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Giant barocaloric effect in all-d-metal Heusler shape memory alloys
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We have studied the barocaloric properties associated with the martensitic transition of a shape memory
Heusler alloy Ni50Mn31.5Ti18.5 which is composed of all-d-metal elements. The composition of the sample
has been tailored to avoid long-range ferromagnetic order in both austenite and martensite. The lack of
ferromagnetism results in a weak magnetic contribution to the total entropy change, thereby leading to a large
transition entropy change. The combination of such a large entropy change and a relatively large volume change
at the martensitic transition gives rise to giant barocaloric properties in this alloy. When compared to other shape
memory Heusler alloys, our material exhibits values for adiabatic temperature and isothermal entropy changes
significantly larger than values reported so far for this class of materials. Furthermore, our Ni50Mn31.5Ti18.5 also
compares favorably to the best state-of-the-art magnetic barocaloric materials.
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I. INTRODUCTION

Shape memory materials undergo a martensitic transition
from a high-temperature high-symmetry cubic phase (austen-
ite) to a low-temperature lower-symmetry close-packed phase
(martensite). The occurrence of this structural transition con-
fers these alloys a unique thermomechanical behavior which is
at the origin of a series of functional properties such as shape
memory, pseudoelasticity, and superelasticity [1]. More re-
cently, giant magnetocaloric [2,3] and mechanocaloric effects
[4,5] have also been reported to occur in shape memory alloys
which make them excellent candidates for environmentally
friendly solid-state refrigeration technologies [6,7].

For nonmagnetic alloys, the structural change at the
martensitic transition is mostly described by a shear of {110}
planes along the [11̄0] direction of the cubic phase, with
a negligible volume change [8]. Therefore, the martensitic
transition in these alloys is strongly sensitive to uniaxial stress
(either compressive or tensile) but almost insensitive to hy-
drostatic pressure, and these alloys exhibit giant elastocaloric
effects but negligible barocaloric effects [9]. However, in
magnetic shape memory alloys the strong coupling between
magnetism and structure results in noticeable volume changes
at the phase transition which may give rise to giant barocaloric
effects [5].
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In their austenitic phase most magnetic shape memory
alloys exhibit a Heusler structure with d-group elements (Ni
and Mn) at the 8c (Ni) and 4a (Mn) positions (in Wyckoff no-
tation), and p-group atoms (Ga, Sn, In, etc.) at the 4b positions
[10]. Recently magnetic shape memory Heusler alloys have
been developed with all-d-metal elements [11,12]. In these
alloys Ti replaces p-group elements and it has been proved
that the d-metal Ti provides a stabilization of the Heusler
structure by d-d hybridization between Ti at the 4b position
and its nearest-neighbor element at the 8c or 4a position [12].
An interesting property of these all-d-group magnetic shape
memory alloys is the large relative volume change at their
martensitic transition which is significantly larger than for any
other magnetic shape memory alloy. This peculiarity points
to a marked sensitivity of the transition to the application of
mechanical stresses, and particularly to a hydrostatic pressure,
thereby making these materials excellent candidates to exhibit
giant barocaloric effects.

The giant magnetocaloric and mechanocaloric effects ex-
hibited by shape memory alloys originate from the first-order
martensitic transition which involves a significantly large en-
tropy change (�St ). While in nonmagnetic alloys the entropy
is mainly due to lattice vibration (phonon contribution), in
magnetic shape memory alloys there is also a contribution
from magnetic degrees of freedom which usually competes
with the vibrational term [13], in such a way that the transition
entropy change decreases as the austenite becomes more and
more ferromagnetically ordered [14]. This competing sce-
nario provides a dilemma [15] because on the one hand large
entropy changes are desirable for caloric effects but on the
other hand large magnetization and volume changes are also
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required for a good tunability of the transition temperature
with external field and pressure. While magnetic order seems
to be unavoidable to achieve giant magnetocaloric properties,
it would be desirable to find shape memory alloys with
large volume changes and weak magnetic order since they
would exhibit enhanced barocaloric properties. In this work
we report on a material meeting these requirements.

