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Abstract
Magnetic Heusler alloys which undergo a martensitic transition display interesting functional
properties. In the present review, we survey the magnetocaloric effects of Ni–Mn-based Heusler
alloys and discuss their relation with the magnetic shape-memory and magnetic superelasticity
reported in these materials. We show that all these effects are a consequence of a strong
coupling between structure and magnetism which enables a magnetic field to rearrange
martensitic variants as well as to provide the possibility to induce the martensitic transition.
These two features are respectively controlled by the magnetic anisotropy of the martensitic
phase and by the difference in magnetic moments between the structural phases. The relevance
of each of these contributions to the magnetocaloric properties is analysed.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Magnetocaloric effects occur in any magnetic material due to
the interdependence of thermal and magnetic properties. They
are commonly induced by the application or removal of an
external magnetic field and measured as a temperature change
when the field is adiabatically swept, or as an entropy change
when the process is isothermal [1]. This long-standing, well-
known phenomenon has been widely used in the past for low-
temperature cryogenic applications. Changes of temperature
in iron induced by a magnetic field were originally reported
by Warburg already in 1881 [2]. However, only in the late
1920s Debye [3] and Giauque [4] independently proposed
an interpretation based on thermodynamics and suggested the
possibility of cooling by adiabatic demagnetization. Such an
interpretation was experimentally proved a few years later by
Giauque and MacDougall [5]. In recent years, the discovery of
the giant magnetocaloric response in Gd5(Six Ge1−x)4 [6] has
stimulated both basic and applied interest in the development
of new materials that are useful for room temperature
magnetic refrigeration as an alternative to vapour-compression
technology [7].

Among new magnetocaloric materials, an interesting class
are Heusler materials [8]. These are ordered intermetallics
with the generic formula X2YZ in which the three components
occupy the crystallographically non-equivalent positions of
an L21 structure. X and Y are 3d elements and Z is a
group IIIA–VA element. These alloys show magnetism which
is due to the X and/or Y elements. Although they are
metals, the magnetic properties can often be described in
terms of localized magnetic moments with indirect exchange
interactions. In the important Ni–Mn-based family, the
magnetic moment is confined to the Mn atoms to a large extent.

The present review focuses on those Heusler alloys
undergoing a structural (martensitic) transition which involves
a change in both structural and magnetic properties of the solid.
Associated with this first-order magnetostructural transition,
these materials display shape-memory properties including
magnetic shape-memory and superelastic effects. Magnetic
shape-memory properties were first discovered in 1996 [9].
The prototype material is Ni–Mn–Ga in a composition range
close to the 2–1–1 Heusler stoichiometry. A few years later,
it was shown that these materials also display interesting
magnetocaloric properties in the vicinity of the martensitic
transition [10, 11]. The first investigations [10] were
carried out on Ni–Mn–Ga alloy undergoing a martensitic
transition below 200 K for which a positive entropy change
(inverse effect) was observed for an applied field below 1 T.
Surprisingly enough, in a further investigation [11], a negative
entropy change (conventional effect) was reported for fields
above 1 T for an alloy of slightly different composition
transforming near 290 K. The explanation of the different
magnetocaloric behaviours was provided in [12, 13], where it
was shown that an inverse effect taking place at low fields was
related to the strong uniaxial magnetocrystalline anisotropy
of the martensitic phase. When the composition is varied
in such a way that the martensitic transition temperature
approaches the Curie temperature, the anisotropy weakens

with a corresponding decrease of the inverse contribution and
conventional behaviour becomes dominant. Actually, optimum
magnetocaloric properties were shown to occur when both the
martensitic and ferromagnetic transitions occur close to one
another [14].

More recently, other Ni–Mn-based Heusler alloys have
been shown to exhibit large magnetocaloric effects. As
opposed to the case of Ni–Mn–Ga mentioned above, these
alloys exhibit an inverse effect for all studied magnetic fields.
The inverse magnetocaloric effect has previously been reported
at the antiferromagnetic–ferromagnetic phase transition in Fe–
Rh [15]. However, a particular feature of Ni–Mn-based
Heusler alloys is that the large inverse magnetocaloric effect
relies on a structural transition, with the two structures being
predominantly ferromagnetic [16].

In the following, we begin by discussing thermodynamics
of general caloric effects with emphasis on magnetocaloric
effects in the vicinity of first-order magnetostructural
transitions. We next focus on the structural and magnetic
properties of Ni–Mn-based martensitic Heusler alloys, giving
details of their volumetric and electronic aspects. Shape-
memory and magnetocaloric properties in these systems are
closely related to one another. Therefore, we finally discuss the
details of these properties and their relationship to one another
in Ni–Mn-based Heusler alloys.

2. Thermodynamics of magnetocaloric effect

Caloric effects occur in any macroscopic physical system as a
consequence of its thermal response to changes of generalized
displacement variables such as volume, strain, magnetization,
polarization, etc. The natural way to induce changes of these
variables is by means of the application or removal of their
corresponding conjugated generalized forces (or fields). For
instance, the fields conjugated to volume, strain, magnetization
and polarization are respectively pressure, stress, magnetic
field and electric field. Actually, changes of these fields
will give rise to barocaloric, elastocaloric, magnetocaloric
and electrocaloric effects, respectively. Caloric effects are
especially interesting in the case of so-called multiferroic
materials which display cross-variable response. In this case, a
given generalized displacement can be modified by more than
one field. This is a consequence of the interplay between the
different generalized variables in the system. Indeed, this is,
for instance, the case of magnetic shape-memory materials, the
class of systems of interest here, which show strong coupling
between magnetic and mechanical variables.

Thermodynamics provides a very convenient framework
enabling us to establish a unified treatment at a macroscopic
scale of caloric effects, regardless of the actual complexity
of the particular system of interest. From this viewpoint, we
consider a generic closed system3 described by n relevant
generalized displacements {Xi} (i = 1, . . . , n). The internal
energy is a function

U = U(S, {Xi }) (1)

3 Since we only consider closed systems, the number of atoms of the
constituents of the studied system are fixed.
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Figure 1. Thermodynamic relations between thermal, elastic and
magnetic variables. Magnetic shape-memory properties arise from
the cross magnetic–elastic variable response. Magnetocaloric and
elastocaloric properties arise, respectively, from the interplay
between thermal and magnetic and thermal and elastic variables.
Variables connected by thick lines are conjugated in the
thermodynamic sense (same tensorial rank).

with n + 1 independent variables, where S is the entropy.
The generalized forces {xi} (i = 1, . . . , n) thermodynamically
conjugated to the generalized displacements are given by

xi =
(

∂U

∂Xi

)
S,X j �=i

. (2)

The temperature is defined as T = (∂U/∂S){Xi } and plays
the role of the conjugated variable to the entropy. Indeed,
each pair of conjugated variables have the same tensorial
order so that the tensorial product xi · dXi is a scalar that
quantifies the (reversible) work associated with differential
changes of the generalized displacement induced by the
corresponding generalized force. The existence of interplay
between different degrees of freedom must be taken into
account through the explicit dependence of each coordinate
Xi on the remaining variables {X j �=i}. On the other hand,
caloric effects result from the explicit dependence of {Xi}
on the entropy (and, implicitly, on its conjugated coordinate,
the temperature). For our present interest, we need to
consider, in addition to thermal coordinates, magnetic and
mechanical variables. Thus, the relevant pairs of conjugated
variables are magnetic-field/magnetization and stress/strain.
The thermodynamics in these class of systems is schematically
represented in figure 1. Magnetic shape-memory effects are
related to the interplay between magnetic and mechanical
variables, while the elastocaloric and magnetocaloric effects
originate, respectively, from the dependence of the mechanical
and magnetic variables on the thermal variable (entropy and
temperature).

In order to quantify caloric effects, it is convenient to
express differential changes of entropy in terms of differential
changes of fields and temperature, taken as independent
variables. The corresponding expression is

dS = C

T
dT +

n∑
i=1

(
∂Xi

∂T

)
{x j=1,...,n}

· dxi , (3)

where the definition of the heat capacity C at constant values
of the fields, (∂S/∂T ){x j=1,...,n} = C/T , has been taken into
account in the first term on the right-hand side of equation (3).
The generalized Maxwell relations:

(
∂S

∂xi

)
T,x j �=i

=
(

∂Xi

∂T

)
x j=1,...,n

(4)

have been used to express the second term. From equation (3),
the reversible entropy change induced by an isothermal change
of a given field xi (from 0 to a value xi ) is obtained as

�S(0 → xi ) =
∫ xi

0
ξ i · dxi , (5)

where ξ i = (∂Xi/∂T )x j =1,...,n . The corresponding adiabatic
change of temperature is given by

�T (0 → xi ) = −
∫ xi

0

T

C
ξ i · dxi . (6)

From these equations, it is clear that the caloric effect
associated with the i coordinate is controlled by the response
function ξ i which quantifies the entropy change resulting from
the ordering/disordering effects associated with all degrees
of freedom induced by the application of the field xi .
Adiabatically, this ordering/disordering effect is ‘absorbed’ by
the lattice (taken into account through its heat capacity C), thus
giving rise to a temperature change. For the particular case
of the magnetocaloric effect, the relevant response function
is ξM = (∂M/∂T )H,..., where M is the component of the
magnetization in the direction of the applied field μ0 H (μ0

is the magnetic permeability of free space). Thus, the field-
induced isothermal entropy and adiabatic temperature changes
are given by the expressions

�S(0 → H ) = S(T, H ) − S(T, 0) = μ0

∫ H

0
ξM dH, (7)

and

�T (0 → H ) = T (S, H ) − T (S, 0) = −μ0

∫ H

0

T ξM

C
dH.

(8)
It is interesting to point out that while in general the
response function ξM is negative, a positive value is not
forbidden by thermodynamics. In those regions of the
space of thermodynamic variables where this occurs, a
magnetic field will cause an increase of entropy when applied
isothermally and a decrease of temperature (cooling) when
applied adiabatically. Such a non-conventional magnetocaloric
effect is denoted as the inverse magnetocaloric effect. As will
be discussed later, inverse effects often occur in the vicinity
of phase transitions as a consequence of the strong interplay
between magnetism and other degrees of freedom.

Other caloric effects of interest are the electrocaloric,
barocaloric and elastocaloric effects. The relevant response
functions are ξP = (∂ P/∂T )E,..., where P is the polarization
component in the direction of the applied electrical field E
in the case of the electrocaloric effect, ξV = (∂V/∂T )p,...

(V is volume and p is pressure) for the barocaloric effect
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and ξε = (∂ε/∂T )σ,... (σ is an uniaxial stress and ε the
corresponding strain) in the case of the elastocaloric effect.
Notice that the barocaloric effect is the basis of the traditional
vapour-compression cooling technology. On the other hand,
the electrocaloric effect has been largely ignored since only
small effects were expected. Very recently, however, giant
electrocaloric effects have been reported in PbZr0.95Ti0.05O3

films near the ferroelectric Curie point which have prompted
interest in this phenomenon [17]. Also, large elastocaloric
effects induced by the application of uniaxial stress have
been reported in a number of intermetallic and rare-earth
compounds in the vicinity of magnetostructural [15, 18] and
purely structural [19] phase transitions. In general, giant
caloric effects are expected to occur in the vicinity of phase
transitions where the response functions ξi are expected to
be large. Section 2.1 will be devoted to the study of the
magnetocaloric effect in the region of phase transitions.

