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Understanding the electronic structure of shape-memory alloys promises magnetic control over their crystal

structures and hence mechanical properties.
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The essence of turning physics into technology relies
on one verb: control. Whether it is controlling electricity
with magnetism, magnetism with electricity, or control-
ling spins, currents, or fields, control is the necessary in-
gredient. Through the shape memory effect, it now be-
comes possible to control mechanical effects with elec-
tromagnetic stimuli.

Magnetic shape-memory properties occur in mag-
netic materials undergoing a martensitic transition,
which is a transition from a cubic atomic structure to
a layered structure that is dominated by strain. These
materials show a strong change of shape in response to
an applied magnetic field. The shape change is caused
either by inducing a structural martensitic transition,
or by rearranging twin related domains in the marten-
sitic state. In 1996, O'Handley and collaborators at MIT
first suggested the possibility of magnetic control over
the shape-memory effect in a ferromagnetic NipMnGa
“Heusler” alloy [1]. Heusler alloys are ferromagnetic al-
loys based on a Heusler phase, which is an intermetal-
lic phase (a solid phase containing two or more met-
als) with face-centered-cubic structure. O'Handley et al.
were able to induce reversible deformations of 0.2% by
application of magnetic fields below 1 T. Since then, the
study of Heusler alloys with magnetic shape-memory
properties has become an active field of research with
great richness of basic physics, together with technolog-
ically interesting possibilities for applications, such as
sensors and actuators.

Only a few years after the effect was proposed, gi-
ant deformations of about 10% were obtained in simi-
lar compounds of a slightly different, nonstoichiometric
composition [2], and currently, much effort is expended
in search of new Heusler materials with improved prop-
erties. At present, it is known that almost any Ni-Mn-
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based Heusler alloy will show a martensitic transition
at an appropriate off-stoichiometric composition. In
addition, these materials show other interesting func-
tional properties such as magnetoresistance [3] or mag-
netocaloric effects [4]. The complex behavior displayed
by these materials is, to a large extent, a consequence of
the strong coupling between magnetism and structure
that arises from the martensitic transition as the sam-
ple is cooled. Now, in a paper published in Physical
Review Letters, Mao Ye and Akio Kimura at Hiroshima
University, together with collaborators at Tohoku Uni-
versity, the National Institute for Materials Science, and
Tohoku Gakuin University, all in Japan, study the case
of NipMny ;,5Sn;_, alloys to elucidate the role of excess
Mn ions in driving the martensitic transition [5].

Stoichiometric Heusler alloys have a generic formula
X,YZ and display an L2; structure at high temperature
(see structure A, Fig. 1). The magnetism is due to 34
electrons from X and/or Y elements. The martensitic
transition is a first-order, diffusionless transition that oc-
curs via a dominant shear mechanism. The actual fi-
nal martensitic structure depends on the alloy composi-
tion. The observed structures can be described as mod-
ulated phases that, to a good approximation, can be con-
structed from nanotwinned variants of a tetragonal L1j
phase (resulting in crystal structure D in Fig. 1, after
twinning) [6]. In Ni-Mn-Z (where Z = Ga, In, Sn, Sb,
...), there is a composition range where, on cooling, the
system first becomes ferromagnetic, and at a lower tem-
perature undergoes the martensitic transition. Unless
the Z chosen is Ga, this range is very narrow and is lo-
cated in the Mn-rich region. For Ni-Mn-Ga, the range
is very broad and extends from the Mn-poor to the Mn-
rich regions (see, for instance, Ref. [7]). NiMnGa is
so far the only known stoichiometric Heusler alloy that
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FIG. 1: Crystal structures and phase diagram of Ni-Mn-Sn.
The shadowed area in the phase diagram is the region where
Ni-Mn-Sn, on cooling, first becomes ferromagnetic and later
transforms martensitically. (A) The L2; structure showing also
the relationship with the tetragonal unit cell. (B) Tetragonal
(L1p) unit cell. (C) The tetragonal unit cell viewed from top.
(D) The martensitic structure constructed from nanotwinned
variants of the L1 structure. (Illustration: Alan Stonebraker)

shows a martensitic transition in the ferromagnetic state.

In Ni-Mn-based alloys, it can be assumed that mag-
netic moments are localized at Mn atoms that are mag-
netically coupled through an oscillatory interaction via
conduction electrons. Consequently, the magnetic be-
havior of these alloys is extremely sensitive to the dis-
tance between Mn atoms [8, 9] and shows some de-
pendence on the Z constituent. In general, however,
for compositions with excess Mn, the magnetic moment
decreases at the transition on cooling due to closer-
neighbors Mn-Mn positions (Fig. 1), which become an-
tiferromagnetically coupled [10]. Furthermore, for some
compositions a re-entrance into a paramagnetic marten-
sitic phase has been observed [11]. The significant de-
crease in magnetization at the transition favors the pos-
sibility of inducing the reverse transition magnetically,
thus enabling the occurrence of magnetic superelastic-
ity [12, 13].

