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Magnetic shape-memory alloys:
phase transitions and functional properties

V D Buchelnikov, A N Vasiliev, V V Koledov,
S V Taskaev, V V Khovaylo, V G Shavrov

1. Introduction

The discovery of the effect of giant deformations due to a
magnetically induced rearrangement of martensite twins in
Heusler alloys Ni2MnGa [1] attracted significant attention to
shape-memory alloys. As a result of intense research in this
field, magnetically induced strains as large as 10%, which can
be controlled by a magnetic field of about 1 T, have been
realized in Ni-Mn-Ga single crystals, and a number of new
families of ferromagnets with a shape-memory effect have
been revealed [2].

In this report, we review the art and science of theoretical
and experimental investigations of phase transitions in
ferromagnetic Heusler alloys with the shape-memory effect
and of related giant changes in entropy and strain under the
effect of an appliedmagnetic field. Attention is mainly paid to
new results concerning the investigations of Ni-Mn-Ga
alloys. In particular, we analyze the results of investigations
of the specific features of the phase diagram of these alloys
and their physical properties in the nanocrystalline state.

2. Magnetic and structural phase transitions

2.1 Phenomenological theories
To describe phase transitions in Ni-Mn-Ga alloys, we first
consider the Landau functional [3 ± 8]
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the order parameter that describes the modulation of the
crystal lattice and is related to the displacement vector u along
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;

m �M=M0 is the unit magnetization vector; M0 is the
saturation magnetization; B1 is the constant of volume
(exchange) magnetostriction; B2 and B3 are the constants of
anisotropic (relativistic) magnetostriction; K is the first
constant of cubic anisotropy; a1 and d1 are the exchange
constants; A1, A2, C0, and C1 are the coefficients of the
expansion of the functional into a series in powers of the
modulation order parameter c; Di are the coupling coeffi-
cients of the deformation and modulation order parameters;
Ni are the coupling constants of the modulation order
parameter to the magnetization; and P is the hydrostatic
pressure.

The equilibrium states of a cubic ferromagnet can be
determined from thermodynamic potential (1) using the
standard minimization procedure. The solution of this
problem, which can be found both analytically and numeri-
cally, has been obtained in several works (see [2] and the
references therein).

We note that in Ni2�xMn1ÿxGa alloys, the sign of the first
cubic anisotropy constant K depends on the composition [9,
10]. Therefore, the cases where K > 0 and K < 0 must be
considered within a theoretical description of phase transi-
tions (see Refs [66, 67, 91, 200 ± 210] and [211 ± 215] in [2] for
K < 0 and K > 0, respectively).

Investigations of the effect of magnetostriction and
modulation of the crystal lattice on the phase transition in
Ni-Mn-Ga alloys show that, with the modulation order
parameter taken into account, the martensitic transforma-
tion is accompanied by either premartensitic or intermarten-
sitic phase transitions [7, 11].

Taking the magnetoelastic interaction into account leads
to the appearance of a domain of the existence of combined
magnetic and structural (magnetostructural) phase transi-
tions in the phase diagram of Ni2�xMn1ÿxGa alloys [12, 13].
Estimates show that the magnetostructural phase transition
in the temperature ± composition �Tÿx� phase diagram is
realized in a very narrow range of x. Recent experimental
studies of the Tÿx phase diagram of Ni-Mn-Ga alloys in a
wider composition range [14] showed that the magnetos-
tructural transition is realized in a rather wide composition
interval from x � 0:18 to x � 0:27 (Fig. 1). In this concen-
tration range, the alloys undergo a transition from a cubic
paramagnetic phase into a tetragonal ferromagnetic phase.
In this transformation, we can therefore neglect the
magnetostriction related to anisotropy and consider only
the volume magnetostriction, which is usually large just in
the region of a magnetic phase transition. The phase diagram
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of Ni2�xMn1ÿxGa alloys with volume magnetostriction
taken into account was constructed in [8]. To estimate the
possibility of the existence of a magnetostructural transition
interval, we must know the magnitude of the volume
magnetostriction B1. It was determined in [14, 17] from a
comparison of the theoretical jump in the thermal expan-
sion coefficient (DK � KF ÿ KP � B1a0=�

���
3
p

A0T
0
Cd� [14]) and

its experimentally determined value for the stoichiometric
Ni2MnGa alloy. Here, KF and KP are the respective thermal
expansion coefficients in the ferromagnetic and paramag-
netic phases; a0 is the coefficient in the series expansion (in
the temperature) of the renormalized (with respect to
magnetostriction) exchange constant a1 near the Curie
temperature dependent on the composition x: TC�x� �
T 0
C ÿ gx, where g is a coefficient determined from experi-

ment; a1 � a0�Tÿ TC�=T 0
C , T

0
C is the Curie temperature for

the stoichiometric composition; and d is the d1 constant
renormalized with respect to magnetostriction. The magne-
tostriction magnitude thus determined turned out to be
B1 � 21� 109 erg cmÿ3. This value of the magnetostriction
constant permitted us to theoretically estimate the composi-
tion interval of the existence of the magnetostructural phase
transition as Dx � xfin ÿ xin � 0:08, which agrees well with
experimental data (see Fig. 1).