2.1. Magnetocaloric effect in the vicinity of phase transitions

Magnetic phase transitions are found more commonly to
be of a continuous nature. In systems showing this class
of continuous transitions, large magnetocaloric effects are
expected around the Curie point where ξM is large. This
is, for instance, the case of Gd which orders magnetically
near room temperature and is a conventional ferromagnet,
and is still the prototype material for room temperature
magnetic cooling applications [20]. The common continuous
character of these transitions is related to the invariance under
inversion of magnetization (due to time-reversal symmetry)
which compels the free energy to contain only even powers
in the magnetization. This is, however, not a sufficient
condition and first-order magnetic transitions are possible
due, for instance, to interaction of the magnetic degrees
of freedom and a secondary field [21, 22]. Typically, the
secondary field is related to lattice displacements due to
different sorts of interplay of the magnetic degrees of freedom
with the crystal lattice. An example of interplay is the
exchange magnetostrictive mechanism proposed by Bean and
Rodbell [23]. These class of transitions will be denoted
here as magnetostructural transitions. Interestingly, these
transitions usually involve a strong entropy content and can
be field-induced. Therefore, materials undergoing these kinds
of transitions are very attractive for applications based on
magnetocaloric properties since giant effects are expected in
their vicinity.

We will not discuss here the magnetocaloric effect
associated with continuous phase transitions. This problem
has been discussed, for instance, in [24]. Here, we will
focus on magnetostructural phase transitions which involve
both changes of magnetic and structural properties. With the
aim of studying magnetocaloric effects associated with these
first-order transitions, we assume that the dependence of the
magnetization in the vicinity of the transition is of the general
type:

M(H, T ) = M0 + �M(H )F
[

T − Tt(H )

�T (H )

]
. (9)

In the preceding expression of the magnetization, M0 is
assumed to be constant (independent of temperature and
magnetic field), which supposes that any temperature or field
dependence of the magnetization from outside the transition
region has been subtracted. This means that we will not take
the contribution to the magnetocaloric effect from outside the
transition region into consideration. �M is the magnetization
change defined as the difference between the magnetizations
of the low-and high-temperature phases. F is an arbitrary
continuous function (not necessarily analytic) which varies
from 0 to 1 within the range �T (H ). In general, first-
order phase transitions show hysteresis, and thus this range
is different for the forward transition on cooling and for
the reverse transition on heating. Tt is an estimate of the
corresponding transition temperature4. For an ideal first-
order transition taking place in strict equilibrium, no hysteresis
occurs and �T → 0. Therefore

lim
�T →0

F = h(T − Tt), (10)

where h is a Heaviside step function (which describes the
discontinuity in the magnetization). Assuming that �M is
independent of H , the following expression is then easily
obtained from equation (7):

�S =
⎧⎨
⎩

−μ0�M

|α| for T ∈ [Tt(0), Tt(H )]
0 for T /∈ [Tt(0), Tt(H )],

(11)

where α ≡ dTt/dH . This derivative is related to the
discontinuities in the magnetization and entropy through the
Clausius–Clapeyron equation5

dTt

dH
= −μ0

�M

�St
. (12)

Thus, we conclude that, in this case, the field-induced entropy
change coincides with the transition entropy change �St. Note
that Tt(H ) − Tt(0)[=�Tt = −μ0(�M/�St)H ] is the shift of
the transition temperature induced by the field H . Interestingly,
when �M > 0 (α > 0), the magnetocaloric effect is
conventional, while it is inverse when �M < 0 (α < 0). This
last situation can occur, for instance, when the magnetization
of the low-temperature phase is lower than the magnetization
of the high-temperature phase (see figure 2).

In this ideal case, the adiabatic field-induced temperature
change is determined from the Clausius–Clapeyron equation.
The maximum change of temperature can be obtained as
�Tmax � T�St/C . This expression, which is adequate at
high temperatures when relative temperature changes are small

4 Often, in experiments, Tt is taken from the estimation of the inflection point
of the magnetization curve.
5 There has been a lot of controversy on whether or not expression (7)
based on Maxwell relations can be used in the case of first-order phase
transitions. See, for instance, the paper by Giguère et al [25] and comments
with corresponding replies to this paper by Gschneider et al, Sun et al and
Földeàki et al [25]. Actually the derivation proposed here clarifies this point
by showing that equation (7) is of general use and that it yields Clausius–
Clapeyron when the change of magnetization occurs through a discontinuity.
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(a) (b)

Figure 2. Schematic representation of the magnetization, entropy
and field-induced entropy change in the vicinity of a first-order
metamagnetic transition. In the M versus T and S versus T figures,
continuous lines indicate the zero-field behaviour, while
discontinuous lines correspond to an applied field H . The slope of
the curves S versus T is C/T (in the figure C is assumed to be
independent of H ). (a) The field shifts the transition to a higher
temperature. This corresponds to �M > 0. In this case the
magnetocaloric effect is conventional. (b) The field shifts the
transition to a lower temperature. In this case �M < 0 and the
inverse magnetocaloric effect occurs.

enough, assumes that the heat capacity does not depend on the
magnetic field6.

In real materials, magnetostructural transitions usually
spread over a certain range of temperatures. There are several
factors that can explain this fact including the existence of
composition gradients, defects, etc. In the case of transitions
that involve strain, such as those of interest in this review,
such a temperature spread is essentially a consequence of
the fact that elastic strain is induced by the crystal lattice
misfit between product and parent phases. When the elastic
energy can balance (or even exceed) the transition driving
force provided by the difference of chemical free energies
of both phases, a thermoelastic equilibrium is possible [26].
In this case, the transition can only take place through an
optimum transition path. Along this path, almost complete
accommodation of the transformation-induced elastic strain is
achieved. Therefore, when cooling from the high-temperature
phase, the transition starts at a given temperature, and the
system needs to be continuously cooled down to make the
transformed fraction of the new phase to increase. Indeed,
this behaviour is favoured by the fact that thermal fluctuations

6 Notice that the field necessary to reach this maximum change of temperature
is a field that enables us to adiabatically span the whole transition. Indeed, this
field depends on the heat capacity of the system (see figure 2).

play a minor role [27]. Actually, accurate observations reveal
that these transitions proceed through a series of discrete
jumps connecting metastable states in which the thermoelastic
equilibrium condition is satisfied [28]. Typically, these
jumps occur in time intervals much smaller than the time of
appreciable variation of the driving force. Thus, the system
spends the overwhelming majority of time in a situation of
thermoelastic equilibrium.

In the general case of transitions spreading over a
temperature interval, it is convenient to define an average field-
induced entropy change for each (maximum) applied field H
as

〈�S(H )〉 = 1

|�T (H )|
∫

�T
�S(T, H ) dT, (13)

where |�T (H )| is an effective temperature range which takes
into account the shift of the transition induced by the magnetic
field. The following expression can then be obtained:

〈�S(H )〉 = − μ0

|�T (H )|
∫ H

0
�M(H ) dH. (14)

This expression indicates that in the vicinity of a magnetostruc-
tural transition, the magnetocaloric effect is essentially con-
trolled by the behaviour of the change of magnetization at the
transition (in the ideal case 〈�S(H )〉 = �St).

It is interesting to note that integrating the Clausius–
Clapeyron equation (equation (12)), while assuming that �St

is independent of the applied field, gives

�Tt(H ) = μ0

|�St|
∫ H

0
�M(H ) dH, (15)

which from comparison with equation (14) shows that even for
non-ideal first-order transitions, the behaviour of the average
field-induced entropy change and the corresponding change
of transition temperature are expected to follow a comparable
qualitative dependence as a function of applied field.

2.2. Non-equilibrium effects

So far, we have analysed the magnetocaloric effect within the
framework of equilibrium thermodynamics. We have already
mentioned that first-order transitions commonly occur with
hysteresis which is a signature of non-equilibrium effects. In
most magnetostructural transitions, and especially in those
which take place in Heusler shape-memory alloys, deviations
from equilibrium are small [12]. It is, however, important
briefly to analyse the consequences of the fact that these
transitions do not occur in strict equilibrium. For this, our
starting point will be the Clausius inequality:∮

δq

T
� 0, (16)

where q is the heat involved in a given process. Notice that
the equality holds for equilibrium. Introducing reversible and
irreversible entropy contributions, the previous inequality can
be expressed in local form as

dS = δq

T
+ δSi , (17)

5
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where δSi � 0 is the entropy production term. By substituting
the differential entropy change dS in expression (3) by (17),
it is possible to obtain the following inequalities which are to
be satisfied by the isothermal entropy change and the adiabatic
temperature change induced by a change of the field from 0 to
H given as

�S(0 → H ) �
∫ H

0

δq

T
, (18)

and
�T irr(0 → H ) � �T (0 → H ). (19)

From the second of these equations, it is clear that the
cooling efficiency through adiabatic demagnetization (ξ < 0)
decreases due to non-equilibrium effects, as expected.

In the case of a magnetostructural phase transition, the
dissipated energy can be estimated as Ediss = T Si =
μ0(H − H0)�M , where H0 is the equilibrium transition field
at temperature T and H is the actual transition field at this
temperature. �M is the magnetization discontinuity. It is
straightforward to show that when dissipation is taken into
account within the above framework, the Clausius–Clapeyron
equation is modified and takes the following form:

μ0
dH

dT
= − �S

�M
+ 1

�M

dEdiss

dT
, (20)

which assumes that �M is constant. Notice that Ediss is usually
weakly dependent on temperature, and thus the last term in
the previous equation is small which shows that the Clausius–
Clapeyron equation is still a good approximation.

2.3. Experimental determination of magnetocaloric effects

Experimental determination of the isothermal field-induced
entropy change is usually based on equation (7). This is an
indirect determination which relies on the measurement of
M versus H with close-enough temperature intervals7. The
entropy change is then obtained as [29]

�S[0 → H ; T (k)] = μ0
1

�Tk

[∫ H

0
M(Tk+1) dH

−
∫ H

0
M(Tk) dH

]
, (21)

where T (k) = (Tk+1 + Tk)/2, �Tk = Tk+1 − Tk and
the integrals are computed numerically. When the previous
expression is used to compute the field-induced entropy
change in the vicinity of a magnetostructural transition, the
obtained result includes the contribution from a possible field
and temperature dependence of the magnetization outside
the transition. For high-enough fields, this contribution can
yield a field-induced entropy change larger than the transition
entropy change. From proper estimation and subtraction of
this contribution to the whole field-induced entropy change,
it has been shown that for fields large enough to complete
the transition, the remaining contribution corresponds to the

7 When the entropy change corresponds to a field change from 0 → H , care
must be taken that for all isotherms the initial state at H = 0 is a demagnetized
state.

transition entropy change obtained, for instance, by using the
Clausius–Clapeyron equation [30].

The field-induced entropy change can also be obtained
from measurements of the heat capacity at selected values of
the magnetic field (see [29, 31]) from which the entropy can be
computed as

S(T, H ) =
∫ T

0

C(T, H )

T
dT . (22)

Then, the entropy change at temperature T associated with a
change of field 0 → H is estimated as

�S(0 → H ; T ) = S(T, H ) − S(T, 0). (23)

Heat flux scanning calorimetry provides a method suitable
for direct determination of �S(0 → H ) [32–36]. These
calorimeters are well adapted to study magnetocaloric effects
associated with magnetostructural first-order transitions. In
this case, calorimetric peaks (thermal power q̇ versus time)
can be obtained by sweeping the magnetic field and keeping
the temperature constant. From integration of the calorimetric
signal, q(0 → H )/T can be obtained which, as shown in
section 2.2, could differ from �S(0 → H ) if the studied
process occurs out of equilibrium. When dissipative effects
are weak, as is the case in magnetostructural transitions
considered here, q/T represents a good estimation of field-
induced entropy change (see, for instance, [37]).

