
ARTICLES

180 nature materials | VOL 2 | MARCH 2003 | www.nature.com/naturematerials

An underlying characteristic shared by most ferroic properties is
that they are associated with structural transitions.As temperature
or compositional variation is swept through the phase transition,

ferroic materials display an onset and/or a peak in the respective ferroic
functionality. Thus, one clear strategy for exploring novel ferroic
materials is to search for compositions that are near structural phase
transitions. In multiferroic materials, there is a complex interplay
between ferroelectric, magnetic and elastic properties, and in some
biferroics, such as natural magnetic ferroelectrics, the exact nature of
coexistence of functionalities and their correlation are yet to be
understood1. In multiferroic materials, the relative locations of the
phase transitions of individual functionalities in phase space and
temperature are important in determining their transducing behaviour,
as well as an indicator of their functional correlation2. We have
developed high-throughput fabrication and detection techniques,
based on thin films, for exploring one class of multiferroics,
ferromagnetic shape-memory alloys (FSMAs).These are ferromagnetic
materials that undergo reversible martensitic transformation. Strong
magnetoelastic coupling in FSMAs results in enormous magnetic-field-
induced strain (9.5% at about 1 T)3.

The new screening technique uses micromachined arrays of
mechanical cantilever libraries to detect structural transformation on
thin-film composition spreads combined with room-temperature
quantitative magnetization mapping using a scanning SQUID
(superconducting quantum interference device) microscope. In
addition, a scanning X-ray microdiffractometer is used to map the
structure and confirm the phase transitions. Previous combinatorial
investigations and composition-spread studies have been largely
limited to screening for physical properties that were immediately
relevant for applications,or to mapping of well known systems4–7.Here,
we demonstrate mapping of a mechanical property of thin-film
materials for the first time,and by extracting an underlying relationship
between composition, structure and property across the phase
diagram,gain new insight into the physics of complex functionalities of
the material system.

Exploration of new ferroic (ferroelectric, ferromagnetic or

ferroelastic) materials continues to be a central theme in

condensed matter physics and to drive advances in key areas

of technology. Here, using thin-film composition spreads, we

have mapped the functional phase diagram of the Ni–Mn–Ga

system whose Heusler composition Ni2MnGa is a well known

ferromagnetic shape-memory alloy. A characterization

technique that allows detection of martensitic transitions by

visual inspection was combined with quantitative

magnetization mapping using scanning SQUID

(superconducting quantum interference device) microscopy.

We find that a large, previously unexplored region outside the

Heusler composition contains reversible martensites that 

are also ferromagnetic. A clear relationship between

magnetization and the martensitic transition temperature is

observed, revealing a strong thermodynamical coupling

between magnetism and  martensitic instability across a large

fraction of the phase diagram.
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We have mapped the bifunctional phase diagram of the Ni–Mn–Ga
system in search of ferromagnetic shape-memory alloys. We observe a
clear systematic relation between the Curie temperature and the
martensitic transition temperature in a wide range of compositions
across the ternary phase diagram.On the basis of our finding,the origin
of the martensite in the Ni–Mn–Ga system is attributed to the Ga-
induced structural instability in the ferromagnetic/antiferromagnetic
transition region in Ni1–xMnx.

Composition spreads—created by natural mixing due to co-
deposition—were deposited in an ultra-high-vacuum magnetron 
co-sputtering system (with a base pressure in the range of 10–9 torr) on 3-
inch-diameter (100) Si wafers. Three 1.5-inch-diameter guns were
placed parallel and adjacent to each other in a triangular configuration.
Each gun is housed in a 2-inch-long chimney, which helps to minimize
the cross-contamination of the guns.The three targets used in the present
experiment were Ni, Mn and Ni2Ga3, and both direct-current and
radiofrequency sputtering were used. We used two deposition
conditions that produced similar results. In the first, we deposited the
spread at room temperature followed by annealing the wafer in situ at
550 °C for 2 hours in vacuum,and in the second,we directly deposited it
on a wafer heated to 500 °C. The typical gun power was 50–100 watts,
and spread films with thicknesses in the range of 500 nm to 1 µm were
deposited in 1–2 hours.X-ray diffraction of the fabricated films revealed
that they were fibre-textured with predominantly (110) orientation
normal to the substrate.Wavelength-dispersive spectroscopy was used to
accurately map the composition spread of every wafer. We have
confirmed that, by adjusting the power applied to each gun and the
distance between the guns and the substrate (typically 12 cm), different
regions of the ternary phase diagram can be mapped out.