The theoretical Tÿx phase diagram with only volume
magnetostriction take into account and a linear dependence
of the martensitic and magnetic phase transition tempera-
tures on the composition assumed is shown in Fig. 2 by solid
lines. It is seen that there is good agreement between theory
and experiment. It follows from experimental data that on the
line of the magnetostructural phase transition near x � 0:27,
a substantial deviation from the linear dependence is
observed; the corresponding segment is shown in Fig. 2 by a
dashed line.

2.2 Magnetostructural transition
An analysis of the effect of volume magnetostriction on the
phase diagram of Ni2�xMn1ÿxGa alloys performed in [8, 14,
17] shows that it can well explain the existence of a sufficiently

large range of compositions where a coupled magnetostruc-
tural transition can occur in these alloys.

From the experimental standpoint, this feature of the
phase diagram of Ni2�xMn1ÿxGa alloys can be explained as
follows. The available experimental data show that the
compositional dependence of the martensitic transformation
temperature Tm in Ni-Mn-Ga alloys correlates with the
concentration of valence electrons e=a; therefore, these alloys
can be classified as Hume ±Rothery alloys [18]. The marten-
sitic transition occurs as a result of contact of the Fermi
surface with the Brillouin zone boundary [19]. Such a model
suggests that a change in the number of valence electrons and
the modification of the Brillouin zone boundary are the
principal factors responsible for the appearance of structural
instabilities in these alloys. Neglecting the effects of hybridi-
zation and other factors, such as the difference in the
electronegativities [20], we can expect a linear variation of
Tm with composition caused by changes in the number of
valence electrons and chemical pressure, which is indeed
observed in some composition intervals in Ni2�xMn1ÿxGa
[15], Ni2�xMnGa1ÿx [21], and Ni2Mn1�xGa1ÿx [22] alloys.
However, this scenario is fulfilled when approaching the
Curie point, because the volume magnetostriction substan-
tially affects the lattice parameters. In this sense, the peak of
the thermal expansion coefficient observed at the Curie point
TC can be regarded as a potential barrier to a further increase
in the martensitic transformation temperature Tm, which
becomes `blocked' at the temperature of this peak. A further
change in Tm correlates with a change in the Curie
temperature TC; i.e., Tm and TC are interdependent in some
composition interval. To separate these phase transitions, we
must reach a concentration e=a that is sufficient to overcome
this barrier caused by the volume magnetostriction.

The coincidence of the temperatures of the martensitic
and magnetic transitions Tm and TC is also observed in other
ferromagnetic shape-memory alloys, e.g., Co-Ni-X (X � Al,
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Ga) [23, 24], Ni-Fe-Ga [25, 26], and Ni-Mn-X (X � In, Sn,
Sb) [27, 28]. In Ni-Mn-Ga, the merging of Tm and TC is
observed for various sections of the ternary phase diagram.
In the Ni2�xMn1ÿxGa system, Tm and TC coincide in the
alloy of composition Ni2:18Mn0:82Ga [15]. This effect also
occurs in Ni2Mn1�xGa1ÿx alloys with extra Mn instead of
Ga [22] and in alloys where Ni atoms are partially replaced
by Ga atoms [21].

2.3 Phase diagrams of ferromagnetic Heusler alloys
with a shape-memory effect
The results of studies of Ni2�xMn1ÿxGa andNi2Mn1�xGa1ÿx
alloys showed their universal tendency to increase Tm and
decrease TC with a deviation of the alloy composition from
stoichiometric. The increase in Tm in these alloys can be
related to an increase in the electron concentration e=a.
Although the first-principle calculations [29] of nonstoichio-
metric Ni2MnGa alloys show that the change in the electronic
structure caused by deviations of the alloy composition from
stoichiometric cannot be described in terms of the `rigid-
band' model, the empirical dependence between the electron
concentration and the martensitic transition temperature [18]
indicates the applicability of this model. The decrease in TC