The adiabatic field-induced temperature change is usually
determined from direct thermometric measurements. This
requires using large-enough samples in order to avoid the
influence of the thermometer. Adiabaticity is ensured by
suitable isolation of the sample from the external environment
and a fast-enough application of the field. The adiabatic change
of temperature is then estimated as the difference between
sample temperatures obtained before and after applying the
field (see, for instance, [38]). This change of temperature
can also be computed from magnetization curves using
equation (8). In this case, measurements of heat capacity are
also needed. If the heat capacity shows little dependence on the
magnetic field and temperature changes are small, �T (0 →
H ) can be estimated to a good approximation as

�T (0 → H ) = − T

C
�S(0 → H ). (24)

According to equation (19), discrepancies between direct and
indirect determinations of �T (0 → H ) should be related
to non-equilibrium effects. A quantitative estimation of
dissipative effects on magnetocaloric properties in the vicinity
of first-order and continuous transitions based on comparison
of direct and indirect measurements of adiabatic temperature
changes has been shown [39] to provide very good results.

Another interesting method is based on the comparison
of a set of isothermal magnetization curves and an adiabatic
magnetization curve. The adiabaticity is approached by
applying a short-enough magnetic field pulse. The crossing
points of the adiabatic curve with the set of isothermal curves
determine the fields at which the studied specimen has a
given temperature. Therefore, at each field the adiabatic field-
induced temperature change can be obtained [40].
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3. Phase stability: structure and magnetism

The occurrence of magnetic-field-induced structural transi-
tions, as introduced in section 2.1, is an indication of the pres-
ence of an intimate relationship between structural and mag-
netic degrees of freedom at the microscopic level. It is nec-
essary to understand this relationship in order to be able to
gain an insight into the details of the martensitic transformation
and, thereby, into the microscopic principles governing magne-
tocaloric and magnetic shape-memory effects. In the follow-
ing, we provide some background concerning the structures in
the austenitic and martensitic states of Heusler-based systems.
We then provide details on the relationship between structural
and magnetic properties.

3.1. Structure and magnetism of Ni–Mn-based martensitic
Heusler alloys

3.1.1. The structures. In the austenite state, Heusler alloys
have an L21 structure (space group Fm3̄m) which consists of
four interpenetrating fcc sublattices, as shown in figure 3(a).
For the stoichiometric composition, Ni atoms occupy the 8c
positions (in Wyckoff notation), while Mn and Z atoms occupy
4a and 4b positions, respectively [41]. When the temperature
is decreased, they can undergo a martensitic transformation
and acquire a number of structures. In particular, Ni–Mn–Z
Heusler alloys (Z: Ga, Al, In, Sn, Sb) transform to the L10

tetragonal structure at low Z concentrations, since this is also
the ground-state structure of the parent compound Ni50Mn50.
The relationship between the L21 and the tetragonal structures
is given in figure 3(a) and the tetragonal structure is also shown
separately in figure 3(b). This is not the only structure reported
in the martensitic state, and modulated structures related to
the tetragonal structure can be found especially at higher Z
concentrations. The most common are the 5M and the 7M
modulated structures. The tetragonal structure viewed from
the top plane in figure 3(b) is shown in figure 3(c). From
this perspective, the generated modulations can be seen for
the 5M and 7M cases in figures 3(d) and 3(e). ‘M’ refers to
the monoclinicity resulting from the distortion associated with
the modulation. The 5M and 7M modulations are sometimes
referred to as 10M and 14M.

Ni2MnGa is the only Ni–Mn-based Heusler alloy with
the exact 2–1–1 stoichiometry that undergoes a martensitic
transformation and almost no volume change occurs across the
transition [9, 42]. Therefore, it is relatively easy to visualize
the structures shown in figure 3 for Ni2MnGa. Similar
structures are also encountered in other Ni–Mn–Z Heusler
alloys undergoing martensitic transformations [43, 44]. The
differences are that in these alloys, the transformation
takes place at off-stoichiometric compositions, depending
on what the Z species is, and volume changes occur
across the martensitic transition [45]. These introduce
complexities in depicting the crystallographic relationships
between the austenitic and martensitic states which is
principally straightforward for Ni2MnGa. Nevertheless, the
observation of similar modulated states in alloys with and
without Ga is an indication that the martensitic transformation

(a)

(a) (b)

(c)

(d) (e)

Figure 3. Austenite and martensite structures of Heusler alloys
shown for the case of Ni2MnGa. Light grey: Ni, white: Mn, black:
Ga. (a) The L21 Heusler structure showing also the relationship with
the tetragonal unit cell, which is also shown in part (b). (c) The
tetragonal unit cell viewed from the top and (d) the 5 M (or 10 M)
and (e) 7 M (or 14 M) modulated structures obtained by shearing the
tetragonal cell.

in alloys having a Z species other than Ga can be described by
similar crystallographic relationships.

Which of the structures stabilize in the martensitic
phase of Ni–Mn–Z alloys depends on the composition.
Figure 4 shows the magnetic and structural phase transition
temperatures of Ni–Mn–Z Heusler alloys with Z as Sn, In and
Ga plotted as a function of the valence electron concentration
per atom e/a. The composition in at.% is given in the upper
axis. e/a is calculated as the concentration-weighted average
of the valence electrons. In the case of Heusler alloys, these are
the s, p and d electrons of the constituents. The ferromagnetic
(FM) Curie temperatures of the austenitic and martensitic
states are given as T A

C and T M
C , respectively, and the martensite

‘start’ temperature is given as Ms. One sees in this figure that
in all three cases the ground-state structure evolves essentially
as cubic → 10 M → 14 M → L10 with increasing e/a. The
width of the compositional regions depends on the Z species.
The data for Z as Sn and In are for alloys with a constant Ni
composition of 50 at.% [43, 44, 46, 47], whereas those for Ni–
Mn–Ga are collected from various sources and there are no
constraints on the composition of any of the elements, hence
the increased scattering in the data [48]. Further details of
magnetic and structural transition properties are discussed in
relation to figure 6 under section 3.2.1.

We point out here that the structures presented above
are not the only modulated structures encountered in these

7
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e

(c)(a) (b)

Figure 4. The magnetic and structural phase diagram of Ni–Mn–Z Heusler alloys with Z as (a) Sn, (b) In and (c) Ga. The triangles and the
circles correspond to the magnetic and martensitic transformation temperatures respectively. The regions corresponding to the different
structures are separated by discontinuous lines. Small solid circles in (c) correspond to the premartensitic transition temperature.

alloys, and there are claims that other modulated structures
can better describe the data, particularly in the bordering
regions of the phases as shown in figure 4. Much work
is currently being carried out to resolve many details of
diffraction spectra [42, 49, 50].

3.1.2. Magnetic properties. Ni–Mn-based martensitic
Heusler alloys show a number of features in the temperature
dependence of the magnetization M(T ) depending on how
the measurement is carried out. Figure 5 shows M(T )

for Ni–Mn–Z alloys. When measured in a small external
field of 50 Oe, the M(T )-data for Ni–Mn–Z alloys that
undergo a martensitic transformation at a temperature below
T A

C are similar8. Only Ni–Mn–Ga shows some differences.
Otherwise, a representative plot of M(T ) of all such samples is
summarized with the data for Ni50Mn34In16 in figure 5(a) [44].
The data are taken on a zero-field-cooled (ZFC), field-cooled
(FC) and field-heating (FH) sequence. Following the FC data
from the high-temperature paramagnetic end, M(T ) shows a
fast increase with decreasing temperature at T A

C as the FM state
sets in. As the temperature further decreases, the martensitic
transformation begins at Ms, below which M(T ) decreases
until the temperature reaches a value corresponding to the local
minimum. This temperature is designated as the martensite
finish temperature Mf . At a lower temperature, M(T ) resumes
to increase with decreasing temperature as FM ordering in
the martensitic state occurs at T M

C . In a manner similar
to the forward austenite-to-martensite transition, the reverse
transformation occurring on heating starts at the austenite start
temperature As and finishes at the austenite finish temperature

8 The magnetic behaviour of Ni–Mn–Al alloys does not conform to the
general trends exhibited by all other alloys in the Ni–Mn–Z family. The main
reason for such a different behaviour is the fact that, owing to kinetic reasons,
it does not achieve a long-range L21 order but it exhibits B2 order instead,
for which the magnetic exchange is predominantly antiferromagnetic. See, for
instance, Acet et al [51].

Af, as can be found both in the curves corresponding to the
ZFC and FH states. The splitting between the ZFC state and
the FC or the FH state is mainly due to the anisotropy of the
FM state below T M

C , but it can also be partially related to the
presence of antiferromagnetic (AF) components that pin the
FM matrix in different spin configurations, depending whether
a cooling field is present or absent.

The situation for Ni–Mn–Ga is not too different,
although M(T ) runs rather flat below Ms, as shown for an
Ni50Mn27Ga23 sample in figure 5(b). This is due to the
fact that both the twin boundary mobility is higher and the
magnetocrystalline anisotropy is stronger in the martensitic
state of Ni–Mn–Ga. Even in such small magnetic fields, the
external magnetic field is capable of partially aligning the
variants along their easy axis so that the ZFC–M(T ) attains
finite values already at low temperatures.

The drop in M(T ) below Ms is a feature that is found in all
Ni–Mn–Z alloys when measured in low external fields and is
related to an initial loss of FM ordering (see section 3.3). When
M(T ) is measured in high fields, as shown in figure 5(c), this
feature does not vanish, instead it remains pronounced except
in the case of Z as Ga, where now a slight increase in M(T )

around Ms is found on decreasing temperature. In all the other
alloys, the magnetization in the martensitic state is lower than
the magnetization in the austenitic state.

3.2. Properties of martensitic Heuslers in relation to the
valence electron concentration

A useful experimental guide to extract information on the
general properties of magnetostructural transitions in relation
to electronic properties is to examine the measured parameters
such as volume, magnetic moment, transition temperatures,
etc, as a function of e/a. Observed systematic changes in these
parameters with respect to e/a can provide a useful guide for
tailoring materials to a particular interest [52, 53].
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(a) (b) (c)

Figure 5. M(T ) for Ni–Mn–Z Heusler alloys. (a) A typical low-field measurement (H = 50 Oe) represented by the data for Z as In. (b) A
typical low-field measurement (H = 50 Oe) for Ni–Mn–Ga. (c) High-field H = 50 kOe M(T ) measurements for Z as Ga, In, Sn and Sb.

3.2.1. Structural and magnetic transformation temperatures.
The phase diagrams for Ni–Mn–Z were plotted for each Z
species in figure 4 to show the evolution of the various
structures with composition. To be able to compare in more
detail the magnetic and structural transition temperatures of
these systems we collect the phase diagram in a single plot
in figure 6. The starting composition common to all alloys
is Ni50Mn50 with e/a = 8.5, which is in the tetragonal L10

state already at high temperatures. Adding the third element
Z progressively decreases e/a, and along with it Ms also
decreases. However, what one furthermore observes is that
the slope of the curves are different for different Z species.
For practical purposes, we find that the slopes are large in all
cases with about 80 K per 0.1 e/a for Z as Ga and nearly
270 K per 0.1 e/a for Z as Sb. 0.1 e/a corresponds to a
small compositional variation of about 5 and 2 at.% for Z as Ga
and Z as Sb, respectively. Although the general tendency that
Ms increases with increasing e/a in a similar manner for all Z
species is understood from the figure, more precise information
should be able to be obtained when other parameters—such
as the atomic volume being an important one—could also
be taken into account. Another important point is that each
of the Z species have different crystallographic structures in
elemental form. Therefore, when alloyed to Ni–Mn, it can
be expected that the composition dependence of the binding
forces develop differently for each Z species, so that the
evolution of the electronic structure with composition is also
different. This could also influence the e/a dependence of the
structural and magnetic transition temperatures, and therefore
such considerations have to be taken into account to improve
our understanding of the observed properties of martensitic
Heusler alloys.