FSMAs occur in materials that are simultaneously ferromagnets
and reversible martensites, which are shape-memory alloys. This
defines one strategy for high-throughput screening: search for
compositions that show both properties. For rapid characterization of
magnetic properties, we used a scanning SQUID microscope8, which
provides mapping of local magnetic field emanating from samples at
room temperature. Figure 1a shows a typical magnetic field image of a
region from a spread wafer. Variation in the strength of the magnetic
field as a function of composition is evident. We used a numerical
algorithm to convert directly the field distribution information into
quantitative magnetization9. The result of this calculation was then
combined with the composition mapping to obtain a room-
temperature magnetic phase diagram (Fig. 1b). In this figure, inside
the blue curve is the compositional region mapped on this particular
wafer. It is clear that the most strongly magnetic region stretches from
near the middle of the phase diagram towards slightly Ni-rich
composition. The black circle indicates the region surrounding the
Heusler composition, Ni2MnGa, which has been extensively
studied10–13,and which lies near one end of this highly magnetic region.
As one moves away from this region, the magnetization gets smaller.
Nickel is strongly magnetic, but its moment decreases rapidly as it is
diluted with other elements, and in the Ni-rich region covered in this
spread, it is already only weakly magnetic. Manganese is
antiferromagnetic, and this is not detectable by SQUID.

The peak in magnetization is observed near the centre of the phase
diagram around the half-Heusler composition, NiMnGa. Several
spread wafers fabricated under slightly different conditions (that is,
annealing temperatures) were all found to result in a similar phase
diagram pattern. The values of magnetization extracted here are
consistent with those of saturation magnetization obtained by a
vibrating sample magnetometer on separate individual composition
samples at room temperature. Ferromagnetic resonance
measurements of the individual samples showed a very narrow
linewidth (as low as 70 Oe) as well as well-defined spin resonance
waves, indicating that the films are generally of very high quality and
magnetically very homogeneous14.

Properties of thin-film shape-memory alloys can be studied by
depositing them on micromachined Si cantilevers15.By monitoring the
reversible thermally induced actuation of such SMA film/Si cantilever
bimorphs, martensitic transformation temperatures can be detected15.
For individual cantilevers, actuation is typically measured using a
capacitance formed between the end of the cantilever and a separate
electrode. To map the regions of SMAs and their transition
temperatures for the entire spread, we have micromachined arrays of

Figure 1 Mapping of magnetic properties using a room-temperature scanning
SQUID microscope. a,Scanning SQUID image of part of a Ni–Mn–Ni2Ga3 spread wafer.
The microscope is sensitive to magnetic poles.The spread is patterned into arrays of
2 mm × 2 mm square grids so that variation of magnetization in in-plane magnetized
samples can be detected.The separation between the SQUID and the sample is about
0.3 mm,which defines the spatial resolution of the measurement.b,Room-temperature
magnetic phase diagram of Ni–Mn–Ga.The region inside the blue curve is the
compositional region mapped on the spread wafer.The composition where the red line
meets the Ni–Ga line is Ni2Ga3 which is one of the three target compositions used here.
The circle marks the compositions near the Ni2MnGa Heusler composition.
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cantilevers and deposited the composition spreads directly on the array
wafers (Fig. 2a). To study thermally induced actuation of the entire
cantilever array simultaneously by visual inspection,we have developed
a method that works on the simple principle that individual cantilevers
with metallic films deposited on them behave as concave mirrors.
During a transition, stress-induced actuation of a cantilever results in a
sudden change in the radius of curvature of the ‘mirror’, and an image
reflected off the cantilevers responds very sensitively as the concavity of
the mirrors change.By monitoring the change in the image as a function
of temperature,we can readily discern composition regions undergoing
a transition. In this manner,a cantilever array serves as a ‘self-reporting’
combinatorial library for detection of structural phase transitions.
Figure 2a is a photograph of a spread deposited on a cantilever array that
is reflecting an image (a series of coloured lines). The measurement