We have developed a Heusler alloy formed by all d ele-
ments (Ni, Ti, and Mn). The composition has been tailored
such that the alloy undergoes a martensitic transition slightly
below room temperature. The interplay between magnetism
and structure results in a relatively large volume change at the
martensitic transition. However, the absence of ferromagnetic
order results in a weak magnetic contribution to the entropy
giving rise to a large-transition entropy change. It is shown
that this combination of large entropy and volume changes at
the martensitic transition brings about outstanding barocaloric
performances to this alloy.

II. EXPERIMENTAL DETAILS

Polycrystalline button ingots were prepared by arc-melting
pure Ni, Mn, and Ti elements in a high-purity Ar atmosphere.
A small amount of B was also added to enhance the grain
boundary cohesion and to improve the mechanical properties
[16]. The ingots were sealed into evacuated quartz tubes
and annealed at 1173 K for 48 h to ensure homogenization,
followed by water quenching. The nominal composition of the
sample was (Ni50Mn31.5Ti18.5)99.8B0.2. For the sake of sim-
plicity in the following we label our sample Ni50Mn31.5Ti18.5.

A sample with dimensions 8.86 × 8.81 × 5.92 mm3

was cut from the ingot for calorimetric measurements un-
der hydrostatic pressure (barocaloric measurements). Smaller
samples were also cut for conventional differential scanning
calorimetry (DSC) and magnetic measurements. A number
of these small samples were ground to produce powder for
x-ray measurements. These powdered samples were further
annealed under vacuum at 773 K for 5 h in order to minimize
internal strains.

High-pressure powder diffraction experiments were per-
formed at the beamline BL04-MSPD at the CELLS-ALBA
synchrotron using a monochromatic beam of λ = 0.4246 Å
[17]. The beamline is equipped with Kirkpatrick-Baez mirrors
to focus the x-ray beam down to 20 × 20 μm2 (FWHM).
The sample was loaded into a membrane diamond anvil cell
(DAC) of 400-μm culet size. The pressure chamber was a
200-μm hole drilled on a 45-μm preindented stainless steel
gasket. NaCl powder was used as a pressure marker [18].
A cryostat was used to control the temperature of the DAC.
The sample-to-detector distance (200 mm) and the beam
center position were calibrated using FIT2D software [19] from
LaB6 diffraction data measured in the same conditions as the
sample.

Conventional DSC measurements were performed with
a Q2000 TA Instruments calorimeter, and magnetic mea-
surements were performed using a superconducting quan-
tum interference device (SQUID) magnetometer. For the
thermomagnetization measurements, the heating and cool-
ing rates were 1 K min−1. Calorimetry under hydro-
static pressure was carried out by means of a bespoke

FIG. 1. (a) Differential scanning calorimetry curves on cooling
(bottom curve) and heating (upper curve) runs. (b) Temperature
dependence of the magnetization measured under different applied
magnetic fields. (c) Inverse of the magnetic susceptibility as a
function of temperature (line is a linear fit to the data in the austenitic
phase). (d) Isothermal magnetization as a function of magnetic
field in austenite (green) and martensite (blue). Black solid line
corresponds to the predicted Curie-Weiss behavior computed using
Tc and μ determined from susceptibility data.

experimental device based on a Cu-Be pressure cell (op-
erating up to 6 kbar) adapted as a differential thermal an-
alyzer (DTA) by using Peltier modules as thermal sen-
sors [20]. DW-Therm M0.200.02 (Huber Kältemaschinenbau
GmbH) was used as pressure-transmitting liquid. The temper-
ature was controlled by an external circulating thermal bath
(Lauda Proline RP 1290, 183–473 K) and typical temperature
rates of ∼2 K min−1 were chosen.