Whereas Ms changes rapidly with e/a, T A
C for each series

with a particular Z species shows little variation, although there
is a tendency for T A

C to decrease with increasing e/a. This
is related to the weakening of ferromagnetic coupling with
increasing Mn content as the probability of Mn having another
Mn atom as nearest neighbour increases. Decreasing Mn–Mn

Figure 6. The e/a dependence of the martensitic transition
temperature (Ms) and the Curie temperature in austenitic (T A

C ) and
martensitic (T M

C ) states for Ni–Mn–Z Heusler alloys with Z as Ga, In,
Sn and Sb.

distances or increasing number of Mn–Mn nearest neighbours
strengthens antiferromagnetic (AF) exchange, leading to an
eventual drop in TC. T A

C also lies generally higher when Z
ranges from In to Sb in the case when the Ni concentration is
held at 50 at.%. This depends on how each Z species influences
the ferromagnetic exchange.
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Figure 7. The e/a dependence of the lattice parameter of the cubic
phase at room temperature in Ni–Mn-based Heusler alloys. The
lattice parameters for Ni–Mn–In–Ga, where In and Ga are
isoelectronic, are also shown. Alloys undergoing martensitic
transformations are shown with filled symbols. Those that are stable
are shown with open symbols. Samples above the shaded region do
not transform martensitically.

Rather different from the behaviour of T A
C , T M

C drops
rapidly with increasing e/a (except for Z as Ga), e.g. for
Z as In, T M

C is expected to vanish around e/a = 8.0. The
question is then whether antiferromagnetism would appear at
e/a > 8.0. The structure of these alloys in their martensitic
states are either L10 (or a modulated structure derived from
L10) and the structure of the parent composition Ni50Mn50 is
also L10. Since Ni50Mn50 is AF with a Néel temperature TN

of about 1200 K, a rapid strengthening of AF exchange should
occur at e/a > 8.0 where long-range ferromagnetic exchange
essentially vanishes. Indeed AF exchange is found to occur for
e/a > 8.0 [43, 44], although, presently, measurements have
not been carried out to high-enough temperatures allowing TN

to be determined.

3.2.2. The lattice parameters in the L21 state. Figure 7
shows the e/a dependence of the lattice constants at room
temperature in the L21 phase for Ni–Mn–Z [54]. The data
shown with filled symbols represent alloys that undergo a
martensitic transformation. Those shown with open symbols
are stable in the L21 phase. One observes that a martensitic
transformation occurs in alloys having a critical value of the
lattice constant ac ≈ 6 Å or less in the austenitic state. Since
In and Ga are isoelectronic, replacing one of these elements
by the other causes a change in the lattice constant without
altering the electron concentration. Therefore, for the series
Ni50Mn25Ga25−x Inx , a increases on replacing Ga with In, and
one finds a crossover in the stability as a runs through the
critical value. This shows that the atomic volume is a parameter
that by all means has to be taken into account in order to be able
to fully understand the electronic properties of these alloys.

3.2.3. The electron concentration dependence of the magnetic
moment. A plot of the e/a dependence of the magnetic

Figure 8. The e/a dependence of the magnetic moment for 3d and
Heusler alloys. The filled circles are calculated values and the open
symbols represent the moments of 3d metals and alloys. Filled small
symbols represent the moments of Ni–Mn–Z Heuslers and filled
squares represent those of antiferromagnets.

moment can provide useful systematics concerning the
electronic properties of metallic materials. Figure 8 shows
the Slater–Pauling (SP) curve—the e/a dependence of the
magnetic moment per atom μ—in a modified form where
additionally moments for some AF systems are also included.
The open symbols in the upper portion of the curve represent
the magnetic moment of FM 3d alloys. For these alloys, the fcc
state is stable to e/a values corresponding to somewhat above
the maximum in the curve at e/a ≈ 8.5. Below this value the
bcc state is stable. Deviations from the SP curve on the fcc
side occur (such as for Fe–Ni as shown here) when alloying
leads to AF or some form of low-spin exchange that coexists
with the FM matrix. The lower portion of the figure shows data
for the antiferromagnets fcc-Mn, fcc-Fe, fcc Fe50Mn50 and L10

NiMn (filled squares [55]). The data for pure metallic Cr is also
shown. The line extrapolated from the Fe–Ni data that deviate
from the SP curve to fcc-Mn nearly accommodates the data for
fcc-Fe and Fe50Mn50.

Calculated values for the magnetic moment of stoichio-
metric Heuslers and half-Heuslers [56–58] are shown with the
large filled circles that lie practically on the same curve as the
‘bcc branch’ of the SP curve. Experimental data for Ni–Mn–
Z are shown with the smaller filled symbols [59, 55, 60–68].
These data nearly follow the SP curve with the same slope, and
above a certain Z concentration, deviate from the SP curve. It
is understood that the deviation occurs as AF exchange is in-
troduced essentially through excess Mn. Deviations from the
SP curve for the data of the composition series Ni50Mn50−xZx

is expected to follow a curve that would approach the value for
Ni50Mn50.

3.2.4. Magnetic anisotropy. The occurrence of the magnetic
shape-memory effect characterized with twin boundary motion
relies on strong magnetoelastic coupling together with the
presence of long-range FM ordering in the martensitic phase.
A measure of the magnetoelastic coupling is given by the
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Figure 9. Magnetic anisotropy K as a function of electron
concentration for Ni–Mn–Ga. Open circles: calculated, filled circles:
experimental. The lines are guides.

magnetic anisotropy energy density K . As will be discussed
in the next sections, if K is large, applying a magnetic field
below saturation can set twin variants into motion by rotating
them so that their magnetization easy axes tend to lie along the
applied field.

Among the Ni–Mn–Z systems, substantial twin boundary
motion has been observed only in Ni–Mn–Ga. For Z
as a species other than Ga, very little work related to
magnetic anisotropy is found in the literature. In the
cubic phase, magnetic anisotropy is weak. The results of
theoretical and experimental studies for martensitic Ni–Mn–
Ga are collected in figure 9 from various sources [69–73, 75].
e/a = 7.5 corresponds to the stoichiometric Ni2MnGa
compound, and experimental data for lower values are not
available. Theoretical values, calculated for T = 0 K,
lie somewhat higher than those determined experimentally at
finite temperatures for e/a > 7.5. Both fall with increasing
e/a. Considering the fact that K increases with decreasing
temperature in Ni–Mn–Ga [73], a reasonable agreement
between the two methods is reached. The experimental data
provided here are for the case in the orthorhombic structure
with c/a < 1 having a short axis as the easy axis of
magnetization. At higher Ni concentrations, the structure can
be tetragonal with c/a > 1 with the easy axis lying in a
plane [73]. It is worth mentioning that in alloys with excess
Mn, the anisotropy decreases with increasing Mn content,
due to the presence of Mn atoms with antiferromagnetic
exchange [74, 75].

3.3. The nature of magnetic coupling in martensitic Heusler
alloys and the role of antiferromagnetism on the martensitic
transformation

Observations such as exchange bias effects [76, 77], large
magnetoresistance [78, 79] and the drop in the temperature
dependence of the magnetization below Ms (see figure 5)
are features that suggest the presence of AF interactions in
Ni–Mn-based Heusler alloys. In fact, in many cases, the
presence of some form of AF coupling, especially below Ms,

Figure 10. The magnetic cross section obtained from polarized
neutron scattering at 500 and 320 K for Ni50Mn40Sb10. The peak at
500 K data is related to ferromagnetic correlations and occurs at the
position of the (200) nuclear Bragg peak.

is frequently speculated although no direct evidence is referred
to. Only neutron diffraction experiments on Ni–Mn–Sn have
suggested the presence of incipient AF coupling between the
Mn atoms which strengthens below Ms [80]. On the other
hand, Mössbauer experiments on Ni–Mn–Sn with a small
amount of 57Fe give spectra just below Ms and above T A

C that
are similar [81]. This observation led to the conclusion that the
occurrence of a paramagnetic state is responsible for the drop
in the temperature dependence of the magnetization below Ms

instead of antiferromagnetism.
More recent experiments have shown, however, that AF

coupling is indeed unequivocally present both above T A
C and

below Ms down to T M
C [82]. The antiferromagnetism is

observable in the form of magnetic short-range correlations
in the diffuse scattering. This is shown in figure 10 where
the wavevector dependence of the magnetic scattering cross
section is plotted for a Ni50Mn40Sb10 alloy at 320 and 500 K.
This alloy does not order ferromagnetically in the austenitic
state and undergoes a martensitic transformation below 440 K.
In spite of the absence of FM ordering in the austenitic state
at 500 K, the presence of forward scattering indicates that
FM short-range correlations are present. From the data at
320 K, one observes that, below the martensitic transformation,
FM short-range correlations vanish, but the presence of strong
diffuse scattering at higher q values indicate the presence of
AF correlations with a broad distribution, which falls off with
increasing q . Therefore, it is the occurrence of AF exchange
below Ms that is responsible for the drop in the temperature
dependence of the magnetization as well as for many of the
observed properties mentioned above.

4. Shape-memory properties

The materials discussed in the present review have been the
subject of intensive research mostly owing to the peculiar
magnetomechanical properties: magnetic shape-memory and
magnetic superelasticity. In the present section, we first
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(a) (b)

Figure 11. (a) Schematic representation of the shape-memory effect. (b) Corresponding path on the (T, σ, ε) space.

introduce the general features associated with shape-memory
and compare them to those of magnetic shape-memory.

4.1. Shape-memory properties: general features

There are materials which are able to recover from a
large deformation when heated above a certain temperature.
The deformation can be of any kind (tension, bending,
compression, etc) and strains as large as 10% can be recovered.
Since the sample is able to recover the original shape before it
was deformed, the property exhibited by this kind of a material
has come to be known as shape-memory, and they are classified
under the generic name of shape-memory materials [83]. Since
shape-memory materials can function as sensors and actuators,
they have received considerable attention as smart materials.

The property underlying the features of shape-memory
alloys is the structural phase transition: the martensitic
transition, a diffusionless first-order phase transition in the
solid state. The lattice distortion associated with the structural
change is basically described by a shear mechanism. Upon
cooling, the transition occurs from a high symmetry cubic
phase, known as parent phase or austenite, to a lower symmetry
phase known as product phase or martensite (e.g. see figure 3).
As a result of its lower symmetry, the martensitic phase is
degenerate, and there are a certain number of structures which
are energetically equivalent but with different crystallographic
orientation: these are the martensitic domains or variants. In
the absence of any generalized external field breaking the
degeneracy, all variants are possible, and in the martensitic
state the alloy is formed as a heterostructure resulting from the
combination of several martensitic domains which are twin-
related. These domains self-accommodate in such a way that
the elastic energy is minimized. As pointed out in section 2.1,
a major consequence of the elastic energy stored in the lattice
is that the transition does not occur at a fixed (constant)
temperature but rather it spreads over a certain temperature
range. Also, associated with its first-order nature, a certain
thermal hysteresis is present. Hence, the temperatures at the
beginning and at the end of the transformation on cooling (Ms

and Mf) and those corresponding to heating (As and Af) are
quantities commonly used to characterize the transition (‘s’
and ‘f’ refer to start and finish). Since the discovery of shape
memory in Au–Cd in 1951 [84], a broad variety of materials
have been found, prominent among them being the Ni–Ti alloy
reported in 1963 [85]. A good compilation of the science and
technology of shape-memory alloys can be found in [86].