that is observed in Ni2�xMn1ÿxGa and Ni2Mn1�xGa1ÿx with
increasing x is likely to be due to different factors. In the
Ni-Mn-Ga alloys, the magnetic moment, which is equal to
� 4 mB, is caused by Mn atoms, and hence the TC decrease in
Ni2�xMn1ÿxGa can be explained by the dilution of the
magnetic subsystem due to a decrease in the Mn content.
For alloys with an excess of Mn atoms (in Ni2Mn1�xGa1ÿx),
the weakening of exchange interactions can be due to an
antiferromagnetic interaction of the excessive Mn atoms [30],
although this assumption needs an experimental test. A
systematic study of magnetic properties of Ni2�xMn1ÿxGa
alloys [31] showed that both the interatomic spacing and the
overlap of electron orbitals play an important role in the
changes of the exchange parameters upon the structural
transformation and that the exchange interactions are
stronger in the martensitic state.

The phase diagrams of other ferromagnets with a shape-
memory effect have been studied in less detail. The available
experimental results indicate a common tendency in the
behavior of the structural phase transition upon deviations
from the stoichiometric composition: in all ferromagnetic
shape-memory Heusler alloys, the temperature of the mar-
tensitic transformation increases with increasing the electron
concentration e=a [23, 25, 27]. This feature indicates that,
evidently, the structural instability in Heusler alloys has a
universal origin.

As is known, premartensitic and intermartensitic transi-
tions are observed in Ni-Mn-Ga alloys in addition to the
martensitic transformation [2]. The premartensitic transi-
tion, which manifests itself in the modulation of the crystal
structure of the austenitic phase with the lattice symmetry
preserved, is observed for Ni-Mn-Ga compositions close to
stoichiometric. The results of some works suggest that either
the premartensitic transition or clearly pronounced pre-
transition phenomena also exist in some compositions of
the Ni-Fe-Ga system [32 ± 34]. In other ferromagnets with the
shape-memory effect, no premartensitic phase transitions are
observed, to the best of our knowledge. Apart from the
Ni-Mn-Ga system, the existence of intermartensitic transi-
tions from one crystallographic modification of the martensi-
tic phase into another was also reported for Ni-Fe-Ga [35, 36]

and Ni-Mn-X (X � In, Sn) [27] alloys. Because both the
premartensitic and, as a rule, martensitic phases are modu-
lated, the formation of superstructural motifs is ascribed to
nesting features of the Fermi surface [37, 38].

2.4 Phase transitions in the nanocrystalline state
Physical properties of solids change fundamentally when a
nanocrystalline structure is created in them by severe plastic
deformation, i.e., by refining crystallites to dimensions of 10 ±
100 nm under high pressure [39]. The authors of Refs [40 ± 42]
obtained nanocrystalline ferromagnetic shape-memory alloys
of the Ni-Mn-Fe-Ga system and studied the effect of the
nanostructure on the martensitic transformation and mag-
netic ordering and then the effect of subsequent annealings on
them. It was shown by electron microscopy that the sample
subjected to severe plastic deformation consists of very small-
dimension (< 5 nm) crystallites that have no distinct
boundaries between them. The subsequent annealing
restores the crystallite structure.

Figure 3a displays the temperature dependence of the
magnetization of the initial coarse-grained sample. The
anomalies at TC � 350 K, Tm � 290 K, and TI � 230 K
correspond respectively to the Curie temperature and
martensitic and intermartensitic transitions. In the nanocrys-
talline state, the alloy under consideration does not exhibit
ferromagnetic properties. The subsequent annealing leads
first to restoration of the ferromagnetic ordering and then to
restoration of the anomalies related to the structural transi-
tion �Tm�. However, the intermartensitic transition is not
restored (Fig. 3b), which is also confirmed by measurements
of electric conductivity.

The disappearance of a long-range order and the suppres-
sion of structural phase transitions can arguably be explained
by atomic disordering of the alloy in the process of severe
plastic deformation and by the effect of the crystallite size on
the formation of a magnetically ordered state. A similar
situation was revealed in a series of papers [43 ± 45] devoted
to the investigation of the effect of the degree of ordering on
magnetism and structural transformation of Ni2MnGa films
obtained in a quasiamorphous state by vacuum deposition
onto a cooled substrate.

