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A fundamental question in the study of ferromagnetic shape-memory alloys is, what is the nature of the
magneto-elastic coupling in these alloys and to what extent does it drive the structural transformation? This
question also holds the key to developing new and optimized alloys that combine high strains at low switching
field. In the present study, it is shown that the reconfiguration of the micromagnetic structure is completely
enslaved to and follows the martensitic structural transformation in these alloys, using Ni–Mn–Ga and Fe–Pd
systems. This is determined by developing a new high-speed electronic method to study temperature-dependent
domain dynamics, called “magnetic transition spectra.” The sequence of structural and magnetic transitions
was found to be as follows: Cooling: structural transition followed by micromagnetic reconfiguration; Heating:
micromagnetic reconfiguration followed by structural transition.
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I. INTRODUCTION

Shape-memory alloys(SMAs) provide large displace-
ments and forces within a small actuator design. However,
these alloys have slow dynamic response due to temperature-
controlled actuation. In recent years, an alternative approach
to (faster) actuation has emerged through the use of SMAs
that are ferromagnetic in nature.1,2 Ferromagnetic shape-
memory alloys(FSMAs) offer an ability to cause actuation
by an applied magnetic field rather than the slow process of
shape change by temperature, thereby combining high strains
with fast reaction times. The FSMAs are complex correlated
systems whose physical properties are governed by interac-
tions across different energy regimes(thermal, magnetic, and
elastic). These interactions produce a rich variety of phenom-
ena, such as, for example, the magneto-elastic shape memory
effect,1,2 thermo-elastic shape memory effect,3 and the
magneto-caloric effect.4 Examples of FSMAs include the
Fe–Pd, Fe–Pt, Fe–Ni, Fe–Ni–Co–Ti, Co–Ni–Ga systems, and
the family of Heusler alloys such as the Ni2+xMn1−xGa sys-
tem, which undergoes a reversible, thermo-elastic martensitic
phase transformation.

The ferromagnetic Weiss domains in FSMAs are
magneto-elastically coupled to and superimposed on the
martensite structure. Due to this coupling, when the geo-
metrical configuration of the magnetic domains is altered by
an applied magnetic field, it also leads to a change in the
relative volume fraction of the martensite twins,5–8 thereby
enabling field-induced shape change. Practical applications
require large strains at low switching fields. The magnitude
of the switching field, in turn, depends on the magneto-
elastic coupling, which governs the magnitude of the applied
field either to cause a structural transformation or change the
relative volume fraction of martensite twins. It is widely rec-
ognized that the trial and error method of designing new
alloys would give way to a more scientific approach if the
transformation pathways of structural and magnetic transi-
tions could be understood. Whereas the structural transition
is the well-known displacive, diffusionless martensite trans-
formation, the magnetic transition manifests itself as a redis-

tribution of the magnetocrystalline anisotropy axis(both in
strength and direction) from the austenite to the martensite
phase. Therefore, a fundamental question arises: what is the
nature of the magneto-elastic coupling in these alloys and to
what extent does it drive the structural transformation from
the high-temperature, higher symmetry austenite phase to the
low-temperature lower symmetry martensite phase? In the
present study, through the development of a simple technique
called “magnetic transition spectra”(MTS) to study
temperature-dependent domain dynamics, as well as other
experimental results, it is shown that the evolution of the
micromagnetic structure is enslaved to and follows the struc-
tural transformation in these alloys. The MTS method is
simple and versatile, and can also be used to study other
magnetic transitions, such as the onset of exchange aniso-
tropy in ferromagnetic-antiferromagnetic systems, the phe-
nomenon of brittle-to-ductile transition in structural materi-
als, and pressure-induced phase transitions.