The shape-memory effect is intimately related to the
heterophase structure of the martensitic phase. The
mechanism responsible for the shape memory is schematized
in figure 11(a). On cooling below Ms, the martensitic phase
has a polyvariant structure (for simplicity, only two variants
are plotted in the figure) and, in general, almost no noticeable
shape change is observed between the high-temperature and
low-temperature phases owing to the small difference in the
volume of the unit cell and to the self-accommodation of
martensitic variants. Application of a uniaxial stress breaks
the degeneracy, and by twin boundary motion those martensitic
variants with favourable orientation with respect to the stress
grow at the expense of other variants. This results in a
macroscopic change of shape. Notice that the maximum
strain is imposed by the crystallographic dimensions of the
two phases. On heating the alloy above the reverse transition
temperature Af, the alloy transforms back to the cubic phase
with the corresponding reversion of the martensitic domains
in such a way that the original shape is recovered. In
figure 11(b), we show in a stress–strain–temperature diagram
the different paths associated with the above-described shape-
memory mechanism.

Besides being thermally induced, the martensitic transi-
tion can also be induced by applying an external stress at a
temperature above Af. In this case, since the external stress
imposes a preferred direction, the martensitic variants are no
longer equivalent and the result is a martensitic phase with a
single domain (the one having the higher resolved shear stress).
The possibility of inducing the martensitic transition by appli-
cation of a stress leads to another interesting property in shape-
memory alloys: the superelasticity, which is also schematized
in figures 12(a) and (b). Here, the transformation from the cu-
bic to a single-domain martensitic phase results in a large sam-
ple deformation. Since in the absence of mechanical stress the
martensitic phase is unstable at temperatures above Af, upon
unloading, the sample transforms back to the cubic phase with
the associated reversion of the deformation.

In summary, it is understood that under the generic name
of shape-memory properties, both the shape-memory effect
and superelasticity occur in shape-memory alloys, and as to
which one will occur depends on the temperature and stress
ranges under study.

4.2. Magnetic shape-memory: general features

A major breakthrough in the research of shape-memory
materials came about with the discovery of magnetic shape-
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(a) (b)

Figure 12. (a) Schematic representation of the superelastic effect. (b) Corresponding path on the (σ, ε) space.

Figure 13. Schematic representation of the magnetic shape-memory effect. The arrows inside the variants indicate the corresponding
direction of the easy axis. For high-enough magnetocrystalline anisotropy of the martensitic phase, applying a magnetic field causes rotation
of martensitic variants.

memory alloys. Although the existence of alloys undergoing
martensitic transitions within magnetically ordered phases
were already known, it was the report of the possibility of
inducing large recoverable strains by the application of a
magnetic field which prompted the research in this field. A
major inconvenience for the practical application of the shape-
memory effect was the slow response of the devices inherent to
the thermal control of the effect. The possibility of controlling
shape memory by means of an applied magnetic field opens up
a research area aimed at designing a new generation of sensors
and actuators which can operate at relatively high frequencies.
Additionally, since it is easier to control the magnetic field
rather than the temperature, potential devices based on this
effect are expected to be technologically much simpler.

The effect of a magnetic field on the dimensions of a
magnetic material is a consequence of the interplay between
structure and magnetic degrees of freedom. Such an interplay,
which is present in all magnetic materials gives rise to small
changes in the dimensions of the unit cell and is known as
magnetostriction. The effects associated with magnetic shape
memory originate from a different mechanism. In this case, it
is a magnetostructural coupling at a mesoscopic length scale
(that of magnetic and martensitic variants) which causes the
length change by the re-orientation of the martensitic variants
under the externally applied field. The strains achieved by this
mechanism (up to 10%) are orders of magnitude larger than
those corresponding to conventional magnetostriction.

Magnetic shape-memory alloys are shape-memory alloys
in the conventional way as described in the previous
subsection. Their specific feature is that there is an extra degree
of freedom (the magnetic field) in addition to temperature and
stress which can be tuned to achieve the desired functional

effects. In what follows, we describe how the magnetic field
affects the response of these alloys so that a parallel can be
drawn between the conventional shape-memory properties and
those which can be achieved by the application of a magnetic
field.

4.3. Magnetic shape memory and magnetic superelasticity

The mechanism giving rise to the magnetic shape memory is
sketched in figure 13. As explained in section 4.2, in the
martensitic state, the sample is a heterophase composed by
several twin-related martensitic variants (structural domains).
For simplicity, only two of these domains are shown in
figure 13. Below the Curie point there are magnetic domains
within each martensitic variant with the magnetization pointing
along the easy axis and organized in such a way that they
minimize the magnetostatic energy [87–89]. When a magnetic
field is applied, there is the tendency of the magnetic moments
to align along the magnetic field. If the magnetic anisotropy
is weak, the magnetic moments will rotate within each
martensitic variant. This will result in almost no change
in the sample dimensions other than those corresponding to
conventional magnetostriction. However, if the magnetic
anisotropy is high, rotation of magnetic domains requires a
significant increase in magnetic energy. Provided that the
energy to move twin boundaries is low enough, there will be
a rotation of the structural domains in such a way that their
easy axis becomes aligned with the externally applied field.
In this case, the rotation of martensitic variants is promoted
by the difference in the Zeeman energy between the variants,
and the result is a significant change in the dimensions of
the sample [90]. In this process, the magnetic field plays
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the role that mechanical stress plays in conventional shape-
memory alloys in the sense that application of an external field
results in a large deformation of the sample. Shape memory
is achieved on heating the alloy above the reverse martensitic
transition temperature, where all martensitic variants disappear
and the sample recovers its original shape. Since in magnetic
alloys deformation is achieved by applying a magnetic field,
this effect has been termed magnetic shape memory.

In general, the strain achieved by the rotation of
martensitic variants under an applied field is not recovered
when the magnetic field is removed. Only for very small
strains, reversibility of shape change with field has been
reported [9]. In addition to heating the sample, there are other
ways of recovering the strain induced by applying a field. One
possibility is to rotate the magnetic field. Another possibility,
which is the most commonly used in magnetic shape-memory
actuators, is to apply a mechanical stress perpendicular to
the direction of the field. In the absence of magnetic field,
martensite is in a single-variant state, corresponding to that
variant which is favoured by the stress. On applying a
magnetic field along the hard axis, the Zeeman energy tends
to orient the magnetization along the field, and for large-
enough fields the martensitic variants rotate so as to align their
easy axis along the external field. In this way, the sample
transforms from a single-variant martensite to a different
single-variant martensite resulting in a large strain. When the
magnetic field is removed, the sample reverts to the martensitic
state imposed by the applied load so that the original shape
is recovered. Under a proper choice of the directions of
the load and magnetic field, thereby selecting the particular
sets of martensite variants, strains as large as 10% can be
obtained [91].

As previously mentioned, the magnetic shape memory
relies on a balance between the magnetic energy and the energy
required for twin boundary motion [92]. In a general way, such
a balance is expressed as [93]

�E � ε0σtw, (25)

where �E is the magnetic energy difference between
differently oriented adjacent twin variants, ε0 is the tetragonal
distortion and σtw is the twinning stress. If the material is
magnetized to saturation with the magnetization perpendicular
to the easy axis of one variant and along the axis of the
adjacent variant, the difference of the magnetic energy is equal
to the difference of the magnetic anisotropy. Then, the general
condition for twin boundary motion is expressed as

σmag = K/ε0 � σtw + σext, (26)

where K is the magnetic anisotropy constant and σext is the
external applied stress. This equation reflects the fact that high
magnetic anisotropy and/or high twin boundary mobility are
requisites for the occurrence of magnetic shape memory that
will take place when the magnetic stress σmag is larger than the
mechanical stress [94]. It also shows that too large external
stresses will also inhibit twin boundary motion.

So far, we have discussed the mechanisms of magnetic
shape memory which rely on a coupling between magnetism

(a)

(b)

Figure 14. Schematic representation of the magnetic superelastic
effect. (a) The application of a field shifts the transition to a higher
temperature, thus inducing the forward martensitic transition. (b) The
application of a field shifts the transition to a lower temperature, thus
inducing the reverse martensitic transition.

and structure at a mesoscopic level. By pursuing the
parallelism with conventional shape-memory alloys, we
discuss here the general features of the magnetic equivalent
to superelasticity, i.e. magnetic superelasticity. This effect is
schematized in figure 14 and it corresponds to the achievement
of large strains by the occurrence of the martensitic transition
induced by the application of a magnetic field. Upon
removal of the field, the reverse transition takes place with
the consequent recovery of the strain. Notice that this
mechanism does not rely on twin boundary motion but is based
on the possibility of inducing the martensitic transition on
applying a magnetic field. Such a possibility is promoted by
the magnetic field dependence of the transition temperature.
This mostly relies on a coupling between structure and
magnetism at a microscopic level modifying the relative
phase stability between the martensitic and the austenitic
phases. The application of magnetic field will stabilize the
phase having a higher magnetization. Therefore, forward or
reverse martensitic transitions can be induced by applying
a magnetic field depending on whether martensite has a
higher or lower saturation magnetization than austenite, as
was shown in figure 5. Figure 14(a) illustrates the forward
magnetic superelasticity, while figure 14(b) illustrates the
reverse magnetic superelasticity. Upon removing the field,
the opposite transition will occur with a certain hysteresis.
Forward magnetic superelasticity will result in a significant
reversible change in the sample dimensions, because a
single martensite variant is formed. Conversely, for the
reverse magnetic superelasticity, no significant shape change
is expected. However, in the latter case, a change in the sample
dimensions will occur provided that a noticeable difference in
the volume of the unit cells of the austenite and martensite
exists.
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Figure 15. Strains measured along the [001] direction, induced in the
martensitic phase for fields applied along the [001] (e‖) and along the
[110] (e⊥) directions as a function of the magnetic field in a
Ni2MnGa single crystal. The indicated directions refer to the cubic
phase. Figure adapted from [9].

Magnetic superelasticity is expected to occur in those
alloys exhibiting large shifts in the martensitic transition
temperature with magnetic field. This condition can be
expressed in terms of the Clausius–Clapeyron equation
(e.g. (12)), which shows that such shifts will be particularly
relevant for those alloys with a saturation magnetization in the
austenite that is markedly different from that of the martensite.

4.4. Magnetic shape memory and magnetic superelasticity:
selected illustrative results

Figures 15–18 illustrate several situations related to magnetic
shape memory. The pioneering data for the stoichiometric
Ni2MnGa are reproduced in figure 15 [9]. The sample is
a single crystal and no external stress is applied. A small
recoverable magnetic-field-induced strain is observed along
parallel and perpendicular directions of the magnetic field.
Large strains are achieved by pre-stressing (3 MPa) the sample
in the martensitic state to obtain a single-variant martensitic
state. As illustrated in figure 16 [95], the application of
a magnetic field generates a large strain caused by twin
boundary motion towards an almost single-variant martensitic
state having a magnetic easy axis parallel to the field. The
large strain is not recovered on removing the field. In order
to recover the strain, it is necessary to maintain the stress
applied to the sample while the magnetic field is swept. This is
shown in figure 17 [96] for several uniaxial stresses applied
perpendicular to the magnetic field. Results also show that
as the external stress exceeds a certain value, the amount of

Figure 16. Strain versus applied field in an Ni48.8Mn28.6Ga22.6 single
crystal. Figure adapted from [95]. The sample was pre-stressed to
obtain a single martensite variant state with the c axis along the
direction of the stress. Magnetic field was applied perpendicular to
the c axis (easy axis) of the martensitic phase. The strain was
measured along the direction of the stress (perpendicular to the field).

Figure 17. Strain versus applied field in an Ni51.1Mn24.0Ga24.9 single
crystal. A compressive stress was applied along the [100] direction
of the cubic phase and magnetic field was applied along the [011]
direction of the cubic phase. Strain was measured in the direction of
the applied stress (perpendicular to the field). Open circles 2 MPa,
triangles 4 MPa and solid circles, 6 MPa. Figure adapted from [96].

recoverable strain diminishes, since the magnetic energy is
not large-enough to overcome the elastic energy. When the
stress is applied parallel to the magnetic field, the recoverable
strain is much lower than in the perpendicular configuration as
illustrated in figure 18 [97].