III. RESULTS AND DISCUSSION

DSC curves taken at a temperature rate 5 K min−1 across
the martensitic transition of Ni50Mn31.5Ti18.5 are shown in
Fig. 1(a). The lower curve corresponds to the exothermal
transition on cooling (forward martensitic transition) and the
upper curve to the endothermal transition on heating (reverse
martensitic transition). By taking the characteristic transition
temperature (Tt ) as the peak temperature of each DSC curve
we obtain 243 and 255 K for the forward and reverse transi-
tions, respectively, with a 12 K thermal hysteresis. The latent
heat of the transition is obtained by integration of DSC curves,
with values of −20.8 ± 1.0 and 19.4 ± 1.0 kJ kg−1, which
correspond to transition entropy changes (�St ) of −85 ± 6
and 76 ± 5 J kg−1 K−1 for the forward and reverse transitions,
respectively.

Figure 1(b) shows the temperature dependence of the
magnetization upon cooling and heating at selected values
of the magnetic field. The martensitic transition is clearly
observed as a sharp decrease (increase) in magnetization on
cooling (heating). For the studied range (up to 5 T) there
is no noticeable shift in the martensitic transition with mag-
netic field, and transition temperatures are in good agreement
with those determined from DSC. Figure 1(c) displays the
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inverse of magnetic susceptibility, χ−1, as a function of
temperature computed from magnetization data at 5 mT. The
linear increase of χ−1 with increasing temperature observed
at high temperatures points to a paramagnetic behavior of
the austenite. A fit of a Curie-Weiss dependence to the data
renders a magnetic moment per formula unit μ = 5.6μB and
a paramagnetic Curie temperature Tc = 74 K. It is worth
noticing that Tc can be affected by a considerable error
because it is obtained from the extrapolation of a linear
fit to a set of data which are at temperatures far from Tc.
In the austenitic phase the magnetization linearly increases
with magnetic field, as illustrated in Fig. 1(d), which shows
measured isothermal magnetization at 270 K as a function of
magnetic field. Actually, the reliability of μ and Tc derived
from low field susceptibility data is confirmed by the excellent
agreement found between experimental M vs H data (solid
green symbols) and the predicted Curie-Weiss behavior using
μ = 5.6μB and Tc = 74 K, which is plotted as a black line in
Fig. 1(d). Furthermore, it has been reported that the austenitic
phase of Ni50Mn50−xTix is antiferromagnetic for x � 20 [11].
For our sample x = 18.5 and the austenitic phase is paramag-
netic. Magnetization in martensite is significantly lower than
in austenite, and although the isothermal magnetization (at
230 K) also increases linearly with increasing magnetic field
(with a slope lower than in austenite) the lack of paramagnetic
behavior in χ−1 and the weaker magnetic field dependence of
the magnetization point to the existence of antiferromagnetic
correlations in martensite, as reported for the martensitic
phase in other magnetic shape memory alloys [21].

Diffraction patterns recorded at high temperature (299 K)
and low temperature (200 K) and atmospheric pressure are
shown in Fig. 2(a). The austenite can be indexed as a cubic
(Fm3̄m) structure and the martensite is well described by
an orthorhombic structure (Pmma). The lattice parameters
were obtained by identifying the peak positions and using
WIN_AFMAIL software (included in the WIN_CELL package)
[22]. We obtained a = 5.938(2) Å for the cubic austenite,
and a = 8.544(43) Å, b = 5.523(35) Å, and c = 4.376(18) Å
for the orthorhombic martensite. Diffraction patterns were
also recorded along one isobaric cooling ramp at atmospheric
pressure [Fig. 2(b)] and at 9 kbar [Fig. 2(c)]. At room
temperature and atmospheric pressure the sample is in the
austenitic state (with a small amount of retained marten-
site) and below ∼215 K diffraction peaks from the low-
temperature orthorhombic phase begin to develop. At the
lowest temperature the sample is in the orthorhombic phase
although a small peak from the cubic austenite is still present.
For an applied pressure of 9 kbar the sample is predominantly
in the austenitic phase at room temperature. There is some
presence of martensitic phase in a larger amount than at
atmospheric pressure. Upon cooling, diffraction peaks from
the martensitic structure start to grow at T ∼ 265 K, and at
the lowest measured temperature (200 K) the sample is in the
martensitic phase.