II. EXPERIMENTAL DETAILS

Different off-stoichiometric{100} Ni2+xMn1−xGa Heusler
alloy single crystals as well as Fe–30 at %Pd single crystals
were investigated. The single crystals were grown by the
modified Bridgeman method and crystal orientation was de-
termined by the Laue back-reflection method. Prior to the
experiments, the samples were mechanically polished, fol-
lowed by chemical etching to remove the strained layer
caused by polishing. The transformation temperatures were
measured using a differential scanning calorimeter(DSC).
Note that DSC measurements were made using a commercial
stage from Linkam(DSC 600) that allows DSC measure-
ments with simultaneousin situ optical observations of the
structural changes and automated capture of the micro-
graphs. While this stage does not match the resolution of the
traditional calorimeters, it is very effective in directly corre-
lating structural changes with DSC output, which is other-
wise not possible in traditional calorimeters. However, the
signal to noise ratio and resolution was sufficient to discern
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even the Curie transition at elevated temperatures in these
alloys.

The temperature-dependent evolution of the micromag-
netic structure was studied using the high-resolution
interference-contrast-colloid(ICC) technique. The ICC
method9 and micromagnetics of FSMAs are discussed in de-
tail elsewhere.5–8 Briefly, the ICC method employs a colloi-
dal solution to decorate the microfield on a magnetic surface,
similar to the versatile Bitter method.10 However, the tech-
nique differs in the manner in which the colloid decorated
microfield is detected. In the Bitter method, a problem in
contrasts develops in the bright-field or the dark-field mode
due to backscattering by particles and the various surfaces
between the objective lens and the specimen, which results
in an overall loss of resolution. Instead, the ICC method uses
a Nomarski interferometer to detect the surface microfield
distribution. The magnetic microfield on a magnetic surface
causes local variation in the density of colloid particles(av-
erage colloid particle size is 7 nm), thereby delineating the
domain structure. This microfield is detected by polarization
interferometer optics, which detects any unevenness at the
nanometer scale and reveals domain structure with a pro-
nounced three-dimensional effect and at a high resolution
limited only by the resolution of the microscope. In this man-
ner, the micromagnetic structure is directly observed super-
imposed on the microstructure of the sample as a function of
temperature. In order to prevent freezing of the(water-based)
ferrofluids, an oil-based ferrofluid was used, which remains
stable from 70 °C to −35 °C. Observations were made by
placing the samples in a commercially available precision
heating and cooling stage from Linkam(THMSE 600) with
an accuracy of ±0.1 deg.

Technique of magnetic transition spectra

The structural transformation in FSMAs is martensitic,
which owing to its displacive and diffusionless nature pro-
ceeds at a speed approaching the transmission of elastic
waves in a solid, modified(and slowed) by an appropriate
damping factor and softening of the elastic constants in the
premartensitic state.11–13Accompanying the martensite trans-
formation in FSMAs is a reconfiguration of the micromag-
netic structure. Therefore, a suitable method is required to
provide simultaneous real-time information on both transi-
tions. Whereas the martensitic transformation can be ob-
served directly in an optical microscope using, say, a Nomar-
ski interferometer, simultaneous monitoring of the high-
speed magnetic transition using established techniques(such
as the polar Kerr effect, magnetic force microscopy, Bitter
method, or the ICC method) proved to be too cumbersome
and/or slow or inconclusive. This is especially true when the
two different transitions occur at different speeds and have to
be followed simultaneously as a function of temperature in a
sample contained in the protective environment of a heating/
cooling stage. Therefore, a simple method was developed,
which we refer to as the magnetic transition spectra(MTS)
method.

The MTS method is an electronic method to monitor the
change in micromagnetic structure as a function of

temperature.7,14 It is based on the same principle upon which
the well-known and established Barkhausen method is
based,15 namely, Faraday’s law: voltagej induced in a
pickup coil is proportional to the rate of change of flux with
time j=−dF /dt in a sample;dF is the flux change over a
time intervaldt. Whereas the Barkhausen method generates a
spectrum of voltage spikes by placing a pickup coil next to a
ferromagnetic sample and cycling the sample in an applied
magnetic field(see, for example, Ref. 16), the MTS method
generates a spectrum of voltage bysweeping the sample
across the transformation temperaturesinstead of applying
any magnetic field. As a result of phase transformation, ei-
ther during forward or reverse martensitic transition, change
in flux occurs in the sample. The resulting spectrum of volt-
age spikes as a function of temperature is recorded by an
adjacent pickup coil. The MTS method is especially well
suited for studying magnetic transitions in FSMAs because
the local change in flux occurs over short intervals of time,
which in turn leads to a high output signal.