The occurrence of variant re-orientation by twin boundary
motion under the application of a magnetic field has been
demonstrated by means of several experimental techniques.
The combination of optical and scanning microscopy
with several magnetic imaging techniques has enabled a
simultaneous observation of magnetic and structural domains
(variants) [98, 99, 93]. While twin boundary motion
has unambiguously been proven to occur, there is some
controversy as to whether there is magnetic domain wall
motion within the martensitic variants [96, 93, 100, 89].
From a more microscopic viewpoint, neutron diffraction
studies have also revealed magnetic-field-induced martensite
re-orientation [101, 102].
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Figure 18. Strain versus applied field in an Ni50Mn28.7Ga21.3 single
crystal. A uniaxial load was applied collinearly to the magnetic field
along the [001] direction of the cubic phase. Strain was also
measured along the [001] direction. Figure adapted from [97].

Figure 19. Relative length change as a function of magnetic field in
polycrystalline Ni50.3Mn33.7In16.0 in the martensitic (open symbols)
and austenitic states (solid symbols). Strain was measured in a
direction parallel to the magnetic field. Data from [108].

Magnetic superelasticity has been reported for a number
of magnetic shape-memory alloys. An example is shown in
figure 19 for an Ni–Mn–In polycrystal. Magnetic field is
applied isothermally at a temperature close to As = 195 K
for the sample given in the figure. As the field exceeds a
certain value, there is a considerable length change of the
sample associated with the transformation from a multi-variant
martensite to austenite. Upon removal of the field, the sample
recovers its original length with a certain field hysteresis as
a consequence of the transformation from austenite to multi-
variant martensite. This process is completely reproducible
on cycling and the marginal difference in �l/ l from the
first cycle is likely to be due to a slightly different variant
configuration of the virgin state. Application of magnetic field
at a temperature above Af results in a very small length change
(solid symbols) originating from the magnetostriction of the

Figure 20. Shift in the martensitic transition temperature as a
function of magnetic field for several Ni–Mn–Z alloys. For Ni2MnGa
we have used data from [105], for Ni53.5Mn19.5Ga27 from [106], for
Ni50Mn35Sn15 from [107] and from [108] for Ni50Mn34In16.

austenitic phase. Notice the parallelism between magnetic
superelasticity (figure 19) and conventional superelasticity
depicted in figure 12.

The possibility of achieving field-induced strains by
means of magnetically inducing the reverse martensitic
transition has also been termed as metamagnetic shape
memory [103]. An Ni–Mn–In–Co single crystal was
pre-stressed to select a single martensitic variant and the
application of a magnetic field caused a giant strain associated
with the transition from single-variant martensite to an
austenitic single crystal [104]. Such a giant strain is not
expected to be reversible, since on removing the field, a
multi-variant martensite state will be formed in the absence of
any external stress breaking the degeneracy of the martensitic
phases.

As previously mentioned, magnetic superelasticity relies
on the possibility of the transition to be induced by the
magnetic field and requires a significant shift in the transition
temperature with field. In figure 20 we have compiled the
shift in the transition temperature with field for several Ni–
Mn–Z alloys [105–108]. For Ni–Mn–Ga, the data correspond
to the alloy which has been reported to exhibit the largest
shift [106]. In this case, there is a relatively large increase
in the transition temperature with field, in agreement with the
larger saturation magnetization of the martensite. For Ni–
Mn–In and Ni–Mn–Sn the transition temperature decreases
with increasing field, in agreement with the lower value of
the magnetization in the martensitic state. The largest shift
observed for Ni50.3Mn33.8In15.9 is associated with a significant
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Figure 21. Relative length change as a function of magnetic field illustrating the shape-memory effect (a), magnetic superelasticity (b) and
conventional magnetostriction (c) in several polycrystalline Ni–Mn–Z samples. Strain was measured in a direction parallel to the magnetic
field.

magnetization change at the transition (see figure 5) and also
with a low entropy change.

The occurrence of the magnetic-field-induced martensitic
transition has been confirmed by x-ray and neutron diffraction
experiments under magnetic field for several alloy systems.
While only a small change in the relative amount of martensitic
and cubic phases was obtained from Rietveld analysis of the
neutron diffraction patterns of Ni2.19Mn0.81Ga [109], clear
evidence of the reverse martensitic transition has been reported
from x-ray powder diffraction in Ni50Mn36Sn14 [110], neutron
powder diffraction in Ni49.7Mn34.3In16.0 [108] and high-energy
synchrotron x-ray diffraction in Ni45Co5Mn36.6In13.4 [111].

The response in strain of a given alloy to the magnetic
field will strongly depend on the dominant mechanism
of the magnetoelastic coupling, as illustrated in figure 21
for several polycrystalline alloy systems. In the case of
Ni49.6Mn27.3Ga23.1, the strong magnetocrystalline anisotropy
makes the rotation of magnetic domains possible, giving rise
to a length change. Since the martensitic transition depends
weakly on magnetic field, there is no strain arising from a
magnetic-field-induced transition for this alloy. As discussed
in section 3.2.4, magnetic anisotropy decreases with increasing
Mn content, and for this reason no magnetic shape-memory
effect occurs in Ni–Mn–Ga with high Mn content. By contrast,
in Ni50.3Mn33.7In16.0, the magnetic field induces the reverse
martensitic transition giving rise to significant strain. The
strain is recoverable upon removal of the field. In this case,
there is considerable hysteresis associated with the first-order
character of the magnetic-field-induced transition. On the other
hand, there is no twin boundary motion for this alloy, probably
due to a low magnetic anisotropy in the martensitic phase.
Finally, for Ni49.8Mn34.7Sn15.5, applying a magnetic field up
to 50 kOe does not result in twin boundary motion or a field-
induced martensitic transition. In this case, the magnetic field
dependence of the transition temperature is not large enough
for the reverse transition to be induced and magnetic anisotropy
of the martensitic phase is weak. The recorded strain, which
is two orders of magnitude lower than that in the previous
cases, corresponds to conventional magnetostriction in the
martensitic phase.

The strain arising from magnetic superelasticity shown in
figures 19 and 21(b) corresponds to the length change from

Figure 22. Relative length change as a function of temperature for
Ni50Mn27Ga23, Ni50Mn34.5Sn15.5 and Ni50Mn34In16 polycrystalline
samples at zero applied magnetic field.

a multi-variant martensite to a cubic state. In principle, due
to the self-accommodating nature of the martensitic state, the
expected strain would be very small unless there is a volume
change between austenite and martensite. This is precisely the
case for Ni–Mn–Sn and Ni–Mn–In as illustrated in figure 22. A
significant relative length change at the transition is measured
in contrast to Ni–Mn–Ga, for which only a small length
change occurs at the transition. Accurate determination of the
martensitic and cubic structures in Ni–Mn–Sn from neutron
diffraction experiments [80] have confirmed a ∼0.5% relative
volume change, while the volume change for Ni–Mn–Ga is
negligible. The value obtained from neutron data is in good
agreement with the estimation (�v/v0 ∼ 3ε) from the data in
figure 22.

One of the inconveniences for practical applications of the
magnetic shape-memory effect is the low value of the output
stress achieved by the mechanism of variant re-orientation. As
expressed by equation (26) and shown in figures 17 and 18,
even at large magnetic fields, the driving force is limited by
the magnetic anisotropy energy. Magnetic-field-induced strain
is inhibited when stresses above a few MPa are applied to
the sample. Very recently, it has been argued that for small-
enough specimens, such a blocking stress can be considerably
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Figure 23. Relative length change as a function of temperature and selected values of the applied magnetic field in (a) Ni49.6Mn27.3Ga23.1,
(b) Ni50.3Mn33.7In16.0, (c) Ni49.8Mn34.7Sn15.5 and (d) Ni50.3Mn35.9Sb13.8 polycrystalline samples. Strain was measured in a direction parallel to
the magnetic field. Vertical arrows in (b)–(d) indicate the martensitic start temperature.

increased [112]. A convenient way to circumvent this problem
is to take advantage of the magnetic superelastic effect. It has
been shown that in a Co-doped Ni–Mn–In single crystal [104]
the output stress generated by the magnetic-field-induced
reverse martensitic transition can be as high as 100 MPa.

4.5. Effect of magnetic field on thermally induced martensite

In the previous sections, we have discussed the effect of an
isothermal application of a magnetic field. Here we consider
how the thermally induced martensitic transition is affected
by the application of a magnetic field, i.e. we focus on
the effect of a magnetic field in the nucleation (and growth)
of martensite. It is expected that owing to magnetoelastic
coupling, the application of a field breaks the degeneracy
of the low-temperature martensitic phase in such a way that
those martensitic variants with an easy axis oriented along the
field will nucleate easier than the other variants. This effect
will cause differences in the strain versus temperature curves
recorded under zero field and under an applied field. Indeed,
this has been reported for Ni–Mn–Ga single crystals [113] and
polycrystals [73]. Moreover, calorimetric measurements under
a magnetic field have revealed differences in the kinetics of
the martensitic transition and in the dissipated energy [12]. It
was found that the area within the hysteresis loop increased
on increasing the magnetic field, thus reflecting an increase
in the dissipated energy with field. This is associated with

the tendency of the system to nucleate a single variant of
martensite.

In figure 23, we compare the effect of magnetic field on the
formation of martensite for different Ni–Mn–Z polycrystalline
compounds [45]. The relative length change at the martensitic
transition is significantly modified under the presence of an
applied magnetic field. The different behaviour originates from
a preferred nucleation of those martensitic variants with their
easy axis pointing along the field direction. For Ni–Mn–Ga
and Ni–Mn–Sn, the relative length change under an applied
field is larger than without a field, while for Ni–Mn–In and
Ni–Mn–Sb, the effect of the field is to reduce the relative length
change between martensite and the cubic phase. It is, therefore,
expected that for Ni–Mn–Ga and Ni–Mn–Sn, the easy axis is
along a short axis while, for Ni–Mn–In and Ni–Mn–Sb, the
easy axis should be along a long axis of the martensitic unit
cell. While magnetic anisotropy measurements for Ni–Mn–
Ga [114, 73] support this assumption, at present no magnetic
anisotropy data are available for the other alloy systems.

For Ni–Mn–Sn and Ni–Mn–In alloys with low martensitic
transition temperatures [115, 116] and also for the quaternary
NiCoMnIn alloy [117], it has been reported that cooling
under magnetic field causes a kinetic arrest of the martensitic
transition, i.e. a considerable amount of the cubic high-
temperature phase is retained at very low temperatures.
Although kinetic arrest effects could in principle influence the
relative length change at the martensitic transition, the results
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Figure 24. Magnetization versus temperature for Ni–Mn–Ga alloys of selected compositions at given values of the applied magnetic field. For
the selected alloys data have been taken from the references given in table 1.

in figure 23 cannot be interpreted in terms of a retained cubic
phase. On the one hand, for Ni–Mn–In, kinetic arrest is only
expected for high fields (larger than 40 kOe) [115]. On the
other hand, and more significantly, the relative length change
should decrease with increasing field for all alloy systems. This
is not the case for Ni–Mn–Sn and Ni–Mn–Sb. Therefore, the
most likely cause for the modification in the relative length
change at the martensitic transition is the preferred nucleation
of martensitic variants.

5. Magnetocaloric properties

This section is devoted to presenting the key features of the
magnetocaloric properties which are intimately related to the
martensitic transition in magnetic shape-memory alloys. It is
shown that these magneto-thermal properties have the same
physical origin as the magnetomechanical properties discussed
in section 4. Firstly, we will focus on Ni–Mn–Ga and then on
other Heusler shape-memory materials.

