the neigh-
domain size is reduced to about 200 nm nk&r'® Figure boring region, and these tweed patterns play an important
3(c) shows a reconstructed phase image at 198l5oveMg  role in the formation of specific martensite variants. Since
by 17 K) observed in the same field of view as that of Fig.the tweed contrast is sensitive to the diffraction condition
3(b). It is clear that the lines of magnetic flux are bent attoo, more careful examinations are necessary to reach a con-
APBs—their directiongarrows steeply change near the dot- clusion. Nevertheless, the present observations of the mag-
ted lines, i.e., magnetic domain walls have been formed atetic microstructure, which is less sensitive to the diffraction
APBs. The result explicitly indicates that the magnetic do-condition, appear to be indicative of the inhomogeneous fea-
main walls are stabilized at the positions of APBs. Develop-ure.

ment of the speckle contrast upon cooling as shown in Fig.  To summarize, this electron holography study has dem-
1(c) is regarded as a phenomenon related to demagnetizatiopnstrated a considerable interaction between APBs and mag-
Namely, the demagnetization energy can be substantially reyetic dJomain walls in the parent phase ot {Nie,,Gay,. The
duced by the formation of new magnetic domain walls atpresent work also claims a similarity of magnetic microstruc-
APBs (in the presence of many APB<lose to which mag- ture between the parent phase nd&yand the martensite.
netic charges appear due to the inhomogeneity of magnetizathe observations indicate that some elastic microstructure is
tion. The depres_sion in t_he therm(_)mag_netization curves of produced by th€110(110)-type displacement waves in the
kOe and 59 O¢Fig. 1(a)] is also rationalized by the effect of pharent phase and this microstructure plays an essential role in
APBs, i.e., with an increase in the population of the magnetighe formation of the martensite variants. The result is be-

domain walls at APBs, a larger magnetic field is essential (Gjeved to be an essential feature of the precursor phenomenon
achieve the fully magnetized state. However, in a highe martensitic transformations.
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