A simple and straightforward analysis of the evolution
of the martensitic transition can be achieved by monitoring
the intensity of the 220 cubic peak. In Fig. 2(d) we plot
the number of counts normalized by the value at ambient
temperature, for atmospheric pressure and 9 kbar. The shift
of the martensitic transition towards higher temperatures with

FIG. 2. (a) Diffraction patterns in the austenite (299 K, black
line) and in the martensite (200 K, red line), with indexation of the
peaks corresponding to the cubic (black labels) and orthorhombic
(red labels) phases for austenite and martensite, respectively. Peaks
from NaCl and MnO are also indicated. Isobaric evolution of selected
diffraction patterns obtained on cooling (b) at atmospheric pressure
and (c) under 9 kbar, respectively. (d) Normalized number of counts
of the 220 peak of the cubic phase as a function of temperature for
atmospheric pressure (black squares) and for 9 kbar (red circles).
Lines are guides to the eye. For clarity only a typical error bar is
shown for each run.

applied pressure is clear from the data. The transition at
atmospheric pressure is sharp, but under applied pressure it
spreads over a broader temperature range. The spreading of
the transition is not a particular effect of Ni-Mn-Ti but rather
it is related to nonhydrostatic stress due to the choice of NaCl
as a pressure-transmitting medium.

Illustrative examples of the baseline-corrected calorimetric
curves obtained under constant hydrostatic pressure are shown
in Figs. 3(a) (heating runs) and 3(b) (cooling runs). Appli-
cation of pressure shifts the martensitic transition to higher
temperatures, as shown in Fig. 4(a), where we plotted the peak
temperature of calorimetric curves as a function of hydrostatic
pressure, for both forward and reverse martensitic transitions.
The increase in transition temperatures is linear, with slopes
dT/d p = 3.2 ± 0.1 and dT/d p = 1.9 ± 0.1 K kbar−1 for
forward and reverse transitions, respectively.

The transition entropy change is computed as

�St =
∫ T2

T1

1

T

dQ

dT
dT, (1)
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FIG. 3. Calorimetric curves at selected values of applied hydro-
static pressure recorded during (a) heating and (b) cooling runs.
Entropy (with respect to the entropy at T0 = 220 K) as a function
of temperature for selected values of applied hydrostatic pressure for
(c) heating and (d) cooling runs.

where dQ
dT = Q̇

|Ṫ | , and T1 and T2 are freely chosen tempera-
tures below and above the martensitic transition, respectively.
The values obtained are plotted as a function of pressure in
Fig. 4(b), which shows a decrease in |�St | with increasing
hydrostatic pressure, this decrease being more pronounced
for the forward transition. A linear fit to the data gives
d|�St |/d p = −4.4 ± 0.8 J K−1 kg−1 kbar−1 for the forward

FIG. 4. (a) Transition temperature and (b) transition entropy
change as a function of pressure. Blue symbols stand for the forward
transition and red symbols stand for the reverse transition. Lines are
linear fits to the data.

transition and d|�St |/d p = −2.6 ± 0.9 J K−1 kg−1 kbar−1

for the reverse transition.
Following the procedure described in Ref. [9] we have

computed the barocaloric effect using our calorimetric data
under hydrostatic pressure [Figs. 3(a) and 3(b)] and specific
heat data at atmospheric pressure [23] (which is assumed to
be pressure independent).

We first obtained the entropy vs temperature curves at
selected values of applied hydrostatic pressure from

S(T, p) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

∫ T

T0

CM
p

T
dT, T � T1

S(T1, p) +
∫ T

T1

1

T

(
Cp + dQ

dT

)
dT, T1 < T � T2

S(T2, p) +
∫ T

T2

CA
p

T
dT, T2 < T,

(2)

where CM
p and CA

p are, respectively, the specific heats of
martensite and austenite, and Cp = xCM

p + (1 − x)CA
p , where

x is the fraction of martensite. The other quantities have the
same meaning as explained before. S(T, p) represents the
entropy referred to the value at a selected temperature of T0 =
220 K. The obtained entropy curves are shown in Figs. 3(c)
and 3(d) for reverse and forward transitions, respectively. The
scatter in transition entropy values [Fig. 4(b)] gives rise to
a relative error in S(T, p) at high temperatures in the range
8–10 %, and therefore the small differences in the entropy of
the austenitic phase for different applied pressures [Figs. 3(c)
and 3(d)] are not relevant.

