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JOURNAL OF APPLIED PHYSICS VOLUME 87, NUMBER 9 1 MAY 2000
Micromagnetic study of Ni 2MnGa under applied field „invited …

Qi Pana) and R. D. Jamesb)

Department of Aerospace Engineering and Mechanics, University of Minnesota, Minneapolis,
Minnesota 55455

We present an experimental study of the domain and twin structure in the martensitic phase of the
ferromagnetic shape memory alloy Ni2MnGa using magnetic force microscopy. After cooling
through the austenite–martensite transformation under no field, a rectangular specimen with$100%
faces consistently adopted a structure of fine-scale~101! twins with surface relief, due to
demagnetization effects. After cooling under a@010# field of 2 kOe, a completely different twin
structure consisting of~110! parallel bands with no surface relief was observed. Under increasing
fields between 2 and 8.5 kOe, the following sequence of domain structures were observed: fir tree
patterns in twin bands, fir tree patterns localized at twin boundaries, single domains with thick walls
~approx. 0.5mm! coincident with twin boundaries. The domain walls exhibit unusually high
contrast, and there is evidence for a wall substructure with irregularly spaced nodes. These
observations are consistent with a theoretical micromagnetic study~R. D. James, Q. Pan, R. Tickle,
R. Kohn, and M. Wuttig, preprint! in which approximately homogeneous rotation of magnetization
occurs in alternate bands at large fields; this rotation reduces the driving force on twin boundaries
before the maximum strain is achieved in some tests. ©2000 American Institute of Physics.
@S0021-8979~00!20508-2#
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I. INTRODUCTION

The study of ferromagnetic shape memory, especially
the Heusler alloy Ni2MnGa, has blossomed for both scie
tific and technological reasons. This alloy undergoes a
versible cubic-to-tetragonal martensitic transformation w
about 3 °C hysteresis, and also is ferromagnetic. The p
ence of ferromagnetism offers a new handle on the mar
sitic transformation: by applying a field there exists the p
sibility either of inducing a transformation between t
austenite and martensite or of rearranging the variants
martensite. Huge fields are required to induce the trans
mation at even a few °C aboveAf , as is consistent with an
appropriate form of the Clausius–Clapeyron equation, bu
the martensitic state the variants of martensite are sepa
by mobile twin boundaries that can be moved by moder
fields. Application of an appropriate field to a martensi
sample yields in some cases strains of around 5%, som
times those that are typical in giant magnetostrictive mat
als. Many recent investigations1–3 have been focused on th
unusually large magnetostriction. Previous experiments1 on
single crystals with polarized optical microscopy have co
firmed that the large strains are produced by the fie
induced rearrangement of martensitic variants.

However, a number of unexplained observations on
magnetomechanical behavior of this alloy have emerg
One of the most striking is that if a$100% rectangular crysta
in the martensitic state is magnetized with a cyclic field
amplitude 10 kOe, it exhibits cyclic strains of about 0.5%
2%, depending on the shape of the specimen.1 However, if
the specimen is first ‘‘treated’’ by cooling through th

a!Also at Department of Geology and Geophysics and Institute for R
Magnetism; Electronic mail: qipan@aem.umn.edu
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austenite–martensite transformation under an approp
stress~or field!, then strains of about 5% are measured d
ing the first subsequent cycle.4 It has been suggested5–7 that
this pretreatment sets a particular domain structure whic
favorable to the subsequent rearrangement of martensitic
mains. This and other questions about domain structure
tivated the present study.

The mechanism for variant rearrangement in Ni2MnGa
is partly clear. According to recent measurements,4 the mag-
netocrystalline anisotropy of the single crystal martensite
about 2.53106 ergs/cm3, and thec axis is easy.~The anisot-
ropy constantk1 of austenite is approximately two orders
magnitude smaller than that of the martensite.! Thus, the
martensite is magnetically relatively hard. An applied field
the direction of thec axis of one of the variants of martensi
favors that variant, leading to large shape change.