The experimental setup used in the MTS method is the
same as that for the Barkhausen method.16 However, unlike
the Barkhausen method, where an energizing coil is used to
generate a magnetic field to sweep the sample, a heating/
cooling stage is used in the MTS method, as shown sche-
matically in Fig. 1. The MTS signal pickup coil is a specially
designed and optimized miniature surface probe fabricated
out of an insulating ferrite core. Its output is bandwidth lim-
ited by a bandpass filter to a range of 1–10 kHz. The pickup
coil is a miniature probe in the form of a hemispherical ring
2–3 mm in diameter, 1 mm thick, and having 50 encircling
coil turns. The sample is attached to the probe and placed in
a commercial temperature stage(Linkam, England) that is
capable of heating and cooling the sample from
77 to 873 K to within ±0.1 °C. The heating/cooling stage is
fully automated and interfaced with an image frame grabber
(Linkam) and a synchronized high-speed data acquisition
card. Furthermore, the experimental setup acquires and la-
bels all images and data automatically following the execu-
tion of a preprogramed heating/cooling cycle. The software
operating the stage and acquisition card also has the ability
to embed important experimental information(temperature,
heating/cooling rate, etc.) directly on the recorded optical
micrographs, which themselves are collated and numbered

FIG. 1. Schematic of the experimental setup for acquiring the
magnetic transition spectrum.(T/C: thermocouple).
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automatically by the software. This degree of automation
ensures unambiguous correlation between the microstructure
and the acquired MTS spectrum as a function of temperature.
The samples were cooled/heated from rates as low as
0.1 °C/min to 30 °C/min. The MTS spectra were found to
be independent of the measured heating/cooling rates be-
cause the transformation occurs at speeds much faster than
the temperature scans. Moreover, the transition temperatures
were found to be unaffected by the presence of the miniature
pickup coil lying adjacent to the samples. As the sample is
cooled or heated across its critical transformation tempera-
tures, the signal from the MTS coil is digitized by the com-
puter and analyzed subsequently.

III. RESULTS AND DISCUSSION

Figure 2 shows the DSC curves of a Ni–Mn–Ga sample,
which delineates the critical transformation temperatures for
both forward and reverse martensitic transition; see Refs.
17–19. As seen from Fig. 2, and also confirmed byin situ
optical observations, the martensite startMs and finishMf
temperatures are −19.3 °C and −19.6 °C, respectively, and
the austenite startAs and finishAf temperatures are −13 °C
and −12.7 °C, respectively; the sample had a Curie tempera-
ture of 92 °C. DSC curves from a smaller portion of the
same sample between −10 °C and −40 °C are shown in the
inset in Fig. 2. The inset shows no other transformation ex-
cept for that shown in Fig. 2. Figures 3(a)–3(l) and Figs.
4(a)–4(i) show, respectively, the optical micrographs that
were simultaneously acquiredin situ during the DSC mea-
surements for cooling and heating. The field of view in the
microscope was only slightly smaller than the sample size,
and these figures directly show the narrow transformation
ranges0.3–0.4 °Cd for the sample. Such a narrow transfor-
mation temperature spread was achieved through painstaking
selection of a highly homogeneous sample. It was cut from a
bar of approximate dimensions 1030.830.5 mm. Energy
dispersive x-ray spectroscopy(EDXS) of this bar showed a
slight composition variation from one end to the other, which
manifested in a dispersion of several degrees in critical tem-
peratures of the martensite transformation. To reduce this
unwarranted dispersion, a smaller sample was carefully cut
from this long bar, whose final dimensions were approxi-
mately, 230.830.5 mm. EDXS on this sample showed no
measurable composition variation across its dimensions.
The composition of this homogeneous sample was
Ni54.35Mn23.18Ga22.47. Both MTS and DSC measurements
were performed on the same homogeneous sample. Chemi-
cal homogeneity and extreme care to handle the sample(us-
ing plastic tweezers) were necessary to ensure a narrow
spread in the transformation temperatures. For example, we
have found that handling the samples even with a metal
tweezers can generate enough permanent strains during grip-
ping to cause mechanical inhomogeneity and a measurable
broadening of the transition temperatures.