From these entropy curves it is straightforward to compute
the isothermal entropy change induced by the application of a
pressure p as

�S(T, 0 → p) = S(T, p) − S(T, 0), (3)

and the adiabatic temperature change as

�T (S, 0 → p) = T (S, p) − T (S, 0). (4)

For a release of pressure (p → 0), equivalent expressions
hold.

Since pressure stabilizes the martensitic phase (as cooling
does), the entropy and temperature changes induced by ap-
plying a pressure p are computed from calorimetric curves
on cooling. Similarly, a release of a pressure p promotes the
transition from martensite to austenite and therefore entropy
and temperature changes in that case are computed from
heating curves. Results are shown in Fig. 5. As reported for
other magnetic shape memory alloys, the barocaloric effect in
Ni50Mn31.5Ti18.5 is conventional; i.e., isothermal application
(removal) of pressure reduces (increases) entropy and adia-
batic application (removal) of pressure increases (decreases)
temperature. It is found that the maximum values for the
isothermal entropy change (|�S|max) and adiabatic temper-
ature change (|�T |max) increase as pressure increases, as
illustrated in Fig. 6. For all pressures, values for |�S|max

and |�T |max are larger for the forward transition than for the
reverse one. The difference is ascribed to a larger transition
entropy change and a stronger sensitivity of the transition
temperature to pressure.
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FIG. 5. Isothermal entropy changes corresponding to the (a) re-
moval and (b) application of selected values of hydrostatic pressure.
Vertical dashed lines indicate the reversibility region. Adiabatic tem-
perature changes corresponding to the (c) removal and (d) application
of selected values of hydrostatic pressure.

Application of barocaloric materials to refrigeration tech-
nologies requires a good reversibility of their barocaloric
effect under cyclic application and removal of pressure. Such
a reversibility near a first-order transition depends on the
competition between the width of thermal hysteresis and the
sensitivity of transition temperatures upon pressure. For a
conventional barocaloric effect reversible barocaloric effects
have been shown to occur within a temperature interval
bounded by the start of the reverse transition on heating
at atmospheric pressure and the start of the forward transi-
tion on cooling under an applied pressure [24,25]. Within
this temperature region application and removal of pressure

FIG. 6. (a) Maximum isothermal entropy change and (b) maxi-
mum adiabatic temperature change. Red symbols correspond to the
reverse transition upon application of pressure and blue symbols
correspond to the forward transition upon removal of pressure.

FIG. 7. Isothermal entropy and adiabatic temperature changes
for state-of-the-art magnetic barocaloric materials. For the sake of
clarity each material is designated by an indicative label and not
by its actual composition. All data are obtained from calorimetric
measurements (quasidirect method) except |�T |max for GdSiGe
and LaFaSi which correspond to thermometric measurements. The
minimum pressure required to obtain |�S|max is indicated for each
compound. Data correspond to the first application (or first removal)
of pressure, and are extracted from Refs. [24,25,27–34].

carries the state of the material through minor hysteresis
loops, and the reversibility in the barocaloric effect is directly
related to the reversibility in the fraction of material that
undergoes the forward and reverse transitions in each cycle.
For our Ni50Mn31.5Ti18.5 the reversibility region [indicated
by dashed vertical lines in Figs. 5(a) and 5(b)] spans from
245 to 260 K, and the maximum estimated reversible isother-
mal entropy change within this region amounts to |�Srev| �
35 J kg−1 K−1.

The barocaloric effect has recently been studied in different
shape memory Heusler alloys. In Table I we compare present
results for Ni50Mn31.5Ti18.5 to those reported for other shape
memory Heusler alloys [5,24,26–29] for which we have listed
the largest reported entropy and temperature change values
(corresponding either to the first application or first removal
of pressure). It is clear that our Ni50Mn31.5Ti18.5 exhibits the
largest |�S|max and |�T |max values among all shape mem-
ory Heusler alloys. Furthermore, |�Srev| is also larger than
reversible values reported for other shape memory Heusler
alloys [24].