3. Functional properties

3.1 Magnetomechanical effects
If the magnetization of the martensitic phase differs from the
magnetization of the austenitic phase, the application of a
magnetic field leads to a shift in the temperature of the
structural transformation, i.e., to a stabilization of the phase
with a larger magnetization [46]. This effect can be used to
obtain giant magnetostrains in the temperature range of the
martensitic transformation. Investigations in Refs [47 ± 49]
were aimed at creating functional materials based on
Ni2�x�yMn1ÿxGa1ÿy alloys in which a giant magnetostrain
is reached due to the shift in the martensitic transition
temperature. A magnetic-field-controlled reversible shift in
the temperature of the martensitic transformation in
Ni2�xMn1ÿxGa �x � 0:16ÿ0:19� was observed in [48]. The
shape-memory effect induced by a magnetic field and the
related giant magnetostrains were investigated in polycrystal-
line samples of Ni2�xÿyMn1ÿxFeyGa alloys [47]. Additions of
iron were found to improve the mechanical properties of the
Ni2�xMn1ÿxGa alloys. To obtain a two-way shape-memory

August, 2006 Conferences and symposia 873



effect, samples in the form of plates were `trained' by
thermocycling under a load. The training led to an increase
in the limiting bending deformation from 2% for the
untrained sample to 4.5% in samples subjected to multiple
thermocycling. A shape-memory effect caused by the shift of
the martensitic-transformation temperature by a magnetic
field was observed in a trained platelet of the
Ni2:15Mn0:81Fe0:04Ga alloy with Tm � 313 K. The experi-
ment was conducted as follows. A plate, which was bent in
the martensitic state, was placed at room temperature into
the magnetic field H � 10 T. Then, the plate was heated in
a field to T � 315 K and held at this temperature. Under
these conditions, the bending deformation was � 3%. After
the magnetic field was switched off, the plate passed into
the austenitic state and became completely unbent (Fig. 4).

Thus, the bending deformation De � 3% was induced by
the magnetic field H � 10 T.

The next step in the way of increasing the efficiency of
controlling the dimensions and shape of the sample due to the
shift of the martensitic transformation temperature was done
in [50], where it was shown that with Ni substituted by Co in
the Ni(Co)MnIn alloy, the transition of austenite into
martensite is accompanied by the transition from the
ferromagnetic state with a large saturation magnetization
into a supposedly antiferromagnetic state with a zero
spontaneous magnetization. Because the extent of the
magnetic field effect on the structural transition temperature
Tm is determined by the difference in the magnetizations of
the high-temperature and low-temperature phases, the
application of a magnetic field of 7 T decreased Tm by
� 30 K. Because the temperature hysteresis of the martensi-
tic transformation in this alloy is � 8 K, the reversible
structural transition can be induced by a magnetic field that
does not exceed 3 T. The experiments show that to obtain a
3% strain caused by the shift of the martensitic transforma-
tion temperature in a single-crystal sample, it suffices to apply
a magnetic field equal to � 4 T.
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Figure 3. (a) Temperature dependences of the magnetization of a coarse-

grained Ni2.14Mn0.81Fe0.05Ga alloy in the external magnetic fieldH � 1 T.

(b) Temperature dependences of the magnetization of a nanocrystalline

sample of the Ni2.14Mn0.81Fe0.05Ga alloy in the external magnetic field

H � 1 T after annealing at various temperatures: (1) 623, (2) 673, (3) 773,

and (4) 1073 K [41].

a

b

Figure 4. Photographs of a sample used in the experiments on the

magnetically controlled shape-memory effect: (a) the magnetic field is

switched on and (b) switched off [47].
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Another mechanism of obtaining giant magnetostrains is
the reorientation of martensitic variants by a magnetic field.
This mechanismwas suggested in [51] and realized for the first
time in [1], where a strain of 0.2% induced by a magnetic field
of 0.8 T in a single crystal of the Ni2MnGa Heusler alloy with
the martensitic transformation temperature Tm � 276 K was
reported. Later, 6% strains in the martensitic phase of single-
crystals with a five-layer modulation were obtained [52]. Also
reported was the occurrence of an irreversible 9% deforma-
tion in a single crystal with a seven-layer modulation [53]. An
analysis of the dynamics of motion of martensitic variants
under the effect of an ac magnetic field shows [54] that the
response of the system to an external action can be observed
up to the frequencies about 2 kHz.

From the standpoint of practical applications, the above-
considered methods for obtaining giant magnetostrains in
ferromagnets with a shape-memory effect have both advan-
tages and drawbacks. For example, the advantages of
producing magnetostrains due to the shift in the martensitic-
transition temperature are the possibility of using inexpensive
polycrystals, the universality of the deformation mode (linear
deformations, bending, twisting), and the possibility of
controlling deformations in actuators on a micron and
submicron level. The shortcomings of this method are a
relatively narrow range of working temperatures and the
necessity in strong magnetic fields (about 10 T). We note,
however, that recently observed results [50] give confidence
that these drawbacks can be overcome.