Detailed temperature-dependent micromagnetic studies
show that the high-temperature face-centered cubic(fcc)
phase exists in a large single magnetic domain state spanning
several thousand microns, and this was a common feature for

both Ni–Mn–Ga and Fe–Pd alloys.6–8 The martensite transi-
tion results in the transformation of the structurally and mag-
netically homogeneous high-temperature austenite phase into
the heterogeneous low-temperature martensite phase. Struc-
turally, the “heterogeneity” refers to the formation of fine
twins, which are differently oriented variants of the lower
symmetry martensite phase. Magnetically, whereas the fcc
phase has spatially well-defined magnetocrystalline aniso-
tropy axes throughout the volume of the crystal, the direction
of the magnetocrystalline anisotropy in the martensite phase
varies from one twin plate to the other. This causes a micro-
magnetic reconfiguration from a single domain state in the
fcc phase to a multiplicity of magnetic domains in the mar-
tensite phase. An example of the structurally and magneti-
cally heterogeneous martensite state is shown in Fig. 5 for a
Ni–Mn–Ga sample. Note that the micromagnetic structure in
Fig. 5 is from a different sample and is shown solely to
illustrate the multidomain micromagnetic structure of the
transformed state. In Fig. 5, the magnetic domains can be
seen confined within the martensite bands that run diagonally
across the micrographs from left to right. Also note the pres-
ence of “interdomain” walls that traverse numerous thick
bands. As discussed in detail elsewhere,6 the domain struc-
ture in Fig. 5 is a result of a complex martensite structure,
and can be explained by taking into account the fact that the
thick martensite bands are not homogeneous entities but are
in fact internally twinned.

Due to the high speed of the martensite transformation, a
catastrophic or avalanche-like reconfiguration of the mag-
netic domain structure occurs in the crystal on passing from
the single domain fcc phase to multidomain face-centered
tetragonal(fct) phase. This gives rise to a spectrum of volt-
age spikes reflecting the dynamics of the magnetic transition.
Figure 6(a) shows the acquired magnetic transition spectrum
accompanying the martensite transformation in the Ni–
Mn–Ga sample whose DSC curve is shown in Fig. 2. As
shown in Fig. 6(a), the MTS consists of a very large number
of voltage spikes reflecting the dynamics of micromagnetic
reconfiguration. The inset in Fig. 6(a) is a magnified view of
the acquired MTS spectrum, which clearly shows the
avalanche-like distribution of the induced pulses. Previously,
we have used a “jumpsum” method to analyze and interpret
voltage spectra (Barkhausen spectra) in ferromagnetic
materials.16,20,21The jumpsum analysis method is well suited
because, instead of assigning an average or mean value to a
given spectrum, it expresses the acquired signal in terms of
the profile of the spectrum. Thus, with respect to Fig. 6(a),
one of the signal parameters extracted from the MTS is
called the jumpsum JS, which is simply the running total of
all the voltage jump heights, as shown in Fig. 6(b)—the re-
verseS curve. Theith value of JS is equal to the sum of all
preceding voltage jumpsoi=i

i=lji up to that temperature on
cooling. The inset in Fig. 6(b) is a magnified view of a por-
tion of the JS curve, which shows that the JS curve is in fact
made up of a large number of jumps or steps. TheMs andMf
temperatures for this alloy were measured using both calo-
rimetery and optical observations, and are also indicated in
Fig. 6. As seen from Fig. 6(b), the JS value is zero above the
Ms temperature and rises to a saturation value within a nar-
row temperature intervalDT=Ts−Tf of 1.5 deg[the essen-
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FIG. 2. (Color) DSC curves
for the forward(cooling) and re-
verse (heating) martensite trans-
formation in a Ni–Mn–Ga sample.
Inset shows the DSC from a
smaller portion of the same
sample and taken in a broader
temperature range from
−10 °C to −30 °C.