consists of recording the image projected on cantilever arrays as the
temperature is varied. All transitions observed here were found to be
reversible. From the cantilevers displaying transitions, another phase
diagram is constructed (Fig. 2b),which shows the composition regions
that undergo a martensitic transition and the corresponding transition
temperature.(Because of the finite size of individual cantilevers,there is
compositional variation on each cantilever.A typical thermal hysteresis
width is about 50 K, and this is partly attributed to the compositional
variation within each cantilever. Wavelength-dispersive spectroscopy
was done at three positions along the length of each cantilever. For the
purpose of mapping, we have labelled these three compositions with
one transition temperature observed for the cantilever.)

Because of the layout of the cantilever libraries, there are regions of
the spread not covered by active areas on cantilevers. We therefore
compiled data from several spread wafers deposited at slightly different
relative orientation of the sputtering guns with respect to the cantilever
wafers. A clear trend emerges, and the general region that undergoes
martensitic transitions can be easily seen from the phase diagram. The
exact martensitic transition temperatures are known to depend on
many factors such as atomic ordering, microstructure and the residual
stress16–18.Reported values of the martensitic transition temperature of
nominally Ni2MnGa samples vary widely, and in one study12 it was
found to range from 113 K to 298 K. Naturally, we expect to have
regions that undergo transitions at temperatures out of the range of our
measurements (150–570 K),and we believe this is the reason we do not
see Ni2MnGa transforming in our measurement range in this
particular experiment.

Rather than focusing on the exact transition temperature, we
discuss the trend as a function of compositional variation. There are
reversible martensites in large compositional regions previously not
reported. This region stretches from near Ni2MnGa to Ga-deficient,
Mn-rich regions.The transition temperature increases as the molecular
percentage of Ga is decreased. A typical composition here is
Ni43Mn47Ga10, whose martensite start temperature was found to be
400 K. In much of the newly discovered region the martensitic
transformation temperature is near room temperature or above,which
is desirable for practical applications.

Figure 2 For detection of shape-memory alloys,Si wafers with micromachined
cantilever arrays are used. a,A photograph of Ni–Mn–Ni2Ga3 spread deposited on a
cantilever library taken during the temperature-dependent measurement.A typical
cantilever has an area of 2 mm by 1 cm and thickness of 60 µm. The lines are a reflection of
an image with coloured lines held over the wafer.The shifts in the positions of the lines as a
function of temperature are used to detect small changes in the local curvature of the
cantilever.See Supplementary Information for a video showing the structural transitions as
detected by visual inspection.b,Mapping of compositional regions on the phase diagram
that displayed martensitic transformation.Austenite start temperature is plotted.The
composition where the red line meets the Ni–Ga line is Ni2Ga3.
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Figure 3 Scanning X-ray microdiffractogram taken at room temperature along 
a compositional region marked by the solid black line in Fig. 2b.The three peaks
correspond to two from a martensite and the middle one from an austenite.
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The scanning X-ray microbeam diffraction (performed using a D8
DISCOVER with GADDS for combinatorial screening by Bruker-AXS)
of the spread indicates that most of the regions have the diffraction
pattern consistent with the L21 structure of the Heusler composition or
a tetragonally distorted L21 structure (for the martensite). Figure 3
shows a scanning diffractogram taken at room temperature along the
black line in Fig. 2b.In this region,the composition goes from the mixed
phase displaying three peaks (two from the martensite and one from the
austenite) to a region where it is mostly austenite.

