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Magnetic-field-induced twin boundary motion in magnetic shape-memory alloys
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This paper reports direct microscopic evidence of magnetoelastic coupling between ferroelastic twin do-
mains and ferromagnetic Weiss domains in magnetic shape memory alloys, using the Ni-Mn-Ga Heusler
alloys. In a martensitically transformed NiMn, _,Ga single crystal, the magnetic domains were found to be
superimposed upon the martensite twin domains. Simultaneous observation of magnetic domains and twin
domains as a function of applied magnetic field shows that concomitant with the reconfiguration of magnetic
domains in an applied magnetic field, ferroelastic twin domains also readjust their relative volume fraction in
order to accommodate to the externally appliedgnetic field This readjustment is shown to occur by the
displacement of twin domain walls. As a result, the volume fraction of one set of favorably oriented twin
domains(with respect to magnetoelastic energycrease at the expense of another set of unfavorably oriented
twin domains. These studies would enable subsequent quantitative correlation between the magnetic-field-
induced macroscopic strain and the microscopic self-adjustment of twin domains.

Large strains in the shape memory alld@VA’s) are a amenable to practical applications, Chernemtal® have
direct consequence of a thermoelastic, reversible martensitghown that the addition to G@t a constant Mn concentra-
phase transition in these systetns a result of reduction in  tion) lowers the martensitic start temperatuk,, whereas
crystal symmetry upon undergoing a structural phase transthe addition of Mn at constant Ni concentration causes the
tion, ferroelastic domains commonly appear in SMA’s, M temperature to increase. Furthermore, it was found that
which are related to each other in a twinlike manner. Transthe substitution of Ni atoms by Mn atoms at constant Ga
formation strains in SMA's typically exceed 10—14 %, in results in alloys with lowemM,.® Ullakko et al. ? first re-
contrast to strains of the order of 0.1-0.24 % in magnetoported a large strain of 0.2% in an unstressed off-
strictive or piezoelectric transducer materials. Towards thétoichiometric Nj ,Mn;_,Ga single crystal at an applied
goal of combining the advantages of magnetostrictive or pifield of 8 kOe; a magnetic field induced strain of 0.5% in
ezoelectric materials, viz., short reaction times, high effi-Fe-Pd single crystals has been reported by James and
ciency, etc., along with large displacements and high-energWuttig:> More recently, a magnetic field induced strain of
density associated SMA’s recent research has focused on®¥6 has been reported by O’Handleyal’ in another off-
subset of SMA’s, which are alderromagnetidn nature>~*  stoichiometric Nj,,Mn;_,Ga Heusler alloy at an applied
In ferromagnetic SMA’s, the ferromagnetic Weiss domainsfield value of 4 kQOe.
are considered to be magnetoelastically coupled to and su- In the transformed martensite state, the microstructure of
perimposed upon ferroelastic twin domains that are formedNi,Mn;_,Ga Heusler alloys consist of ferroelastic do-
upon undergoing a martensitic phase transition. Thereforanains which are in twin orientation with respect to each
ferromagnetic SMA'’s offer the possibility of either inducing other across the tetrago{dl01 planes; as shown schemati-

a martensitic phase transition or rearrangement of ferroelasally in Fig. 1% Due to the magnetoelastic coupling between
tic twin domains in the martensite state simply by an appliedhe ferroelastic and magnetic domains, the free energy mini-
magnetic field. The magnetic-field-induced shape change in
SMA'’s has the potential to overcome the “bottleneck” as-
sociated with thermally activated shape memory effect, viz.,
their slow dynamic response.

Recent attention has primarily focused on the ferromag-
netic N ,Mn;_,Ga Heusler alloys and the Fe-Pd alloy
system?™ In particular, the stoichiometric Heusler alloy
Ni,MnGa is highly ordered and has a Strukturbericht type

[100]

[001]

L2, structure? It has a Curie temperature of 376 K, and a 919 "\ Trace of the (101) Bl : pomaina
magnetic moment of 4.1/ largely confined to the Mn plane on the (010)
sites, and a small moment of Q.3 at the Ni sites. It under- plane [ ]: DomainB

goes a cubic to tetragonal martensitic phase transition at 202
K, and in which state the magnetic easy axis lies along the FIG. 1. Schematic of the relative orientation of martensite twins
tetragonalc axis® In order to make Ni-Mn-Ga alloys more in a Ni-Mn-Ga SMA.
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mization during magnetization reversal requires a reconfigu-
ration of the ferroelastic domains when the geometry of the
magnetic domains is altered by application of magnetic field.
(Conversely, a change in ferroelastic domain configuration
by an applied strain should reconfigure the magnetic domain
structure. In other words, the observed magnetic field in-
duced macroscopicstrain reported heretofore in magnetic
SMA's (Refs. 2, 3, and )7is considered to result from a
mutual accommodation of ferroelastic twin domains in order
to conform to an externally applied magnetic field. Indirect
evidence of this magnetoelastic coupling between Weiss do-
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mains and structural twins has recently been shown by Qi
and James using the magnetic force microscopy.that