5.1. Magnetocaloric effect in Ni–Mn–Ga

In figure 24 we present magnetization data as a function of tem-
perature for fixed values of the magnetic field for Ni–Mn–Ga
alloys of selected compositions close to the Ni50+xMn25−xGa25

line, listed in table 1. Alloy 1 has a composition close to sto-
ichiometric Ni2MnGa, and the remaining have compositions

with a deficiency of Mn. Data have been extracted from pub-
lished isothermal magnetization curves measured following a
sequence of increasing temperatures. In all cases, the magne-
tization displays a significant change, �M(H ) = MM − MP

(MM and MP are the magnetization in the martensitic and par-
ent phases, respectively) at the martensitic transition. The
change is not abrupt but rather it extends over the tempera-
ture range where coexistence between both parent and marten-
sitic phases occur. The field dependence of �M(H ) is shown
in figure 25. Except for alloy 5 (with TM ∼ TC), �M is
negative for small fields and shows a minimum at HM. For
larger fields, �M increases with increasing field and reaches
a positive saturation value �Msat . For alloy 5, �M mono-
tonically increases with increasing H up to saturation. The
increase towards saturation approximately follows an expo-
nential behaviour characterized by a field Hs. The saturation
value determines the difference of magnetic moments between
martensite and parent phases. From the magnetization data, the
field-induced entropy change, �S(T, H ), can be obtained (see
equation (21)). An example is given in figure 26. In this ex-
ample, the peak structure displayed by �S reflects the fact that
the martensitic transition occurs through discrete jumps. The
associated average field-induced entropy change, 〈�S(H )〉, is
obtained using equation (13). The effective temperature range
of the transition, �T (H ), has been estimated as the width
of the peak in the corresponding �S(T, H ) curves (see fig-
ure 26). In figure 27, we show 〈�S(H )〉 for the Ni–Mn–Ga
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Figure 25. Magnetization change �M at the martensitic transition as a function of the magnetic field for the Ni–Mn–Ga samples listed in
table 1. (a) Detail of the low applied magnetic field range. (b) Whole range of applied fields.

Table 1. Data corresponding to the analysed Ni–Mn–Ga alloys: bibliographic reference, atomic composition, valence electron concentration
(e/a) and transition temperatures (TM and TC).

Alloya Ref. at.% Ni at.% Mn at.% Ga e/a TM (K) TC (K) TC − TM (K)

1 [12] 49.5 25.4 25.1 7.48 180 381 201
2 [10] 51.5 22.7 25.8 7.51 197 351 154
3 [11] 52.6 23.1 24.3 7.61 297 345 48
4 [14] 55.2 19.2 25.6 7.63 310 335 25
5 [14] 56.2 18.2 25.6 7.66 361 361 ∼0

a Alloys 1 and 3 are single crystals; the others are polycrystals.

alloys listed in table 1. In all cases, the observed behaviour is
very similar: the entropy change first increases with increas-
ing H , then reaches a maximum and finally it decreases lin-
early at higher fields. Except for alloys 1 and 2, the initial
increase of 〈�S〉 is weak and is not even observed for alloy
5 (for which TM ∼ TC). The initial increase in 〈�S(H )〉 is
related to the decrease in �M(H ) observed in low applied
fields. At high fields, 〈�S(H )〉 decreases linearly with increas-
ing field. The magnitude of the maximum (strength of the in-
verse magnetocaloric effect) tends to decrease with increasing
e/a (see table 1). This is in agreement with reported results
for a Ni–Mn–Ga alloy with very low e/a = 7.3 (low content
of Mn) for which a maximum value of about 0.35 J mol−1 K

−1

has been obtained at a field of 2 kOe [118]. In this alloy, the
change from inverse to conventional magnetocaloric effect has
been observed below 30 kOe. This non-monotonic behaviour
of �M and 〈�S(H )〉 can be understood by taking into ac-
count the role of the magnetic anisotropy on the martensitic
microstructure formed at the transition under an applied mag-
netic field [13] as illustrated in figure 28. At zero or very
low applied field, the martensite consists of a series of twin-
related variants. In each variant, magnetic domains are formed
in such a way that the magnetization alternates between two
opposite values along the corresponding easy axis. As previ-
ously mentioned, this up–down configuration of magnetic mo-
ments is precisely arranged to yield no poles on twin bound-
aries. For large-enough fields, magnetic domains tend to co-
incide with twin bands. In this range of fields, owing to the
strong magnetocrystalline anisotropy of the martensitic phase,

Figure 26. Field-induced entropy change as a function of
temperature for an applied field of 10 kOe in Ni49.5Mn25.4Ga25.1. The
shaded area corresponds to

∫
�T �S(T, H) dT . 〈�S(H)〉 is obtained

as this area divided by �T . The estimation of �T is shown.

the Zeeman energy difference between neighbouring variants
is minimized by increasing the fraction of variants with their
easy magnetization axis forming a smaller angle with the
applied field. Finally, for high-enough fields, a magnetically
saturated single-variant martensitic crystal should result. In
practice, the single-variant saturated state is only reached
for suitable initial states. The mechanism described is,

20



J. Phys.: Condens. Matter 21 (2009) 233201 Topical Review

Figure 27. (a) Dependence of the average field-induced entropy change, 〈�S〉, on the applied magnetic field for the Ni–Mn–Ga alloys listed
in table 1. The symbols correspond to values obtained from experimental data. Continuous lines are guides to the eyes. (b) Detail of the low
applied magnetic field region.

Figure 28. Schematic illustration showing the influence of a
magnetic field on the magnetostructural pattern that results from the
martensitic transition in a magnetic shape-memory alloy at different
values of the applied magnetic field. It is assumed that the parent
phase is magnetically isotropic while the martensite shows strong
uniaxial magnetocrystalline anisotropy. The arrows indicate the
direction of the magnetic moment within each magnetic domain.
Within martensitic variants the magnetic moment points along the
corresponding easy axis. (a) Very low applied field. (b) Intermediate
fields. (c) Strong fields.

indeed, related to the same coupling mechanism that yields the
magnetic shape-memory effect as discussed in section 4.3. It
is worth noting that the amount of decrease of �M in the range
of low fields is reduced as TM approaches TC, i.e. on increasing
e/a (see figure 25). This behaviour is in agreement with the
observed decrease of magnetic anisotropy K with increasing
e/a as depicted in figure 9. Moreover, consistent with this
result, the fields HM and Hs increase with increasing K (see
figure 29).

Figure 29. Dependence of the characteristic fields Hs and HM on the
anisotropy constant K for the set of alloys listed in table 1. The fields
have been estimated from �M versus H data shown in figure 25.
Continuous lines are guides to the eyes.

The results presented above confirm that in Ni–Mn–
Ga (and in general in Heusler alloys), the magnetocaloric
effect originates from two different contributions: (i) the
coupling controlled by strong uniaxial magnetic anisotropy
of the martensitic phase, which takes place at the length
scale of martensite variants and magnetic domains (extrinsic
effect), and (ii) the intrinsic microscopic coupling related to
the change of magnetic moment induced by the change of
symmetry which occurs at the transition. The behaviour
described above for Ni–Mn–Ga has also been found for Ni–Fe–
Ga alloys, which also have been reported to exhibit an inverse
magnetocaloric effect at low fields due to magnetic anisotropy
effects. In the latter case, entropy changes are slightly lower
than in Ni–Mn–Ga alloys [119].

5.2. Results for other Heusler magnetic shape-memory alloys

In this section we focus our attention on the magnetocaloric
properties exhibited by the Ni–Mn–Z family, with Z different
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Figure 30. Magnetization versus temperature in the vicinity of the martensitic transition at selected values of the applied magnetic field.
(a) Ni50Mn35Sn15. From bottom to top, H = 0.1, 0.2, 0.5, 1, 2, 10, 50 kOe. (b) Ni50Mn34In16. From bottom to top,
H = 0.1, 0.5, 2, 5, 10, 20, 30, 40, 50 kOe.

Figure 31. Magnetization change at the martensitic transition as a function of the magnetic field for (a) Ni50Mn35Sn15 and (b) Ni50Mn34In16.

from Ga. Special attention will be paid to alloys for which
Z = Sn and In. These alloys show a martensitic transition
in the range of compositions Ni50Mn(50−x)Zx with x < 0.25
(Mn-rich region). The interesting composition range is a
narrow interval close to e/a � 8 where, on cooling, these
systems first become ferromagnetic and, on further cooling,
undergo the martensitic transition (see figure 4). In figure 30
we present examples of curves showing the magnetization as
a function of temperature, at selected applied fields, over a
temperature range which spans the transition region. As in the
case of Ni–Mn–Ga alloys, from these curves we can obtain
the change of magnetization �M which takes place at the
transition as a function of H . Results are given in figure 31
for Ni50Mn35Sn15 and Ni50Mn34In16. In these systems, �M
decreases with increasing field until a negative saturation value
is reached at a rather low field. This behaviour is essentially
different from that described above for Ni–Mn–Ga. It has been
suggested [120] that the almost monotonic decrease displayed
by �M is a consequence of a low magnetic anisotropy in
the martensitic phase. This point needs, however, further
confirmation since magnetic anisotropy of the martensitic
phase has not been, to our knowledge, reported for these
alloy families. It is interesting to point out that some results
indirectly support this interpretation. In particular, the fact
that no twin boundary motion occurs in this class of alloys
as discussed in section 4.4. In the case of the Ni50Mn35Sn15,
results depicted in figure 31 show that the saturation value
of �M is not rigorously approached in a monotonic way.
Instead, a weak minimum occurs, and by further increasing

Figure 32. Average field-induced entropy change, 〈�S〉, as a
function of the applied field H for Ni50Mn35Sn15 and Ni50Mn34In16.
The continuous lines are linear fits.

the field, �M slightly increases towards the negative saturation
value. This could indicate that while the influence of magnetic
anisotropy (extrinsic effect) is weak, it is not strictly negligible.

In the results shown in figure 30, the most relevant feature
is the fact that the magnetic moment of the martensitic phase
is lower than the magnetic moment of the cubic parent phase
(see also figure 5(c)). This can be ascribed to the presence
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Figure 33. (a) Calorimetric curves (heating runs) for selected values of the applied magnetic field in the range of the martensitic transition in
Ni50Mn35Sn15. (b) Entropy versus temperature for the three different values of the applied field. (c) Temperature dependence of the (inverse)
magnetocaloric effect �S = �S(H) − �S(0) obtained from the S(T, H) curves. (d) Magnetocaloric effect calculated from magnetization
measurements. In (c) and (d) data correspond to the following applied fields (from bottom to top): 5, 10 and 30 kOe.

of coexisting antiferromagnetic interactions as discussed in
section 3.1.

For Ni–Mn–Ga, to our knowledge, no systematic study
of the magnetic properties along the Ni50Mn25+xGa25−x

composition line has been reported, which could serve
as a reference to compare results presented for the other
Ni–Mn–Z families. Some reports on samples belonging
to the Ni50−x Mn25+xGa25 composition line indicate that
the magnetic moment of the martensitic phase decreases
with increasing x [121], reflecting an enhancement in
the antiferromagnetic exchange. On the other hand, the
magnetization versus temperature curves do not exhibit a
sharp change of magnetization at the martensitic transition
temperature. Although for x = 25 (Mn2NiGa) the
magnetization of martensite is slightly lower than in the
austenite [121], for x = 5 it is the martensitic phase which
has a slightly higher magnetization [122].

The average field-induced entropy change computed for
Ni50Mn35Sn15 and Ni50Mn34In16 is shown in figure 32.
Consistent with the behaviour of �M (see figure 31), an
inverse magnetocaloric effect is obtained. The average field-
induced entropy change linearly increases with increasing H
and there is no tendency to saturation which should occur at
much higher fields. In this case, the magnetocaloric properties
are controlled by the intrinsic microscopic coupling related
to the change of magnetic moment induced by the symmetry
change taking place at the martensitic transition.