In Fig. 7 we compare our values for isothermal entropy
change and adiabatic temperature change to those reported for
state-of-the-art magnetic barocaloric materials [24,25,27–34].
Because reversible values (upon repeatedly applying and re-
moving pressure) are not reported for many of the materials,
our comparison is based on entropy and temperature values
for the first application and first removal of pressure. It is
apparent that Ni50Mn31.5Ti18.5 exhibits the largest values,
only comparable to those for hexagonal Ni2In-type Mn-Co-
Ge-In (and related) compounds [33,34]. However, compared
to Ni2In-type compounds our alloy exhibits much better
mechanical properties. While Ni2In-type compounds rapidly
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TABLE I. Sample composition, transition entropy change |�St |, applied pressure �p, isothermal entropy change |�S|max, adiabatic
temperature change |�T |max, and refrigerant capacity RC.

|�St | dT
d p �p |�S|max |�T |max RC

Sample (J kg−1K−1) (K kbar−1) (kbar) (J kg−1K−1) (K) (J kg−1) Ref.

Ni49.26Mn36.08In14.66 27 1.8 2.6 24.4 – – [5]
Ni51.2Mn32.5In16.3 40.8 1.65 2.5 32 4 200 [24]
Ni42.47Co8.87Mn31.67Ga14.98In2.01 22.8 3.2 2.5 16 – 200 [26]
Ni58.3Mn17.1Ga24.6 16 0.4 10 13.5 2.8 56 [27]
Ni44.6Co5.5Mn35.5In14.4 16 4.4 6 15.6 6 399 [28]
Ni42.3Co7.9Mn38.8Sn11.0 28 4.7 6 23 10 786 [29]
(Ni50Mn31.5Ti18.5)99.8B0.2 85 3.3 4 74 12 1100 This work

degrade when cycled through the transition (owing to the
large volume change at the magnetostructural transition) and
bulk samples pulverize, our Ni50Mn31.5Ti18.5 has an excellent
stability in its thermodynamic and structural properties [23].

In addition to magnetic alloys, giant barocaloric effects
have also been reported in a broad variety of materials includ-
ing ferroelectric [35–37] and ferrielectric [38] materials, fluo-
rides [39,40], hybrid perovskites [41], and superionic conduc-
tors [42]. Among all these materials only (NH4)2NbOF5 [40]
exhibits an isothermal entropy change (�S = 100 J kg−1 K−1)
larger than the value found for our Ni50Mn31.5Ti18.5 shape
memory Heusler alloy. However, the density of our material
(ρ = 7040 kg m−3) is almost five times larger than that of
(NH4)2NbOF5 (ρ = 1450 kg m−3) [9], which implies a much
larger isothermal entropy change in our compound when
normalized to volume. Furthermore, metallic materials have
a larger thermal conductivity which is desirable for practical
and efficient solid-state refrigeration.

IV. SUMMARY AND CONCLUSIONS

We have studied the barocaloric properties of
Ni50Mn31.5Ti18.5, a shape memory Heusler alloy composed
by all-d-metal elements. The composition has been tailored
so that the sample undergoes a martensitic transition but it
does not ferromagnetically order in any of the two structural
phases. The entropy change at the martensitic transition is
very large due to the weak magnetic contribution resulting

from the absence of ferromagnetic order. On the other
hand, the relatively large volume change at the martensitic
transition gives rise to a marked pressure dependence of the
transition temperatures. It has been shown that, due to the
combination of this pressure dependence and a large transition
entropy change, the alloy exhibits outstanding barocaloric
performances. The values found for pressure-induced
isothermal entropy and adiabatic temperature changes
outperform those reported for other shape memory Heusler
alloys and are among the largest values reported for the best
state-of-the-art barocaloric materials.

Our Ni50Mn31.5Ti18.5 alloy is composed of accessible mate-
rials. It exhibits an excellent behavior under cycling which to-
gether with the outstanding barocaloric performances reported
here places this alloy at the forefront of caloric materials to be
used in clean solid-state refrigeration technologies.
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