I “ 20 pm
study, a Nj,,Mn;_,Ga single crystal was cooled from the R

cubic (austenitg state to the tetragonainartensitg state in FIG. 2. Optical micrograph of martensite twins in a
the presence of an applied field. Results showed that as thg,  mn, ,Ga SMA single crystal.
field strength during cooling was changed, the density of

twins in the martensite state charfgalthough direct evi- . ) ) . )
dence of twin rearrangement in the transformed martensitdomains in twin orientation with respect to each other across

state itself in an applied magnetic field was not shown. Thé {101 twin plane. In Fig. 2, the domain periodicityvidth
present paper reports on evidence of microscopic rearrang@! @ dark band and a bright bants approximately 25-40
ment of twin domains by magnetic field in the martensitic#M- Figures &) and 3b) show an ICC image of the
state of a magnetic SMA, using a NiMn,_,Ga single Niz;xMn,_,Ga sample,_ WhI_Ch reveals the magnetic domain
crystal. Detailed studies are currently in progress, which ar§ucture in the sampléine ripples superimposed upon the
aimed at establishing a quantitative correlation between theark and white vertical twin domains. In order to allow the

field induced macroscopic strain and microscopic readjust@MPple to expand in an applied magnetic field, a small adhe-
ment of twin domaind® sive band was used to hold the sample at one of its end. This

In the present study, an off-stoichiometric,NjMn, ,Ga also prevents the sample from moving and adhering itself to

single crystal with &M ¢ temperature of~373 K was inves-
tigated. Samples were prepared at the Institute of Magnetism
in Kiev, and details of sample preparation are given
elsewheré. Based on a previous study by Kokorin and co-
workers, thisMg temperature corresponds to a chemical
composition of approximately Nj gVMn,s Gay, 5° Although

the sample was not precisely orient@hd is not critical in

the present study optical observation of transformed mar-
tensite on adjacent surfaces indicated the sample to have a §
[100] orientation for the surface on which domain observa-
tions were made. The nature of magnetization reversal and
observation of magnetoelastically coupled twin wall motion
was made in real time using the high-resolution Interference-
Contrast-Colloid(ICC) technique, the details of which have
recently been reviewed elsewhéteBriefly, the ICC method
employs a colloidal solution to decorate the microfield on a
magnetic surface and detects the colloid-decorated mi-
crofield using a Nomarski interferometer. This allows simul-
taneous observation of ferromagnetic domains superimposed
upon the ferroelastic twin domains to a high resolution.
Samples were polished down to 0.@%8n polishing wheel,
followed by a light surface etch to remove the strained layer
caused by polishing using a Nital soluti@? HNO; in 98%
ethano). Note that it is important not to overetch the sample
surface, since etching tends to permanently delineate the
twin boundaries in the sample, making the visualization of
subsequent twin wall motion difficult.

Figure 2 shows an optical micrograph of a transformed
Ni,, «Mn;_,Ga single crystal viewed approximately along
its [100] surface. The image was recorded in the differential F|G. 3. Magnetic domains superimposed on martensite twins in
interference contrast mode of the optical microscope in ordes Ni,,,Mn,_,Ga SMA single crystal(a) Applied field strength
to highlight the surface relief associated with a martensite4~400 Oe,(b) applied field strengtfi~1800 Oe. The field direc-
transition. In Fig. 2, the dark and bright bands are structuration points from left to right in the micrographs.

l'

White twins expand,
dark twins shrink
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the pole pieces of the energized electromagnet. Figu@s 3 complex dynamic reconfiguration of the magnetoelastically
and 3b) were recorded at approximately 400 Oe and 180Qzoupled magnetic domains at the twin boundaries. Detailed
Oe, respectively. The direction of applied field in Figéa)3 description of this mechanism is beyond the scope of this
and 3b) is in the horizontal direction, and points from left to preliminary article. However, experiments are currently in
right in the micrographs. Note that although the magnetigrogress aimed at understanding the micromagnetic structure
domains in Figs. @ and 3b) are clearly visible within the of these alloys and its relationship to the crystallographic
dark twin domains, their presence is less obvious in the whitjentation of the twin domains. Nonetheless, this study
twin domains. Well-delineated magnetic domains in the,oyid enable subsequent quantitative correlation between

white twin domains are shown more clearly in the inset at the,e magnetic field induced macroscopic strain and the micro-
bottom-left in F|g._$t_>). Figures 8a) and 3b) show that as scopic self-adjustment of twin domains.

the field strength is increased from400 Oe t0~1800 Oe, In conclusion, this article presents direct evidence of mi-
the magnetization of the sample is accompanied by a rear-

rangement of the magnetic domains, as is expected on tqeroscopm rearrangement of twin domains by twin wall mo-

grounds of magnetic energy minimization. More signifi- on, WhiCh, Ie.ads 0 the.observed ma(_:roscopic strain in mag-
cantly, Figs. 8a) and 3b) show direct evidence of magneto- netic SMA’s in an applied magnetic field.

elastic coupling between the twin domains and the magnetic This work was supported by the National Science Foun-
domains. With respect to the relative volume fraction ofdation, Grant No. DMR-97-31733, and this grant is grate-

these dark/white twin domains in Fig(e8, this manifests fyly acknowledged. It also benefited from the National Sci-

itself in Fig. 3b) by an increase in the volume fraction of the ence Foundation Division of International Prograffisstern

white twin domains by twin wall motion, and at the expensepyision), and the authors gratefully acknowledge this sup-
of the dark twin domains. Closer observation of twin wall ort.

motion revealed that their displacement is accompanied by a
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