Figure 4a summarizes the magnetic and the martensite phase
diagrams deduced from the obtained data. It is evident that there is a
large region well outside the near-Heusler composition that contains
ferromagnetic, reversible martensites. It has been shown19,20 that this
class of material displays martensitic instability for stoichiometries

where the average number of electrons per atom is ~7.4.This behaviour
is similar to that shown by vibrationally stabilized Hume–Rothery
phases such as binary b.c.c.(body-centred cubic) Cu-based alloys which
transform martensitically near a critical s-electron/atom ratio. The
green hatched area in Fig. 4a covers the region where the average
number of electrons per atom is 7.3–7.8.There is a large overlap between
this region and the observed reversible martensite region. Because the
electron/atom ratio rule is expected to apply strictly in the L21 structure,
the overlap is perhaps an indication that the structure in the region is
indeed L21 or one close to it.

The closer the composition is to the Ni1–xMnx line of the phase
diagram, the lower the magnetization becomes. A separately prepared
Ni1–xMnx spread did not show any indication of reversible martensites.
Ni1–xMnx is known to be ferromagnetic for x < 0.25–0.4 and
antiferromagnetic for greater x, and the actual value of x where the
transition takes place is dependent on atomic ordering21,22. Martensitic
instabilities are often associated with magnetic transitions23. We
speculate that it is the ferromagnetic–antiferromagnetic transition or
competition in Ni1–xMnx that is serving as the precursor to the
martensites in the Ni–Mn–Ga system. The martensitic instability is
perhaps set off by introduction of a small Ga concentration. The
robustness of the martensite associated with the L21 phase may be
reflecting the large solid-solution region in the Ni1–xMnx phase diagram
near the Ni end.

The room-temperature magnetization against the martensitic start
temperature is plotted in Fig. 4b for the compositions studied here.
There is a clear relationship between the two parameters: the higher the
magnetization, the lower the transformation temperature. We have
confirmed that, for different samples, the magnetization at room
temperature is proportional to the Curie temperature. The plot points
to a strong thermodynamic magneto-structural coupling in this system.
Such a coupling has previously been observed in a limited range of
composition near Ni2MnGa (inside the circle in Fig. 1b)13, and a
Ginzburg–Landau model has been used to explain the influence of the
magnetic order on the martensitic transition13,24.Our experiment shows
that the same coupling behaviour holds for a much wider compositional
range. A phenomenological interpretation of this is that magnetism
tends to stabilize the structure of the alloy,and this necessarily lowers the
structural transformation temperature, as was first pointed out by
Zener in reference to b.c.c. iron25. It is interesting that a first-principles
calculation has suggested26 that a cubic to tetragonal change would
actually result in a slight increase in the total magnetic moment in
Ni2MnGa. The seeming discrepancy may indicate the importance of a
magneto-elastic coupling term in the free energy which gives rise to the
observed trend.

For applications, the goal when searching for new FSMAs is to find
compositions with (1) high Curie temperature, and thus increased
room-temperature magnetization, which in turn results in increased
magnetostatic energy necessary for rotating the magneto-elastic
domains,and (2) high martensitic transition temperatures.Our results
clearly indicate an intrinsic trade-off between the two in a given system.
Also, within a given ternary system, the Heusler composition does not
necessarily provide the optimized functionality. This may also be the
case for other properties such as complete spin polarization, which has
been predicted in some Heusler compounds but not yet unambiguously
established27. Perhaps exploration is warranted outside the Heusler
composition in the ternary phase diagram.

Our work reinforces the importance of systematically exploring
structural transitions in looking for novel ferroic materials as 
well as understanding their physical origin. Guided by techniques 
such as the ones described here, it would also be possible to make a
systematic search and survey of functional correlations of other
multiferroic materials.

Received 8 November 2002; accepted 27 December 2002; published 2 February 2003.

Figure 4 Coexistence of ferromagnetism and reversible martensites in the
Ni–Mn–Ga system. a,Functional phase diagram deduced from the present experiment.
The hatched region has compositions with average electron/atom ratio 7.3–7.8.The dotted
line surrounds the region of reversible martensites. In the ferromagnetic region, the red
area has the highest magnetization.b,Martensitic start temperature against room-
temperature saturation magnetization for data points mapped in Fig. 2b.For this
magnetization,cantilevers were measured individually using a vibrating sample
magnetometer.The line is a linear fit to the data.
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