3.2 The giant magnetocaloric effect
in the magnetostructural transition
The problem of the investigation of the magnetocaloric
effect in materials with a magnetostructural transition has
been considered in numerous works. The greatest attention
is paid to the alloys based on Gd(SiGe), (MnFe)(PAs), and
La-Fe-Si [55]. The giant magnetocaloric effect observed in
these alloys is due to the magnetostructural transition. It
occurs at a temperature that is determined by the composi-
tion and can be close to room temperature. Such a
possibility opens prospects for creating refrigerators work-
ing at room temperature for wide applications in industry
and in private life. Of special interest are Heusler alloys,
because they are ecological and do not contain poisonous or
expensive rare-earth metals.

In Ni-Mn-Ga alloys with a coupled magnetostructural
transition, the magnetocaloric effect has been studied in most
detail in the case of the alloy of composition Ni2.19Mn0.81Ga
[56 ± 59]. For this alloy, direct measurements of the adiabatic
variation of the temperature upon the application of a
magnetic field have been performed [58, 59], apart from the
determination of the magnetocaloric effect from the results of
the most common method Ð measurements of isothermal
magnetization curves. The experimental DS�T � dependences
determined from direct measurements are shown in Fig. 5.
The curves have two sharp peaks at the temperatures 338 K
and 344 K. In a magnetic field of 2.6 T, the greatest change in
the entropy is 9 J kgÿ1 Kÿ1 when the field is switched on at
338 K and 11 J kgÿ1 Kÿ1 when the field is switched off at
344 K. The values of the magnetocaloric effect obtained
(10 J kgÿ1 Kÿ1) are close to the best values observed at room
temperature for other known materials with the giant
magnetocaloric effect [55]. The results of calculations based
on the theory described in [57, 60, 61] give curves that agree
well with the experimental results (see Fig. 5).

The giant magnetocaloric effect was observed not only in
Ni-Mn-Ga alloys but also in Ni-Mn-Sn alloys [62]. We note
that in the latter, the difference DS is positive. This is because
the structural transition occurs from the austenitic ferromag-
netic phase to the martensitic phase with a dominating
antiferromagnetic exchange.

4. Applied capabilities of functional materials
based on ferromagnetic alloys
with the shape-memory effect

The discovery of the effect of giant strains caused by a
rearrangement of martensitic variants in Ni-Mn-Ga single
crystals under the action of a magnetic field [1] has attracted
great attention to this problem. Only a few years later,
commercial samples of actuators based on this material
appeared on the market [63]. The results of ten years of
work on the improvement of the extremely attainable
parameters of the Ni-Mn-Ga alloys are as follows: the
maximum limiting strains (compression ± tension) up to
9.5% [53]; the recovery stress 2 MPa [52]; and the minimum
response time 150 ms [54]. Commercial actuators produced by
Adaptamat, Inc. (patents [64, 65]) ensure the following
characteristics: the displacement of the actuating element up
to 5mm; frequency up to 1000 Hz; and the force up to 1000 N
[63]. This technology is expensive and complex because of the
necessity of using perfect single crystals; however, we cannot
deny its potential, e.g., in the technology of hydroacoustic
transducers.

It is obvious that the applied potential of the new
materials is by no means exhausted by this application. Of
great interest is the possibility of controlling the shape and
dimensions of ferromagnets having the shape-memory effect
by using a magnetically induced martensitic transformation
[47, 48]. In the case of this mechanism, the actuating element
(preliminarily trained for a two-way shape-memory effect)
can change its shape under the effect of a magnetic field at a
constant temperature in an arbitrary manner, i.e., can be
bent, twisted, stretched, etc. These properties can find
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application in electronics, micro- and nanomechanics, and
medicine.

The active elements of ferromagnets with the shape-
memory effect have the property of changing their magnetic
susceptibility upon the martensitic transformation and,
consequently, upon pseudoplastic deformation. In devices

similar to that described in [66], the magnetic state of the
actuator itself serves as both the cause and the indicator of its
mechanical state. Consequently, such a device combines the
functional opportunities of a sensor and an actuator.

Recently, a new principle for creating reversible bending
strains was suggested based on the use of layered composites
consisting of ferromagnetic or nonferromagnetic materials
with a shape-memory effect. This principle is analogous to the
action of a bimetallic or a bimagnetostrictive plate, but the
limiting reversible bending strains can in principle be greater
by 1 ± 3 orders of magnitude. Figure 6 shows the prototype of
a composite whose bending is controlled by heating.
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