Our observations are consistent with the following mo
refined picture of the mechanism. In a simple lamina
twinned structure of martensite, the magnetization alterna
between two values6M1 and 6M2 in neighboring twin
bands; the choice6 is arranged to yield~precisely! no poles
on the twin boundaries; thus each band is divided by 1
domains consistent with a small overall demagnetization
ergy. Application of a small field~1–2 kOe! evolves this
pattern to a fir tree pattern localized at the twin boundar
Application of an intermediate fieldH ~4–5 kOe! in the di-
rection ofM2 rotates the magnetizationM1 only a little and
therefore leads to a driving force on the twin boundari
arising from the applied field energy@(M22M1)"H#. This
moves twin boundaries and leads to large macroscopic st
But the anisotropy of martensite is not sufficiently great
prevent magnetization rotation at larger fields~8–9 kOe!; at

such fieldsM1 rotates intoM̂1 . The resulting magnetization
rotation eliminates domain structure within a band, so e

k

2 © 2000 American Institute of Physics
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4703J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Q. Pan and R. D. James
twin band~except where it meets the boundary of the spe
men! coincides with a domain. At this point the twin boun
aries contain substantial pole density (M22M̂1)"n, which
we see as fat boundaries with large contrast. Now the driv
force on twin bands due to the applied field is reduced,
remaining difference in anisotropy energy of neighbori
bands does not produce sufficient driving force to mo
them, and the macroscopic strain saturates.

These findings are consistent in detail with microma
netic calculations presented elsewhere.8 These theoretica
calculations assume a simple laminated twin structure w
variable volume fraction, but they allow for a fairly gener
subdivision of the twin bands by magnetic domains. Th
predict that there is homogeneous rotation within a band
the larger fields.

II. EXPERIMENTAL PROCEDURE

The specimen used for all experiments described in
article was cut from a single crystal boule with compositi
Ni51.3Mn24.0Ga24.7, as determined by a scanning electron m
croscope equipped with energy dispersive spectra~EDS!.
The specimen dimensions were 1.2 mm31.2 mm38 mm,
and the boule was oriented using Laue x-ray diffraction
obtain $100% specimen faces. The martensitic transformat
temperature, determined by the magnetization versus t
perature curve, is found to be 263 °K with less than 3
hysteresis. The Curie temperatureTc is determined by the
same curve to be 358 °K. Both austenitic~below Tc! and
martensitic phases are ferromagnetic in this alloy.

In order to induce the martensitic transformation, a te
perature controlled specimen chamber was built. It circula
cooled nitrogen gas to maintain a temperature of aro
255 °K, as measured with a thermocouple attached to
sample holder. The top face of the specimen was caref
polished to allowin situ observations of martensite micro
structure with optical microscopy and domain structure a
topography with magnetic force microscopy~MFM!.

MFM observations provide very high spatial resoluti
approaching 20–50 nm.9 The MFM used for the domain im
aging was Digital Instruments~DI! multimode NanoScope
III scanning probe microscope with an in-house built perm
nent magnet fixture. The magnet was sufficiently small so
to fit on the top of the piezoelectric~PZT! scanner and inside
the MFM head. This allows us to apply an external in-pla
field in situ up to 9.2 kOe at the specimen position. T
NdFeB permanent magnets, yoke, and the specimen for
nearly closed magnetic circuit~gaps less than 0.1 mm!. Thus
flux leakage from this magnetic circuit is minimized; in all
the tests we saw no evidence~such as spurious contra
changes! that would indicate switching of the MFM tip. Th
typical coercive force of the hard magnetic coating CoCr
is around 400 Oe.10 Topographic and magnetic images we
obtained with the instrument operated in tapping and
mode using the standard MFM CoCr tips delivered by Di
tal Instruments. The thickness of the CoCr coatings is aro
50 nm and the typical lift height is 30–50 nm.
Downloaded 08 Oct 2013 to 160.94.45.157. This article is copyrighted as indicated in the abstract. 
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III. OBSERVATIONS OF THE TWINS AND DOMAINS