A good control of the parameters that govern phase
stability is necessary to optimize materials design and
to improve their functional properties. This requires an
in-depth knowledge of the complex microscopic mech-
anism driving the martensitic transition in these ferro-
magnetic Heusler alloys, and thus a deep understand-
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ing of the behavior of the electronic structure in the
vicinity of the transition. While several theoretical ap-
proaches have been reported, experimental work lags
behind. Recently, uv-photoemission measurements in a
nearly stoichiometric Ni;MnGa single crystal have been
reported [14]. At the intermediate premartensitic transi-
tion, results confirm a depletion of electronic states (for-
mation of a shallow pseudogap) located slightly below
the Fermi energy (0.3 eV) associated with the reconstruc-
tion of Ni 3d minority spin-electron states, as predicted
by theory [15]. On further cooling, at the martensitic
transition, the peak associated with the Ni 3d minority
spin-electrons disappears and the spectral weight shifts
to slightly higher energies (0.8 eV). This shift reflects
Ni 34 and Mn 3d electronic contributions to the spin-up
density of states. This is usually understood as a band
Jahn-Teller mechanism and suggests a charge-density
wave mechanism from Fermi surface nesting [15].

The paper by Ye et al. has extended the study of
the role of electronic structure in martensitic transi-
tion of ferromagnetic Heusler systems to the case of
NipMn;_,,Sn;_, alloys by combining hard x-ray pho-
toelectron spectroscopy and first-principle calculations
[5]. The interest in these new results arises from the fact
that the authors have explicitly considered the relevance
of the excess Mn in driving the martensitic instability
by investigating systems of selected compositions. The
obtained temperature-dependent photoemission spec-
tra show an abrupt decrease of the peak associated with
minority Ni 3d states at the martensitic transition (which
occurs for x > 0.36). This is associated with a band split-
ting that decreases the total energy, thus stabilizing the
lattice distortion associated with the transition. This cor-
roborates the expectation that the martensitic instability
is related to a band Jahn-Teller mechanism.

Perhaps more interesting is the fact that the high-
temperature peak associated with 3d minority spins
shows a systematic shift towards the Fermi energy when
the excess Mn concentration increases from x = 0 to
0.42. This shift nicely correlates with a decrease of lat-
tice parameter of about 2%. The first-principle calcula-
tions of Ye et al. attribute the shift of the peak to the
hybridization of Ni 3d and 3d states of antiferromag-
netically coupled Mn atoms located at Sn sites. These
results demonstrate that excess Mn enables hybridiza-
tion of electronic states that strongly affect the stability
of the martensitic phase in Ni-Mn-Sn Heusler alloys. In
contrast, it is worth noticing that the excess Mn has very
little effect on the temperature at which the L2; phase
becomes ferromagnetic.

Comparison of the results obtained in NipMnGa and
Ni-Mn-Sn clearly reveals the importance of the Z con-
stituent on the behavior of these Heusler shape-memory
alloys. The relevance of the Z element on the stability
range of the martensitic phase in Ni-Mn-based Heusler
alloys has also been pointed out in Ref. [16]. From
present photoemission results, one can speculate that
the extent of hybridization between Mn and Ni elec-
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tronic states that establishes the range of stability of
the martensitic phase depends crucially on the choice
of Z element. It is only in the case of Z as Ga that off-
stoichiometry composition is not needed for the transi-
tion to occur. For compositions close to the 2-1-1 sto-
ichiometry, when hybridization does not play a role,
the instability towards the martensitic phase occurs in
a two-step process through an intermediate martensitic
phase at which a pseudogap is formed in the density of
states. This requires Fermi surface nesting effects that
seem to be optimized for a given high enough value
of the magnetization [17]. Indeed, recent finite temper-
ature first-principle calculations suggest that this pre-
martensitic instability is only possible thanks to a del-
icate interplay between magnetic excitations that over-
compensate vibrational entropy [18].

The latest results from Ye et al. are likely to open new
avenues of investigation of the basic physics underlying
magnetic shape-memory phenomena as well as other
complex functional materials where electronic instabili-
ties are usually responsible for emergent functionalities.
Moreover, these results are expected to provide insight
into the more general phenomenon of magnetoelasticity.
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