FIG. 3. (Color) (a)–(l) Optical
micrograph takenin situ with the
DSC cooling cycle in Fig. 2 show-
ing the narrow temperature range
for the martensite transformation.
The field of view is only slightly
smaller than the actual sample
size.
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tially zero initial slope of the JS curve in Fig. 6(b) is due to
small magnitude of jumps at the start of the transformation].
In other words,the structural transition precedes the micro-
magnetic reconfiguration on cooling. Another parameter de-
rived is called the jumpsum rate, JSR, which is simply the
rate at which flux is being emitted by the sample.

A composite of JS and JSR curves for both cooling and
heating cycles for the Ni–Mn–Ga sample is shown in Fig. 7;
similar curves were obtained for the Fe–Pd alloys.[Note that
the JS and JSR curves in Fig. 6 and 7 start from right to left
for cooling, and from left to right for heating.] The notewor-
thy feature of JS and JSR curves in Figs. 6 and 7 is the clear

indication that during cooling, the magnetic transition occurs
after the structural transformation, whereas on heating the
magnetic transition is complete before the structural transi-
tion begins. In other words, the sequence of structural and
magnetic transitions was found to be as follows:Cooling:
structural transition→magnetic transition; Heating: mag-
netic transition→structural transition.

The precedence of the martensite transition over magnetic
transition, say, during cooling, is further highlighted in Fig.
8, which shows a collage of micrographs that were acquired
in situ with the MTS measurements and overlaid on the JS
curve of Fe–30at %Pd alloy. Unlike the Ni–Mn–Ga system,
where the martensite transition occurs by the formation of
very fine twins through the motion of a single interface
across the surface of the sample, martensite transformation in
the Fe–Pd alloy occurs by the abrupt, burst-like transforma-
tion of large volumes of the crystal into thick twin bands.
This jerky and burst-like mode of transformation makes it
easier to further illustrate the relative sequence of magnetic
and structural transitions. The collage in Fig. 8 shows that
the formation of each set of twin bands leads to a sharp
increase in theJS value. The micrographs in the collage in
Fig. 8 were acquiredin situ with MTS measurements, and
they show unambiguously the sequence of magnetic and
structural transitions. The inset in Fig. 8 shows the JSR
curves for Fe–Pd during cooling and heating. It is interesting
to note the similarities of the JSR curves in the insets of Fig.
7 and 8 with curves obtained during magneto-caloric mea-
surements by Marcoset al.18 Such a comparison is worth-
while for the future as it could provide insight into the inter-
play between magnetic, elastic, and caloric effects occurring
during the transformation in these alloys.

FIG. 4. (Color) (a)–(i) Optical
micrograph takenin situ with the
DSC heating cycle in Fig. 2 show-
ing the narrow temperature range
for the reverse martensite transfor-
mation. The field of view is only
slightly smaller than the actual
sample size.

FIG. 5. (Color) Micrograph showing the magnetic domain struc-
ture of the fct martensite in a Ni–Mn–Ga sample. Note the presence
of domains within the bands as well as interdomain walls spanning
several bands. This micrograph was taken from a different Ni–
Mn–Ga sample.
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As a visual aid, the temperature-dependent evolution of
the micromagnetic structure with respect to the structural
transformation in Fe–Pd alloy is shown in a movie that is
submitted as a supplementary material along with this manu-
script; see Ref. 22 to access this movie from AIP’s Electronic
Physics Auxiliary Publication Service(EPAPS). The movie
shows real-time, temperature-dependent evolution of the mi-
crostructure and the micromagnetic structure in an Fe–Pd