A. Initial state with no applied field

Figure 1 shows a typical observation under no fie
Here and below, all observations were done on the~001!
plane, and the long axis of the specimen was paralle
@100#. Cooling through the austenite–martensite transform
tion under no field consistently produced twins with vertic
traces, i.e., twins with normal approximately of the for
(10x). This twinning mode~and the other observations re
ported below! were always observed in our experimen
even after it was repeated many times. The mechanism
transformation was observed by optical microscopy to be
motion of a single austenite–martensite interface through
specimen. The observed twins exhibited surface relief@Figs.
1~a! and 1~b!#, and the ‘‘roof’’ angle was consistent from
place to place, and from test to test, and was measured t
176.5°60.3°. In Fig. 2~c! we show a schematic diagram o
the domain structure that could produce the MFM images
Fig. 2~b!. Generally the magnetic images were observed
have very high contrast, but the contrast was quite differ
in alternate bands. Every other band had a patchy cont
while the remaining bands had a more homogeneous sh
This can be explained by the strong uniaxial anisotropy
the low temperature martensite phase, and the crystallo
phy of this alloy@see below, and Fig. 2~c!#. The observations
indicate that the easy axis of every other band is in-pla
while the remaining bands exhibit an easy axis perpendic
to the ~100! plane.

For the reversible cubic-to-tetragonal martensitic tra
formation in the Ni2MnGa system, there are three tetragon

FIG. 1. A typical observation under no applied magnetic field.~a! Topo-
graphic image;~b! topographic section analysis averaged parallel to the tw
boundaries;~c!–~e! typical topographic section analyses at the indicat
values of the applied field.
Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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4704 J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Q. Pan and R. D. James
variants of martensite. These are obtained from the auste
respectively, by linear transformationsU15diag(h2,h1,h1),
U25diag(h1,h2,h1), U35diag(h1,h1,h2), with h250.952,
h151.013, which describe a shortening on thec axis and an
equibiaxial expansion in the plane perpendicular to thc
axis. A given pair of variants can be twinned on two diffe
ent $110% planes. There are then six twin systems. The tw
ning is compound. If a plane is polished flat in the austen
phase, and then it is transformed to a simple twinned la
nate, it will develop a roof structure of the type∧∧∧. In the
present case the roof angle depends on the plane of obs
tion and the pair of variants, but not on the twin plane. T
predicted roof angles for the three pairs of variants on
~100! plane of observation are listed in Table I. These
calculated using the measured lattice parameters g
above.

FIG. 2. A typical observation under no applied magnetic field.~a! Topo-
graphic image;~b! magnetic image showing that the magnetic contras
quite different in alternate bands;~c! 3D schematic diagram of the twin an
magnetic domain structure.

TABLE I. Variants and their twins in the tetragonal phase of Ni2MnGa.

Surface relief
Pair of variants Twin planes on~001!? Roof angle on~001!

1 and 2 ~110! and (11̄0) no 180°

1 and 3 ~101! and (101̄) yes 176.4°

2 and 3 ~011! and (011̄) yes 176.4°
Downloaded 08 Oct 2013 to 160.94.45.157. This article is copyrighted as indicated in the abstract. 
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A comparison of the measured twin plane and roof an
with these calculations show excellent agreement for varia
1 and 3 twinned on either~101! or (101̄).

It is well known that the austenite-twinned martens
microstructure is governed by the crystallographic theory
martensite. The input to this theory is the lattice corresp
dence and the twinning system. Each twin system can fo
four different habit planes with the austenite, leading to
possible austenite–martensite interfaces. With no app
field, demagnetization energy should play a prominant r
in determining which of these 24 are adopted, but one m
also bear in mind that the experimental configuration
volved the use of nitrogen gas to cool the chamber and sp
men. Consequently, because of the relatively large m
from the scanner, there is expected to be a temperature
dient between the bottom~mounted on the scanner! and the
top of the specimen, which could favor one or a subset
these 24 habit planes. If we consider only demagnetiza
energy, there is a strong preference for variant 1, becaus
easy axis is parallel to the long axis of the specimen. Th
the observations are consistent with the presence o
twinned laminate of variants 1u3u1u3u1, formed during cooling
by the passage of an austenite–martensite interface with
demagnetization energy.