5.3. Comparison of the magnetocaloric effects obtained by
different measurement techniques

So far, magnetocaloric properties have been analysed from
the field-induced isothermal entropy change obtained from
magnetization measurements. As explained in section 2.3,
the entropy change can be obtained by several methods. It
is thus interesting to compare the results obtained from these
different experimental techniques with particular emphasis in
calorimetric and thermometric techniques.

Since in Heusler alloys the martensitic transition spreads
over a rather large range of temperatures, direct determination
of the field-induced entropy change through isothermal
calorimetric measurements during field-inducing the transition
is difficult. Instead, applying selected constant fields and
inducing the transition by changing the temperature provides
more reliable results. This technique has been used to study
the magnetocaloric effect in Ni50Mn35Sn15 [107]. Figure 33(a)
shows DSC heating runs under selected magnetic fields. A
clear shift in the transition towards lower temperatures with
increasing magnetic field is apparent. From DSC curves, the
variation of the entropy associated with the transition (referred
to the entropy of the low-temperature phase) can be computed
as

S(T, H ) =
∫ T

As

1

T

(
dq

dT

)
dT, (27)

where dq/dT = (dq/dt)/(dT/dt), with dq/dt being the heat
flux and dT/dt the temperature heating rate. T is a temperature
within the coexistence region ranging between As and Af. It

23



J. Phys.: Condens. Matter 21 (2009) 233201 Topical Review

Figure 34. (a) Measured adiabatic temperature change and
(b) isothermal entropy change obtained from magnetization
isotherms as a function of temperature and selected values of the
applied magnetic field.

was obtained that the whole transition entropy change �St

remains independent of the applied field within the errors.
From the S(T, H ) curves displayed in figure 33(b), the field-
induced entropy change as a function of T for a change of the
field from 0 to H can be obtained as

�S(T, H ) = S(T, H ) − S(T, H = 0). (28)

Results are shown in figure 33(c) and are compared with
the corresponding field-induced entropy change obtained from
magnetization data taken during cooling runs (figure 33(d)).
Interestingly, the values of the field-induced entropy change
obtained from both methods agree quite well. The small
shift in temperature is due to the hysteresis between cooling
and heating runs (note the change of the abscissa scale in
figure 33(d)). Moreover, the maximum values of the peaks
are slightly larger in the case of field-induced entropy changes
obtained from calorimetric curves. This is in agreement with
inequality (18). Therefore, this small difference could be due
to dissipative effects.

Reports on direct measurements of the field-induced adia-
batic change of temperature (�Tad) are scarce. Measurements
of �Tad have been conducted with a thermocouple in direct
contact with the sample in Ni–Mn–Ga alloys with martensitic
and Curie temperatures close to each other [123, 124]. The
temperature dependence of �Tad is in qualitative agreement
with that exhibited by �S, but the measured values are sig-
nificantly lower than those computed from entropy and spe-
cific heat data. For the Ni–Mn–In system, magnetization,

Figure 35. Ratio of the average field-induced entropy and transition
entropy changes as a function of the applied magnetic field for
Ni49.5Mn25.4Ga25.1, Ni56.2Mn18.2Ga25.6, Ni50Mn35Sn15 and
Ni50Mn33.8In15.9 Heusler alloys. Transition entropy changes for these
four systems are: |�St| = 0.55, 1.42, 1.66, 0.38 J mol−1 K−1,
respectively.

specific heat and direct temperature measurements were con-
ducted on a series of isoelectronic Ga-doped Ni–Mn–In com-
pounds, [39, 53]. In those measurements, the thermocouple
was embedded into the sample. In figure 34, we show the
temperature dependence of the field-induced adiabatic tem-
perature change for selected values of the magnetic field in
Ni50Mn34In16. Temperature changes are compared with the
isothermal field-induced entropy change obtained from mag-
netization data. Results correspond to a broad temperature
range that includes the martensitic and the ferromagnetic–
paramagnetic transition. The magnetocaloric effect is inverse
in the vicinity of the martensitic transition where cooling oc-
curs by magnetization, while it is conventional about the Curie
point. The adiabatic temperature change can also be estimated
from the field-induced entropy change as �T = T �S/C .
This expression assumes that the adiabatic process occurs in
strict equilibrium. �T obtained from direct measurements can
actually be identified with �T irr. Therefore, any discrepancy
between estimations based on the previous expression and di-
rect measurements should be ascribed to dissipative effects
during the process. According to equation (19), for increas-
ing H we expect �T � T �S/C . Results reported in [39] are
consistent with this prediction.

5.4. Comparing the magnetocaloric effect in different Heusler
alloys

It is interesting to compare the average field-induced entropy
change in the different classes of magnetic shape-memory
materials discussed above. This is shown in figure 35
for nearly stoichiometric Ni2MnGa (alloy 1 in table 1),
Ni56.2Mn18.2Ga25.6 (alloy 5 in table 1), Ni50Mn35Sn15 and
Ni50Mn34In16. We have plotted the ratio R of the average
field-induced entropy and the transition entropy changes as
a function of the applied magnetic field. The transition
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Figure 36. Change �T of the reverse martensitic transition temperature Af in a single-crystal single-variant Ni2MnGa alloy as a function of
an applied magnetic field forming selected angles ϕ with the magnetization easy axis. (a) ϕ = 0◦, (b) ϕ = 45◦, (c) ϕ = 55◦ and (d) ϕ = 90◦.
Adapted from [125].

entropy change is a measure of the maximum entropy change
associated with the transition. Therefore, R represents
the fraction of this maximum amount that can be induced
by means of a given applied field. Except for the
nearly stoichiometric Ni2MnGa system, R varies linearly
with the field. It decreases for Ni–Mn–Ga (conventional
magnetocaloric behaviour) and increases for Ni–Mn–Sn and
Ni–Mn–In (inverse magnetocaloric effect). Taking into
account equations (14) and (15), we obtain that R is related
to the shift in the transition temperature with the field through

R = 〈�S(H )〉
|�St| = −�Tt(H )

|�T | . (29)

This is an interesting equation, which indicates that the
fraction of induced entropy change crucially depends on the
temperature range over which the transition extends (�T ).
Results shown in figure 35 should be compared with those
giving the change of transition temperature with the applied
field for alloys of the same compositions (shown in figure 20).
Comparison of these two figures shows that the behaviour
of �Tt(H ) parallels that of R. This finding corroborates
the assertion that the linear decrease of R with increasing
H in non-stoichiometric Ni–Mn–Ga is determined by the
fact that the magnetic moment is larger in the martensitic
phase than in the cubic phase. By contrast, in Ni–Mn–
Sn and Ni–Mn–In the magnetic moment is larger in the
cubic phase, and consequently R linearly increases with
increasing H . In the case of nearly stoichiometric Ni–Mn–
Ga, the field dependence of �Tt and R is controlled by the
magnetocrystalline anisotropy of the martensitic phase. Recent
results reported in [125] have clarified the role of the magnetic
anisotropy on the field dependence of the martensitic transition
temperature. As illustrated from figure 36, starting from a

single-variant martensite9, the reverse transition temperature
As was measured for a field H applied forming selected angles
ϕ with the magnetization easy axis of the martensite. When the
field is parallel to the easy axis (ϕ = 0), As linearly increases
with H . By contrast, when it is not parallel, As decreases
in the low-field region, reaches a minimum and increases on
further increasing H . The largest decrease is observed for
ϕ = π/2. The authors have shown that the obtained results can
be accounted for by the Clausius–Clapeyron equation when
the magnetization change at the transition as a function of
H and ϕ is known. Indeed, the reported results confirm the
physical picture discussed in section 5.1 describing the effect
of magnetic anisotropy on the structural transition.

6. Summary and perspectives

In this paper, we have reviewed the magnetocaloric properties
associated with the martensitic transition undergone by Ni–
Mn-based Heusler alloys. Large magnetocaloric effects occur
in those alloys in which the Curie point lies above (or
is coincident with) the martensitic transition temperature.
Moreover, associated with the martensitic transition, these
materials display interesting magnetomechanical memory
properties such as the magnetic shape-memory effect and
magnetic superelasticity, both related to the possibility of
magnetically field-inducing large recoverable deformations.
These properties are a consequence of the existence of strong
interplay between structure and magnetism in this class of
materials. Actually, the competition between different ordering
modes is a subject of both basic and applied interest in systems

9 A nearly stoichiometric sample of 3 mm × 1 mm × 0.2 mm with the
longest edge cut parallel to the [001]P direction of the parent (cubic) phase
was used. A single-variant martensite was obtained by cooling the sample
subjected to either a magnetic field or to a compressive stress parallel to the
[001]P direction.
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undergoing solid–solid phase transitions. In the present review,
we show that the main features of this interplay are reflected by
unusual magnetocaloric properties displayed by these systems.

The obvious consequence of the structural change at
the martensitic transition is a modification in the magnetic
exchange, thereby leading to different magnetic moments in
the two structural phases. Such an intrinsic effect affects the
relative phase stability in the presence of an applied magnetic
field in such a way that the phase with higher magnetic moment
will be stabilized by the field. In Ni–Mn–Ga, the magnetic
moment of the martensite is larger than that of the parent phase,
which gives rise to a conventional magnetocaloric effect. By
contrast, in other Ni–Mn–Z Heusler alloys (with Z as Sn,
In, Sb), the magnetic moment of the martensite is lower
than that of the parent phase. This drop in magnetization is
due to transition-induced antiferromagnetism which originates
from the excess of Mn atoms with respect to the 2–1–1
stoichiometry. In these materials, the magnetocaloric effect
is inverse, which means that cooling occurs by adiabatic
magnetization.

In addition to the afore-mentioned intrinsic magnetostruc-
tural coupling, there is also an extrinsic coupling taking place
at a mesoscopic scale, related to the existence of magnetic
and structural (martensitic variants) domains. Such a coupling
becomes relevant when the magnetocrystalline anisotropy of
the martensite is large. This occurs in nearly stoichiometric
Ni2MnGa for which there is a decrease of magnetization at the
martensitic transition for low applied magnetic fields, which
results in an inverse magnetocaloric effect. This extrinsic con-
tribution weakens with increasing magnetic field. For Ni–Mn–
Z alloys with excess of Mn this contribution has been found to
be irrelevant.

The magnetostructural coupling at both microscopic and
mesoscopic length scales provides the basic mechanism
for the magnetomechanical properties. While magnetic
superelasticity relies upon a strong intrinsic coupling, for
the magnetic shape-memory effect to occur, strong extrinsic
coupling is needed. It is worth pointing out that the drop of
magnetization upon cooling can be compared with the well-
known increase of molar volume which takes place when water
freezes. Associated with this volume increase, an inverse
barocaloric effect is expected to occur. While in the Heusler
systems the coexistence of ferro- and antiferromagnetism leads
to frustration effects and a high degeneracy of the ground
state, the increase of volume in ice is also related to a certain
kind of geometrical frustration effect which leads to a highly
degenerated ground state [126].

With regards to the potential use of Heusler alloys in tech-
nological applications, the magnitude of the magnetocaloric
effect found for a number of these materials is competitive
when compared to other materials which are being investigated
for room temperature refrigeration [7]. It is worth stressing,
however, that the materials reviewed here display the follow-
ing unique features: inverse magnetocaloric effect and giant
magnetic-field-induced strains. These two effects are concomi-
tant in a given sample and therefore these materials exhibit
multifunctional response to an externally applied field. Thus,
specific devices can be envisaged which take advantage of such
a multifunctionality.
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