alloy. The movie starts with the sample in the single domain
fcc phase above the martensite temperature. On cooling, the
reconfiguration of the magnetic domains can be clearly seen
lagging behind the martensite transformation. Due to the
abrupt martensite transformation, the magnetic structure
finds itself incongruous with the new boundary condition
imposed by the formation of the twin. The ensuing motion
and self-accommodation of the magnetic domains into a mi-
cromagnetic structure that is consistent with the martensite
structure is clearly evident in the movie. On heating, the
magnetic domains can be seen moving and coalescing to-
gether well before the reverse martensite transformation be-
gins.

The avalanche-like behavior(as a general phenomenon)
and avalanches in the Barkhausen spectrum due to an applied
magnetic field are well studied.23–31 In particular, Viveset
al.32 have studied acoustic emissions in anonmagneticCu–
Zn–Al shape-memory alloy. They have observed avalanche-
like behavior associated with the formation ofnonmagnetic
martensite plates. In addition, Hardyet al.33 have shown the
time-dependent evolution of magnetization in manganite in a
constant field. The conclusion of the present study is that the
magnetic transition is enslaved to the structural transition.
Since MTS in the present study was taken in theabsenceof
any applied magnetic field, avalanche-like behavior in the
MTS signal seems to show an enslaved magnetic signal aris-
ing from the avalanche-like behavior of martensite plates.
While statistical analysis of the spectra for jump amplitudes
is beyond the scope of this work, these observations provides
an interesting framework for further study of the athermal
and time-dependent nature of martensite transformation in
ferromagnetic shape-memory alloys in the future.

Finally, the MTS method is simple to implement and can
be used to study other magnetic phase transitions driven by
any external influence that would cause an abrupt change in
the micromagnetic state of the sample(for example, change
in temperature, pressure, etc.). For example, we have suc-
cessfully applied this method to study the onset of coupling
in exchange anisotropy ferromagnetic films coupled to an
antiferromagnetic substrate, using the Co–CoO system.34

Other potential applications of MTS include fundamental in-
vestigation of ductile to brittle transition in ferromagnetic
structural materials and pressure-induced phase transitions.
One limitation of the method, however, is the upper tempera-
ture limit. While it is easy to implement the technique for
low-temperature studies, it would need modifications, both in
the probe design and signal processing, when the tempera-
tures exceed 70–80 °C. Nonetheless, the MTS method could
find applications in many fundamental investigations.

IV. CONCLUSIONS

In conclusion, the present study shows that the micromag-
netic reconfiguration during structural transformation in FS-
MAs is completely enslaved to the structural transformation.
The sequence of structural and magnetic transitions was

FIG. 6. (a) Magnetic transition spectrum for a Ni–Mn–Ga
sample on cooling from a sample whose DSC curve is shown in
Fig. 2. Note that the jumps occur below the martensite transforma-
tion. (b) The JS curve corresponding to the MTS in(a). The inset in
(a) is a magnified view of the MTS over a small temperature inter-
val, and shows the avalanche-like behavior of the jumps. The inset
in (b) is a magnified view, which shows that the JS curve consists of
a large number of jumps.
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FIG. 7. (Color) Composite of
JS and JSR curves for cooling and
heating for a Ni–Mn–Ga sample.
Note: For cooling the JS curve
goes from right to left, whereas
for heating the JS curve goes from
left to right.

FIG. 8. (Color) Collage show-
ing the JS curve for
Fe–30 at %Pd sample and the
corresponding change in micro-
structure responsible for each
jump in the JS curve. The inset
shows JS and JSR curves for cool-
ing and heating.
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found to be as follows: Cooling: structural transition fol-
lowed by micromagnetic reconfiguration; Heating: micro-
magnetic reconfiguration followed by structural transition.
The MTS method is simple and can be adapted to study other
phenomena where an abrupt change in flux occurs, for ex-
ample, due to change in temperature or pressure.
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