B. Intermediate fields: 2.0–8.5 kOe

Cooling under a 2 kOe field in the direction@010# con-
sistently produced a completely different twin system:~110!
or (11̄0) twins rather than~101! twins. As can be seen from
Fig. 1~c!, there is no surface relief, except for the rando
nanoscale bumps attributed to polishing. Note that fr
Table I, ~101! twins may separate only variants 1 and 3, b

FIG. 3. ~a! MFM image under 2.0 kOe applied field showing~110! twins
and fir tree patterns meeting at twin boundaries;~b! 2D schematic drawing
of the twin and domain structure that could produce the MFM respo
images~without surface relief!.
Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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4705J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Q. Pan and R. D. James
neither of these has an easy axis lying in the direction@010#
of the external magnetic field. The applied field favors va
ant 2, while demagnetization energy favors variant 1. The
fore, upon cooling under a@010# applied field it is natural to
expect a mixture of variants 1 and 2 with~110! or (11̄0)
twinning; this was observed at all fields higher than 2.0 kO
At 2.0 kOe the magnetic patterns along these~110! twins
consists of fir tree patterns meeting at twin boundaries.
schematic drawing of the domain structure that could p
duce the MFM response images in Fig. 3~a! is shown in Fig.
3~b!. The spike domain configuration is a common struct
for the uniaxial material at an interface with poles.

We further increased the cooling field to 5.0 kOe
@010#. As expected, the~110! twins were observed again, bu
the fir tree pattern is now localized at twin boundaries,
shown in Fig. 4. So inside one band, from 2 to 5 kOe,
reversed spike domain shrinks and the magnetic field fav
the main domain to grow. There are also some magn
superstructures running along the twin boundaries. Thi

FIG. 4. ~a!, ~b! Magnetic images under 5.0 kOe applied field. The~110!
twins were observed again, but the fir tree pattern is now localized at
boundaries. Magnetic superstructures running along the twin boundarie
apparent in~b!.
Downloaded 08 Oct 2013 to 160.94.45.157. This article is copyrighted as indicated in the abstract. 
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expected due to the long range magnetostatic interact
between the domains.

In the 8.5 kOe field, the reversed domains have alm
disappeared. The MFM patterns are very clean and cle
show the twin magnetic domains with thick charged wa
coincident with twin boundaries. The width of the twin ban
varies, but typically is a few microns while the domain wa
are in the order of 0.5mm. The domain walls exhibit very
high contrast and a force versus distance plot~not shown!
that is consistent with the presence of poles caused by m
netization rotation in alternate bands, as discussed ab
There is also a wall substructure with irregularly spac
nodes, probably the traces of the reserved domains. Figu
gives a 10mm square~a! magnetic and~b! topographic im-
age under 8.5 kOe; as in all cases with applied field the tw
are ~110!.

C. Detwinning field

Cooling through the transformation under 9.2 kOe fie
completely detwinned the interior of the specimen, but
unusual closure domain structure was observed at the sp
men boundary~Fig. 6!. At such a magnitude of the applie
field, the magnetic potential energy due to the external fi
is so high that can induce a detwinned interior~only the
variant with the easy axis along this external applied fi
can survives!. So the whole specimen is very close to

in
are

FIG. 5. ~a! Magnetic and~b! topographic images under 8.5 kOe, showing
surface relief;~c! Schematic drawing of the magnetic moment distributio
note that the reversed domains have almost disappeared and the MFM
terns are very clean.
Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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4706 J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Q. Pan and R. D. James
single variant state. In the MFM images, only the constr
from scratches were observed.

On the edge of the specimen, it became more com
cated. For the conventional ferromagnetic materials,

FIG. 6. ~a! Magnetic and~b! topographic images under 9.2 kOe field, sho
ing complete detwinning in the field of view. The magnetic contrast ari
from the scratches.
Downloaded 08 Oct 2013 to 160.94.45.157. This article is copyrighted as indicated in the abstract. 
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competition between the magnetostatic energy~due to the
poles on the surface! and the applied field energy leads to th
closure domain structure for low anisotropy material a
spike reserved domain for high anisotropy one. But for t
ferromagnetic shape memory material, instead of form
the closure or reserved domains on the edge of the m
domain structures, thin twin structures with traces paralle
the boundary were observed on the edge of the specim
When we scanned across these structures, we found not
strong out-of-plane magnetic response of the specimen,
also surface relief. Twin traces parallel to@100#, on an~001!
plane, are consistent with either of the twin planes~011! and
(011̄), which, according to Table I can separate only va
ants 2 and 3, and these exhibit surface relief on~001!. This
pair of variants is not unexpected in such a closure tw
structure, as variant 2 is present over most of the specim
while variant 3 has no poles on the free surface@010#.
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